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Reaction of a bis(bimetallic)-supported butadiyndiyl
ligand with terminal acetylenes*

Victoria P. Colquhoun,1 Andrés E. Goeta,1 and Paul J. Low1,2
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The bis(bimetallic) diyndiyl complex [{Fe2(CO)6(l-PPh2)}2(l-C ” CC ” C)]
reacts readily with terminal alkynes to give a number of products. One of these
has been crystallographically and spectroscopically characterised, revealing facile
insertion of a terminal alkyne into one metal-C r-bond of the precursor to give a
novel tetrametallic compound which features an extended ‘‘carbon-rich’’ ligand.
The product is derived from a Fe–C bond cleavage reaction, coupled with C–C
and C–P bond formation, and further illustrates the remarkable, and as yet
poorly mapped, reactivity of C4 fragments on polymetallic frameworks.

KEY WORDS: iron bimetallic; alkyne; polycarbon; carbene.

INTRODUCTION

Transition metal complexes and clusters featuring poly-carbon ligands have
been the source of a considerable body of research effort for many years [1].
By far, most activity has been concerned with the preparation of complexes
{MLx}2(l-Cn), in which each end of the carbon chain is capped by a
monometallic fragment. These studies have given compounds in which
linear carbon chains of remarkable length are stabilised [2–5], and the
variation in physical, electronic and magnetic structure, which accompany
redox-induced changes in the number of valence electrons has attracted
considerable attention [6–10].

*Dedicated to Professor Dieter Fenske, an inspirational pioneer of organometallic chemistry.
1Department of Chemistry, Durham University, South Rd, Durham, DH1 3LE, UK.
2To whom Correspondence should be addressed. E-mail: p.j.low@durham.ac.uk
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Linear polycarbon chains stabilised by polymetallic fragments are also
well known [1, 11–15], with the cluster chemistry of all-carbon fragments
being dominated by studies of the C2 fragment. The reactivity of the
dicarbon fragment in these compounds has been relatively well mapped,
primarily as a consequence of the well-developed synthetic routes to
compounds of this type [16–20]. In contrast, preparative routes to transition
metal clusters supporting longer carbon fragments are less well established,
and subsequently less is known about the electrochemistry and chemical
reactivity profiles of these compounds [1, 14a, 21]. In the case of C4

derivatives, for example, ligand substitution reactions of activated forms of
Ru3(CO)12 with one half molar equivalent of 1,4-bis(diphenylphosphi-
no)buta-1,3-diyne (Ph2PC ” CC ” CPPh2) affords [{Ru3(CO)11}2(l-
Ph2PC ” CC ” CPPh2)] (1-Ru) [22]. Subsequent thermolysis results in P–C
bond cleavage and formation of [{Ru3(CO)9(l-PPh2)}2(l-C4)] (2-Ru). The
osmium analogues 1-Os and 2-Os have been prepared in analogous fashion.
Although 2-Ru and 2-Os are rather thermally stable, sequential reaction 2-
Ru with H+ and H) gives a product illustrating addition of hydrogen atoms
to both the metal clusters and the carbon chain [23]. In contrast, the reaction
of 2-Ru with H2 results in elimination of an Ru(CO)3 fragment to give
[{Ru3(CO)9(l-PPh2)}(l3,l2-C2C2){Ru2(CO)6(l-PPh2)}]. Other examples of
reactions of C4 ligands on multi-metallic frameworks include condensation
of Ru3(l-H){l-C2C ” CW(CO)3Cp}(CO)9 with metal carbonyls such as
Fe2(CO)9, Ru3(CO)12 and Co2(CO)8 to give heterometallic {M3}2(l-C2C2)
species [24].

We have previously communicated details of the reactions of
[{Fe2(CO)6(l-PPh2)}2(l-C2C2)] (3) with nucleophilic secondary amines and
tertiary phosphites [25]. These reactions are characterised by nucleophilic
addition to Ca and subsequent rearrangement of the metal-carbon bonding
pattern, accompanied by examples of facile migration of the diph-
enylphosphido ligand to the carbon chain, P–C, N–C and, in some cases,
C–C bond forming reactions. In this brief report we wish to further
elaborate the reactivity profile of 3 by describing the initial results from
reactions with 4-ethynyltoluene, a representative terminal alkyne.

RESULTS AND DISCUSSION

Compound 3 was first described almost fifteen years ago [26]. The
reaction of Fe2(CO)9 with Ph2PC ” CC ” CPPh2 gave good yields of the
phosphine complex [{Fe(CO)4}2(l-Ph2PC ” CC ” CPPh2)] (4) [27]. Therm-
olysis of 4 gave 3, albeit in 12% isolated yield [26]. Compound 3 can be
obtained more conveniently (20–35%) from the reaction of Fe3(CO)12 with
one half molar equivalent of Ph2PC ” CC ” CPPh2 in THF. The reaction
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proceeds via the initial formation of a dark green compound, presumably
[{Fe3(CO)11(l-Ph2PC ” CC ” CPPh2)] (1-Fe), which can be observed in the
initial stages of the reaction by TLC (Scheme 1). Further thermolysis of the
reaction mixture affords [{Fe2(CO)6(l-PPh2)}2(l-C2C2)] (3) as a dark red
crystalline solid, which can be separated chromatographically from the
Fe3(CO)12 by-product. The spectroscopic properties of 3 are unremarkable,
and the spectroscopic data obtained here are in agreement with those
reported in the earlier description of this compound [26]. The solution IR
spectrum exhibits a characteristic all-terminal m(CO) band pattern in, and in
the 31P NMR spectrum the coordinated bis(phosphino)diyne is observed at
144.8 ppm. The structural details of compound 3 have been described
elsewhere [26].

Treatment of 3 with an excess of 4-ethynyltoluene at room temperature
resulted in the formation of four main products, which could be separated
by preparative TLC. To date only one of these compounds, 5, has afforded
single crystals suitable for structural analysis by X-ray diffraction methods
(Figure 1, Table I, Table II), the results of which are described here.

The structure of 5 reveals that insertion of the acetylenic moiety into the
Fe-Ca r-bond proceeds with total atom conservation, but is accompanied
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Scheme 1 The preparation of 3 and subsequent reaction with 4-ethynyltoluene to afford 5
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by significant rearrangement of the molecular framework. The carbon
atom C(16) forms bonds to both the inserted alkyne at C(19) [C(16))C(19)
1.430(8) Å] and the iron atom Fe(1) [C(16)–Fe(1) 2.019(6) Å]. The
diphenylphosphinidene moiety P(1)Ph2 has migrated from the Fe(1)–
Fe(2) group to C(18), with the resulting phosphine fragment being
coordinated to Fe(1). The geometry around C(18), C(19) and C(16) is
approximately trigonal planar in each case, if contacts to Fe(2) are
ignored. The C(16)–C(19)–C18 fragment therefore appears to be allylic,
with the p-type interactions to the g3-bonded Fe(2) responsible for the
elongated C–C bond lengths.

Fig. 1 A thermal ellipsoid plot of a molecule of 5 illustrating the atom labelling scheme.
Hydrogen atoms have been omitted for clarity.
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Along the carbon chain, the short C(14)–C(15) bond length
[1.223(8) Å] is characteristic of a formal triple bond. The carbon chain is
l-g1 bonded to the bimetallic Fe(3)Fe(4)(l-PPh2)(CO)6 moiety via C(13),
with the C(13)–Fe(3,4) bond lengths being experimentally indistinguishable.
The short C(14)–C(13) bond length [1.365(8) Å] is consistent with a degree

Table I. Selected bond lengths and angles for 5

Bond lengths [Å]

Fe(1)–C(16) 2.019(6) Fe(4)–C(13) 1.892(5)
Fe(1)–P(1) 2.244(2) Fe(4)–P(2) 2.232(2)
Fe(1)–Fe(2) 2.611(1) C(13)–C(14) 1.365(8)
Fe(2)–C(16) 2.047(5) C(14)–C(15) 1.223(8)
Fe(2)–C(19) 2.089(5) C(15)–C(16) 1.417(8)
Fe(2)–C(18) 2.143(5) C(16)–C(19) 1.430(8)
Fe(3)–C(13) 1.871(6) C(18)–C(19) 1.435(8)
Fe(3)–P(2) 2.217(2) C(18)–P(1) 1.775(6)
Fe(3)–Fe(4) 2.580(1) C(19)–C(20) 1.501(7)

Bond angles [!]

C(16)–Fe(1)–P(1) 82.5(2) Fe(1)–C(16)–Fe(2) 79.9(2)
C(16)–Fe(1)–Fe(2) 50.5(2) C(19)–C(18)–P(1) 112.2(4)
P(1)–Fe(1)–Fe(2) 74.83(5) C(19)–C(18)–Fe(2) 68.2(3)
C(16)–Fe(2)–C(19) 40.4(2) P(1)–C(18)–Fe(2) 97.9(2)
C(16)–Fe(2)–C(18) 69.5(2) C(19)–C(18)–H(18) 121.5
C(19)–Fe(2)–C(18) 39.6(2) P(1)–C(18)–H(18) 121.5
C(16)–Fe(2)–Fe(1) 49.6(2) Fe(2)–C(18)–H(18) 121.5
C(19)–Fe(2)–Fe(1) 78.6(2) C(16)–C(19)–C(18) 112.9(5)
C(18)–Fe(2)–Fe(1) 78.8(2) C(16)–C(19)–C(20) 125.9(5)
C(13)–Fe(3)–P(2) 76.5(2) C(18)–C(19)–C(20) 121.2(5)
C(13)–Fe(3)–Fe(4) 47.1(2) C(16)–C(19)–Fe(2) 68.2(3)
P(2)–Fe(3)–Fe(4) 54.81(5) C(18)–C(19)–Fe(2) 72.2(3)
C(13)–Fe(4)–P(2) 75.7(2) C(20)–C(19)–Fe(2) 126.2(4)
C(13)–Fe(4)–Fe(3) 46.4(2) C(18)–P(1)–C(40) 110.4(3)
P(2)–Fe(4)–Fe(3) 54.29(5) C(18)–P(1)–C(30) 107.6(3)
C(14)–C(13)–Fe(3) 136.1(4) C(40)–P(1)–C(30) 101.8(2)
C(14)–C(13)–Fe(4) 136.9(4) C(18)–P(1)–Fe(1) 97.5(2)
Fe(3)–C(13)–Fe(4) 86.6(2) C(40)–P(1)–Fe(1) 118.5(2)
C(15)–C(14)–C(13) 174.1(7) C(30)–P(1)–Fe(1) 120.5(2)
C(14)–C(15)–C(16) 171.6(6) C(50)–P(2)–C(60) 100.6(3)
C(15)–C(16)–C(19) 122.2(5) C(50)–P(2)–Fe(3) 121.4(2)
C(15)–C(16)–Fe(1) 117.1(4) C(60)–P(2)–Fe(3) 121.1(2)
C(19)–C(16)–Fe(1) 120.1(4) C(50)–P(2)–Fe(4) 128.4(2)
C(15)–C(16)–Fe(2) 127.6(4) C(60)–P(2)–Fe(4) 114.5(2)
C(19)–C(16)–Fe(2) 71.4(3) Fe(3)–P(2)–Fe(4) 70.90(6)
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of delocalisation along the three atom chain C(15)–C(14)–C(13), which in
turn implies sp2-hybridisation at C(13). In support of this, we note that the
geometry of C(13) is trigonal planar, the bond angles at C(13) adding to
360!.

Simple electron-counting ideas provide a way of further rationalising
the structure of the carbon-rich ligand. The Fe2(CO)6 fragment offers 28
valence electrons. According to the 18-electron rule, bimetallic compounds
of this type with a single metal-metal bond require 34 valence electrons.
Therefore each bimetallic fragment in 5 requires a further 6 electrons from
the carbon-rich ligand. In the case of Fe(1)–Fe(2), two electrons are
provided by the phosphine P(1), one from C(16) via the C(16)–Fe(1) single
bond, and a further three from the allylic C(18)–C(19)–C(16) fragment. The
Fe(3)–F(4) fragment contains a three-electron donating diphenylphosphi-
nidene ligand (P(2)Ph2) and must therefore gain a further three electrons
from C(13). The carbon C(13) can therefore be described as a singlet
carbene (Scheme 1).

The interpretation of the bonding based on the crystallographic data is
supported by 13C and 31P NMR spectroscopies. In the 13C NMR spectrum a
de-shielded resonance is observed at d 196.7, with a small coupling to remote
phosphorus centre (JCP = 5 Hz). This is significantly lower frequency than
the carbocationic centre observed by Akita in the zwitterionic compound 6
(347.1 ppm, Figure 2) [21e], and in turn supports the carbene description of

Table II. Crystal data and refinement parameters for 5

Empirical formula C49H28O12P2Fe4
Formula weight 1094.05
Temperature (K) 120(2)
Wavelength (Å) (Mo-Ka) 0.71073
Dimensions (mm) 0.14! 0.08! 0.04
Crystal system monoclinic
Space group P21/c
a (Å) 14.9313(5)
b (Å) 30.4288(10)
c (Å) 11.1546(4)
b (!) 111.940(1)
Volume (Å3) 4700.9(3)
Z 4
qcalc 1.546
l (mm)1) 1.34
2hmax 56.54
Reflections collected (unique) 44495 (11626)
Rint 0.137
R (I>2rIo)/wR (all data) 0.0721/0.1096
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C(13) in the example presented here. The 31P NMR spectrum of 5 is
characterised by two singlet resonances at d 110.7 and 60.6, consistent with
the description of P(2) and P(1) as l-PPh2 and phosphine moieties,
respectively. In the case of P(2), the resonance is somewhat more shielded
than the l-PPh2 present in 3 (d 144.8).

CONCLUSION

The reaction of 3 with a terminal acetylene results in transformation of
the C4 ligand into an unusual acetylenic carbene. The reaction, which
proceeds at room temperature, demonstrates facile P–Fe bond cleavage, P–
C and C–C bond formation on a bis(bimetallic) scaffold. Clearly, 3 is a
highly reactive test-bed with which to explore the reactivity of the C4

fragment supported by a multimetallic framework. The further characteri-
sation of products arising from the reactions of 3 with alkynes, and other
unsaturated reagents, will be the subject of further reports.

EXPERIMENTAL

All reactions were carried out under an atmosphere of nitrogen using
standard Schlenk techniques. Reaction solvents were purified and dried
using an Innovative Technology SPS-400, and degassed before use. No
special precautions were taken to exclude air or moisture during work-up.
Preparative TLC was performed on 20! 20 cm glass plates coated with
silica gel (0.5 mm thick, Merck GF-254). The compound
Ph2PC ” CC ” CPPh2 was prepared by the literature method [27]. Other
reagents were purchased and used as received.

IR spectra were recorded using a Nicolet Avatar spectrometer from
cyclohexane solutions in a cell fitted with CaF2 windows. NMR spectra were
obtained with Varian Inova (1H 499.93 MHz, 13C 125.68 MHz) or Varian
Mercury (31P 161.91 MHz) spectrometers from CDCl3 solutions and
referenced against solvent resonances (1H, 13C) or external H3PO4 (31P).

C C C

(CO)Cp*
Fe

Fe
(CO)Cp*Ru(CO)3

OC

(CO)3
Ru

C

(OC)3Ru

CO

6

Fig. 2 Akita’s but-2-yne-1-ylidene-4-ylidyne complex 6 [21e].
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Mass spectra were recorded using Thermo Quest Finnigan Trace MS-Trace
GC spectrometer.

The single crystal structure determination of 5 was carried out from
data collected using graphite monochromated Mo-Ka radiation
(k = 0.71073 Å) on a Bruker SMART-1K CCD detector diffractometer.
The data were recorded at 120 K and the temperature was controlled
using an Oxford Cryosystems Cryostream N2 flow cooling device [28]. A
series of narrow x-scans (0.3!) were performed at several ø-settings in such
a way as to cover a sphere of data to a maximum resolution of 0.75 Å.
Cell parameters were determined and refined using the SMART software
[29], and raw frame data were integrated using the SAINT program [30]
The structure was solved using direct methods and refined by full matrix
least squares on F2 using SHELXTL [31]. Data were corrected for
absorption by numerical integration based on measurements and indexing
of the crystal faces using SHELXTL software [31], Tmin = 0.833,
Tmax = 0.950. All non-hydrogen atoms were refined anisotropically,
except 2 C atoms for which the thermal ellipsoids refined to unrealistic
shapes. Hydrogen atoms were positioned geometrically, and refined as
riding on the atoms to which they are bonded. Selected bond distances and
angles are given in Table I. Relevant parameters for data collection and
structure refinement are given in Table II. Crystallographic data for the
structural analysis have been deposited with the Cambridge Crystallo-
graphic Data Centre, CCDC No. 637711. Copies of this information may
be obtained free of charge from The Director, CCDC 12 Union Rd,
Cambridge, CB2 1EZ, UK.

Synthesis of [{Fe2(CO)6(l-PPh2)2}(l-C ” CC ” C)] (3)

A Schlenk flask was charged with Fe3(CO)12 (3.00 g, 5.96 mmol), 1,4-
bis(diphenylphosphino)buta-1,3-diyne (Ph2PC ” CC ” CPPh2) (1.20 g,
2.98 mmol) and thf (200 mL). The resulting green solution was heated at
reflux for 1 h, with the progress of the reaction being monitored carefully by
TLC. When the reaction was adjudged complete the solution was cooled
and a small portion of silica gel added. After removing the solvent the
residue coated silica gel was transferred to the top of a silica gel column
(hexane). Dark green Fe3(CO)12 was eluded with hexane, followed by red
{Fe2(PPh2)(CO)6}2(l-C ” CC ” C), which eluted with 5% CH2Cl2 in
hexane and was crystallised from CH2Cl2/MeOH (20–35%). Spectroscopic
data was in agreement with that previously published. IR (cyclohexane)
m(CO) 2078 m, 2065 s, 2038 s, 2034 s, 2012 s, 1997 sh, 1991 s, 1976 w cm)1.
31P (CDCl3): d 144.8.
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Reaction of A with 4-ethynyl toluene

A Schlenk flask was charged with 3 (100 mg, 0.1 mmol), 4-ethynyltol-
uene (0.05 mL, 46 mg, 0.4 mmol) and CH2Cl2 (10 cm3). The reaction
mixture was stirred at room temperature for 24 h, after which time the
solvent was removed and the residue purified by preparative TLC [hexane–
acetone (8.5:1.5)]. Four bands [brown (30 mg), green (5) (32 mg,
0.03 mmol), light red (12 mg), dark red (37 mg)] were collected. The
compound 5 was crystallised by slow evaporation of a CH2Cl2/hexane
solution. Spectroscopic data for 5 IR: m(CO)/cm)1 (cyclohexane) 2067 m,
2057 w, 2028 s, 2023 s, 2006 w, 1997 m, 1988 sh, 1980 m, 1970 sh. 1H-
NMR: d 3.69 (d, JHP = 2 Hz, 1H, HC2C6H4CH3); 2.31 (s, 3H,
HC2C6H4CH3).

13C-NMR: d 210.90, 210.87, 210.84, 210.81, 210.78,
210.76 (6! s, CO); 196.65 (d, JCP = 5 Hz, RxFe2C4Fe2Rx); 139.53,
139.176, 121.63 (s, RxFe2C4Fe2Rx); 139.14, 129.33, 129.04 (s,
CH3C6H4C2H); 107.14, 44.12 (2! d, JCP = 26Hz/39 Hz, CH3C6H4C2H),
21.37 (s, CH3C6H4C2H), 138.65, 137.13, 132.80, 129.02 (4! d, JCP = 21,
27, 13, 14 Hz, ipso-(C6H5)2P); 135.80, 134.62, 132.89, 131.40, 130.43, 129.22,
128.85, 128.18 (8! d, JCP = 8, 9, 8, 9, 10, 4, 10, 12 Hz, ortho/meta-
(C6H5)2P); 131.49, 130.78, 130.74 (3! d, JCP = 2, 2, 2 Hz, para-(C6H5)2P),
129.98, 129.50 (2! s, para-(C6H5)2P, CH3C6H4C2H). 31P-NMR: d 110.7;
60.6. ES-MS (CH2Cl2): m/z 1116 [M+Na]+.
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Langmuir and Langmuir-Blodgett films of a nitrile-terminated tolan, namely 4-[4′-decyloxyphenyl-
ethynyl]benzonitrile, have been fabricated and characterized at various surface pressures, with surface
pressure and surface potential isotherms together with Brewster angle microscopy being used to map the
different phases of the tolan monolayer at the air-water interface. The Langmuir films have been
characterized by UV-vis spectroscopy, with quantitative analysis of the reflection spectra supporting an
organizational model in which compression of the film leads to change in the tilt angle of the tolan
molecules from an initial value of ca. 35° to one of ca. 60° before collapse of the monolayer. Moreover,
a blue shift in the reflection spectrum of the Langmuir film of 30 nm with respect to the spectrum of a
chloroform solution of the nitrile tolan indicates that two-dimensional H-aggregates are formed at the
air-water interface. These structures represent a minimum free-energy conformation for the system, as
they are observed even before the compression process starts. The monolayers are transferred undisturbed
onto solid substrates, with atomic force microscopy revealing well-ordered films without three-dimensional
defects.

Introduction

Molecular, oligomeric, and polymeric materials derived
from the phenylene ethynylene motif are a source of great
contemporary interest.1-4 Various members of the phenylene
ethynylene family have been shown to offer useful physical
properties, including NLO response,5,6 luminescence,1,7,8 and
electroluminescence.9 The rigid molecular structure and ready
functionalization of the aromatic fragments can be exploited
in the design of liquid crystal mesogens.10-15 The presence
of an extended π-conjugated electronic structure along the

long molecular axis has also resulted in an ever-growing
number of oligomeric phenylene ethynylenes being inves-
tigated as molecular wires and other components for mo-
lecular electronics.16-21

Although liquid-crystalline systems might be considered
to be self-organizing, with the liquid crystalline behavior
being a direct consequence of the physical structure of the
molecular framework, in general, fabrication of devices based
on molecular materials demands consideration of how best
to achieve a desired arrangement, distribution, and/or align-
ment of the molecules of interest within the device structure.
Solution casting methods are appealing for industrial large
transfer processing; however, they present the disadvantage
of preventing strict thickness and precise control over the
molecular architecture and arrangement. Self-assembly (SA)
techniques have been demonstrated to produce molecular
monolayers of functionalized molecules on a wide range of
surfaces, with the assembly of thiols on gold being particu-
larly common and giving rise to excellent quality films
formed by the strong gold-sulfur linkage.22-26 However,
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certain drawbacks to the thiol-on-gold SA technique have
been described, including the tendency of organic thiols to
oxidize to disulfides.27 Although the use of protected thiols
can alleviate this problem, the incorporation of extraneous
material within the system when in situ deprotection steps
are employed has also been described,28 which can add a
degree of additional complexity to the process. To further
complicate studies based on gold-thiol self-assembled
monolayers (SAM), the gold-sulfur bond is rather fluxional,
and changes in the gold-sulfur interaction are now thought
to be largely responsible for the dynamic switching of
conductivity observed in early studies of single-molecule
conductivity.29-31
The Langmuir-Blodgett (LB) method is also an excellent

tool with which to fabricate films with a high internal
order.32-37 The LB technique provides control over the
desired number of layers deposited on a surface and is
therefore well-suited to the production of both mono- and
multilayer structured films. In addition, by making use of
the wide variety of polar functional groups that can be
physically or chemically adsorbed onto different substrates,
it is possible to use LB methods to fabricate structures
featuring any one of a large number of organic-metal
interfaces. This is especially important given the crucial role
the metal-molecule interface plays in, for example, mea-
surements of the conductivity of single molecules.26,38-44 The
use of oriented molecular films prepared using LB methods

could therefore provide a simple base from which to explore
a very wide variety of organic-metal contacts (e.g., nitrile,
amine, carboxylic acid, etc., on Pt, Pd, Ag, etc.).45-48

In contrast to the large body of published work describing
fabrication and properties of oligomeric phenylene ethy-
nylene derivatives in gold-thiol-based SAM, there is
comparatively little data available in the literature for the
detailed process of fabrication of LB films of oligomeric
phenylene ethynylenes (OPE)-based compounds and the
precise organization of the molecules within these films. This
has motivated us to pursue the preparation of a series of
phenylene-ethynylene-based compounds suitable for the
fabrication of well-ordered Langmuir and Langmuir-
Blodgett films. The ultimate goal of this study is a compre-
hensive analysis of the influence different functional polar
groups and molecular geometries within the OPE structure
on the intermolecular interactions, aggregation effects, and
local molecular environment within the film, as well as the
orientation of the molecules in the film. All of these factors
will play a role in moderating the electronic and optical
properties of the films.
This paper reports the synthesis of 4-[4′-decyloxyphenyl-

ethynyl]benzonitrile (Figure 1), henceforward abbreviated as
C10(PEB)CN, the Langmuir and LB film forming behavior
of this compound, and characterization of the resulting films.
The compound C10(PEB)CN features a polar nitrile end
group, which facilitates the spreading of the molecule as well
as its anchoring onto the water surface. Moreover, the
hydrophobic phenylene ethynylene core and a relatively long
alkyl chain prevent C10(PEB)CN from being dissolved in
water and provide stability to the monolayer thanks to lateral
π-π and van der Waals interactions with neighboring
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Figure 1. Chemical structure (left) and space-filling molecular model (right)
of 4-[4′-decyloxyphenylethynyl]benzonitrile (C10(PEB)CN).
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molecules. The detailed organization of C10(PEB)CN mol-
ecules within Langmuir monolayers and the final architecture
of the LB films have been thoroughly studied by optical,
spectroscopic, and microscopic procedures.

Experimental Section

Synthesis. All reactions were carried out under an atmosphere
of nitrogen using standard Schlenk techniques. Reaction solvents
were distilled from CaH2 and degassed before use. No special
precautions were taken to exclude air or moisture during workup.
The compounds 4-decyloxyiodobenzene,49,50 PdCl2(PPh3)2,51 and
4-ethynyl-1-decyloxybenzene52 were prepared by the literature
methods, or minor variation as described below. Other reagents
were purchased and used as received.
NMR spectra were recorded on a Bruker Avance (1H 400.13

MHz, 13C 100.61 MHz, 31P 161.98 MHz) or Varian Mercury (31P
161.91 MHz) spectrometer from CDCl3 solutions and referenced
against solvent resonances (1H, 13C) or external H3PO4 (31P). IR
spectra were recorded using a Nicolet Avatar spectrometer from
solutions in a cell fitted with CaF2 windows.
Preparation of 4-Ethynyl-decyloxybenzene. A Schlenk flask

was charged with HCtCSiMe3 (2.66 g, 2.71 × 10-2 mol),
4-decyloxyiodobenzene (8.90 g, 2.47 × 10-2 mol), CuI (0.047 g,
2.47 × 10-4 mol), PdCl2(PPh3)2 (0.173 g, 2.47 × 10-4 mol), and
NEt3 (50 mL), and the reaction mixture was allowed to stir
overnight. The ammonium salt byproduct that had precipitated was
removed by filtration and washed with toluene. The washings were
combined with the filtrate and the solvent evaporated under reduced
pressure to yield the crude product, which was purified by flash
chromatography on silica gel (hexane). The purified 4-(trimethyl-
silylethynyl)decyloxybenzene was stirred with a suspension of
potassium carbonate in 1:1 methanol:THF (6 h) before the solvent
was removed in vacuo. The residue was extracted with diethyl ether,
and the extracts were washed with water (2 × 50 mL). A further
cycle of solvent removal, extraction (CH2Cl2), and water washing
afforded the terminal alkyne, which was sufficiently pure to be used
directly in subsequent reactions. Yield: 5.27 g, 2.04 × 10-2 mol,
83%. 1H NMR: δ 7.43 (AA′XX′, 2H, ArH); 6.83 (AA′XX′, 2H,
ArH); 3.95 (t, 3J(H,H) ) 6.4 Hz, 2H, OCH2R); 3.00, (s, 1H, Ct
CH); 1.77 (m, 2H, CH2-aliphatic); 1.33 (m, 14H, CH2-aliphatic);
0.91 (t 3J(HH) ) 6.8 Hz 3H, CH3). 13C NMR: δ 159.7, 134.1,
114.7, 114.0, (Ar); 84.1, 75.9, (CtC); 68.2, (OCH2-R); 32.0, 29.7,
29.7×, 29.5, 29.45, 29.3, 26.1, 22.8, (aliphatic); 14.2, (CH3). IR
(KBr plates, neat): ν(CtC-H) 3316, 3291; ν(CtC) 2107 cm-1.
Preparation of 4-Decyloxyphenylethynylbenzonitrile. 4-Ethy-

nyl-decyloxybenzene (1.50 g, 5.81 × 10-3 mol) was added to a
Schlenk flask containing 4-bromobenzonitrile (1.06 g, 5.81 × 10-5
mol), CuI (0.011 g, 5.81 × 10-5 mol), and PdCl2(PPh3)2 (0.041 g,
5.81 × 10-5 mol) in triethylamine (50 mL). The reaction mixture
was heated at reflux (16 h) and then allowed to cool. The crude
reaction mixture was filtered to remove the precipitated ammonium
salt, and the filtrate was evaporated to dryness under reduced
pressure. The crude product was purified by column chromatog-
raphy on silica gel using 1:2 CH2Cl2:hexane as eluant. The yellow
solid obtained was then recrystallized in toluene:hexane to give
the pure product. Yield: 0.80 g, 2.23 × 10-3 mol, 40%. 1H NMR:
δ 7.55 (AA′XX′, 2H, ArH); 7.50 (AA′XX′, 2H, ArH); 7.39

(AA′XX′, 2H, ArH); 6.81 (AA′XX′, 2H, ArH); 3.97 (t, 3J(H,H) )
6.4 Hz, 2H, OCH2R); 1.80 (m 2H, CH2-aliphatic); 1.45 (m, 14H,
CH2-aliphatic); 0.89 (t 3J(HH) ) 7.2 Hz 3H, CH3). 13C NMR: δ
159.4, 133.3, 132.0, 131.8, 128.6, 118.6, 114.7, 113.9, 111.0, (Ar);
94.3, 86.7, (CtC); 68.2, (OCH2-R); 31.9, 29.56, 29.7, 29.4, 29.3,
29.2, 26.0, 22.7, (aliphatic); 14.1, (CH3). C25H29NO EI-MS: 358.9
(46) [M]+, 218.7, (100) [M-C10H21]+. Requires: C, 83.52; H, 8.13;
N, 4.45. Found: C, 83.66; H, 8.21; N, 4.08.
Film Fabrication. The films were prepared on a Nima Teflon

trough with dimensions of 720 × 100 mm2 that was housed in a
constant-temperature (20 ( 1 °C) clean room. The surface pressure
(π) of the monolayers was measured by a Wilhelmy paper plate
pressure sensor. The subphase was water (Millipore Milli-Q,
resistivity 18.2MΩ·cm). A solution of 4-[4′-decyloxyphenylethynyl]-
benzonitrile in chloroform (HPLC grade, 99.9%, purchased from
Aldrich and used as received) was delivered from a syringe held
very close to the surface, allowing the surface pressure to return to
a value as close as possible to zero between each addition. The
solvent was allowed to completely evaporate over a period of at
least 15 min before compression of the monolayer commenced at
a constant sweeping speed of 0.50 nm2 molecule-1 min-1. Each
compression isotherm was registered at least three times to ensure
the reproducibility of results. The ∆V-Ameasurements were carried
out using a Kelvin Probe provided by Nanofilm Technologie GmbH,
Göttingen, Germany. A commercial mini-Brewster angle micro-
scope (mini-BAM), also from Nanofilm Technologie, was employed
for the direct visualization of the monolayers at the air-water
interface, and a commercial UV-vis reflection spectrophotometer,
detailed described in a recent paper,53 was used to obtain the
reflection spectra of the Langmuir films during the compression
process.
The solid substrates used for the transferences (quartz and mica

for the UV-vis and AFMmeasurements, respectively) were cleaned
carefully, as described elsewhere.54,55 The monolayers were de-
posited at a constant surface pressure by the vertical dipping method,
and the dipping speed was 6 mm/min. Quartz crystal microbalance
(QCM) measurements were carried out using a Stanford Research
System instrument and employing AT-cut, R-quartz crystals with
a resonance frequency of 5 MHz having circular gold electrodes
patterned on both sides. UV-vis spectra of the LB films were
acquired on a Varian Cary 50 spectrophotometer and recorded using
a normal incident angle with respect to the film plane. The atomic
force microscopy (AFM) experiments were performed by means
of a multimode extended microscope with Nanoscope IIIA elec-
tronics from Digital Instruments operating at ambient atmosphere.
All the images were recorded at room-temperature using the tapping
mode.

Results and Discussion

Langmuir Films. The compound C10(PEB)CN has a rigid
molecular structure with a conjugated π-electron system. In
a manner entirely analogous to other amphiphilic molecules
containing large polyaromatic moieties,56 C10(PEB)CN has
a large tendency to aggregate due to strong π-π interactions.
Thus, the Beer-Lambert law is only followed at relatively
low concentrations (<1× 10-4 M). Consequently, very dilute
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solutions are required to fabricate true monolayers at the air-
water interface.
A preliminary investigation of the formation of Langmuir

films of C10(PEB)CN involving both the concentration and
the volume of the spreading solution was carried out, and
we concluded that only solutions of 1 × 10-5 M or lower
concentration yield reproducible isotherms, provided the
spreading volume is low enough (5 mL or lower for our
trough dimensions). Under these conditions, a reproducible
isotherm is routinely obtained (Figure 2). The take off in
the isotherm takes place at ca. 0.65 nm2/molecule. The
surface pressure increases monotonously upon compression
until an overshoot is reached. The presence of overshoots in
π-A isotherms is well-known and can be variously attributed
to (i) slow rearrangement of the headgroups,57 (ii) a lack of
nucleation for the growth domains during the nonequilibrium
compression process,58 (iii) formation of well-ordered mul-
tilayer structures,59 or (iv) collapse of the monolayer into
undefined multilayer structures.60 The collapse of Langmuir
films comprised of nitrile amphiphiles at relatively low
surface pressures have been reported and attributed to the
relatively low polar character of this group that does not
produce an effective anchoring of the amphiphile to the water
surface.61,62 The presence of plateaus (regions of constant
surface pressure with decreasing area) in surface pressure
isotherms is commonly observed when an ordered collapse
leading to bilayer or trilayer formations occurs.59 The absence
of plateaus in the π-A isotherm of C10(PEB)CN, together
with other observations that will be discussed later, is
indicative of a collapse of the C10(PEB)CN monolayer into
an undefined multilayer structure.
Figure 2 also shows the Young module, Ks, defined as

the inverse of the monolayer compressibility, given by63

The Young module has been used as an indication of the
phase state of the monolayer, with values higher than 1000

mN/m indicative of a solid phase.64 The large values of the
Young module achieved for C10(PEB)CN are also indicative
of strong intermolecular interactions within the Langmuir
film as well as the formation of a relatively rigid monolayer.64
To provide insight into the origin of the overshoot, the

behavior of the π-A isotherm during repeated cycles of
compression and expansion was examined. If the barrier
direction is reversed before the overshoot is reached, the
hysteresis in the isotherm is negligible (inset Figure 3);
however, the hysteresis in the isotherm is quite significant
when the overshoot is passed on the compression cycle.
Figure 3 shows the first and tenth compression and expansion
isotherms of a series of consecutive cycles. When successive
cycles are recorded, there is a decrease in the area per
molecule, suggesting a loss of molecules from the monolayer.
Figure 3 also shows the BAM images taken just after the
spreading process and at the same area per molecule after
the first compression-expansion cycle. Before the first
compression, no domains or microcrystals are detectable
within the instrument resolution, in the micrometer range.
However, at the same area per molecule, BAM images taken
after the first hysteresis cycle in which the overshoot is
overcome shows the presence of microcrystals, suggesting
an irreversible expelling of the molecules from the monolayer
that leads to 3D structures.
BAM images recorded during the compression process are

shown in Figure 4. At a surface pressure of 11 mN/m, the
monolayer covers practically the whole water surface. At
higher surface pressures, the BAM images show a similar
aspect but are even more brilliant, suggesting a progressive
tilt of the molecules to a more vertical position, i.e., a thicker
monolayer.
The ∆V-A isotherm is illustrated in Figure 5, together

with the π-A isotherm for comparison purposes. The ∆V-A
isotherm can often provide useful information relating to the
molecular order within the monolayer, showing phase
changes a few square Ångstroms before they are detected
in the π-A isotherm; this can be clearly seen in the case of
the C10(PEB)CN (Figure 5). Compression of the C10(PEB)-
CN monolayer results in an increase of the surface potential
followed by a wide plateau ranging from 0.47 to 0.38 nm2,
after which a drastic drop in ∆V values occurs. The increase

(57) Mertesdorf, C.; Ringsdorf, H. Liq. Cryst. 1989, 5, 1757.
(58) Hui, S. W.; Yu, H. Langmuir 1992, 8, 2724.
(59) Cea, P.; Lafuente, C.; Urieta, J. S.; López, M. C.; Royo, F. M.

Langmuir 1996, 12, 5881.
(60) McFate, C.; Ward, D.; Olmsted, J. I. Langmuir 1993, 9, 1036.
(61) Endrle, T.; Meixer, A. J.; Zschokke-Gränacher, I. J. Chem. Phys. 1994,

101, 4365.
(62) Martynski, T.; Hertmanowski, R.; Bauman, D. Liq. Cryst. 2001, 28,

437.
(63) Adamson, A. W.; Gast, A. P. Physical Chemistry of Surfaces, 6th

ed.; John Wiley & Sons: New York, 1997.
(64) Davies, J. T.; Rideal, E. K. Interfacial Phenomena; Academic Press:

New York, 1963.

Figure 2. π-A (left) isotherm and Young module vs area per molecule
(right) for C10(PEB)CN.

Ks ) -A(∂π
∂A)T (1)

Figure 3. Hysteresis cycles and BAM images recorded before the first
compression and after the first compression-expansion cycle.
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in ∆V with decreasing area per molecule is observed at higher
values of the area per molecule than those corresponding to
the increase in the surface pressure in the π-A isotherm. This
is indicative of a progressive orientation of the molecules
even in the gas phase where π f 0. We will see later that
other experimental data (reflection spectroscopy, Figures 6
and 7) also lead to this conclusion. For monolayers of
amphiphilic compounds, a quantitative relationship between
measured ∆V and the normal component of the dipole
moment has been established by means of models based on
the Helmholtz equation.65 Thus, for a non-ionized monolayer,
the surface potential can be expressed as

where A is the area per molecule, ϵr and ϵ0 are the relative
dielectric constant and the permittivity of vacuum, respec-
tively, and µn is the normal component of the dipole moment
per molecule. The inset of Figure 5 shows µn/ϵr vs area per

molecule with initially positive values for µn/ϵr that increase
upon compression, which is indicative of dipole moment
vectors directed from the water toward the air.66 Before the
drop at 0.47 nm2, µn/ϵr values are around 1.1 D, which can
be considered as a polarity measurement of the fully packed
film. This value represents an additive contribution from the
C10(PEB)CN dipole moment and the presence of ordered
water molecules at the air-water interface.67 On the other
hand, the experimental ∆V-A data are consistent with the
overshoot being caused by collapse of the monolayer with
dipole moments randomly distributed in a three-dimensional
arrangement of C10(PEB)CN molecules, which leads to a
sudden decrease in ∆V as well as µn/ϵr and even negative
values at low areas per molecule. It is noted at this point
that transitions to a more condensed phase are characterized
by an increase in ∆V values.
Reflection spectroscopy is a useful method for the in situ

characterization of the monolayer at the air-water interface.
In addition, molecular orientation and aggregation can be
investigated more directly by spectroscopic methods than is
achievable using the classic monolayer techniques described
above.53,68,69 Thus, in this work, we have determined the
molecular orientation of the tolan derivative upon the
compression process from reflection spectra, measured using
unpolarized light under normal incidence. The reflection
spectra recorded at different values of the area per molecule
upon the compression process are illustrated in Figure 6a,
together with the absorption spectrum of a dilute C10(PEB)-
CN solution in chloroform and the normalized spectra in
Figure 6b. The normalized reflection, ∆Rn, defined as ∆Rn
) ∆R‚Area per molecule, more clearly demonstrates
changes of orientation and/or association than the directly
measured spectra, ∆R. The first remarkable characteristic
is the blue shift in the reflection spectra by ca. 30 nm
relative to the solution spectrum, consistent with the forma-
tion of H-aggregates. H-aggregates are often found in LB
films formed from, for example, amphiphilic trans-stil-
benes,56,70 trans-azobenzenes,69,71 hemicyanine derivatives,72
squaraines,73 and many other molecules in which the
chromophore has the main dipole transition moment arranged
more or less along the amphiphile backbone. It is also
noteworthy that the hypsochromic shift of the floating layer
is persistent and practically independent of the applied
surface pressure. These observations indicate that the ar-
rangement observed in the Langmuir film must represent a
minimum free-energy conformation for the system and
suggests that the formation of the blue-shifted aggregate does
not depend for its formation upon the orientation imposed
by the Langmuir technique.

(65) Helmholtz, H. Abh. Thermodyn. 1902, 51.

(66) Vogel, V.; Möbius, D. J. Colloid Interface Sci. 1988, 126, 408.
(67) Tsukanova, V.; Salesse, C. J. Phys. Chem. B 2004, 108, 10754.
(68) Orrit, M.; Möbius, D.; Lehman, U.; Meyer, H. J. Chem. Phys. 1986,

85, 4966.
(69) Pedrosa, J. M.; Martı́n-Romero, M. T.; Camacho, L. J. Phys. Chem.

B 2002, 106, 2583.
(70) Furman, I.; Geiger, H. C.; Whitten, D. G.; Penner, T. L.; Ulman, A.

Langmuir 1994, 10, 837.
(71) Song, X.; Perlstein, J.; Whitten, D. G. J. Am. Chem. Soc. 1995, 117,

7816.
(72) Heeseman, J. J. Am. Chem. Soc. 1980, 102, 2166.
(73) Chen, H.; Law, K.-Y.; Whitten, D. G. J. Phys. Chem. 1996, 100, 5949.

Figure 4. BAM images recorded upon the compression process at the
indicated surface pressures.

Figure 5. π-A (left) and ∆V-A (right) isotherms for C10(PEB)CN. Inset
graph shows the π-A isotherm (left) and µn/ϵr values upon compression
(right).

∆V )
µn
Aϵrϵ0

(2)

Langmuir-Blodgett Films from Nitrile-Terminated Tolan Chem. Mater., Vol. 19, No. 4, 2007 861

http://pubs.acs.org/action/showImage?doi=10.1021/cm062524p&iName=master.img-003.jpg&w=238&h=228
http://pubs.acs.org/action/showImage?doi=10.1021/cm062524p&iName=master.img-004.png&w=215&h=152


A quantitative analysis of the reflection spectra of C10-
(PEB)CN and a comparison of the reflection spectra with
the UV-vis spectrum obtained in dilute solution has allowed
us to calculate the tilt angle of the molecule with respect to
the water surface. Thus, in solution, the orientation of the
chromophore units is random and, therefore, the absorption
must be proportional to a factor of 2/3 given that only
two out of the three components of the transition moment
of the chromophore are interacting with the incident unpo-
larized light.69 Nevertheless, at the air-water interface,
there is a preferential orientation of the chromophore
that changes under compression; therefore, an orientation
factor can be defined.69 For a general case, assuming a
homogeneous distribution of the C10(PEB)CN transition

moment around the surface normal, the orientation factor is
defined by69

where θ is the angle formed by the normal to the surface
and the dipole transition moment of the chromofore (Scheme
1). The decrease in ∆Rn with increasing surface pressure (or
decreasing area per molecule) observed in Figure 6b is related
to an increase in the tilt angle of the C10(PEB)CN molecule
with respect to the water surface.
An integration of the absorption band of the C10(PEB)-

CN in chloroform yields an oscillator strength of f ) 1.00
according to the equation74

where ϵ0 is the permittivity of vacuum, me the electron mass,
e the electron charge, c0 the light speed in vacuum, NA
Avogadro’s constant, ϵ the molar absortivity, and υ the
frequency. The factor 1.44 × 10-19 is expressed in mol
L-1 cm s.
The comparison of the oscillator strength obtained in

solution with the apparent oscillator strength, fapp, calculated

(74) Kuhn, H.; Försterling, H. D. Principles of Physical Chemistry; John
Wiley & Sons: New York, 1999.

Figure 6. (a) Reflection spectra of Langmuir films upon compression. (b) Normalized reflection spectra upon compression and (dotted line) absorption
spectra of a 8 × 10-6 M C10(PEB)CN solution in chloroform.

Figure 7. π-A isotherm (left) and tilt angle of C10(PEB)CN upon the
compression process (right).

Scheme 1. Definition of θ Angle (angle between the normal
to the surface and the transition moment of the

C10(PEB)CN molecule) and Its Complementary Angle O

Figure 8. UV-vis spectrum of a monolayer LB film of C10(PEB)CN
transferred at 10 mN/m.

forient )
3
2sin

2 θ (3)

f )
4ϵ02.303mec0

NAe
2 ‚∫band ϵ dυ ) 1.44 × 10-19‚∫bandϵ dυ (4)
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from the measured reflection spectra, allows the determina-
tion of the orientation factor using the expression

where fapp is given by69

The numeric factor 2.6 × 10-12 is expressed in nm-2 s.
Substitution of the values obtained in eq 4 (oscillator
strength) and eq 6 (apparent oscillator strength) in eq 5 give
the orientation factor, which when substituted in eq 3 yields
the angle, θ, formed by the normal to the surface and the
dipole transition moment of the C10(PEB)CN molecule.
Figure 7 shows the π-A isotherm (left) together with the

tilt angle, φ (right), defined as the tilt angle with respect to

the water surface (φ ) 90 - θ) expressed in degrees (see
Scheme 1), vs the area per molecule. From the data
summarized in this figure, it can be concluded that C10-
(PEB)CN molecules undergo a transition from an orientation
in which they adopt an average tilt angle of ca. 35° to a
more vertical position with a tilt angle close to 60° just before
the overshoot. After the overshoot, there is a drastic increase
in the reflection intensity (e.g., Figure 6a, reflection spectra
recorded at 0.16 nm2), which is consistent with a multilayer
formation. After collapse of the monolayer, the effective path
length of the surface sample increases, leading to an increase
in the reflection spectrum and, in addition, the more randomly
oriented molecules in the 3D aggregates that form the
collapsed multilayered structure would also contribute to an
increase in the ∆R values. Tilt angles beyond the overshoot
have not been determined, as area per molecule values are
no longer consistent with a monolayer.

Figure 9. AFM images of a one-layer LB films of C10(PEB)CN transferred at the indicated surface pressures.

forient )
fapp
f (5)

fapp ) 2.6 × 10-12‚∫band∆Rn dυ (6)
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The Langmuir films were transferred onto solid supports
of either quartz or mica to fabricate one-layer-thick LB films.
The substrates were hydrophilic and initially immersed into
the subphase. The deposition ratio was close to 1 for all the
substrates used.
The frequency change (∆f) for a QCM quartz resonator

before and after the deposition process was determined.
Taking into account the Sauerbrey equation75

where f0 is the fundamental resonance frequency of 5 Hz,
∆m(g) is the mass change, A is the electrode area, Fq is the
density of the quartz (2.65 g cm-3), and µq is the shear
module (2.95 × 1011 dyn/cm2); the C10(PEB)CN molecular
weight is 359.22 g mol-1, the surface coverage (Γ ) is 3.4
and 3.6 × 10-10 mol cm-2 for films transferred at 10 and 12
mN/m, respectively, which is in excellent agreement with
the estimated values for the saturated surface coverage, 3.4
and 3.6 × 10-10 mol cm-2, determined from the molecular
area (0.48 and 0.46 nm2/molecule) of C10(PEB)CN at the
air-water interface at the two surface pressures.
The UV-vis spectrum of a monolayer LB film of C10-

(PEB)CN is similar in profile to the reflection spectrum
obtained at the air-water interface for a Langmuir film at
the same surface pressure, with a maximum absorption
feature at 286 nm (Figure 8 shows for instance the spectrum
of a 10 mN/m transferred monolayer LB film). The similarity
of the spectra from the Langmuir and Langmuir-Blodgett
films indicates that the H-aggregates formed at the air-water
interface are transferred undisturbed onto the quartz substrate.
Atomic force microscopy is a convenient tool with which

to image the film surface morphology with high spatial
resolution. Representative images of films transferred to mica
substrates at 10, 12, and 17 mN/m are shown in Figure 9.
The films transferred from the lower surface pressure
Langmuir films are very homogeneous, without obvious 3D
defects. In films transferred at 10 mN/m, holes indicative of
a not wholly covered surface can be seen. These holes are

not apparent in the film transferred at 12 mN/m, where the
mica surface is completely covered by the surface. The rms
roughness is low, in the 0.3 and 0.03 nm range for films
transferred at 10 and 12 mN/m, respectively. The film
thicknesses were determined by scratching the films with
the AFM tip, yielding values around 2.0 nm in both cases
(10 and 12 mN/m). When the height of C10(PEB)CN in a
vertical position (2.4 nm) is taken into account, this film
thickness corresponds to a tilt angle of the molecules of 56°,
in good agreement with the values obtained from reflection
spectroscopy at the air-water interface. However, 3D
microcrystals of irregular thickness can be seen in films
transferred at surface pressures higher than the overshoot
(Figure 9, transference surface pressure of 17 mN/m).

Conclusions

Well-defined, homogeneous Langmuir films of the tolan
derivative C10(PEB)CN can be fabricated at the air-water
interface on a pure water subphase. Two-dimensional H-
aggregates are formed as soon as the organic compound is
spread onto the water surface and apparently represent a
minimum free energy conformation for the system. A
significant degree of order is progressively achieved upon
the compression process, accompanied by a gradual tilt of
the molecules from an initial angle of 35° between the long
axis of the molecule and the water surface, to a value of
nearly 60° before the collapse of the monolayer into an
undefined, multilayer structure. The Langmuir films are
transferable onto solid supports by the vertical dipping
method with a deposition ratio of 1. Furthermore, UV-vis
and AFM studies have demonstrated that the Langmuir film
is transferred onto the substrates keeping the same H-
aggregation and orientation than the floating monolayers.
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One-electron reduction of the well-known carborane 1,2-Ph2-

1,2-C2B10H10 (1) gives rise to a stable carborane radical anion

([1]2) with a true 2n + 3 cluster electron count; the geometry of

([1]2) features an elongated C…C cage distance but no

significant p-bonding interactions between the cage and the

phenyl substituents.

The relationships between the composition, number of skeletal

electrons and shape of borane-type main-group clusters are

familiar topics in inorganic textbooks. Boranes and carboranes

adopt closed cage pseudo-spherical deltahedral shapes when there

are n atoms held together by 2n (hypercloso) or (2n + 2) (closo)

skeletal electrons, whereas progressively more open cluster

geometries are associated with clusters offering (2n + 4) (nido),

(2n + 6) (arachno) and (2n + 8) (hypho) skeletal electrons.1 Species

with intervening numbers of electrons, e.g. radicals with (2n + 1),

(2n + 3) or (2n + 5) skeletal electrons might be expected to have

intermediate shapes to accommodate the unpaired electron.

Radical species with n skeletal atoms held together by (2n + 1)

skeletal electrons are already known.2–4 These are closo systems

lacking one electron, and have the expected closed shapes and

connectivities but with slightly expanded bond distances because

one bonding MO contains only one electron. The geometries of

borane and carborane clusters containing 2n + 3 skeletal electrons

are intriguing as whilst they occupy the gap between the well-

established and abundant closed 2n + 2 (closo) and open 2n + 4

(nido) systems little is known about these ‘‘missing link’’ species.5–8

Here we report the observation (IR, UV-Vis, ESR) of a stable

carborane cluster radical anion derived from the well-known C,C-

disubstituted diphenyl-ortho-carborane 1,2-Ph2-1,2-C2B10H10 (1).

The geometry of this anion has been determined by ab initio

computations in conjunction with the available experimental data

and represents the first clear structural evidence of a stable

carborane radical with (2n + 3) skeletal electrons.

The cyclic voltammogram of 1 in MeCN–0.1 M NBu4PF6

revealed two sequential chemically reversible and electrochemically

quasi-reversible one-electron reduction waves. Successful simula-

tion of the voltammogram was achieved assuming a simple EE

mechanism.9 The ca. 170 mV separation of E1 and E2 is consistent

with a previous report,7 and gives a measure of the stability of [1]2

with respect to disproportionation to 1 and [1]22 (Kc = 750) under

these conditions. The radical anion [1]2 was therefore targeted for

observation using IR, UV-Vis-NIR and ESR spectroelectrochem-

ical methods.

Reduction of an MeCN–0.1 M NBu4BF4 solution of 1 to [1]2

caused a shift in the three characteristic n(BH) bands at 2650, 2600

and 2580 cm21 to a strong band centred at 2540 cm21 (Fig. 1).10

Further reduction to the dianion [1]22 was also achieved, with a

further shift in the n(BH) band to 2450 cm21. Each progression

(1 to [1]2 and [1]2 to [1]22) was marked by the development of

strict isosbestic points, and the high chemical stability of each

redox product was established by the almost complete recovery of

the starting spectrum after back-oxidation.

The UV-Vis-NIR spectrum of colourless 1 is characterised by

a relatively intense absorption band centred at 44 000 cm21

(e 20 000 M21 cm21) (Fig. 2). Reduction to [1]2 resulted in a

dramatic change in the spectroscopic profile, with distinct bands at

20 100, 21 700, 27 500, 28 600 and 31 300 cm21 being observed.

Further reduction gives a rather broad set of bands between

24 000 cm21 and 35 000 cm21 for the dianion [1]22 (Fig. 2).

Again, the observation of isosbestic points during the conversion

of 1 to [1]2 and [1]2 to [1]22 and the recovery of the original

spectra after back-oxidation confirm the chemical reversibility of

the redox cycle.

The ESR spectrum of [1]2, obtained following electrochemical

generation of [1]2 in an MeCN–0.1 M NBu4PF6 solution, in the

ESR cavity gave a broad simple signal confirming its paramagnetic

character.{ The lack of fine structure in the signal suggests that the

unpaired electron is located within the cage, and not localised on

aDepartment of Chemistry, Durham University, South Rd, Durham, UK
DH1 3LE. E-mail: p.j.low@durham.ac.uk; m.a.fox@durham.ac.uk;
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including Cartesian coordinates of optimised geometries of 1 and [1]2,
the ESR spectrum of [1]2, simulated IR spectra of 1 and [1]2, simulated
UV spectrum of [1]2, and NMR data for 1 and [1]22. See DOI: 10.1039/
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Fig. 1 The IR spectra of 1, [1]2 and [1]22 collected in an OTTLE cell

(MeCN, 0.1 M NBu4BF4).
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the phenyl groups.5 The other members of the series, 1 and [1]22

(generated by K or Na metal reduction of 1), were ESR silent and

their proton, boron and carbon NMR spectra reveal peaks

characteristic of carboranes.{
The experimental observations (cyclic voltammetry, IR, UV-

Vis-NIR, NMR and ESR spectroscopies) indicate that the closo-

carborane cluster 1, which has a 2n + 2 cluster electron count,

undergoes two sequential one electron reduction processes via an

EE mechanism to give stable products [1]2 and [1]22, which have

2n + 3 and 2n + 4 (nido) skeletal electron counts respectively. We

were able to isolate [1]2 by chemical reduction with potassium

metal in THF. IR, UV and ESR spectra for the isolated salt were

identical to those obtained for [1]2 using the spectroelectrochem-

ical methods described here.

As we have not yet succeeded in obtaining suitable crystals of a

[1]2 salt for crystallographic analysis, we turned to DFT

computations (B3LYP/6-31G*) to link the spectroscopic data

obtained from [1]2 with the underlying molecular and electronic

structure. In the interests of maintaining internal consistency in

comparisons of 1 and [1]2, and as a check of the computational

methods employed, compound 1, which has been structurally

characterised by X-ray crystallography,11 was also examined at the

same level of theory.

Infrared spectra were simulated from frequency computations

on the optimised geometries for 1 and [1]2 using Lorentzian

curves. The simulation contains three BH bands for 1 near

2650 cm21, with a single, somewhat more intense band for [1]2 at

2580 cm21. These calculated vibrational spectra are in excellent

agreement with observed data.

Between the optimised geometries of 1 and the radical anion

[1]2, the most notable structural change is the lengthening of the

cage carbon–cage carbon (C1–C2) bond on reduction (Fig. 3). The

C1–C2 bond lengths for 1 and [1]2 are 1.76 and 2.39 Å,

respectively. Natural bond order (NBO) calculations reveal

Wiberg bond orders of 0.59 and 0.06 for the C1–C2 bond in 1

and [1]2, respectively. The C1–B4,5 and C2–B7,11 bonds (1 1.71 Å;

[1]2 1.64 Å) also contract on reduction. The calculated B3…B6

separation in [1]2 (2.44 Å), together with the elongated C1–C2

bond (2.39 Å), gives rise to a near square C1–B3–C2–B6 face.

Similar diamond–square face relationships are also observed in

some diphenylmetallacarboranes.12

The phenyl groups are essentially unchanged upon reduction. In

diamagnetic carborane anions, [1-X-2-Ph-1,2-C2B10H10]
2, where

an exo-p double bond exists between the cage carbon and the

substituent X2, the cage geometries also display elongated C…C

intracage bond lengths similar to that calculated here for [1]2,

accompanied by a contraction of the cage–substituent bonds.13

However, the Ccage–Cipso bond lengths in the optimised geometries

of 1 and [1]2 are similar, ruling out such exo-p bonding character

in [1]2. Indeed, NBO calculations show Wiberg bond orders of

1.00 and 1.05 for the Ccage–Cipso bonds in 1 and [1]2 respectively.

The dramatic elongation of the cage C–C bond indicates

substantial involvement of the cage in accommodating the

additional electron. Computed natural population analysis

(NPA) total charges for the cage in 1 and [1]2 are 20.23 and

20.88. This increase in negative charge within the cage of 20.65

following reduction of 1 to [1]2 may be compared with the increase

of only 20.18 at each phenyl group. The spectroscopic and

computational data all point towards a description of [1]2 in terms

of a chemically stable carborane radical anion with a genuine 2n +

3 cluster electron count and not an aryl radical anion or an exo-p

type anion.

The frontier orbitals of 1 are largely centred on the phenyl rings,

with the large HOMO–LUMO gap (5.78 eV) accounting in part

for the stability of this compound (Fig. 4). Time-dependent DFT

(TD-DFT) calculations were performed on the optimised

geometries of 1 and [1]2 and the resulting simulated electronic

spectra are in excellent agreement with those observed.{ The high-

energy absorption band observed in 1 (Fig. 2) may be attributed to

transitions from the three highest occupied orbitals (HOMO,

HOMO-1, HOMO-2) to the LUMO, and approximate to p–p*

transitions localised on the phenyl rings (Fig. 4).

Molecular orbital calculations on the optimised geometry for

[1]2 reveal that the compositions of the frontier orbitals

Fig. 2 The UV-Vis spectra of 1, [1]2 and [1]22 collected in an OTTLE

cell (MeCN, 0.1 M NBu4BF4).

Fig. 3 Selected bond lengths in the DFT-optimised geometries of 1 and

[1]2. Each naked vertex of the cages represents BH.

Fig. 4 Molecular orbitals (B3LYP/6-31G*) involved in the transitions

observed in the UV-Vis spectrum of 1. The percentage contributions from

the phenyl rings, the cage carbon atoms and the other atoms of the cage

are given numerically.
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significantly differ from those found in the optimised geometry for

1 (Fig. 5). The SOMO lies 2.74 eV above the next highest occupied

orbital (HOMO-1), and the SOMO–LUMO gap is large (3.40 eV).

The SOMO is largely associated with the C2B10H10 cluster core,

with some 75% of this orbital being associated with the atoms of

the cage. By contrast, the LUMO of 1 has only 39% cage

character. The SOMO in [1]2 is s with respect to the C–C vector

and is anti-bonding in character. The expansion of the C–C

internuclear distance upon reduction of 1 is therefore in keeping

with the nodal properties of this orbital.

The TD-DFT computations on the optimised geometry for [1]2

successfully reproduce the key features of the electronic spectrum

of [1]2, with the lowest energy band of any significant oscillator

strength being calculated to fall at 20 800 cm21, and associated

largely with the transition from the SOMO to the LUMO.

Examination of the compositions of the orbitals involved suggests

that this band can be approximated as a cage-to-phenyl ring

charge transfer band. Higher energy bands at 27 700 and

30 200 cm21 are also calculated and relate well to the observed

spectroscopic bands of relatively high intensities near 28 600 and

31 300 cm21. These relatively high energy absorption features

correspond to transitions from lower lying fully occupied orbitals

(HOMO-1, HOMO-3) with significant phenyl ring character to the

cage-centred SOMO.

It is clear that 1 and [1]2 are essentially independent species and

their frontier orbitals are such that the geometry of [1]2 cannot be

predicted on the basis of the frontier orbitals of 1. Similar

assumptions may apply to the relationship between [1]2 and the

little known dianion [1]22. Unlike the well-characterised carborane

1, characterisation of [1]22 is limited to 13C NMR data and its

geometry has not been determined.14 Six different geometries are

known for 12-vertex carboranes with 2n + 4 (nido) skeletal electron

counts and some are fluxional in solution, pointing to low barriers

to interconversion and hinting at the role solvent effects may play

in stabilising these species.15 Further studies of the dianion [1]22,

including the formation of this species from [1]2 by electrochemical

and chemical redox methods, are in progress.

In conclusion, one-electron reduction of the well-known 12-

vertex cluster 1,2-Ph2-1,2-C2B10H10 (1) gives rise to a stable

carborane radical anion with a true 2n + 3 cluster electron

count. The addition of an electron above that predicted by

electron-counting rules for a closo-structure is accommodated by

lengthening of the C–C bond thus generating a near-square face

usually associated with open cluster geometries. As hundreds of

diaryl-ortho-carboranes are known, we expect that carborane

radical anions with 2n + 3 skeletal electron counts are likely to be a

generally accessible family of clusters. Indeed, preliminary studies

of a number of substituted diaryl-ortho-carboranes reveal similar

electrochemical properties to those described here for 1, which

supports this view.
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J. Electrochem., 1994, 30, 366.

8 L. I. Zakharkin, V. N. Kalinin and L. S. Podvisotskaya, Bull. Acad. Sci.
USSR, Div. Chem. Sci. (Engl. Transl.), 1967, 2212; L. I. Zakharkin,
V. A. Ol’shevskaya and B. L. Tumanskii, Metalloorg. Khim., 1993, 6, 98.

9 The program ESP (Electrochemical Simulations Package) (C. Nervi) is
available free of charge at http://lem.ch.unito.it/chemistry/esp_
manual.html.

10 T. Mahabiersing, H. Luyten, R. Nieuwendam and F. Hartl, Collect.
Czech. Chem. Commun., 2003, 68, 1687; F. Hartl, H. Luyten,
H. A. Nieuwenhuis and G. C. Schoemaker, Appl. Spectrosc., 1994,
48, 1522.

11 Z. G. Lewis and A. J. Welch, Acta Crystallogr., Sect. C: Cryst. Struct.
Commun., 1993, C49, 705.

12 A. J. Welch, Steric effects in metallacarboranes, in Metal Clusters in
Chemistry, ed. P. Braunstein, L. A. Oro and P. R. Raithby, Wiley-VCH,
Weinheim, 1999, vol. 1, p. 69.

13 D. A. Brown, W. Clegg, H. M. Colquhoun, J. A. Daniels,
I. R. Stephenson and K. Wade, J. Chem. Soc., Chem. Commun.,
1987, 889; T. D. Getman, C. B. Knobler and M. F. Hawthorne, J. Am.
Chem. Soc., 1990, 112, 4593; K. Chui, H.-W. Li and Z. Xie,
Organometallics, 2000, 19, 5447; L. A. Boyd, W. Clegg, R. C. B.
Copley, M. G. Davidson, M. A. Fox, T. G. Hibbert, J. A. K. Howard,
A. Mackinnon, R. J. Peace and K. Wade, Dalton Trans., 2004, 2786.

14 M. A. Fox, Polyhedral carboranes, in Comprehensive Organometallic
Chemistry III, ed. R. H. Crabtree and D. M. P. Mingos, Elsevier,
Oxford, 2007, vol. 3, p. 49.

15 L. I. Zakharkin, V. N. Kalinin, V. A. Antonovich and E. G. Rys, Bull.
Acad. Sci. USSR, Div. Chem. Sci. (Engl. Transl.), 1976, 1009.

Fig. 5 Molecular orbitals (B3LYP/6-31G*) involved in the transitions

observed in the UV-Vis spectrum of [1]2. The percentage contributions

from the phenyl rings, the cage carbon atoms and the other atoms of the

cage are given numerically.

2374 | Chem. Commun., 2007, 2372–2374 This journal is ! The Royal Society of Chemistry 2007

Pu
bl

ish
ed

 o
n 

09
 M

ar
ch

 2
00

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f W
es

te
rn

 A
us

tra
lia

 o
n 

04
/1

0/
20

17
 0

7:
14

:3
3.

 
View Article Online

http://dx.doi.org/10.1039/b700110j


Spectroscopic properties and electronic structures of 17-electron
half-sandwich ruthenium acetylide complexes, [Ru(CCAr)(L2)Cp 0]+

(Ar = phenyl, p-tolyl, 1-naphthyl, 9-anthryl; L2 = (PPh3)2,
Cp 0 = Cp; L2 = dppe; Cp 0 = Cp*)

Mark A. Fox a, Rachel L. Roberts a, Wan M. Khairul a, František Hartl b, Paul J. Low a,*
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Abstract

A series of half-sandwich bis(phosphine) ruthenium acetylide complexes [Ru(C„CAr)(L2)Cp 0] (Ar = phenyl, p-tolyl, 1-naphthyl,
9-anthryl; L2 = (PPh3)2, Cp 0 = Cp; L2 = dppe; Cp 0 = Cp*) have been examined using electrochemical and spectroelectrochemical meth-
ods. One-electron oxidation of these complexes gave the corresponding radical cations [Ru(C„CAr)(L2)Cp 0]+. Those cations based on
Ru(dppe)Cp*, or which feature a para-tolyl acetylide substituent, are more chemically robust than examples featuring the Ru(PPh3)2Cp
moiety, permitting good quality UV–Vis-NIR and IR spectroscopic data to be obtained using spectroelectrochemical methods. On the
basis of TD DFT calculations, the low energy (NIR) absorption bands in the experimental electronic spectra for most of these radical
cations are assigned to transitions between the b-HOSO and b-LUSO, both of which have appreciable metal d and ethynyl p character.
However, the large contribution from the anthryl moiety to the frontier orbitals of [Ru(C„CC14H9)(L2)Cp 0]+ suggests compounds con-
taining this moiety should be described as metal-stabilised anthryl radical cations.
! 2007 Elsevier B.V. All rights reserved.

Keywords: Ruthenium; Acetylide; Radical cation; Spectroelectrochemistry; TD DFT

1. Introduction

Metal acetylide complexes have been objects of intense
research activity for decades [1–7]. While much of the early
work was naturally concerned with synthetic and structural
issues, there is a considerable and growing body of contem-
porary interest concerning the electronic, optical, non-lin-
ear optical and magnetic properties of these compounds
[8–11]. Comparisons of the properties of half-sandwich
ruthenium acetylides [Ru(C„CR)(L2)(g5-C5R5)], where
L2 usually represents supporting phosphine ligands, with
analogous iron complexes have been made, with the general

conclusion being that iron gives rise to much greater metal
character in the frontier orbitals, whilst the ruthenium ana-
logues exhibit far greater Ru(d)–acetylide(p) mixing [12–
16]. This greater delocalisation is also found to persist after
one-electron oxidation of the ruthenium complexes, and
has been used to rationalise the greater chemical reactivity
of the 17-electron radical cations [Ru(C„C-1,4-C6H4X)-
(dppe)(g5-C5Me5)]+ [13] when considered alongside the
radical cations [Fe(C„CC6H4-X)(dppe)Cp*]+ (X = CN,
CF3, Br, F, Me, tBu, OMe, NH2, NMe2), which have been
isolated as the [PF6]! salts [16].

In this report we describe the cation radicals generated
from the series [Ru(C„CAr)(L2)Cp 0] [Ar = C6H5 (1),
C6H4Me-4 (2), C10H9 (3), C14H9 (4); L = PPh3, Cp 0 = g5-
C5H5 (a); L2 = dppe, Cp 0 = g5-C5Me5 (b)]. Whilst the

0022-328X/$ - see front matter ! 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jorganchem.2007.03.042
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17-electron cation radicals derived from the Ru(PPh3)2Cp
fragment are generally very reactive even on the timescale
of the CV experiment, the para-tolyl compound
[Ru(C„CC6H4Me-4)(PPh3)2Cp] gives rise to an almost
completely reversible oxidation, and good quality IR
[m(C„C)] and electronic (UV–Vis-NIR) spectra are readily
obtained in the absence of atmospheric oxygen and mois-
ture using spectroelectrochemical methods. The complexes
featuring the more electron-donating Ru(dppe)Cp* moiety
are relatively stable across the series, and we have suc-
ceeded in obtaining good quality spectroscopic data from
each compound 1b, 2b, 3b and 4b. These data are presented
and discussed here.

2. Results and discussion

Acetylide complexes [Ru(C„CR)(L2)(g5-C5H5)] are
conveniently prepared by reactions of the analogous chlo-
ride with a terminal alkyne, and deprotonation of the result-
ing vinylidene [17]. It is also possible to prepare such
complexes from trimethylsilyl protected terminal alkynes
when the metallation reaction is carried out in the presence
of fluoride ions [18]. Together, these methods allow the con-
venient preparation of not only simple phenyl acetylide
complexes such as [Ru(C„CPh)(PPh3)2Cp] (1a) [19] and
[Ru(C„CPh)(dppe)Cp*] (1b) [20], but also substituted
derivatives far too numerous to list in detail here [13,21–
25]. We have used these methods in the preparation of
half-sandwich ruthenium acetylide complexes bearing sim-
ple aromatic substituents (1–4) (Chart 1). We note that only
a small number of related half-sandwich ruthenium acety-
lide complexes of fused-ring aromatic alkynes, such as ethy-
nyl naphthalimide and ethynyl pyrone, are known [25]. The
iron analogue of 3b has recently been reported [26].

The IR spectra of complexes 1–4 exhibit m(C„C) bands
for the coordinated acetylide moiety at ca. 2070 (1, 2), 2055
(3) and 2040 (4) cm!1, somewhat lower in energy than the
organic alkynes [15b,27,28]. It is interesting to note that
whilst these IR bands are remarkably insensitive to the
other supporting ligands at the metal centre, the m(C„C)
frequency is attenuated by the nature of the aromatic acet-
ylide substituent. The carbons of the acetylide moieties
were observed in the 13C NMR spectra as triplets (Ca,
JCP = 25 Hz) and singlets (Cb). The Ca resonances were
progressively deshielded by the larger aromatic substitutent
[e.g. dC 1b (128.8) " 2b (126.4) < 3b (135.1) < 4b (144.6)].
The Cp and Cp* ligand resonances were found as singlets
in the 1H and 13C NMR spectra in the usual regions (Cp/
Cp*: dH = 4.3–4.6/1.5–1.6 ppm; dC = 85–86/10.0–10.5,
92–93 ppm) whilst the supporting phosphine ligands gave
rise to singlets in the 31P NMR spectra at ca. 50.5–51.5
(PPh3) or 81–83 (dppe) ppm.

3. Electrochemical characterisation

Typically, half-sandwich ruthenium acetylides undergo
single electron oxidation in common solvents to give the

corresponding radical cations. Their redox potentials and
chemical stability are sensitive to both the supporting
ligands on the ruthenium centre and the acetylide substitu-
ent [13,20,21d,25a]. In this work we have examined the
anodic behaviour of [Ru(C„CC6H5)(L2)Cp 0] (1a,b),
[Ru(C„CC6H4Me-4)(L2)Cp 0] (2a,b), [Ru(C„CC10H7)-
(L2)Cp 0] (3a,b) and [Ru(C„CC14H9)(L2)Cp 0] (4a,b).

The cyclic voltammogram of [Ru(C„CC6H5)(PPh3)2

Cp] (1a) in dichloromethane is characterised by an oxida-
tion event at 0.59 V (Table 1), the chemical reversibility
of which improves at lower temperatures (ipa:ipc = 1.7 at
!78 !C, m = 100 mV s!1) and at faster scan rates
(ipa:ipc = 1.1 at !78 !C, m = 800 mV s!1). At higher poten-
tials, a second anodic wave was also observed, which was
completely irreversible (Table 1). The behaviour of the
naphthyl (3a) and anthryl (4a) substituted derivatives were
similar to those described for the phenyl acetylide complex,
with the first oxidation event associated with 4a being
rather more thermodynamically favourable (Table 1).
The chemical reversibilities of the naphthyl (3a) and
anthryl (4a) substituted derivatives were poor under all
conditions examined.

In contrast, the oxidation of the p-tolyl compound
[Ru(C„CC6H4Me-4)(PPh3)2Cp] (2a) proved to be fully
chemically reversible at room temperature (ipa:ipc = 1),
with the variation in DEp being no greater than that of

Ru

PPh2

Ph2P
C CRu

Ph3P
Ph3P

C C

Ru

PPh2

Ph2P
C C Me

Ru
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Ph2P
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2a 2b
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Chart 1. The complexes studied in this work.
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the internal decamethyl ferrocene/decamethyl ferrocenium
reference couple and independent of scan rate. Plots of
ipa vs. m1/2 were also linear for this species. This improved
chemical reversibility over the compounds 1a, 3a and 4a
suggests the involvement of the ring hydrogen in the posi-
tion para to the metal acetylide fragment in at least one of
the chemical pathways responsible for the reactivity of the
[Ru(C„CAr)(PPh3)2Cp]+ systems.

The same trend in electrode potentials as a function of
the acetylide substituent observed in the Ru(PPh3)2Cp ser-
ies was also apparent in the Ru(dppe)Cp* complexes, with
the anthryl derivative being oxidised at significantly lower
potentials than the other members of the series 1b–4b.
The introduction of the bulky and more electron-donating
Cp* and dppe ligands around the ruthenium acetylide
framework rendered the first oxidation event of the
[Ru(C„CAr)(dppe)Cp*] series ca. 100–200 mV more
favourable than the analogous [Ru(C„CAr)(PPh3)2Cp]
complexes. These processes are completely electrochemi-
cally and chemically reversible at room temperature and
moderate scan rates (m = 100 mV s!1), with linear plots of
ipa vs. m1/2 being obtained and DEp values of comparable
magnitude as the internal reference couple (Table 1).

4. IR spectroelectrochemical studies

The reactivity of [Ru(C„CPh)(PPh3)2Cp]+ (1a)
implied by the CV study was briefly investigated by spec-
troelectrochemical methods. For this study, and those
which are described in more detail below, we employed
an air-tight spectroelectrochemical cell fitted with CaF2

windows to provide transparency across the spectroscopic
region of interest [30]. During rapid oxidation of 1a the
m(C„C) band at 2074 cm!1, which is characteristic of
the 18-electron ruthenium acetylide, shifted to give rise
to a transient species with an IR bands at 1937 and
1529 cm!1. By comparison with results obtained from
2a, and the Ru(dppe)Cp* series 1b–4b these bands are
attributed to [Ru(C„CPh)(PPh3)2Cp]+ ([1a]+) (vide
infra). However, [1a]+ proved to be unstable under the
conditions of the spectroelectrochemical experiment, and
rapidly converted to a second species with IR bands at
2362, 2173 and 1650 cm!1. Whilst the band at
2173 cm!1 is in the appropriate region for an organic
alkyne, we have not pursued the nature of the decompo-
sition species further. However, we do note that there is
no evidence for the formation of the carbonyl cation
[Ru(CO)(PPh3)2Cp]+, which gives a characteristic m(CO)
band near 1970 cm!1 [13].

The greater chemical stability of the [Ru(C„CAr)
(dppe)Cp*] series 1b, 2b, 3b and 4b under the conditions
of the cyclic voltammetry experiments prompted us to con-
sider spectroscopic characterisation of the products derived
from their one-electron oxidation more thoroughly by
spectroelectrochemical means. Oxidation of 1b was moni-
tored in both the IR and UV–Vis-NIR spectroscopic
regions. The intensity of the characteristic m(C„C) band
of 1b at 2072 cm!1 decreased, being replaced by a new
band at 1929 cm!1 as the oxidation proceeded (Table 2).
In addition, new bands in the aromatic m(CC) region were
also observed (Table 2). The original spectrum was fully
recovered after back-reduction, which confirmed the
assignment of the new bands to [1b]+, and not to some
product of an EC process (Fig. 1). This spectroelectro-
chemical work confirms the tentative assignment of this
m(C„C) band to [1b]+ by Paul et al. from chemically oxi-
dised samples of 1b [13]. The shift of the m(C„C) band
by 143 cm!1 upon oxidation indicates the appreciable

Table 1
Electrochemical data for complexes 1–4

E(1/2)
a DEp

b ipa:ipc E(2)pa
c

1ad 0.59 115 1.7 1.39
2ae 0.53 120 1.0 1.40
3ad 0.55 85 4.3 1.44
4ad 0.42 130 7.7 1.60
1be 0.34 80 1.0 1.19
2be 0.31 90 1.0 1.17
3be 0.36 110 1.0 1.28
4be 0.29 90 1.0 1.07

a All E values in Volt vs. SCE. Conditions: CH2Cl2 solvent, 10!1 M
NBu4PF6 electrolyte, Pt working, counter and pseudo-reference elec-
trodes, m = 100 mV s!1. The decamethyl ferrocene/decamethyl ferroce-
nium Fc

*/Fc
*+ couple was used as an internal reference for potential

measurements Fc
*/Fc

*+ taken as !0.02 V vs. SCE in CH2Cl2/0.1 M
[NBu4]PF6 [29].

b DEp = jEpa ! Epcj.
c Anodic peak potential of a totally irreversible process.
d !78 !C.
e 20 !C.

Table 2
IR data (cm!1) for compounds 1b–4b and the corresponding cationsa

Neutral species Oxidised (cation radical) complex

m(CC) m(Aryl) m(CC) m(Aryl)

1b 2072(s) 1593(w) 1929(s) 1614(m), 1551(s), 1540(s), 1520(m)
2a 2077(s) 1606(vw) 1925(s) 1587(s)
2b 2073(s) 1606(w) 1928(s) 1588(s)
3b 2053(s) 1567(w) 1916(s) 1634(m), 1594(m), 1549(s)
4b 2041(s) 1561(vw) 1925(s) 1610(w), 1597(w), 1588(w), 1534(w)

a Data from CH2Cl2 solutions containing 0.1 M NBu4BF4 supporting electrolyte at ambient temperature.
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depopulation of an orbital with C„C bonding character.
Similar results were obtained from 2b, 3b and 4b, with oxi-
dation resulting in a shift of the m(C„C) band by 145, 137
and 116 cm!1, respectively, and with the original spectra
being fully recovered after the back-reduction in the spec-
troelectrochemical cell.

In the case of the remaining members of the
Ru(PPh3)2Cp series, we note here that the introduction of
the para-methyl group in 2a instills significant chemical sta-
bility at room temperature to this simple complex. Upon
oxidation of 2a, the m(C„C) band at 2077 cm!1 shifts by
some 150 cm!1 to give a new band at 1925 cm!1, which
is assigned to the m(C„C) band in [2a]+. The comparable
shift in the spectra of 2a/[2a]+ compared with 2b/[2b]+ is
revealing, and implies similar acetylide bonding character
in the radical cations, regardless of the electron-donating
ability of the supporting ligands.

5. Electronic structure calculations

A theoretical investigation was conducted at the DFT
level, initially on the model systems [Ru(C„CC6H5)
(PH3)2Cp] (1-H) and [Ru(C„CC14H9)(PH3)2Cp] (4-H),
which were used to mimic complexes 1a, 1b and 4a, 4b,
and the corresponding radical cations [1-H]+ and [4-H]+.
The discussion which follows refers to results obtained
from calculations at the B3LYP/3-21G* level of theory
with no symmetry constraints (Table 3), as results obtained
from other functionals and basis sets are in good general
agreement (vide infra). There is excellent agreement
between the crystallographically determined structures of
1a [31,32] and 1b [13] with the DFT optimised geometries
determined here, and also with calculations previously
reported [13]. Energies and composition of the frontier

orbitals are summarised in Table 4 for 1-H, [1-H]+, 4-H
and [4-H]+, while Fig. 2 illustrates the labelling scheme.

The Ru–Ca, Ru–P, Ca„Cb and Cb–C(1) bond lengths in
4-H are comparable with those found in 1-H. At the level
of theory employed, the aromatic substituents in the neu-
tral systems 1-H and 4-H lie in the plane approximately
parallel to the Cp ring, although there is a barrier to rota-
tion of the aromatic group around the C(2)–C(3) bond of
only ca. 0.3 kcal mol!1 for 1-H. In contrast, the plane of
the aromatic substituents in the mono-oxidised species [1-
H]+ and [4-H]+ are found approximately bisecting the P–
Ru–P angle. The barrier to rotation of the aromatic group
around the C(2)–C(3) bond is considerable at ca.
6 kcal mol!1 for [1-H]+.

The electronic structure of 1-H has been described
before [13], and only pertinent details will be summarised
here. The HOMO and [HOMO ! 1] are approximately
orthogonal and derived from mixing of the metal d and
acetylide p-systems, with the HOMO also containing
appreciable contributions from the phenyl p-system (Table
4, Fig. 3).

Occupied orbitals comprised largely of metal and Cp,
metal phosphine and phenyl p-character are found lower
in the occupied orbital manifest. The LUMO and
[LUMO + 1] of 1-H are largely Ru–Cp anti-bonding in
character, with the phenyl p* system some 1.35 eV higher
in energy than the LUMO, and comprising the
[LUMO + 3] (Fig. 4).

The frontier orbitals of 4-H feature important contribu-
tions from the anthryl substituent (Table 4, Fig. 5). Thus,
while the HOMO and [HOMO ! 1] are approximately
orthogonal p-type orbitals, the HOMO features a large
(67%) contribution from the atoms of the anthryl substitu-
tent and is somewhat removed from the other occupied
orbitals. The LUMO is essentially the anthryl p* orbital,
which is sufficiently low in energy to lie below the unoccu-
pied Ru–Cp based orbitals that comprise the [LUMO + 1]
and [LUMO + 2].

The model radical cation [1-H]+ features an Ru–C bond
somewhat shorter than 1-H (Table 3). The metal–phos-
phine bond lengths are sensitive to the net electron density
available for p-back bonding and as such are elongated in
[1-H]+ relative to 1-H. The elongation of the acetylide
C„C bond in [1-H]+ when compared with the neutral
model system 1-H is consistent with a decrease in the net
acetylide p-bonding character. This is also supported by
the calculated m(C„C) frequencies of 1-H (2058 cm!1)
and [1-H]+ (1938 cm!1) [33]. The contraction of the C(2)–
C(3), C(4)–C(5) and C(7)–C(8) bonds and elongation of
the remaining C–C bonds in the phenyl substituent is con-
sistent with the evolution of a degree of cumulenic charac-
ter in the radical cation. The frontier orbitals of the one-
electron oxidation product [1-H]+ are similar to those of
1-H, with the a-HOSO and b-LUSO displaying appreciable
Ru(d) and acetylide (p) character and the next highest
unoccupied orbitals being largely centred on the
Ru(PH3)2Cp fragment (Table 4, Fig. 3).

1500160017001800190020002100
Wavenumber / cm-1

A

Fig. 1. IR spectra on back reduction of [1b]+ to 1b in a spectroelectro-
chemical cell (CH2Cl2/0.1 M NBu4PF6, ambient temperature).

Table 3
Optimised bond lengths (Å) for 1-H, [1-H]+, 4-H and [4-H]+

1-H [1-H]+ D 4-H [4-H]+ D

Ru–P(1,2) 2.278 2.324 +0.046 2.280 2.309 +0.029
Ru–Ca 2.018 1.944 !0.074 2.013 1.954 !0.060
Ca„Cb 1.228 1.247 +0.019 1.230 1.246 +0.016
Cb–C(1) 1.426 1.400 !0.026 1.420 1.385 !0.035
C(1)–C(2,6) 1.412 1.423 +0.011 1.425 1.448 +0.023
C(2,6)–C(3,5) 1.392 1.386 !0.006 1.444 1.437 !0.007
C(3,5)–C(4) 1.398 1.403 +0.005 1.400 1.407 +0.007
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Table 4
Energy, occupancy, and composition of frontier orbitals in the model complexes 1-H, [1-H]+, 4-H and [4-H]+ (B3LYP/3-21G*)

MO

LUMO + 3 LUMO + 2 LUMO + 1 LUMO HOMO HOMO ! 1 HOMO ! 2 HOMO ! 3 HOMO ! 4

1-H
e (eV) +0.09 !0.03 !0.15 !0.78 !4.91 !5.09 !5.72 !6.46 !6.65
Occ 0 0 0 0 2 2 2 2 2
%Ru 27 53 62 50 30 46 46 0 58
%Cp 2 3 16 24 2 8 26 0 3
%PH3 12 11 13 27 1 4 14 0 8
%Ca 10 6 8 0 16 10 6 0 4
%Cb 1 2 0 0 22 28 1 0 1
%Ph 48 26 0 0 29 4 6 100 27

4-H
e (eV) !0.08 !0.30 !0.92 !1.38 !4.53 !5.32 !5.68 !6.07 !6.25
Occ 0 0 0 0 2 2 2 2 2
%Ru 75 60 50 2 11 47 49 36 0
%Cp 3 17 24 0 1 8 12 17 0
%PH3 21 13 27 0 1 4 7 9 0
%Ca 1 9 0 6 11 9 1 8 0
%Cb 0 0 0 0 8 25 8 13 0
%Anth 0 0 0 91 67 7 23 18 100

MO

88b 88a 87b 87a 86b 86a 85b 85a 84 b 84a 83 b 83a 82 b 82a 81 b 81a 80 b 80a

b-[LUSO + 4] a-[LUSO + 3] b-[LUSO + 3] a-[LUSO + 2] b-[LUSO + 2] a-[LUSO + 1] b-[LUSO + 1] a-LUSO b-LUSO a-HOSO b-HOSO a-[HOSO ! 1] b-[HOSO ! 1] a-[HOSO ! 2] b-[HOSO ! 2] a-[HOSO ! 3] b-[HOSO ! 3] a-[HOSO ! 4]

[1-H]+

e(eV) !3.28 !3.29 !3.67 !4.03 !4.15 !4.26 !4.82 !4.95 !7.27 !9.00 !9.51 !9.67 !9.85 !9.95 !9.92 !10.19 !10.08 !10.41
Occ 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1
%Ru 64 64 7 5 55 53 48 47 33 23 51 50 41 39 29 0 0 20
%Cp 2 2 3 1 20 20 26 27 6 7 3 4 29 37 17 0 0 29
%PH3 33 34 2 2 16 15 26 26 4 4 2 2 10 11 6 0 0 9
%Ca 0 0 16 19 9 10 0 0 10 11 11 11 8 7 11 0 0 6
%Cb 0 0 3 7 1 1 0 0 21 16 30 29 3 5 0 0 0 0
%Ph 0 0 70 68 0 0 0 0 26 38 4 3 9 1 37 100 100 35

MO

114b 114a 113b 113a 112b 112a 111b 111a 110b 110a 109b 109a 108b 108a 107b 107a 106b 106a

b-[LUSO + 4] a-[LUSO + 3] b-[LUSO + 3] a-[LUSO + 2] b-[LUSO + 2] a-[LUSO + 1] b-[LUSO + 1] a-LUSO b-LUSO a-HOSO b-HOSO a-[HOSO ! 1] b-[HOSO ! 1] a-[HOSO ! 2] b-[HOSO ! 2] a-[HOSO ! 3] b-[HOSO ! 3] a-[HOSO ! 4]

[4-H]+

e (eV) !3.13 !3.27 !3.63 !3.71 !4.28 !4.35 !4.73 !5.12 !6.78 !8.08 !8.75 !9.11 !9.03 !9.22 !9.37 !9.43 !9.67 !9.74
Occ 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1
%Ru 0 0 56 55 49 48 4 3 17 12 30 55 56 32 43 40 0 0
%Cp 0 0 20 20 26 26 1 1 3 3 8 8 6 14 29 29 0 0
%PH3 0 0 15 15 25 26 1 1 2 2 4 4 4 6 11 10 0 0
%Ca 0 0 9 9 0 0 8 9 10 8 0 7 7 1 7 8 0 0
%Cb 0 0 1 1 0 0 0 0 10 8 11 22 22 11 8 10 0 0
%Anth 100 100 0 0 0 0 87 87 58 67 46 5 4 37 2 2 100 100
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The optimised geometry of [4-H]+ displays elongated
Ru–P bond lengths and evidence of an increased cumulenic
character in the ethynyl anthryl portion of the molecule
when compared with the bond distances in 4-H (Table 3).
While the trends in the structures and calculated m(C„C)
frequencies of [4-H] [m(C„C) = 2038 cm!1] and [4-H]+

[m(C„C) = 1952 cm!1] follow those observed for 1-H and
[1-H]+, it is interesting to compare the pairs of structures
1-H/[1-H]+ and 4-H/[4-H]+ and note the relative differ-
ences in the individual bond lengths (Table 3). Although
the magnitude of individual deviations are small
(<0.05 Å) there is a clear trend indicating that the anthryl
fragment in [4-H]+ experiences a greater relative structural
distortion than the phenyl ring in [1-H]+. Conversely, the
metal ethynyl fragment is more significantly affected in
[1-H]+ than in [4-H]+, which is neatly reflected in the differ-
ences between the m(C„C) frequencies of the 18- and 17-
electron compounds in both the experimental (1b/[1b]+

Dm(C„C) = 143 cm!1; 4b/[4b]+ Dm(C„C) = 116 cm!1)
and model systems [1-H/[1-H]+ Dm(C„C) = 120 cm!1;
4-H/[4-H]+ Dm(C„C) = 86 cm!1].

The frontier orbitals of [4-H]+ are similar to those of
4-H. The a-HOSO and a-LUSO of [4-H]+ offer an apprecia-
ble anthryl character (a: 67%, 87%, respectively). It may
therefore be more appropriate to consider species such as
[4b]+ as metal-stabilised anthryl radicals. The optimised
geometries of 4-H and [4-H]+ supported this point of view,
as do calculated spin densities, with the atoms comprising
the anthryl ring system contributing some 60% of the frac-
tional electronic charge in [4-H]+ compared with the phenyl
ring system contribution of some 25% in [1-H]+ (Table 5).

6. UV–Vis spectroelectrochemical studies

Comparison of the electronic absorption spectra of 1b,
2b, 3b and 4b reveals a strong, and in the case of 4b, rela-
tively narrow, absorption band between 33000 and

Fig. 3. The (a) [HOMO ! 1], (b) HOMO, (c) LUMO, (d) [LUMO + 1] of 1-H together with (e) b-HOSO, (f) b-LUSO, (g) b-[LUSO + 1],
(h) b-[LUSO + 2] of [1-H]+ and (i) a-[HOSO ! 1], (j) a-HOSO, (k) a-LUSO, (l) a-[LUSO + 1] of [1-H]+ plotted with contour values ±0.04 (e/bohr3)1/2.

C1

C6 C5

C4

C3C2

C14

C13C12

C11

C7

C8 C9

C10

CβCαRu C15

P1

P2

Fig. 2. The labelling scheme used in the discussion of the DFT results, and
13C NMR spectra.

Fig. 4. The [LUMO + 3] of 1-H plotted with contour values ±0.04
(e/bohr3)1/2.
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20000 cm!1, which becomes progressively red-shifted as a
function of the size of the aromatic substituent and
accounts for the colour of these complexes (Table 6, Figs.
6 and 8). The analogous bands in [Ru(C„CC6H4X-
4)(dppe)Cp*] (X = H, CN, F, OMe, NH2) have been
assigned to MLCT processes by analogy with assignments
made for iron complexes [13]. Although electronic struc-
ture calculations on [Ru(C„CPh)(PH3)Cp] model systems
have been performed on previous occasions [13,14], only
limited use has been made of TD DFT based studies to
provide further insight into the nature of the electronic
transitions responsible for the characteristic absorption
spectra of related systems [21a,34,35].

On the basis of TD DFT calculations the characteristic
absorption band observed in 1b, and by analogy 2b and 3b,
can be likened, in the most general terms, to a (d/p) – phe-
nyl p* charge transfer band (HOMO fi [LUMO + 3])
rather than a purely MLCT band. In the case of 4b there
is a critical distinction and the band at 20600 is better
described as an anthryl-centred p–p* transition (HOMO fi
LUMO). This distinction in assignment is consistent with
the different band shapes observed for 1b–3b on one hand,
and 4b on the other (Figs. 6 and 8).

Table 6
The principal UV–Vis absorption bands ½!mmax=cm!1ðemax=M!1cm!1Þ%
observed from CH2Cl2/10!1 M NBu4PF6 solutions of [1b]n+, [2a]n+,
[2b]n+, [3b]n+ and [4b]n+ (n = 0, 1)

n

0 +1
1b 29500

(9500)
22600 (3900), 21100 (4300), 11200 (5100), 8100 (600)

2a 30700
(7000)

30300 (4500), 19100 (1200), 14300 (1500), 11900 (900),
7500 (100)

2b 33400
(7000)

29800 (4500), 26200 (2700), 16900 (800), 13900 (1800),
8600 (200)

3b 26200
(7000)

20200 (3100), 18600 (2500), 11000 (3900), 7600 (700)

4b 20600
(11600)

27200 (8000), 17900 (14000), 15200 (5900), 10100
(1900), 7800 (600)

Fig. 5. The (a) [HOMO ! 1], (b) HOMO, (c) LUMO, (d) [LUMO + 1] of 4-H together with (e) b-HOSO, (f) b-LUSO, (g) b-[LUSO + 1],
(h) b-[LUSO + 2] of [4-H]+ and (i) a-[HOSO ! 1], (j) a-HOSO, (k) a-LUSO, (l) a-[LUSO + 1] of [4-H]+ plotted with contour values ±0.04 (e/bohr3)1/2.

Table 5
Spin densities computed for the model radical cations, [1-H]+ and [4-H]+

[1-H]+ [4-H]+ D

Ru 0.413 0.220 0.193
P 0.000 0.000 0.000
Cp 0.041 0.021 !0.079
Ca 0.043 0.079 !0.036
Cb 0.269 0.114 0.155
C6H5/C14H9 0.246 0.598 !0.352
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The UV–Vis-NIR spectrum of [1b]+, obtained spectro-
electrochemically from 1b, exhibits strong absorption enve-
lopes centred near 21100 and 11200 cm!1, and a weaker
series of bands between 8000 and 4000 nm (Fig. 6). The
spectrum of 1b was fully recovered after back-reduction,
which strongly supports the assignment of these character-
istic absorption bands to the 17-e species [1b]+. TD DFT
calculations using the [1-H]+ model indicate that the highest
energy transition can be attributed to charge transfer from
the metal fragment (including the acetylide p-system) to the
phenyl (p*) ring being comprised of electronic transitions
from the a-HOSO (highest occupied spin orbital) to the a-
[LUSO]. The band centred near 11200 cm!1 can be approx-
imated in terms of transitions between occupied orbitals
with large amounts of Ru/Cp character (b-[HOSO ! 1],
b-[HOSO ! 2], Table 4, Fig. 7) to the b-LUSO. The pres-
ence of low energy (NIR) bands in 17-e cation radicals of
the general type [Ru(C„CAr)(dppe)Cp*]+ has been noted

by Paul et al., and attributed to forbidden ligand-field type
transitions centred on the Ru(III) centre [13]. The TD DFT
calculations carried out in the present study suggest that the
lowest energy transition should be attributed to the b-
HOSO to b-LUSO transition, with the low intensity of
the observed band reproduced by the low calculated oscilla-
tor strength and easily explained by the relative, approxi-
mately orthogonal orientation of these two orbitals. Other
NIR bands of slightly greater intensity and higher energy
are attributable to Ru/Cp based b-[HOSO ! 1] to the b-
LUSO.

The tolyl-substituted derivatives [2a]+ and [2b]+, and the
naphthyl derivative [3b]+ offer similar electronic spectra to
each other, and that of [1b]+. Low NIR energy bands are
observed, together with a more intense band envelope in
the visible region, the precise shape and composition of
which vary only slightly with the nature of the Cp 0 and
phosphine co-ligands. In the case of [3b]+ the characteristic
absorption bands are somewhat red-shifted compared with
the analogous features in [1b]+, [2a]+ and [2b]+. Given the
similar profiles of these compounds, and the similar chem-
ical behaviour of each member of the series, we are reason-
ably confident in attributing these spectroscopic absorption
bands to transitions similar to those described for [1-H]+.

The anthryl derivative [4b]+ offers four principal absorp-
tion bands near 27000, 18200, 15000 and 10000 cm!1,
together with weaker bands tailing further into the NIR
region (Fig. 8). On the basis of TD DFT calculations using
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Fig. 6. The UV–Vis-NIR spectra of (a) 1b and (b) [1b]+ (CH2Cl2/0.1 M NBu4PF6).

Fig. 7. The (a) b-[HOSO ! 1] and (b) b-[HOSO ! 2] of [1-H]+ plotted
with contour values ±0.04 (e/bohr3)1/2.
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Fig. 8. The UV–Vis-NIR spectra of (a) 4b and (b) [4b]+ (CH2Cl2/0.1 M NBu4PF6).
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[4-H]+ as a model, the highest-energy band observed in the
UV–Vis-NIR spectrum of [4b]+ is due to electronic excita-
tions from the largely metal/ethynyl based b-HOSO and
a-[HOSO ! 2] to the b-[LUSO + 1] and a-[LUSO], which
are anthracene p* in character. The intense band at
18200 cm!1 is comprised of electronic transitions between
a-HOSO and a-LUSO (i.e. the anthryl radical p–p* transi-
tion), and is red-shifted from the analogous band in 4b.
The less intense band at 15200 cm!1 is largely associated
with electronic excitation from the b-[HOSO ! 4] to the
b-LUSO (Fig. 9), and is approximately an MLCT band.

A relatively intense NIR band (kmax = 10000 cm!1,
emax = 2000 M!1 cm!1) is calculated to arise from excita-
tions involving occupied orbitals with the metal–ethynyl–
anthryl character (b-HOSO and a-HOSO) and the
b-LUSO and a-LUSO, which are both rather more heavily
centred on the anthryl ring systems (Fig. 5). The very weak
NIR bands found at even longer wavelengths are assigned
to metal to anthryl charge transfer processes, involving
excitations largely between the b-[HOSO ! 1] and b-LUSO
(Fig. 10). The critical distinction between the assignments
of the optical transitions in compounds modelled by [1-
H]+ and [4-H]+ is the greater localisation of the b-LUSO
and a-HOSO on the aromatic ring in the anthracene
derivative.

As a test of the reliability of the B3LYP/3-21G* calcula-
tions presented above, the geometry optimisation, fre-
quency calculations and TD DFT calculations on the
models [1-H] and [1-H]+ were repeated using a range of
other functionals and basis sets (Table 7). There is a little
significant variation in the optimised geometries with com-
putational method. The electronic structures calculated
from these various methods are largely consistent, with
perhaps the most notable feature being the relative order
of the predominantly metal centred orbitals lying below
the b-HOSO in [1-H]+.

Time-dependent density functional theory calculations
of the first vertical transition energies of both the neutral
and monocationic models are particularly revealing. Whilst
the energy of electronic transitions computed using the dif-
ferent methods varies significantly, the net assignment of
the absorption spectra is the same regardless of the func-
tional or basis set employed. Given the gas-phase nature
of the calculation and the use of static model systems, the
strong electrolyte solution used in the spectroelectrochem-
ical measurement of the absorption spectra and the likely
low energy barriers to rotation of the aromatic acetylide
substituent around the acetylide–aromatic single bond, it
is not possible to pass comment on the true precision of
the various computational methods. It is clear, however,
that the computationally expedient B3LYP/3-21G* calcu-
lations are not significantly less accurate than any of the
higher level calculations also examined.

As a further test of the reliability of the calculations,
the compounds [1b]n+ and [4b]n+ were also studied using
B3LYP/3-21G*, the results of which are summarised in
Tables 8 and 9, together with the experimental data and
that from the models [1-H] and [4-H] for ease of compar-
ison. The agreement between the data calculated from the
systems containing the full ligand sets and those observed
experimentally is better than obtained from any of
the calculations using the model ligand sets. However,
the assignments of the electronic absorption bands in
the experimental systems [1b]n+ and [4b]n+ are not signif-
icantly changed.

7. Conclusion

One-electron oxidation of the half-sandwich bis(phos-
phine) ruthenium acetylide complexes [Ru(C„CAr)(L2)
Cp 0] affords the corresponding radical cations [Ru(C„
CAr)(L2)Cp 0]+. These cations are sensitive to atmospheric
conditions. However, the stability of these species is
improved through the use of p-tolyl acetylide substituents
or the bulky Ru(dppe)Cp* metal end-cap and in situ spec-
troelectrochemical methods may be used to record the
infrared and UV–Vis-NIR spectra of these relatively ‘reac-
tive’ cations. The compounds derived from phenylacety-
lene, 4-ethynyltoluene and 1-ethynylnapthalene offer
frontier orbitals with appreciable metal character, which
in the case of the HOMO is also admixed with the ethynyl
and aromatic p system. There is a critical distinction in the

Fig. 9. The b-[HOSO ! 4] of [4-H]+ plotted with contour values ±0.04
(e/bohr3)1/2.

Fig. 10. The b-[HOSO ! 1] of [4-H]+ plotted with contour values ±0.04
(e/bohr3)1/2.
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electronic structure of the compounds based on 9-ethynyl-
anthracene, which instead feature frontier orbitals largely
localised on the anthracene moiety. Thus compounds such
as [4b]+ might be better regarded as metal-stabilised
anthryl radicals than as radical cations derived from oxida-
tion of the metal centre.

8. Experimental

All reactions were carried out under an atmosphere of
nitrogen using standard Schlenk techniques. Reaction sol-
vents were purified and dried using an Innovative Technol-
ogy SPS-400, and degassed before use. No special
precautions were taken to exclude air or moisture during
work-up. The compounds [RuCl(PPh3)Cp] [36], [RuCl(dp-
pe)Cp*] [37], [Ru(C„CPh)(PPh3)Cp] [38], [Ru(C„CC6H4-
Me-4)(dppe)Cp*] [39], Ru(C„CPh)(dppe)Cp* [20] and
1-trimethylsilylethynylanthracene (purified by column
chromatography on silica gel, eluting with hexane) [40],
were prepared by the literature methods. Other reagents,
including 4-ethynylnaphthalene (Aldrich) and 4-ethynyltol-
uene (Aldrich) were purchased and used as received.

NMR spectra were recorded on a Bruker Avance (1H
400.13 MHz, 13C 100.61 MHz, 31P 161.98 MHz) or Varian
Mercury (31P 161.91 MHz) spectrometers from CDCl3
solutions and referenced against solvent resonances (1H,
13C) or external H3PO4 (31P). IR spectra were recorded
using a Nicolet Avatar spectrometer from solutions in a
cell fitted with CaF2 windows. Electrospray ionisation mass
spectra were recorded using Thermo Quest Finnigan Trace
MS-Trace GC or WATERS Micromass LCT spectrome-
ters. Samples in dichloromethane (1 mg/mL) were 100
times diluted in either methanol or acetonitrile, and ana-
lysed with source and desolvation temperatures of
120 !C, with cone voltage of 30 V. High resolution spectra
were recorded using a Thermo Electron Finnigan LTQ FT
mass spectrometer with capillary temperature 275 !C and
capillary voltage 100 V. MALDI-TOF spectra were
recorded using an ABI Voyager STR spectrometer, with
a 337 nm desorption laser, linear flight path and 2500 V

accelerating voltage and trans-2-[3-(4-tert-Butylphenyl)-2-
methyl-2-propenylidene]maleonitrile (DCTB), purchased
from Sigma–Aldrich, used as matrix. Samples were pre-
pared from solutions containing 10 mg/1 L of the matrix
and 1 mg/1 L of the sample and mixed 1:9 sample:matrix.
Only 1 lL of the mixtures was used for analyses.

Cyclic voltammograms were recorded at v = 100–
800 mV s!1 from solutions of approximately 10!4 M in
analyte in dichloromethane containing 10!1 M NBu4PF6,
using a gastight single-compartment three-electrode cell
equipped with platinum disk working, coiled platinum wire
auxiliary, and platinum wire pseudo-reference electrodes.
The working electrode surface was polished before scans
with an alumina paste. The cell was connected to a com-
puter-controlled Autolab PGSTAT-30 potentiostat. All
redox potentials are reported against the saturated calomel
electrode, and referenced against the decamethylferrocene/
decamethylferrocenium Fc

*/Fc
*+ redox couple used as an

internal reference system [29]. Cyclic voltammetric mea-
surements at sub-ambient temperatures were performed
with the electrochemical cell immersed into a bath of ace-
tone/dry ice.

UV–Vis-NIR and IR spectroelectrochemical experi-
ments at room temperature were performed with an air-
tight optically transparent thin-layer electrochemical
(OTTLE) cell equipped with a Pt minigrid working elec-
trode (32 wires cm!1) and CaF2 windows [30]. The cell
was positioned in the sample compartment of either a Nic-
olet Avatar spectrometer (1 cm!1 spectral resolution, 16
scans) or a Perkin–Elmer Lambda 900 spectrophotometer.
The controlled-potential electrolyses were carried out with
a homebuilt potentiostat.

8.1. Complex 1a

13C NMR (CDCl3, 100 MHz) for 1a: d 85.2 (Cp); 114.4
(Cb); 116.1 (t, JCP = 25 Hz, Ca); 123.0 (C4), 127.6 (C3);
130.5 (C2); 130.6 (C1); 127.2 (dd, 3JCP/6JCP " 5 Hz, Cm);
128.4 (Cp); 133.9 (dd, 2JCP/5JCP " 5 Hz, Co); 139.0 (dd,
1JCP/4JCP " 11 Hz Ci).

Table 7

Optimised bond lengths, important vibration frequencies and major electronic excitations for 1-H, [1-H]+, [1b] and [1b]+ determined by TD DFT methods using different functionals and basis sets, with selected
experimental data for comparison

Expt [1b]n+ [13] B3LYP/3-21G*[1-H]n+ B3LYP/Gen [1-H]n+ B3LYP/Gen2 [1-H]n+ PBE1PBE/3-21G* [1-H]n+ PBE1PBE/Gen [1-H]n+ P86/3-21G* [1-H]n+ BP86/Gen [1-H]n+ B3LYP/3-21G* [1b]n+

Bond lengths/Å

n = 0
Ru–C 2.011(4) 2.018 2.028 2.011 1.999 2.010 2.003 2.012 2.015

C„C 1.215(5) 1.228 1.229 1.222 1.228 1.229 1.242 1.244 1.231
C–Ph 1.431(5) 1.426 1.428 1.424 1.423 1.425 1.426 1.427 1.425

Ru–P 2.262(1), 2.256(1) 2.278 2.291 2.310 2.250 2.264 2.260 2.273 2.287

n = 1

Ru–C 1.944 1.946 1.932 1.929 1.929 1.943 1.942 1.957
C„C 1.246 1.250 1.241 1.248 1.251 1.260 1.263 1.243

C–Ph 1.400 1.403 1.399 1.397 1.400 1.404 1.406 1.411
Ru–P 2.324 2.335 2.356 2.283 2.299 2.294 2.311 2.350

Vibrational frequencies (IR)/cm!1 (intensity)

n = 0
C„C 2072(s) 2101 (218) 2084 (248) 2081 (327) 2121 (230) 2108 (256) 2020 (318) 2005 (330) 2077 (374)

Ring 1593(m,w) 1547 (54) 1573 (64) 1556 (76) 1568 (54) 1599 (61) 1494 (71) 1523 (80) 1545 (68)

n = 1
C„C 1929(s) 1980 (310) 1965 (209) 1906 (271) 1993 (339) 1983 (210) 1920 (29) 1910 (14) 1952 (520)

Ring 1551(m) 1529 (291) 1551 (290) 1537 (298) 1548 (310) 1574 (309) 1482 (165) 1508 (161) 1496 (91)
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8.2. Preparation of [Ru(C„CC6H4Me-4)(PPh3)2Cp]
(2a)

A suspension of [RuCl(PPh3)2Cp] (200 mg, 0.28 mmol),
HC„CC6H4Me (32 mg, 0.28 mmol) and NH4PF6 (45 mg,
0.28 mmol) in MeOH (15 mL) was heated at reflux for
20 min to form a bright red solution, 2–3 drops of 1,8-
Diazabicyclo[5.4.0]undec-7-ene (DBU) were added to
form yellow precipitate which was collected by filtration,
washed with cold MeOH, and air-dried to afforded 2a as
a yellow solid (125 mg, 56%). IR(Nujol): m(C„C)
2076 cm!1. 1H NMR (CDCl3, 400 MHz): d 2.30 (s, 3H,
Me), 4.31 (s, 5H, Cp), 6.95–7.52 (m, 34H, Ar). 31P{1H}
NMR (CDCl3, 162 MHz): d 50.6 (s, PPh3). 13C{1H}
NMR (CDCl3, 100 MHz): d 21.2 (Me), 85.1 (Cp); 113.5
(t, JCP = 25 Hz, Ca); 114.0 (Cb); 127.8 (CH), 128.4,
130.3 (CH), 132.3 (C1–C4); 127.2 (dd, 3JCP/6JCP " 5 Hz,
Cm); 128.3 (Cp); 133.9 (dd, 2JCP/5JCP " 5 Hz, Co); 139.1
(dd, 1JCP/4JCP " 11 Hz Ci). MALDI-TOF(+)-MS (m/z):
806, [M+]. High resolution (m/z): calculated for
RuP2C50H43 [M + H]+ 807.18780; found 807.18698.

8.3. Preparation of [Ru(C„CC10H7)(PPh3)2Cp] (3a)

A suspension of [RuCl(PPh3)2Cp] (200 mg, 0.275 mmol),
NH4PF6 (100 mg, 0.613 mmol) and HC„CC10H7 (50 mg,
0.329 mmol) in methanol (20 mL) was heated at reflux for
90 min under a nitrogen atmosphere. The red/orange solu-
tion formed was treated with a methanolic solution of
NaOMe and the yellow precipitate formed collected,
washed with MeOH and hexane and dried to give 3a as
a yellow powder (167 mg, 72%). IR(Nujol): m(C„C)
2057 cm!1. 1H NMR (CDCl3, 200 MHz): d 4.59 (s, 5H,
Cp); 8.58–7.10 (m, 37H, Ph, C10H7). 31P{1H} NMR
(CDCl3, 81 MHz): d 51.56 (s, PPh3). 13C{1H} NMR
(CDCl3, 100 MHz): d 85.5 (Cp); 112.5 (Cb); 122.6 (t,
JCP = 25 Hz, Ca);122.8 (CH), 124.8 (CH), 125.3 (CH),
125.8 (CH), 127.4, 127.7 (CH), 128.1 (CH), 128.4, 133.7
(CH), 134.6 (C1–C10); 127.3 (dd, 3JCP/6JCP " 5 Hz, Cm);
128.5 (Cp); 133.9 (dd, 2JCP/5JCP " 5 Hz, Co); 139.0 (dd,
1JCP/4JCP " 11 Hz, Ci). ES(+)-MS (m/z): 842, [M+]. High
resolution: calculated for RuP2C53H43 [M + H]+

843.18780; found 843.19002.

8.4. Preparation of [Ru(C„CC14H9)(PPh3)2Cp] (4a)

A suspension of [RuCl(PPh3)2Cp] (200 mg, 0.28 mmol),
Me3SiC„CC14H9 (75 mg, 0.28 mmol) and KF (30 mg,
0.56 mmol) in methanol (20 mL) was heated and the
orange solution formed allowed to reflux for 2 h under a
nitrogen atmosphere. The yellow precipitate formed was
collected and washed with cold MeOH and hexane and
dried to give 4a (230 mg, 93%). IR(Nujol): m(C„C)
2042 cm!1. 1H NMR (CDCl3, 200 MHz): d 4.49 (s, 5H,
Cp); 8.76–7.06 (m, 39H, Ph, C14H9). 31P{1H} NMR
(CDCl3, 81 MHz): d 51.24 (s, PPh3). 13C{1H} NMR
(CDCl3, 100 MHz): d 85.8 (Cp); 112.7 (Cb); 131.7T
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(t, JCP = 25 Hz, Ca); 120.3, 123.8 (CH), 124.9 (CH), 126.0,
128.1 (CH), 129.2 (CH), 132.0 (CH), 132.6 (C1–C14); 127.4
(dd, JCP/CCP ! 5 Hz, Cm); 128.6 (Cp); 133.9 (dd, JCP/

CCP ! 5 Hz, Co); 139.0 (dd, 1JCP/4JCP ! 11 Hz, Ci).
ES(+)-MS (m/z): 892, [M+]. High resolution: calculated
for RuP2C57H45 [M + H]+ 893.20345; found 893.20428.

8.5. Complex 1b

13C NMR (CDCl3, 100 MHz) for 1b: d 10.0 (Me); 92.5
(Cp); 109.6 (Cb); 128.8 (t, JCP = 25 Hz, Ca); 122.4 (C4),
127.4 (C3); 130.2 (C2); 131.3 (C1); 127.1, 127.4 (dd,
3JCP/6JCP ! 5 Hz, Cm;m0); 128.8, 128.8 (Cp;p0 ); 133.2, 133.7
(dd, 2JCP/5JCP ! 5 Hz, Co;o0 ); 136.9, 138.9 (m, Ci;i0 ).

8.6. Preparation of [Ru(C„CC6H4Me-4)(dppe)Cp*] (2b)

A suspension of [RuCl(dppe)Cp*] (100 mg, 0.15 mmol),
HC„CC6H4Me (35 mg, 0.30 mmol) and NH4PF6 (50 mg,
0.3 mmol) in methanol (15 mL) was heated at reflux for
1 h under a nitrogen atmosphere to form a bright red solu-
tion, 2–3 drops of NaOMe were added to form yellow pre-
cipitate which was collected by filtration, washed with cold
MeOH followed by hexane, and air-dried to afford 2b as a
yellow solid (60 mg, 54%). IR(Nujol): m(C„C) 2078 cm"1.
1H NMR (CDCl3, 400 MHz): d 1.54 (s, 15H, Cp*), 2.21 (s,
3H, Me), 2.04 (2 · dd, 2H, JHP = JHH = 6 Hz, dppe), 2.68
(2 · dd, 2H, JHP = JHH = 6 Hz, dppe); 6.83 (d,
JHH = 8 Hz, 2H, C6H4); 6.85 (d, JHH = 7.6 Hz, 2H,
C6H4); 7.17–7.79 (m, Ar 20H). 31P{1H} NMR (CDCl3,
162 MHz): d 81.1 (s, dppe). 13C{1H} NMR (CDCl3,
100 MHz): d 10.0 (Me at Cp); 21.1 (Me); 29.5 (dd, JCP/

CCP ! 23 Hz, CH2); 92.5 (Cp); 109.2 (Cb); 126.4 (t,
JCP = 25 Hz, Ca); 128.2 (CH); 128.5; 130.0 (CH); 131.9

(C1–C4); 127.4, 127.2 (dds, JCP/CCP ! 5 Hz, Cm;m0 ); 128.8
(Cp;p0 ); 133.8, 133.2 (dds, JCP/CCP ! 5 Hz, Co;o0 ); 137.1,
139.0 (m, Ci;i0 ). ES(+)-MS (m/z): 751, [M + H]+. High res-
olution: calculated for RuP2C45H47 [M + H]+ 751.21910;
found 751.21305.

8.7. Preparation of [Ru(C„CC10H7)(dppe)Cp*] (3b)

A solution of [RuCl(dppe)Cp*] (150 mg, 0.22 mmol),
HC„CC10H7 (39 mg, 0.22 mmol) and ammonium hexaflu-
orophosphate (37 mg, 0.22 mmol) in stirring MeOH
(10 mL) were heated at reflux for 20 min to form a bright
red solution, 2–3 drops of DBU were added to form yellow
precipitate which was collected by filtration, washed with
cold MeOH (3 mL), and air-dried to afford 3b as a yellow
solid (97 mg, 55%). IR (Nujol): m(C„C) 2055 cm"1. 1H
NMR (CDCl3, 400 MHz): d 1.60 (s, 15H, Cp*); 2.11
(2 · dd, 2H, JHP = JHH = 6 Hz, dppe), 2.78 (2 · dd, 2H,
JHP = JHH = 6 Hz, dppe); 6.75–7.78 (m, 27H, Ar).
31P{1H} NMR (CDCl3, 81 MHz): d 82.5 (s, dppe).
13C{1H} NMR (CDCl3, 100 MHz): d 10.2 (Me), 29.4 (dd,
JCP/CCP ! 23 Hz, CH2); 92.8 (Cp); 108.4 (Cb); 135.1 (t,
JCP = 25 Hz, Ca); 122.2 (CH), 125.0 (CH), 125.5 (CH),
127.4, 127.6 (CH), 128.1 (CH), 128.4, 133.5 (CH), 134.3
(C1–C10); 127.4, 127.5 (dd, JCP/CCP ! 5 Hz, Cm;m0); 128.8,
128.9 (Cp;p0); 133.3, 133.8 (dd, JCP/CCP ! 5 Hz,
Co;o0);137.1, 139.0 (Ci;i0 ). ES(+)-MS (m/z): 787, [M + H]+.
High resolution: calculated for RuP2C48H47 [M + H]+

787.21910; found 787.22099.

8.8. Preparation of [Ru(C„CC14H9)(dppe)Cp*] (4b)

A suspension of [RuCl(dppe)Cp*] (100 mg, 0.15 mmol),
Me3SiC„CC14H9 (45 mg, 0.16 mmol), and KF (25 mg,

Table 9
Selected IR vibrational frequencies (as wavenumbers), together with major electronic excitations for [4b]n+ and [4-H]n+ determined by TD DFT methods
using B3LYP/3-21G*, with selected experimental data for comparison

Expt 4b Calc 4b IR intensity/oscillator
strength

Calc 4-H IR intensity/oscillator
strength

Vibrational frequencies (IR)/cm"1

n = 0

C„C 2041(s) 2044 723 2081 385
Ring 1561(vw) 1575 27 1577 18

n = 1
C„C 1925(s) 1934 81 1994 628
Ring 1590(w) 1563 12 1551 42

Electronic transitions/cm"1 (Molar absorption coefficient/M"1 cm"1 or calculated oscillator strength, <1)
n = 0
HOMO fi LUMO 20600(11600) 21100(21100) 0.2147 23310(23300) 0.2817
n = 1
b-[HOSO " 1] fi b-LUSO 7800(600) 6500(6500) 0.0035 9120(9100) 0.0021
b-[HOSO] fi b-LUSO a-HOSO fi a-LUSO 10100(1900) 9710(9700) 0.1163 11390(11400) 0.1248
b-[HOSO " 4] fi b-LUSO 15200(5900) 15550(15500)a 0.0525 19840(19800) 0.0442
a-HOSO fi a-LUSO 17900(14000) 16530(16500) 0.0998 17480(17500) 0.2714

a b-[HOSO " 3] fi b-LUSO
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0.43 mmol) in methanol (15 mL) was heated at reflux for
2 h under a nitrogen atmosphere. The yellow precipitate
formed was collected and washed with MeOH and hexane
and dried to give 4b (91 mg, 73%). IR(Nujol): m(C„C)
2039 cm!1. 1H NMR(CDCl3, 400 MHz): d 1.70 (s, 15H,
Cp*); 2.17 (2 · dd, 2H, JHP = JHH = 6 Hz, dppe), 2.96
(2 · dd, 2H, JHP = JHH = 6 Hz, dppe); 6.86–7.95 (m,
29H, Ph). 31P{1H} NMR (CDCl3, 162 MHz) 81.4 (s, dppe).
13C{1H} NMR (CDCl3, 100 MHz): d 10.4 (Me), 29.5 (dd,
JCP/CCP " 23 Hz, CH2), 93.1 (Cp), 108.5 (Cb); 144.6 (t,
JCP = 25, Ca); 119.7 (CH), 123.1 (CH), 124.7 (CH),
126.4, 127.7 (CH), 129.1 (CH), 131.9 (CH), 132.2 (CH),
134.2, 136.9 (C1–C14); 127.4, 127.5 (dd, JCP/CCP " 5 Hz,
Cm;m0); 129.0 (Cp;p0 ); 133.4, 133.8 (dd, JCP/CCP " 5 Hz,
Co;o0); 137.1, 138.7 (m, Ci;i0 ). ES(+)-MS (m/z): 836,
[M + H]+. High resolution: calculated for RuP2C52H49

[M + H]+ 836.22693; found 836.22820.

8.9. Computations

All ab initio computations were carried out with the
Gaussian 03 package [41].The model geometries 1-H, [1-
H]+, 4-H and [4-H]+ discussed here were optimised using
the B3LYP, [42] or PBE1PBE [43] functionals with no sym-
metry constraints. The basis sets used here were 3-21G* [44]
and two mixed basis sets, named here as Gen and Gen2.
Gen contains the pseudo-potentials LANL2DZ [45] for
the Ru atom and 6-31G* [46] basis set for all other atoms.
Gen2 contains the 3-21G* basis set for Ru and 6-311G**

for all other atoms. [46] Frequency calculations were car-
ried out on these optimised geometries at the correspond-
ing levels and shown to have no imaginary frequencies. A
scaling factor of 0.95 was applied to the calculated
m(C„C) frequencies [33]. Molecular orbital and TD DFT
computations were carried out on these optimised geome-
tries at the appropriate level of theory.

The barriers in the rotations between the phenyl and the
Ru(PH3)2Cp groups in 1-H and [1-H]+ were estimated by
fixing the dihedral angles P1–Ru–C1–C2 (Fig. 2) at 15!
intervals at the B3LYP/3-21G* level of theory. The latter
level of theory was also used for the optimisation of the
actual geometries of 1b, [1b]+, 4b and [4b]+. Frequency cal-
culations (B3LYP/3-21G*) on these geometries revealed no
imaginary frequencies. Molecular orbital and TD DFT
computations were then carried out on these optimised
geometries at the B3LYP/3-21G* level of theory.
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A series of complexes containing dicarbon ligands bridging redox-active group 8 metal-ligand fragments
M(dppe)Cp′ (M ) Fe, Ru, Os; Cp′ ) Cp, Cp*) have been prepared. These complexes give up to four
one-electron anodic processes at a platinum electrode, with separations of successive oxidation potentials
of ca. 850 mV, giving rise to large comproportionation constants, KC (ca. 1012). Examples of the 36-
electron neutral, 35-electron monocationic, and 34-electron dicationic species, together with some related
monoprotonated complexes, have been isolated. Structural studies of the 36-, 35-, and 34-electron species
derived from the dicarbon complex featuring two Ru(dppe)Cp end-caps (7) show that shortening of the
M-C and lengthening of the C-C bonds occur upon oxidation. A complementary spectroelectrochemical
investigation has revealed an intense band near 14 300 cm-1 associated with [7]PF6, which is tentatively
attributed to a Ru(d)-[Ru(d)/C2(π)]* transition, rather than a genuine IVCT band. These observations
have been rationalized using DFT calculations and collectively indicate that the frontier orbitals are
delocalized over both group 8 metal centers and the carbon chain.

Introduction

Complexes containing redox-active metal-ligand groups
linked by carbon chains continue to elicit attention, not only
because of their inherent interest as metal-supported fragments
of the linear carbon allotrope carbyne but also because of their
possible involvement in nanoscale devices as, or as models for,
molecular wires.1-5 The chemistry of complexes of the type
{LnM}-Cn-{MLn} and their heterometallic analogues has
recently been reviewed, and the relative paucity of compounds
containing C2 units end-capped by redox-active groups is
notable.6
Some of us have recently examined the range of reported

complexes of the type {LnM}-CC-{MLn} and have com-
mented on the wide variety of electron counts and geometries.7
Examples where MLn) ScCp*2,8 Sm(thf)Cp*2,9 Ti(PMe3)Cp2,10

[V(mes)3]-,11 Cr(CO)3Cp,12 Mn(CO)5,13 and Fe(CO)2Cp*14 are
known for the first-row transition elements of groups 3-8, while
complexes containing third-row transition metals include those
with MLn ) Re(CO)5,15 trans-PtCl(PPh3)2,16 Au(PR3),17 and
HgMe.18 None of these have significant redox properties that
might enable a comparison to be made with compounds
containing longer carbon chains, such as {LnM}-CC-CC-
{MLn}, where MLn ) Re(NO)(PPh3)Cp*19 or M(PP)Cp′ [M )
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Fe, Ru, Os; PP ) (PPh3)2, dppe; Cp′ ) Cp, Cp*],20-22 for
example. Recently, this gap was partially filled by the report
describing the dicarbon complexes [{Cp′(dmpe)Mn}-CC-
{Mn(dmpe)Cp′}]n+ (Cp′ ) CpMe, n ) 0-2).23
Group 8 complexes containing ethynediyl ligands are limited

to {M(CO)2Cp′}2(µ-CtC) (M ) Fe, Cp′ ) Cp*, η5-C5Me4Et;
M ) Ru, Cp′ ) Cp, CpMe). The iron complex was prepared by
the reaction of Fe(CtCH)(CO)2Cp′ with [Fe(thf)(CO)2Cp′]+,
followed by deprotonation (NaOMe or NEt3) of the resulting
cationic product [{Fe(CO)2Cp′}2(µ-η1:η2-CCH)]+.14 The ruthe-
nium derivatives were obtained by metathesis of Ru(CtCMe)-
(CO)Cp′ with (ButO)3WtW(OBut)3.24 Treatment of the ruthe-
nium ethynediyl with HBF4 afforded [{Ru(CO)2Cp′}2(µ-η1:η2-
CCH)]+.25 The cationic complexes [{Fe(CO)2Cp′}2(µ-η1:η2-
CCH)]+ showed fluxional behavior, which has been interpreted
in terms of interconversion of the bonding modes of the µ-η1:
η2-CCH ligand via a symmetrical intermediate (Scheme 1);
similar processes are likely in the case of the ruthenium
analogues25 and related species such as [{Re(CO)5}2(µ-η1:η2-
CCH)]+].15
Interest in systems containing µ-η1:η1-C2 ligands is enhanced

by their flexible electronic structures, which in appropriate cases
encompass the three representations A, B, and C (Chart 1).26
In valence bond terms, these may be described as the ynediyl,
bis-carbene or metallacumulene, and bis-carbyne forms, respec-
tively. Diradical species, such as the triplet B′, can also be
written. Extensive spectroscopic, electrochemical, and structural
studies of the manganese complexes mentioned above estab-
lished that the neutral complex exhibits a singlet/triplet spin
equilibrium (B/B′) at room temperature in both solution and
the solid state.23 Complementary DFT calculations on these
systems, which support the low singlet-triplet energy gap, were
also reported.23
Our interest in homo- and heterometallic compounds contain-

ing group 8 metal centers has resulted in the preparation of an

extensive series of C4 complexes21,27 and several derivatives
containing longer carbon chains.28 This interest has also caused
us to examine the possibility of making the analogous, electron-
rich and redox-active C2 complexes. We noted that the complex
[{Cp(Ph3P)2Ru}(µ-CN){Ru(PPh3)2Cp}]+, with redox-active group
8 metal-ligand groups end-capping the CN bridge, had been
first successfully prepared and structurally characterized some
20 years ago,29 with a second structural determination of this
cation being reported recently.30 We chose to use redox-active
end-caps similar to those employed earlier, both in the CN
chemistry and in our earlier studies of C4 complexes, i.e.,
M(dppe)Cp′ [M ) Fe, Ru, Os; Cp′ ) Cp, Cp*], which, in the
case of the ruthenium examples, gave complexes exhibiting up
to four sequential one-electron oxidations.21c,27 However, it
should be noted that these groups are bulky enough to result in
steric interactions between the phenyl groups of the phosphine
ligands that may impede rotation of the metal-ligand moieties
about the M-C-C-M axis, leading on one occasion to the
isolation of two rotamers of {Ru(PPh3)2Cp}2(µ-C4) when this
complex was crystallized from different solvents.21b Confor-
mational factors have been noted as playing a significant role
in the electronic structures of other dicarbon species.23
This paper reports the syntheses and structural and spectro-

scopic characterization of several complexes of the type [{Cp′-
(PP)M}-CC-{M(PP)Cp′}]n+ (M ) Fe, Ru, Os; PP ) dppe,
Cp′ ) Cp, Cp*; n ) 0-2), together with a theoretical study
using DFT methods.

Results and Discussion

The ethynediyl complexes were prepared by the sequence of
reactions shown in Scheme 2. The vinylidene complexes [M(d
CdCH2)(dppe)Cp′]PF6 [Cp′ ) Cp, M ) Fe (1), Ru (2), Os (3);
Cp′ ) Cp*, M ) Os (4)] were prepared from reactions between
HCtCSiMe3 and the corresponding chloro complexes, MCl-
(dppe)Cp, carried out in ButOH in the presence of [NH4]PF6
(Scheme 2). The use of ButOH as solvent for these reactions
avoids conversion to the alkoxy-carbene cations that occurs
rapidly in primary alcohols such as MeOH or EtOH.31 Depro-
tonation of cationic vinylidene ligands occurs readily to give
acetylide complexes, while deprotonation of terminal acetylides
such as Re(CtCH)(PPh3)(NO)Cp*32 and Ru(CtCH)(PPh3)2-
Cp33 with alkyl lithiums has been shown to give nucleophilic
metal acetylide anions. Similar acetylide anions have also been
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obtained from reaction of Fe(CtCSiMe3)(dppe)Cp with MeLi34
or from reaction of [Ru(CdCH2)(PPh3)2Cp*]PF6 or [Ru(Cd
CH2)(dppe)Cp*]PF6 with g2 equiv of tert- or n-BuLi.35 Double
deprotonation of 1-4 with 2 equiv of LiBut in thf gave
intermediates assumed to be M(CtCLi)(dppe)Cp′, which, when
added to solutions of [Ru(thf)(dppe)Cp]+ prepared in situ from
AgOTf and RuCl(dppe)Cp, afforded presumably the µ-ynediyl
complexes 7-11, but which were readily protonated to give
the corresponding µ-ethynyl complexes [{Cp(dppe)Ru}(µ-η1:
η2-CCH){M(dppe)Cp′}]PF6 [Cp′ ) Cp, M ) Fe, Ru (5), Os;
Cp′ ) Cp*, M ) Fe (6a), Ru (6b), Os (6c)] after conventional
workup. As described below, most of these µ-ethynyl complexes
were obtained in sufficiently high purity to be used in further
reactions without further purification (Scheme 2). However, a
representative sample of forest-green [{Ru(dppe)Cp}2(µ-CCH)]-
PF6 (5) has been characterized by elemental analysis and
spectroscopic methods. Thus, the 1H NMR spectrum of 5
contains single Cp and CH resonances at δ 4.75 and 2.51,
respectively, the latter showing a quintet J(HP) coupling, which
suggests that the two ruthenium-containing fragments are
equivalent in the NMR time scale and indicates that the µ-η1:
η2-CCH group exchanges rapidly between the two metal centers.

Although we have not yet been able to confirm the solid-state
structure, analogous complexes containing M(CO)2Cp′ (M )
Fe, Ru; Cp′ ) Cp, Cp*) end-caps are known.14,24
Deprotonation of 5 with KOBut affords orange neutral {Ru-

(dppe)Cp}2(µ-C2) (7), which was obtained in disappointingly
low yields (ca. 25%). The low yield is likely a consequence of
the strong basicity of 7, which results in regeneration of 5 by
reaction with protic solvents or traces of water during workup.
The remarkably high basicity of Ru(CtCBut)(PMe3)2Cp (the
pKa of [Ru(dCdCHBut)(PMe3)2Cp]+ is 20.8 in MeCN; cf. pKa
of [NHEt3]+ 18.5) had been noted before.36 The NMR spectra
of 7 contain a singlet at δH 4.59, assigned to two equivalent Cp
groups and a broad resonance at δP 87.8 from the dppe ligands.
In the 13C NMR spectrum of 7, resonances for the C2 bridge
atoms were not found as a result of poor solubility of this
complex in aprotic solvents. However, the molecular structure
was confirmed by a single-crystal X-ray study, the results of
which are discussed below.
Treatment of cation 5 with 1 or 2 equiv of [FeCp2]PF6 results

in both oxidation and deprotonation, affording deep blue [{Ru-
(dppe)Cp}2(µ-C2)][PF6] ([7]+) or magenta [{Ru(dppe)Cp}2(µ-
C2)][PF6]2 ([7]2+) according to stoichiometry. We have found
that the tendency toward oxidation of 7 and its congeners is so
great that the dicationic species are preferred for storage, ready
conversion to the monocation or neutral species being achieved

(34) Smith, M. E.; Cordiner, R. L.; Albesa-Jové, D.; Yufit, D. S.; Hartl,
F.; Howard, J. A. K.; Low, P. J. Can. J. Chem. 2006, 84, 154.
(35) (a) Kawata, Y.; Sato, M.; Organometallics, 1997, 16, 1093. (b)

Cordiner, R. L.; Smith, M. E.; Batsanov, A. S.; Albesa-Jové, D.; Hartl, F.;
Howard, J. A. K.; Low, P. J. Inorg. Chim. Acta 2006, 359, 946. (36) Bullock, R. M. J. Am. Chem. Soc. 1987, 109, 8087.
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by treatment with KOBut. The mechanistic pathway of this
reaction is far from clear.
Analogous reactions between 2 equiv of [FeCp2]PF6 and the

appropriate cations [{Cp(dppe)Ru}(µ-η1:η2-CCH){M(dppe)-
Cp′}]+, generated in situ, have given [{Cp(dppe)Ru}(µ-C2)-
{M(dppe)Cp′}](PF6)2 [Cp′ ) Cp, M ) Fe ([8]2+), Ru ([7]2+)
(Vide supra), Os ([9]2+); Cp′ ) Cp*, M ) Ru ([10]2+), Os
([11]2+)]. The dicationic complexes derived from 7-11 are
obtained as pink or magenta solids, which exhibited ν(CC)
absorptions between 1645 and 1711 cm-1, and doubly charged
M2+ ions were observed by electrospray ionization mass
spectrometry.
X-ray Structural Studies. Crystallographic structure deter-

minations of reasonable precision have been successfully carried
out with a dichloromethane solvate of 7 and water and acetone
solvates of [7](PF6)2. The determination on [7]PF6, also reported
here, is of lower precision. In all cases one formula unit, devoid
of crystallographic symmetry with respect to the complex
component, comprises the asymmetric unit, although in [7]PF6
a pair of anions are each disposed on crystallographic inversion
centers. The complexes comprise arrays in which the torsions
of the Cp centroids about the Ru‚‚‚Ru line are either ca. 60°
(in the neutral form, 7‚CH2Cl2) or ca. 120° in the remainder
(Figure 1). The arrays are generally devoid of disorder except
for minor solvent components (see below), with no unusual

features in the lattices except where some partitioning into
columns or sheets occurs.
The geometries of the complex system cores are presented

in Table 1. However, the difficulties of obtaining particularly
precise structure determinations for the majority of materials
crystallized [e.g., that of [7](PF6)2 as diverse (solvated) forms,
all inauspicious] naturally limit the conclusions that can be
drawn directly regarding the various valence-bond descriptions
depicted in Chart 1. Nevertheless, with respect to the species
in the body of Table 1, Ru-P distances are shortest for neutral
7, maximal for [7]+ and intermediate for [7]2+ with the Ru-
Cp(centroid) distances displaying a similar trend. The gross Ru‚
‚‚Ru dimensions of the RuC2Ru strings are similar for 7 and
[7]+ and diminished by ca. 0.2 Å for the H2O and Me2CO
solvates of [7](PF6)2.
For the neutral complex 7 (Figure 1), two Ru(dppe)Cp groups

are linked by the C2 fragment, with the torsion angle R between
the two Ru‚‚‚C(0) vectors [C(0) is the midpoint of the Cp ring]
along the RuC2Ru chain being 59.3°. The phenyl groups of the
dppe ligands are interleaved, with evidence for π-π stacking
between some of the Ph rings. The Ru-C(1,2) and C(1)-C(2)
distances are 2.046(5), 2.051(5), and 1.230(7) Å, respectively,
with angles at C(1,2) being 174.0(4)° and 170.2(4)°. The four
Ru-P distances fall between 2.234(1) and 2.243(1) Å (av 2.237
Å). In the corresponding monocation [7]+, the Ru-C(1,2)
distances are 2.00(3) and 2.02(3) Å, C(1)-C(2) lengthening to
1.28(4) Å, with angles at C(1,2) similar to those in neutral 7.
Lengthening of the Ru-P distances to between 2.317 and 2.329-
(10) Å is found (av 2.321 Å). The dication [7]2+ has essentially
the same geometry regardless of the nature of the solvate, with
Ru-C(1,2) distances of 1.878(8) and 1.881(8) Å, C(1)-C(2)
distances of 1.30(1) Å, and angles at C(1,2) being 172.6(7)°
and 175.6(6)°, respectively (values for acetone solvate given).
The Ru-P bond distances are between 2.287(3) and 2.315(3)
Å (av 2.298(11) Å). The torsion angles C(0)‚‚‚Ru‚‚‚Ru‚‚‚C(0)
range between 59.6° and 127.5° and reflect the significant steric
congestion brought about by the close proximity of the two
organoruthenium groups.
The Ru-C distances diminish monotonically on passing from

7 to [7]+ to [7]2+, the C-C distance increasing, consistent with
a change from ethynediyl structure A (-Ru-CtC-Ru-)
toward the cumulenic structure B (-RudCdCdRu-) as
oxidation proceeds; the value for the C-C distance for [7]+ is
so imprecise as to be of little value. Table 1 also compares the
geometric parameters of the M-CC-M systems in 7, [7]+, and
[7]2+ with those of the Mn complexes [{Mn(dmpe)CpMe}2(µ-
C2)]n+ (n ) 0-2), and with a similar gradual shortening of the
M-C bond and lengthening of the C-C bond found as
oxidation proceeds. The change from the ethynediyl structure
A [-M-CtC-M-] toward the cumulenic structure B [-Md
CdCdM-] (Chart 1) is supported by theoretical calculations.
Electronic Structure Calculations. In order better to un-

derstand some of the experimental results, a theoretical inves-
tigation was conducted at the DFT level, initially on the model
systems [{Ru(dHpe)Cp}2(µ-C2)]n+, [7-H]n+ (n ) 0-2, dHpe
) PH2CH2CH2PH2), which were used to mimic [{Ru(dppe)-
Cp}2(µ-C2)]n+, [7]n+. Optimized distances and angles computed
for the neutral and cationic models compare rather well with
available experimental data (pertinent data can be found in Table
S1 of the Supporting Information). The experimentally observed
changes in the Ru-C and C-C distances that occur upon
oxidation of 7 and that are supported by calculations on [7]n+
and [7-H]n+ can be rationalized by the nodal properties of the
two nearly degenerate HOMOs (highest occupied molecular

Figure 1. Representative binuclear arrays: (a) molecule of 7 [for
which the Cp(0)-Ru‚‚‚Ru-Cp(0) torsion is ca. 60°]; (b) cation of
[7](PF6)2 [for which the torsion is ca. 120°].
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orbitals) computed for 7-H (Figure 2). As shown earlier,7 these
orbitals are delocalized over the Ru2C2 backbone (42% Ru2 and
41% C2 for the HOMO, and 40% Ru2 and 48% C2 for the
HOMO-1) and are π-type in character, antibonding between
ruthenium and carbon and bonding between the two carbon
atoms. Thus, removal of electrons leads to some lengthening
of the carbon-carbon bond (1.25, 1.27, and 1.29 Å for 7-H,
[7-H]+, and [7-H]2+, respectively) and to some shortening of
the metal-carbon bonds (2.06, 2.00, and 1.93 Å for 7-H,
[7-H]+, and [7-H]2+, respectively; similar distances are com-
puted for 7), consistent with the trends observed in the
crystallographically characterized series of complexes [7]n+ (see
Table 1).
An interesting point of discussion concerns the position of

one metallic fragment Ru(dHpe)Cp with respect to the other.
The energy of the neutral system 7-H is not significantly affected
by rotation of one metallic moiety relative to the other around
the C2 vector. Indeed, a rather flat potential energy surface is
computed for 7-H, and while the energetically most favored
arrangement is found for the C(0)‚‚‚Ru‚‚‚Ru‚‚‚C(0) torsion angle
R ) 180° (transoid geometry), this is only 0.03 eV (3 kJ/mol)
lower in energy than the most unfavored conformation, where
R is close to zero. Therefore, the orientation of one Ru(dHpe)-
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Figure 2. Molecular orbital plots for the two HOMOs of 7-H.
Energy and metal (left)/C2 ligand (right) percentage contributions
are given in parentheses. Contour values are (0.05 (e/bohr3)1/2.
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Cp fragment relative to the other in the neutral model complex
7-H has a negligible influence on the electronic and structural
features of the metal-carbon core under investigation. The same
conclusion is reached for the dicationic high-spin (HS) [7-H]2+
species. A very flat potential energy surface is computed with
a very shallow minimum found for a C(0)‚‚‚Ru‚‚‚Ru‚‚‚C(0)
torsion angle R of 62°. Again, the energy difference between
the different conformers is computed as less than 1 kJ/mol.
Similar observations were made for the triplet state of model
complex [{Mn(dHpe)CpMe}(µ-C2)], which is isoelectronic with
(HS) [7-H]2+, i.e., a very flat potential energy curve with energy
minima (R ) 90° and 270°) and maximum (R ) 0°) separated
by less than 5 kJ/mol.23

In contrast, the energies of the low-spin (LS) [7-H]2+ dication
and, to a lesser extent, the monocation [7-H]+ are much more
dependent upon the adopted conformation. For instance, in the
case of (LS) [7-H]2+ a maximum energy difference of 20 kJ/
mol is calculated between the most stable rotamer (R ) 2°)
and the least stable one (R ) 56°). An even higher energy
difference, ca. 36 kJ/mol, was found for the LS complex [{Mn-
(dHpe)CpMe}(µ-C2)], which is isoelectronic with [7-H]2+. In
the case of the manganese system the most stable conformer
was computed for R ) 180° (transoid geometry) and the least
stable for R ) 90° (gauche geometry).23 The energy dependence
upon the conformation in these M2C2 complexes (M ) Mn or
Ru) is attributed to the fact that the shape and the metal character
of the two π-type fragment orbitals (FO) of the pseudo-
octahedral {M(dHpe)Cp}+ fragment are not fully equivalent.7
Consequently the HOMOs of the complexes in which these FOs
are involved are not degenerate but energetically slightly
separated in the transoid geometry (Figure 2). On the other hand,
they become nearly degenerate in the gauche geometry with
some energy stabilization of the HOMO and some destabilisa-
tion of the HOMO-1. If both orbitals are doubly [Ru, neutral]
or singly [Mn HS (triplet) neutral; Ru, HS dication] occupied,
the total energy is hardly affected by changes of conformation.
On the other hand, if one is doubly occupied and one vacant
[Mn LS (singlet) neutral; Ru LS dication] or partially filled [Ru
monocation], the transoid configuration becomes more stable.
Overall, the singlet and triplet states of the dicationic Ru2C2

species [7-H]2+ are very close in energy, and DFT calculations
carried out at the B3LYP level of theory show the triplet states
(HS, R ) 92°) slightly favored over the singlet states (LS, R )
2°) by only 3 kJ/mol. This is an interesting result, which strongly
contrasts with the situation for dicationic diruthenium complexes
containing longer carbon chain spacers such as [{Ru(dppe)-
Cp*}2(µ-C4)]2+ ([12]2+), which are diamagnetic27a and for which
larger singlet-triplet energy gaps have been calculated using
model systems.21c The relative stability of the triplet (HS)
configuration in the ruthenium ethynediyl complexes is similar
to the situation encountered in paramagnetic di-iron polycarbon-
bridged complexes27b,37 and is attributed to the high metal
character of the “magnetic” orbitals in [7-H]2+. In fact, the
HOMO and LUMO of (LS) [7-H]2+ (which are derived from
the HOMO-1 and HOMO in the neutral system) are much more
metallic in character than the corresponding MOs in the C4-
containing species (LS) [{Ru(dHpe)Cp*}2C4]2+ [12-H]2+ (38%
and 42% vs 26% and 21%, respectively). Equally, the computed
metal spin density is larger in (HS) [7-H]2+ than in (HS) [12-
H]2+ (0.49 vs 0.39). Presumably the greater metallic contribution
to the frontier orbitals of [7-H]2+ stabilizes the triplet state and

gives rise to the additional degree of metal-centered diradical
character in this species when compared with compounds such
as 12-H.
As noted above, di-iron poly-ynediyl species, which also offer

frontier orbitals with appreciable metallic character, have closely
lying singlet and triplet states, both of which are populated at
ambient temperatures. Perhaps unsurprisingly, the triplet state
of the heterobimetallic Ru/Fe model [{Cp(dHpe)Ru}(C2){Fe-
(dHpe)Cp}]2+ ([8-H]2+), in which the HOMO and LUMO are
even more heavily weighted on the metal atoms, 49% and 46%,
respectively, is calculated to be 20 kJ/mol more stable than the
singlet state. In the triplet state, the metallic spin densities are
0.49 and 0.79 electron on Ru and Fe atoms, respectively. To
further test these relationships between the nature of the metal
and the length of the carbon chain on the magnetic character-
istics of the complexes, we have also considered the heavier
heterobimetallic model [{Cp(dHpe)Ru}(C2){Os(dHpe)Cp}]2+,
[9-H]2+. The triplet state in [9-H]2+ is favored over the singlet
state by only 2 kJ/mol in this heterobimetallic system [R ) 85°
(HS) and 179° (LS)], and again there is significant metallic
character in the HOMO and LUMO (44% and 43%, respec-
tively) and large atomic spin densities located on Ru and Os
(0.49 and 0.51, respectively).
In summary, our theoretical results predict an open-shell

configuration for [8-H]2+, whereas for [7-H]2+ and [9-H]2+ a
singlet-triplet equilibrium is expected. In general it seems that
triplet states are favored within the family of ynediyl- and poly-
ynediyl-bridged bimetallic complexes by the presence of iron
centers or of shorter carbon chains. The longer bridges and
heavier metal components promote greater stability of the
closed-shell singlet states. These factors are almost balanced in
the ruthenium- and osmium-containing examples [7-H]2+ and
[9-H]+, and the singlet and triplet states are energetically almost
equivalent.
In addition to the electronic factors described above, steric

hindrance between the bulky dppe ligands would be expected
to influence the relative stability of the conformers of complex
7, while solvation and ion-pairing effects could also be
anticipated to become significant additional factors in electrolyte
solutions. To investigate the role steric effects may play in the
conformational stability of ruthenium ethynediyl complexes,
geometry optimizations (QM/MM) followed by full DFT single-
point calculations were performed on [7]n+ (n ) 0, 2) (see
computational details). An energy minimum is found for a
C(0)‚‚‚Ru‚‚‚Ru‚‚‚C(0) torsion angle of 61° for 7, very close to
the value of 59.3° determined crystallographically. For the LS
dicationic species [7]2+, the transoid form is calculated to be
28 kJ/mol higher in energy than the most stable arrangement,
which is computed for R ) 55° (angles of 52.6° and 60.8° are
experimentally measured). Significant steric effects hampered
efforts to calculate sensible energies of the cisoid forms (R )
0°). Therefore, conformations of [7]n+ in both solution and in
the solid state are likely to be strongly influenced by steric
interactions between the bulky dppe ligands. Indeed, on the basis
of these calculations the steric effects are likely the predominant
interaction and easily able to overcome the much smaller
electronic energetic factors described above for the [7-H]n+
series. However, it is noteworthy that QM/MM-DFT calculations
performed on [7]2+ show that the ferromagnetic triplet state is
3 kJ/mol lower in energy than the antiferromagnetic singlet state
(broken symmetry calculation).
Magnetism. Solutions of the dications give broad NMR

spectra, which sharpen somewhat upon cooling the solutions
and suggest a degree of paramagnetism. This has been confirmed

(37) Jiao, H.; Costuas, K.; Gladysz, J. A.; Halet, J.-F.; Guillemot, M.;
Toupet, L.; Paul, F.; Lapinte, C. J. Am. Chem. Soc. 2003, 125, 9511.
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in the case of [7](PF6)2 by measurements of the magnetic
susceptibilities of solid samples over the temperature range
4-300 K. The room-temperature moment of 0.46 µB remains
constant between 300 and 100 K, then decreases gradually to
reach 0.3 µB at 4 K. The corresponding !M data follow a Curie
temperature dependence. These values are very small and close
to being diamagnetic after allowing for the diamagnetic cor-
rections of the ligands. Susceptibilities are bulk measurements
that indicate the presence of weak paramagnetism, but they
cannot specify if unpaired electron spins are or are not localized
on the Ru or C2 fragments.
Small paramagnetic susceptibilities can, of course, originate

from a variety of sources, a possible one being the presence of
paramagnetic impurities in an otherwise diamagnetic material.
In principle, they can originate from second-order Zeeman
effects on the Ru centers, but these would be expected to be
independent of temperature, which is not the case in the present
example. Of particular relevance to the present and related µ-C2
species is the occurrence of spin-triplet as well as spin-singlet
states (Vide infra). What is clear is that the present µeff values
are much smaller than those reported for the related µ-C2-
manganese complexes [{Cp′(dmpe)Mn}-CC-{Mn(dmpe)-
Cp′}]n+, where n ) 0 or 1,23 the former having a value of 2.47
µB at room temperature, which decreased to 2.28 µB at 2 K,
and ascribed to population of a spin-triplet state at all temper-
atures, which should lead to a µeff value of 2.8 µB. The authors
proposed a spin-triplet/singlet equilibrium with S ) 1 close in
energy above S ) 0 to explain the temperature dependence in
µeff. The n ) 1 cation showed a most unusual increase in µeff
from 0.69 µB at 300 K to 1.67 µB at 5 K, and this was ascribed
to one unpaired spin. An alternative possibility is that ferro-
magnetic coupling of two spins is occurring in that case
combined with a spin-triplet/singlet equilibrium. Returning to
the results obtained for the present dication, the data could be
indicative of a triplet/singlet equilibrium with the S ) 1 state
at energy .kT above the ground S ) 0 state. However, since
µeff does not approach zero at intermediate temperatures, because
of the population of the singlet state, it is more likely that a
mixture of singlet- and triplet-state molecules exists in these
solid samples with the singlet being dominant.
Electrochemical and Spectro-electrochemical Studies.

Table 2 contains details of the electrochemical responses of the
various homo- and heterometallic complexes described herein,
together with data for the Mn2C2 complexes described by Berke
et al.23 For 7, four waves are found corresponding to three
reversible and one irreversible 1-e processes. The low value
for E1 (-0.61 V) is consistent with the observed ready oxidation
of the neutral complex to the monocation, which in turn is also
easily oxidized (E2 ) +0.21 V) to the dication. Two further
1-e events found at +1.06 and +1.74 V have not been realized
in chemical processes to date. Most notable are the large ∆E°

values found in the C2 system (between 820 and 850 mV), which
are indicative of the thermodynamic stability of the intermediate
oxidation states. It should be emphasized that these electro-
chemical data alone do not provide unambiguous evidence for,
nor do they quantify, electronic interactions between the metal
centers.38
The ability of 7 to be oxidized easily can be qualitatively

rationalized by the nature and energies of the HOMOs calculated
for 7-H. The two highest occupied orbitals lie at rather high
energy and are well separated from the LUMOs (the HOMO/
LUMO energy gap is 1.39 eV) and the rest of the occupied
MOs (by 1.19 eV). Therefore 7 should be capable of losing up
to four electrons to give a series of five oxidation states, as
observed. Curiously, the oxidation potentials of 7 and 10 vary
little, despite the introduction of the more electron-donating Cp*
group in 10. Only the first oxidation in the heterometallic
complexes 9 and 11 displays any significant variation as a
function of the supporting ligands. Arguably, more pronounced
changes are observed as a function of the metal center, and
substitution of a ruthenium center in 7 by either iron (as in 8)
or osmium (as in 9 or 11) renders the latter complexes generally
more prone to oxidation.
Although there are few directly comparable examples of buta-

1,3-diyndiyl complexes with the combination of metal end-caps
reported here, some comparison is possible between 7 and the
complex {Ru(dppe)Cp}2(µ-CtCCtC) (12), which also permits
comparison of the effects of chain length in these shortest
members of the “all-carbon” bridging ligand family.39 The first
two oxidation events from the C2 complex 7 are at markedly
lower potentials than are found for the C4 analogue 12. As noted
above, although the nature and nodal properties of the HOMOs
do not change significantly upon lengthening of the carbon
chain, they are less heavily weighted toward the metal centers
as the chain is lengthened.40 This results in a weaker antibonding
interaction between the metals and the carbon bridge, and
consequently the HOMO energies are lowered when the length
of the carbon chain increases (-3.07 eV in 12-H vs -2.93 eV
in 7, for instance). Similar observations have been reported in
the Re(NO)(PPh3)Cp* series.41 Curiously, the third oxidation
potential occurs at virtually the same potential in both 7 and
12, while the fourth oxidation is actually more thermodynami-
cally favorable in the case of the longer chain complex.
The high thermodynamic stabilities of the various electro-

chemically detected species prompted an investigation of their
electronic spectra by spectro-electrochemical means (Figure 3,
Table 3). The electronic spectrum of the monocation [7]+
(observed by electrochemical reduction of the isolable dication
[7]2+ in an OTTLE cell at -30 °C) is dominated by a broad
band near 14 500 cm-1. The NIR spectra of ligand-bridged
bimetallic complexes {MLn}(µ-bridge){MLn} with odd-electron
counts have been the subject of considerable discussion, with
most authors favoring an interpretation based on the theories
of Hush and others.42 However, the Hush model assumes that
the redox processes are metal-centered. In the present case, the
significant involvement of the ethynediyl moiety in the redox-
active orbitals suggests a more cautious approach should be

(38) (a) Maurer, J; Winter, R. F.; Sarkar, B; Fiedler, J.; Zalis, S. Chem.
Commun. 2004, 1900. (b) Barriere, F.; Geiger, W. E. J. Am. Chem. Soc.
2006, 128, 3980.
(39) Bruce, M. I.; Ellis, B. G.; Gaudio, M.; Lapinte, C.; Melino, G.;

Paul, F.; Skelton, B. W.; Smith, M. E.; Toupet, L.; White, A. H. Dalton
Trans. 2004, 1601.
(40) Coat, F.; Paul, F.; Lapinte, C.; Toupet, L.; Costuas, K.; Halet, J.-F.

J. Organomet. Chem. 2003, 683, 368.
(41) Dembinski, R.; Bartik, T.; Bartik, B.; Jaeger, M.; Gladysz, J. A. J.

Am. Chem. Soc. 2000, 122, 810.

Table 2. Electrochemical Data for the C2 Complexes
Reported Here and Related Compounds

complex E1a E2a E3 E4 ∆E°

7 -0.61 +0.21 +1.06 +1.74b 820/850/680
8 -0.75 +0.16 +1.04 910/880
9 -0.67 +0.09 +1.00 760/910
10 -0.60 +0.22 +1.07 820/850
11 -0.78 +0.04 +0.95 820/910
Mn-Mnc -2.364 -1.375 -0.387 988/988
13 -0.24 +0.35 +1.08 +1.44b 0.59/
a Potentials in V vs FeCp2/[FeCp2]+ (+0.46 V) from CH2Cl2 solutions

containing 0.1 M NBu4PF6 supporting electrolyte. b Irreversible. c Data from
NCMe/NBu4PF6 solutions and converted assuming FeCp2/[FeCp2]+ )
0.40 V.
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taken. To aid the interpretation of the NIR spectrum of [7]+,
we have again turned to DFT computations.
Time-dependent density functional theory (TD-DFT) was

used to calculate the first vertical electronic transition energies
for the monocationic model [7-H]+ with its most stable
conformation (R ) 55°) and also with the transoid arrangement.
The lowest energy excitation of any significant oscillator
strength was found in both conformations at 16 200 cm-1

(oscillator strength f ) 0.17). This excitation, energetically
isolated from other absorptions, comprises electronic transitions
from the highest occupied spin-orbital HOSO-1 (!) to the
lowest unoccupied spin-orbital (LUSO) (!) (70%), and from
the HOSO-3 (!) to the LUSO (!) (13%). Interestingly, the
LUSO is equally distributed on the metal atoms and the C2
chain. This low-energy excitation can be described as a Ru-
(d)-[Ru(d)/C2(π)]* transition rather than an intervalence charge
transfer (IVCT) transition. In addition, two excitations some
10 times weaker are computed at 15 550 and 14 655 cm-1 for
the transoid conformer. These lower energy excitations involve
HOSO (R) (Rud-C2(π) character) to LUSO (R) (Ru-dHpe
antibonding character) and HOSO-3 (!) (Rud) to LUSO (!)
(Rud-C2(π) character) transitions, respectively.
An intense band at 18 900 cm-1 develops upon oxidation of

the monocation [7]+, with concomitant collapse of the lower
energy feature associated with the monocation. Clean intercon-
version of the mono- and dications is evidenced by the isosbestic
point near 17 200 cm-1. The new band is identical to that
observed for the chemically formed and isolated dication. The
profile of this band is virtually identical to that observed for
the analogous C4 complex [{Ru(dppe)Cp*}2(µ-C4)]2+, but it is

found at somewhat lower energy. An electronic excitation is
computed at 17 900 cm-1 (f ) 0.25) and at 18 240 cm-1 (f )
0.18) for the dicationic models (LS) and (HS) [7-H]2+,
respectively. For both models, this relatively high-intensity band
is assigned to an electronic transition between an Ru(d)-ligand-
based orbital and an [Ru(d)/C2(π)]*-based orbital.
Oxidation to the trication [7]3+ was also achieved. The

spectral profile of [7]3+ is, again not surprisingly, similar to
that of the related C4 species, but the shift in the visible band
is less pronounced. However, the decrease in band intensity and
small shift in the band maximum are obvious (Table 3). Further
oxidation to the electrochemically detected 32-electron tetra-
cationic species [7]4+ was complicated by the chemical reactivity
of this species, with rapid decomposition of the sample in
solution being evidenced by the accompanying irreversible loss
of spectroscopic features.

Conclusions

Several novel complexes in which C2 groups are end-capped
by redox-active group 8 metal centers have been prepared. These
complexes show three or four successive 1-e oxidation pro-
cesses. The redox-related series of complexes [Ru(dppe)Cp}2-
(µ-C2)][PF6]n (n ) 0-2) have been prepared by chemical
methods and crystallographically characterized. The structural
data, together with theoretical calculations, show a gradual
progression from an ethynediyl (M-CtC-M) form in the
neutral (36-e) species toward a cumulenic structure (MdCd
CdM) in the 34-e dication as oxidation proceeds. A low-energy
band in the monocation is observed and on the basis of DFT
calculations is assigned to an Ru(d)-[Ru(d)/C2(π)]* transition.
Computational studies indicate a larger metallic character in the
frontier orbitals of these dicarbon species relative to their buta-
1,3-diynediyl analogues. Consequently the dicarbon-bridged 34-
electron dimetallacumulene dication exhibits paramagnetic and
diamagnetic states of comparable energy, in a situation that is
analogous to 34-electron iron-based buta-1,3-diynediyl species.
In general, shorter chains and lighter metals lead to increased
stability of the triplet states in carbon-bridged bimetallic
complexes of group 8.

Experimental Section

General Procedures. All reactions were carried out under dry
nitrogen, although normally no special precautions to exclude air
were taken during subsequent workup. Common solvents were
dried, distilled under argon, and degassed before use.
Instruments. IR spectra were obtained on a Bruker IFS28 FT-

IR spectrometer. Spectra in CH2Cl2 were obtained using a 0.5 mm
path-length solution cell with NaCl windows. Nujol mull spectra
were obtained from samples mounted between NaCl discs. NMR
spectra were recorded on a Varian 2000 instrument (1H at 300.13
MHz, 13C at 75.47 MHz, 31P at 121.503 MHz). Unless otherwise
stated, samples were dissolved in CDCl3 contained in 5 mm sample
tubes. Chemical shifts are given in ppm relative to internal
tetramethylsilane for 1H and 13C NMR spectra and external H3PO4
for 31P NMR spectra. UV-vis spectra were recorded on a Varian
Cary 5 UV-vis/NIR spectrometer. Electrospray mass spectra (ES-
MS) were obtained from samples dissolved in MeOH unless
otherwise indicated. Solutions were injected into a Varian Platform
II spectrometer via a 10 mL injection loop. Nitrogen was used as
the drying and nebulizing gas. Chemical aids to ionization were
used.43 Cyclic voltammograms were recorded from CH2Cl2 solutions(42) (a) Hush, N. S. Prog. Inorg. Chem. 1967, 8, 391. (b) Creutz, C.

Prog. Inorg. Chem. 1983, 30, 1. (c) Brunschwig, B. S.; Creutz, C; Sutin,
N. Chem. Soc. ReV. 2002, 31, 168. (d) Crutchley R. J. AdV. Inorg. Chem.
1994, 41, 273. (e) Demadis, K. D.; Hartshorn, C. M.; Meyer, T. J. Chem.
ReV. 2001, 101, 2655.

(43) Henderson, W.; McIndoe, J. S.; Nicholson, B. K.; Dyson, P. J. J.
Chem. Soc., Dalton Trans. 1998, 519.

Figure 3. Spectroelectrochemically generated UV-vis-NIR
spectroscopic profiles of [7]+ and [7]2+ showing their interconver-
sion.

Table 3. Principal Electronic Transition Energies and
Intensities from the UV-Vis-NIR Spectra of 7n+ (n ) 1-3),

Determined Spectro-electrochemically
νjmax (cm-1)/ϵ(M-1dm-3)

7+ 14 150/4400
34 000/5000

72+ 18 900/26 000
20 750/5500
28 000/2800

73+ 18 970/20 200
25 500/9700
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containing 0.1 M [NBu4]PF6 as supporting electrolyte using a PAR
model 263 apparatus, with ferrocene as internal calibrant (FeCp2/
[FeCp2]+ ) 0.46 V). The OTTLE cell has been described
elsewhere44 and featured a 1 mm path-length cell with a Pt-mesh
working electrode and Pt wire counter and pseudo-reference
electrodes. Samples (1 mM) were dissolved in CH2Cl2 containing
0.5 M [NBu4]BF4 as the supporting electrolyte for the spectro-
electrochemical experiments. Elemental analyses were performed
by CMAS, Belmont, Vic., Australia. The magnetic susceptibilities
were measured using a Quantum Design MPMS5 Squid magne-
tometer, in an applied field of 1 T, with the sample contained in a
quartz tube carefully sealed to prevent any sample decomposition.
Freshly prepared samples gave reproducible data.
Reagents. The complexes MCl(dppe)Cp′ (Cp′ ) Cp, M ) Fe,45

Ru,46 Os;47 Cp′ ) Cp*, M ) Ru,27b Os47), HCtCSiMe3,48 and [Ru-
(dCdCH2)(dppe)Cp*]PF627b were prepared by the cited methods.
(a) [Fe(dCdCH2)(dppe)Cp]PF6 (1). A solution of FeCl(dppe)-

Cp (500 mg, 0.90 mmol), [NH4]PF6 (294 mg, 1.80 mmol), and
HCtCSiMe3 (0.64 mL, 4.50 mmol) in t-BuOH (10 mL) was heated
at reflux point for 2 h. The resulting precipitate was collected by
filtration and washed with Et2O to yield [Fe(dCdCH2)(dppe)Cp]-
PF6 (1) (559 mg, 90%). IR (Nujol, cm-1): ν(CC) 1626w, ν(PF)
842s. 1H NMR (d6-acetone): δ 3.06-3.37 (m, 4H, CH2CH2), 3.99
(s, 2H, CCH2), 5.25 (s, 5H, Cp), 7.42-7.73 (m, 20H, Ph). 13C NMR
(d6-acetone): δ 90.15 (s, Cp), 106.93 (s, C#), 129.42-137.47 (m,
Ph), 354.71 [t, 2J(CP) ) 33 Hz, CR]. 31P NMR (d6-acetone): δ
98.0 (s, dppe); -142.5 [septet, 1J(PF) ) 703 Hz, PF6]. ES-MS
(positive ion mode, MeOH, m/z): 545, [Fe(CCH2)(dppe)Cp]+; 519,
[Fe(dppe)Cp]+.
(b) [Ru(dCdCH2)(dppe)Cp]PF6 (2). Similarly, RuCl(dppe)-

Cp (500 mg, 0.83 mmol), [NH4]PF6 (272 mg, 1.67 mmol), and
HCtCSiMe3 (0.59 mL, 4.15 mmol) in t-BuOH (10 mL) gave [Ru-
(dCdCH2)(dppe)Cp]PF6 (2) (554 mg, 91%). IR (Nujol): ν(CC)
1640w, ν(PF) 839s. 1H NMR (d6-acetone): δ 3.08-3.24 (m, 4H,
CH2CH2), 3.20 [t, 4J(HP) ) 1.5 Hz, 2H, CCH2)], 5.65 (s, 5H, Cp),
7.34-7.83 (m, 20H, Ph). 31P NMR (d6-acetone): δ 80.8 (s, dppe);
-142.4 [septet, 1J(PF) ) 703 Hz, PF6]. Lit. values:25 IR (Nujol):
ν(CC) 1641w, ν(PF) 841 s (PF6). 1H NMR (CD2Cl2): δ 2.95 (m,
4H, CH2CH2), 3.19 [t, 4J(HP) 1.5 Hz, 2H, CCH2], 5.37 (s, 5H,
Cp), 7.57-7.16 (m, 20H, Ph).
(c) [Os(dCdCH2)(dppe)Cp]PF6 (3). A solution of OsCl(dppe)-

Cp (100 mg, 0.145 mmol), [NH4]PF6 (48 mg, 0.29 mmol), and
HCtCSiMe3 (0.1 mL, 0.725 mmol) in t-BuOH (2.5 mL) was heated
at reflux point for 4 h. After removal of solvent under vacuum, the
residue was dissolved in a minimum amount of CH2Cl2 and filtered
into Et2O. The resulting precipitate was collected to yield
[Os(dCdCH2)(dppe)Cp]PF6 (3) (40 mg, 56%). IR (Nujol, cm-1):
ν(CC) 1641w, ν(PF) 837s. 1H NMR (d6-acetone): δ 0.62 (t, 4JHP
) 0.23 Hz, 2H, CCH2), 3.22-2.94 (m, 4H, CH2CH2), 5.76 (s, 5H,
Cp), 7.91-7.14 (m, 20H, Ph). 13C NMR (d6-acetone): δ 90.79 (s,
Cp), 95.06 (s, C#), 126.73-139.29 (m, Ph), 302.91 (s, CR). 31P NMR
(d6-acetone): δ 42.9 (s, dppe);-141.6 (septet, 1JPF ) 703 Hz, PF6).
ES-MS (positive ion mode, MeOH, m/z): 681, [Os(CCH2)(dppe)-
Cp]+; 655, [Os(dppe)Cp]+. The filtrate was then purified by
chromatography (silica gel), eluting with acetone/hexane (3:7) to
recover unreacted OsCl(dppe)Cp (40 mg, 40%).
(d) [Os(dCdCH2)(dppe)Cp*]PF6 (4). Similarly, OsCl(dppe)-

Cp* (160 mg, 0.211 mmol), [NH4]PF6 (69 mg, 0.422 mmol), and
HCtCSiMe3 (0.14 mL, 1.054 mmol) in MeOH (15 mL) were
heated at reflux point for 3 h, subsequent workup giving

[Os(dCdCH2)(dppe)Cp*](PF6) (4) (160 mg, 85%). IR (Nujol,
cm-1): ν(CC) 1633w, ν(PF) 836s. 1H NMR (d6-acetone): δ 0.60
(s, 2H, CCH2), 1.74 (s, 15H, Cp*), 2.86-3.06 (m, 4H, CH2CH2),
7.24-7.63 (m, 20H, Ph). 31P NMR (d6-acetone): δ 40.8 (s, dppe);
-142.5 [septet, 1J(PF) 703 Hz, PF6].
[{Ru(dppe)Cp}2(µ-CCH)]PF6 (5). Solution A: AgOTf (144 mg,

0.56 mmol) was added to a solution of RuCl(dppe)Cp (350 mg,
0.58 mmol) in thf (20 mL), and the suspension was stirred in the
dark for 30 min.
Solution B: In a separate flask, [Ru(dCdCH2)(dppe)Cp]PF6

(429 mg, 0.583 mmol) was treated with LiBu (0.48 mL of a 2.5 M
solution in hexanes, 1.22 mmol), and the resulting solution was
stirred at rt for 30 min.
Solution A was filtered through a pad of Celite into solution B.

Stirring was continued at rt for 12 h. The orange solution was then
passed through a short silica column, completing the elution with
acetone to give a green product. After removal of solvent, the
residue was extracted into a minimum amount of CH2Cl2 and
filtered into rapidly stirred Et2O (300 mL) to give [{Ru(dppe)Cp}2-
(µ-CCH)]PF6 (5) (508 mg, 70%) as a forest-green powder. An
analytical sample was recrystallized from CH2Cl2/hexane. Anal.
Calcd (C64H59F6P5Ru2): C, 59.17; H, 4.57; M (cation), 1154.
Found: C, 59.30; H, 4.53. IR (Nujol, cm-1): 1651m, 837s. 1H
NMR (CD2Cl2): δ 1.91, 2.08 (2 × m, 2 × 4H, CH2), 2.51 [qu,
J(HP) ) 6 Hz, CdCH], 4.75 (s, 10H, Cp), 6.52-8.02 (m, 40H,
Ph). 31P (CD2Cl2): δ 81.7 (s, dppe), -142.4 (septet, PF6). ES-MS
(MeOH, m/z): 1154, M+; 577, M2+.
(e) [{Cp(dppe)Ru}2(µ-C2)]PF6 ([7]PF6). [FeCp2]PF6 (38 mg,

0.115 mmol) was added to a solution of [{Cp(dppe)Ru}2(µ-CCH)]-
PF6 (150 mg, 0.115 mmol) in CH2Cl2 (15 mL), and the mixture
was stirred for 30 min. Solvent was then removed under vacuum,
and the residue was dissolved in a minium amount of benzene and
chromatographed (silica gel), eluting with acetone/hexane (1:9) to
remove FeCp2 and then acetone/hexane (3:7) to yield [{Cp(dppe)-
Ru}2(µ-C2)]PF6 ([7]PF6) (137 mg, 92%). Anal. Calcd (C64H58F6P5-
Ru2): C, 59.21; H, 4.50; M (cation), 1154. Found: C, 59.30; H,
4.53. IR (Nujol, cm-1): ν(CC) 1713w, ν(PF) 839s. ES-MS (positive
ion mode, MeOH, m/z): 1154, M+.
(f) [{Cp(dppe)Ru}2(µ-C2)](PF6)2 ([7](PF6)2). [FeCp2]PF6 (76

mg, 0.23 mmol) was added to a solution of [{Cp(dppe)Ru}2(µ-
CCH)]PF6 (150 mg, 0.115 mmol) in CH2Cl2 (15 mL) and stirred
for 30 min. The solvent was then removed under vacuum, and the
residue dissolved in a minium amount of benzene and chromato-
graphed (silica gel), eluting with acetone/hexane (1:9) to remove
FeCp2 and then acetone/hexane (1:1) to yield [{Cp(dppe)Ru}2(µ-
C2)](PF6)2 ([7](PF6)2) (166 mg, 89%). Anal. Calcd (C64H58F12P6-
Ru2): C, 53.18; H, 4.05; M (dication), 577. Found: C, 53.09; H,
4.07. IR (Nujol, cm-1): ν(CC) 1651w, ν(PF) 840s. ES-MS (positive
ion mode, MeOH, m/z): 577, [M]2+.
{Cp(dppe)Ru}2(µ-CtC) (7). KOBut (35 mg, 0.31 mmol) was

added to a suspension of [{Ru(dppe)Cp}2(µ-CCH)]PF6 (100 mg,
0.08 mmol) in thf (5 mL). The color changed rapidly from green
to orange, and after ca. 5 min, hexane (50 mL) was added.
Concentration to 20 mL and addition of CH2Cl2 (1 mL) gave an
orange solution, which was left to crystallize under a gentle stream
of N2. After 24 h, red crystals had separated. These were collected
and washed with acetone and dry Et2O to give {Cp(dppe)Ru}2(µ-
CtC) (7) (24 mg, 27%). Anal. Calcd (C64H58P4Ru2): C, 66.66; H,
5.07;M, 1153. Found: C, 66.70; H, 5.06. IR (Nujol, cm-1): 1951m.
1H NMR (C6D6): δ 1.92, 2.11 (2 × m, 2 × 4H, CH2), 4.59 (s,
10H, Cp), 6.85-7.93 (m, 40H, Ph). 13C NMR (C6D6): δ 29.09
(m, CH2), 82.84 (s, Cp), 129.18-145.90 (m, Ph). 31P NMR
(C6D6): δ 87.8 (br). ES-MS (positive ion, MeOH, m/z): 1154,
[M]+; 577, [M + H]2+.
{Cp(dppe)Ru}CtC{Ru(dppe)Cp*} (10). To a solution of

[{Cp(dppe)Ru}CC{Ru(dppe)Cp*}](PF6)2 (100 mg, 0.066 mmol)
in THF (10 mL) was added an excess of KOBut (23 mg, 0.198

(44) Duff, C. M.; Heath, G. A. Inorg. Chem. 1991, 30, 2528.
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mmol), and stirring continued for a further 30 min before the solvent
was removed in Vacuo. The product was then extracted with hot
hexane until fractions were colorless, and the solvent was again
removed in Vacuo to yield pure orange {Cp(dppe)Ru}CtC{Ru-
(dppe)Cp*} (10) (60 mg, 75%). Anal. Calcd (C69H68P4Ru2‚0.5CH2-
Cl2): C, 65.95; H, 5.49; M, 1224. Found: C, 66.40; H, 5.21. IR
(Nujol, cm-1): 2026 m. 1H NMR (d6-benzene): δ 1.69 (s, 15H,
Cp*), 1.98-1.87, 2.15-2.08 (2 × m, 2 × 2H, CH2CH2), 4.60 (s,
5H, Cp); 6.76-7.93 (m, 40H, Ph). 13C NMR (d6-benzene): δ 10.97
(s, C5Me5), 27.69 (m, CH2CH2), 83.01 (s, Cp), 92.84 (s, C5Me5),
128.07-147.46 (m, Ph). 31P NMR (d6-benzene): δ 83.4, 88.7, (br,
dppe). ES-MS (positive ion mode, MeOH, m/z): 1224, M+; 635,
[Ru(dppe)Cp*]+; 565, [Ru(dppe)Cp]+.
[{Cp′(dppe)M}(µ-C2){M(dppe)Cp′}](PF6)2. These complexes

were prepared by addition of a solution of [M(dppe)Cp′]+ (solution
1) to one of deprotonated [M(dCdCH2)(dppe)Cp′]+ (solution 2).
Both solutions were freshly prepared and stirred for 30 min before
solution 1 was filtered through Celite into solution 2. The resulting
mixture was stirred for a further 18 h and worked up as described
below for the individual compounds.
[{Cp(dppe)Ru}(µ-C2){Ru(dppe)Cp*}](PF6)2 ([10](PF6)2).

Solution 1: AgOTf (190 mg, 0.741 mmol) was added to RuCl-
(dppe)Cp (445 mg, 0.741 mmol) in THF (15 mL) in the dark.
Solution 2: ButLi (0.6 mL, 1.482 mmol, 2.5 M in hexanes) was
added to [Ru(dCdCH2)(dppe)Cp*]PF6 (597 mg, 0.741 mmol) in
THF (15 mL). After 18 h, the mixture was filtered through a short
column of silica gel, eluting with acetone. Solvent was then removed
from the green eluate, and the solid was dissolved in CH2Cl2 (30
mL). Addition of [FeCp2]PF6 (491 mg, 1.48 mmol) turned the
solution pink. Chromatography (silica gel), eluting first with
acetone/hexane (1:9) to remove unreacted RuCl(dppe)Cp and FeCp2
and then with acetone/hexane (1:1) gave a pink band containing
[{Cp(dppe)Ru}(µ-C2){Ru(dppe)Cp*}](PF6)2 ([10](PF6)2) (426 mg,
38%) and isolated as a pink-colored solid. Anal. Calcd (C69H68F12P6-
Ru2): C, 54.77; H, 4.53; M (dication), 612. Found: C, 54.63; H,
4.51. IR (Nujol, cm-1): ν(CC) 1639w, ν(PF) 841s. ES-MS (positive
ion mode, MeOH, m/z): 612, M2+.
[{Cp(dppe)Fe}(µ-C2){Ru(dppe)Cp}](PF6)2 ([8](PF6)2). Solu-

tion 1: AgOTf (19 mg, 0.073 mmol) was added to stirred RuCl-
(dppe)Cp (44 mg, 0.073 mmol) in THF (10 mL) while in the dark.
Solution 2: ButLi (0.06 mL, 0.145 mmol, 2.5 M) was added to
[Fe(dCdCH2)(dppe)Cp](PF6) (50 mg, 0.073 mmol) in THF (10
mL). After 18 h, chromatography (basic alumina), eluting with
acetone, was used to remove the µ-ethynyl complex. The solvent

was then removed, the solid was redissolved in CH2Cl2 (10 mL),
[FeCp2]PF6 (48 mg, 0.146 mmol) was added, and stirring was
continued for 30 min before Et2O (15 mL) was added. The pink
precipitate was collected on a sintered glass frit to yield [{Cp(dppe)-
Fe}(µ-C2){Ru(dppe)Cp}](PF6)2 ([8](PF6)2) (27 mg, 27%). Anal.
Calcd (C64H58F12FeOsP6): C, 54.99; H, 4.18; M (dication), 554.
Found: C, 55.04; H, 4.12. IR (Nujol, cm-1): ν(CC) 1645w, ν(PF)
840s. ES-MS (positive ion mode, MeOH, m/z): 554, M2+.
[{Cp(dppe)Ru}(µ-C2){Os(dppe)Cp}](PF6)2 ([9](PF6)2). Solu-

tion 1: AgOTf (9.5 mg, 0.037 mmol) was added to RuCl(dppe)Cp
(22 mg, 0.037 mmol) in THF (10 mL) in the dark. Solution 2:
ButLi (0.04 mL, 0.074 mmol, 2.5 M) was added to [Os(dCdCH2)-
(dppe)Cp]PF6 (30 mg, 0.037 mmol) in THF (10 mL). After 18 h,
a workup similar to 7 gave [{Cp(dppe)Ru}(µ-C2){Os(dppe)Cp}]-
(PF6)2 ([9](PF6)2) (34 mg, 62%). Anal. Calcd (C64H58F12OsP6Ru):
C, 50.17; H, 3.82; M (dication), 621. Found: C, 49.99; H, 3.88. IR
(Nujol, cm-1): ν(CC) 1730w, ν(PF) 844s. ES-MS (positive ion
mode, MeOH, m/z): 621, M2+; 655, [Os(dppe)Cp]+; 565, [Ru-
(dppe)Cp]+.
[{Cp(dppe)Ru}(µ-C2){Os(dppe)Cp*}](PF6)2 ([11](PF6)2).

Solution 1: AgOTf (190 mg, 0.741 mmol) was added to RuCl-
(dppe)Cp (445 mg, 0.741 mmol) in THF (15 mL) in the dark.
Solution 2: ButLi (0.6 mL, 1.482 mmol, 2.5 M) was added to [Os-
(dCdCH2)(dppe)Cp*]PF6 (663 mg, 0.741 mmol) in THF (15 mL).
After 18 h, a similar workup to 10 gave [{Cp(dppe)Ru}(µ-C2)-
{Os(dppe)Cp*}](PF6)2 (11(PF6)2) (510 mg, 43%). Anal. Calcd
(C69H68F12OsP6Ru): C, 51.72; H, 4.28; M (dication), 656. Found:
C, 51.68; H, 4.30. IR (Nujol, cm-1): ν(CC) 1672w, ν(PF) 838s.
ES-MS (positive ion mode, MeOH, m/z): 656, M2+.
Structure Determinations. Full spheres of diffraction data were

measured at ca. 153 K using a Bruker AXS CCD area-detector
instrument. Ntot reflections were merged to N unique (Rint cited)
after “empirical”/multiscan absorption correction (proprietary soft-
ware), No with F> 4σ(F) being used in the full matrix least-squares
refinements. All data were measured using monochromated Mo KR
radiation, λ ) 0.71073 Å. Anisotropic displacement parameter
forms were refined for the non-hydrogen atoms, (x, y, z, Uiso)H being
constrained at estimates. Conventional residuals R, Rw on |F| are
quoted [weights: (σ2(F) + 0.000nwF2)-1]. Neutral atom complex
scattering factors were used; computation used the XTAL 3.7
program system.49 Pertinent results are given in Figure 1 (which

(49) Hall, S. R., du Boulay, D. J., Olthof-Hazekamp, R., Eds. The XTAL
3.7 System; University of Western Australia, 2000.

Table 4. Crystal Data and Refinement Details
7 [7]PF6 [7](PF6)2 [7](PF6)2 [7](PF6)2

formula C64H58P4Ru2‚CH2Cl2 C64H58F6P5Ru2 C64H58F12P6Ru2 C64H58F12P6Ru2‚C3H6O C64H58F12P6Ru2‚
H2O

MW 1238.14 1298.17 1443.13 1501.21 1461.14
cryst syst monoclinic monoclinic triclinic triclinic triclinic
space group P21/c P21/n P1h P1h P1h
a/Å 15.210(2) 20.783(10) 11.96(1) 11.538(5) 11.639(2)
b/Å 20.703(2) 12.954(8) 15.49(2) 14.004(6) 15.134(3)
c/Å 19.144(2) 22.97(1) 20.45(2) 21.671(9) 19.865(4)
R/deg 69.70(2) 101.154(7) 69.693(3)
%/deg 111.627(2) 95.480(10) 84.93(2) 91.028(7) 84.767(3)
γ/deg 69.31(2) 112.459(7) 69.351(3)
V/Å3 5604(1) 6157(6) 3322(6) 3159(2) 3069(1)
Fc/g cm-3 1.467 1.400 1.443 1.578 1.581
Z 4 4 2 2 2
2θmax/deg 53 50 41 50 55
µ(Mo KR)/mm-1 0.79 0.68 0.67 0.71 0.73
Tmin/max 0.90 0.69 0.52 0.80 0.71
cryst dimens/mm3 0.48 × 0.36 × 0.24 0.13 × 0.05 × 0.04 0.08 × 0.06 × 0.04 0.25 × 0.08 × 0.07 0.54 × 0.27 × 0.16
Ntot 48611 41427 25294 28832 14129
N (Rint) 11347 (0.052) 10951 (0.29) 6797 (0.40) 10911 (0.077) 14129 (0.11)
No 9028 3281 1899 7544 8832
R 0.049 0.125 0.16 0.071 0.070
Rw (nw) 0.067 (0) 0.149 (0) 0.21 (0) 0.18 (wR2) 0.15 (wR2)
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shows non-hydrogen atoms with 50% probability amplitude dis-
placement ellipsoids and hydrogen atoms with arbitrary radii of
0.1 Å) and in Tables 1 and 4.
In general, data acquisition and subsequent structure determi-

nation presented considerable difficulties as a consequence of
specimen size, crystal quality, desolvation, and disorder, with (7
excepted) generally poor precision incompatible with the aspiration
of benchmarking the associated theoretical calculations.
The lattice CH2Cl2 of solvation in 7 was modeled as disordered

over two sets of sites, occupancies set at 0.5. In [7]PF6 and
(unsolvated) [7](PF6)2, limited data would support meaningful
anisotropic displacement parameter form refinement for Ru, P only,
aromatic rings being modeled as rigid bodies in the refinement of
the latter. The assignment of one compound as a monohydrate rests
upon the refinement of a significant isolated residue as a water
molecule oxygen atom.
Computational Details. DFT calculations were performed with

the Amsterdam Density Functional package (ADF 2004.01)50-52
on models [7-H]n+, [8-H]n+, and [9-H]n+, which were used in order
to reduce computational effort (phenyl groups of [7]n+, [8]n+, and
[9]n+ were replaced by hydrogen atoms). Calculations were also
carried out on [12-H]n+ derived from the structure of 12, for
comparison. The geometries were fully optimized without con-
straints (C1 symmetry). Electron correlation was treated within the
local density approximation (LDA) in the Vosko-Wilk-Nusair
parametrization.53 The nonlocal corrections of Becke and Perdew
were added to the exchange and correlation energies, respec-
tively.54,55 The analytical gradient method implemented by Verluis
and Ziegler was used.56 The standard ADF TZP basis set was used,
i.e., triple-! STO basis set for the valence core augmented with a
3d polarization function for C and P and a 5p polarization function
for Ru. Orbitals up to 1s, 2p, and 4p were kept frozen for C, P,
and Ru, respectively. The gradient-regulated asymptotic correction,57
which provides a correct Coulombic asymptotic behavior in the
inner atomic region, was used for the TD-DFT excited-state
calculations (atomic basis set unchanged). The excitation energies
and oscillator strengths were calculated following the procedure
described by van Gisbergen and co-wokers.58 DFT/B3LYP (LanL2DZ
basis set) calculations were also performed with the Gaussian 03
program59 on [7-H]2+, [8-H]2+, and [9-H]2+ to better evaluate the

spin configuration of those systems since they were shown to give
the most reliable results for electronic configurations.60 The
structural arrangements of [7]n+ (n ) 0-2) were optimized using
the QM/MM methodology implemented in the ADF package. The
phenyl groups were described by molecular mechanics (MM) using
the SYBYL/TRIPOS 5.2 force field constants. Representations of
the molecular structures and orbitals were done using
MOLEKEL 4.1.61
Full details of the structure determinations (except structure

factors) have been deposited with the Cambridge Crystallographic
Data Centre as CCDC 235746 (7), 235747 ([7](PF6)2‚acetone),
613892 ([7](PF6)2‚4CH2Cl2), 613893 ([7]PF6), 613894 ([7]PF6‚
H2O). Copies of this information may be obtained free of charge
from The Director, CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK (fax: + 44 1223 336 033; e-mail: deposit@ccdc.cam.ac.uk
or www: http://www.ccdc.cam.ac.uk).
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(57) Grüning, M.; Gritsenko, O. V.; van Gisbergen, S. J. A.; Baerends,

E. J. J. Chem. Phys. 2001, 144, 652.
(58) van Gisbergen, S. J. A.; Snijders, J. G.; Baerends, E. J. Comput.

Phys. Commun. 999, 118, 119.

(59) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.;
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian
03, revision C.02; Gaussian, Inc.: Wallingford, CT, 2004.
(60) Ruiz, E.; Alvarez, S.; Cano, J.; Polo, V. J. Chem. Phys. 2005, 123,

164110.
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Syntheses, structures and redox properties of some complexes containing the
Os(dppe)Cp* fragment, including [{Os(dppe)Cp*}2(l-C≡CC≡C)]†‡
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The sequential conversion of [OsBr(cod)Cp*] (9) to [OsBr(dppe)Cp*] (10),
[Os(=C=CH2)(dppe)Cp*]PF6 ([11]PF6), [Os(C≡CH)(dppe)Cp*] (12),
[{Os(dppe)Cp*}2{l-(=C=CH–CH=C=)}][PF6]2 ([13](PF6)2) and finally
[{Os(dppe)Cp*}2(l-C≡CC≡C)] (14) has been used to make the third member of the triad
[{M(dppe)Cp*}2(l-C≡CC≡C)] (M = Fe, Ru, Os). The molecular structures of [11]PF6, 12 and 14,
together with those of the related osmium complexes [Os(NCMe)(dppe)Cp*]PF6 ([15]PF6) and
[Os(C≡CPh)(dppe)Cp*] (16), have been determined by single-crystal X-ray diffraction studies.
Comparison of the redox properties of 14 with those of its iron and ruthenium congeners shows that
the first oxidation potential E1 varies as: Fe ≈ Os < Ru. Whereas the Fe complex has been shown to
undergo three sequential 1-electron oxidation processes within conventional electrochemical solvent
windows, the Ru and Os compounds undergo no fewer than four sequential oxidation events giving rise
to a five-membered series of redox related complexes [{M(dppe)Cp*}2(l-C4)]n+ (n = 0, 1, 2, 3 and 4), the
osmium derivatives being obtained at considerably lower potentials than the ruthenium analogues.
These results are complimented by DFT and DT DFT calculations.

Introduction

Contemporary interest in molecules containing unsaturated
carbon chains linking transition metal–ligand groups1,2 has
resulted in much work centred on complexes of the type
{LxM}(C≡C)n{MLx} (n = 1–14), containing end-groups
such as Pt(PR3)2(Ar),3 MnI(dmpe)2,4 Mn(dmpe)(g5-C5H4Me),5

Mn(C≡CSiR3)(dmpe)2,6 Re(NO)(PPh3)Cp*,7 Fe(CO)2Cp*,8

Fe(PP)Cp* (PP = dppe, dippe)9,10 and Ru(PP)Cp′ [PP =
(PPh3)(PR3), R = Me, Ph; dppm, dppe; Cp′ = Cp, Cp*],11

many of which have been demonstrated to undergo several
step-wise one-electron oxidations. Their electronic structures have
attracted attention, with theoretical calculations showing that
the HOMOs of these complexes generally have both metal and
carbon character, the relative amounts of which depend on the
length of the carbon chain and the nature of the end-groups.12–14

Consequently, oxidation of these species can involve removal
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bLaboratoire des Sciences Chimiques de Rennes, UMR 6226 CNRS-
Université de Rennes 1, F-35042, Rennes, Cedex, France
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‡ CCDC reference numbers 617825–617829. For crystallographic data in
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of electrons from orbitals which are delocalised over all atoms
of the M–(C≡C)n–M bridge,7,11 or from orbitals localised
predominantly either on the carbon chain itself (as in the Mn
complexes4–6) or at the metal centres (for Fe).9,10

The magnetic properties of these redox-active complexes are
directly linked to their electronic structures and are of consid-
erable interest. With the exception of the Mn derived series,4

all neutral M–C4–M species described to date are diamagnetic
and best described in terms of a buta-1,3-diyne-1,4-diyl structure
(i.e., the limiting valence structure A, Scheme 1).9 In the case of
the manganese complexes, magnetic susceptibility measurements
suggest a triplet ground state for the neutral complex [{trans-
MnI(dmpe)2}2(l-C≡CC≡C)] (i.e., a neutral diradical with formal
d5–d5 configurations at each Mn centre), although it should be
noted that this 34-electron complex offers two fewer electrons than
the other 36-electron buta-1,3-diynediyl complexes. Sequential
one-electron oxidations of [{trans-MnI(dmpe)2}2(l-C≡CC≡C)]
lead to mono- and di-cations with doublet and singlet electronic
structures, respectively, with the Mn centres capping an increas-
ingly cumulenic carbon fragment.4 Similar observations have been
made on other members of the family of Mn2C4 complexes.6

The product derived from one-electron oxidation of
[{Fe(dppe)Cp*}2(l-C≡CC≡C)] (1; A, Scheme 1) also has a buta-
1,3-diynediyl structure with the radical sites localised on the
metal centres (structures B and C).9 The paramagnetic dication
[1]2+ has a singlet (D)–triplet (E) energy gap sufficiently small
(DGST = −18.2 cm−1) for both states to be populated, even at
liquid nitrogen temperatures. Removal of a third electron from
the Fe–C4–Fe substructure is also possible, the use of the very
electron-donating and bulky dippe ligand allowing isolation of

This journal is © The Royal Society of Chemistry 2007 Dalton Trans., 2007, 5387–5399 | 5387
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Scheme 1 Representations of the oxidation processes and products de-
rived from buta-1,3-diynediyl complexes [{M(dppe)Cp*}2(l-C≡CC≡C)].

[{Fe(dippe)Cp*}2(l-C4)](PF6)3 ([5](PF6)3), which is a three-spin
carrier at 293 K.10

Various spectroscopic, structural and computational studies
show a smooth transition from the buta-1,3-diynediyl structure of
the diruthenium complexes [{Ru(PP)Cp′}2(l-C≡CC≡C)] [Cp′ =
Cp, PP = (PPh3)2 2; Cp′ = Cp*, PP = dppe 3] (G, Scheme 2)
to the cumulenic structure H in the derived dications and even-
tually to the acetylide-bridged dicarbyne I in the tetracations.11

Similar observations have been made for the rhenium complexes
[{Re(NO)(PPh3)Cp*}2(l-C4)]n+ ([4]n+, n = 0–2), although no
dirhenium system of this type has yet been oxidised beyond
the dication.4 In contrast to the iron species [1]2+, the dicationic
ruthenium and rhenium complexes [2]2+, [3]2+ and [4]2+ have been
reported to be diamagnetic between 80 and 300 K.7,11

The families of complexes derived from 1 and 3 feature the same
ligand environment about metal centres from the same periodic
Group, yet differ in terms of the number of accessible oxidation
states and their electronic and magnetic structures. Given these
structural similarities, the observed differences in magnetic and
electronic behaviour for the iron and ruthenium complexes suggest
that it is the metal termini which play a decisive role in dictating
the nature of the spin-carriers and their interactions, therefore
underpinning the long-range magnetic and electronic interactions
between them.

Scheme 2 Oxidation processes of compounds 2 and 3. Similar structures
are appropriate for the oxidation of 4.

A detailed study of the hetero-bimetallic complexes
[{Cp*(dppe)Fe}C≡CC≡C{Ru(dppe)Cp*}] (7) and [{Cp*(dppe)-
Fe}C≡CC≡C{Ru(PPh3)2Cp}] (8), which undergo step-wise ox-
idation with [FeCp2]PF6 to give the mono- and di-cations,
[7](PF6)n and [8](PF6)n (n = 1, 2), has also been reported.15

Computational work indicates these systems possess delocalised
electronic structures, with a significant contribution from the iron
centre to the highest lying orbitals. This description is supported
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by the available X-ray structural data, together with the IR
spectrum of [8](PF6)2, which shows a decrease in the m(CC)
frequency, and which are consistent with the gradual evolution
of the polycarbon moiety from a diynediyl structure to a more
cumulenic system as oxidation proceeds. These data, together
with 57Fe Mössbauer, ESR, IR, UV-vis and NIR spectra allow an
estimation of the relative contributions of the metal centres and
ancillary ligands to the properties of the [{MLx}(l-C4){M′Lx}]n+

assemblies and clearly indicate the dominant role of ruthenium
over iron in dictating the underlying electronic structures of C4-
bridged bimetallic complexes.

To date, there has been no example of a series of buta-1,3-
diynediyl complexes containing the metals of a triad with the
same ligand environments. In many cases, this has resulted from
difficulties in obtaining such a series, the extensive studies of
compounds containing the Re(NO)(PPh3)Cp* end-groups7 not
being replicated for Mn (this ligand environment has not yet
been accessed) or Tc (because of its radioactive character). Even
with the Group 8 elements, where studies of the chemistry of
Ru(PPh3)2Cp complexes are common, some of which have been
duplicated with osmium, the Fe(PPh3)2Cp group is apparently too

sterically congested to be capable of isolation. However, with a
smaller, chelating diphosphine, such as dppe, analogous complexes
containing all three elements of Group 8 can be prepared. It is
obviously of interest to examine the osmium complexes related
to those described above to complete the picture of the changes
attendant on descending the group and this paper describes
some osmium complexes with the same ligand environment
[Os(dppe)Cp*] as in the Fe and Ru complexes previously studied.15

Results

Syntheses

The conversion of OsO4 to [OsBr(cod)Cp*] (9) and thence to
[OsBr(dppe)Cp*] (10) was achieved by the sequence of reactions
shown in Scheme 3. Reduction of OsO4 by HBr to give H2OsBr6,16

followed by reaction with Cp*H in ethanol may give any of three
products, as described by Girolami and coworkers.17 It is necessary
to control reaction times carefully and to exclude oxygen to obtain
the complex [{Os(l-Br)BrCp*}2]. Although this complex does
not react with dppe to give [OsBr(dppe)Cp*], the latter could be

Scheme 3 The preparation of the homometallic osmium diynediyl complex 14, associated intermediates and related compounds.
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obtained via the reactive intermediate [OsBr(cod)Cp*], obtained
from [{Os(l-Br)BrCp*}2] and 1,5-cyclooctadiene (cod).17 More
recently, we have developed methods for accessing these precur-
sors from potassium osmate, K2[OsO2(OH)4], which provides a
more convenient and less hazardous entry into organo-osmium
chemistry.18

Regardless of the method of preparation of 9, substitution of
the labile cod with dppe in refluxing heptane led to the formation
of 10 in high yield (81%). Complexes 9 and 10 were characterised
by 1H, 13C and 31P NMR spectroscopy along with ES-MS and
elemental microanalyses. In the 1H NMR spectra of 9 and 10,
singlet resonances at d 1.61 and 1.68, respectively, arise from
C5Me5. Multiplets between d 1.71 and 4.07 are assigned to CH2

and CH protons of the cod ligand in 9, while for 10, multiplets are
found at d 2.09 and 2.62 (CH2) and at d 6.97–7.92 (Ph). The 13C
NMR spectra of 9 and 10 contained resonances for Cp* at d 9.51
and 9.82 (singlets, Me) and d 85.12 and 94.01 [triplets, J(CP) 3 Hz,
ring C], together with two singlets at d 68.1 and 69.3 (cod in 9) or
multiplets centred at d 30.77 (CH2) and between d 127.75–140.86
(Ph) (dppe in 10). The 31P resonance for the dppe ligand in 10 is at
d 43.0. The electrospray (ES) mass spectrum of 10 contained both
the molecular ion at m/z 804, arising from in-source oxidation,
and the Br-loss ion [Os(dppe)Cp*]+ at m/z 725.

A reaction sequence utilising the coupling of metal acetylide
radical cations was used to convert 10 to [{Cp*(dppe)Os}2(l-
C≡CC≡C)] (14).9a There is a significant decrease in reactivity
of 10 compared with the iron or ruthenium chloro analogues, so
that the reaction between 10 and HC≡CSiMe3 in the presence
of [NH4]PF6 required extended heating (72 h). The vinylidene
[Os(=C=CH2)(dppe)Cp*]PF6 ([11]PF6) was isolated as a pale
yellow powder in 90% yield. Vinylidene 11 was readily de-
protonated with KOBut in thf to give the osmium ethynyl
[Os(C≡CH)(dppe)Cp*] (12) as a yellow solid in 59% yield. The
ethynyl complex 12 is very air-sensitive in solution, the reaction
mixture turning deep green upon exposure to only traces of
oxygen. Oxidative coupling of 12 with [FeCp2]PF6 afforded the
(bis)vinylidene [{Cp*(dppe)Os}2{l-(=C=CH–CH=C=)}](PF6)2

([13](PF6)2) as a grey powder (68%), which was then depro-
tonated with KOBut to give the required diynediyl complex,
[{Os(dppe)Cp*}2(l-C≡CC≡C)] (14) as a bright orange powder in
66% yield. In the presence of oxygen, the reaction mixture rapidly
turns dark green, resulting in loss of product.

Complexes [11]PF6, 12, [13](PF6)2 and 14 were characterised
spectroscopically and all gave satisfactory elemental microanaly-
ses. Thus, the IR spectra contained m(CC) bands at 1633 ([11]PF6),
1929 (12), 1611 ([13](PF6)2) and 1965 cm−1 (14), consistent with
the change in CC bond order as indicated in Scheme 3; other
characteristic bands were at 836 ([11]PF6), 841 ([13](PF6)2 [m(PF)]
and 3274 cm−1 [12, m(≡CH)]. In the 1H NMR spectra, the Cp*
groups gave singlets between dH 1.43–1.99 and dC 9.72–10.99
(C5Me5) and d 88.59–92.17 (ring C). For 12, the ring C resonance
showed a triplet coupling to 31P (3 Hz). In vinylidene complexes
[11]PF6 and [13](PF6)2, the characteristic low-field resonances for
Ca were at d 305.27 and 309.69, respectively, with Cb resonating
at d 100.64 and 100.37. Phenyl resonances are found in the usual
regions, between dH 6.74–7.99 and dC 127.0–140.0. In the alkynyl
complex 12, resonances for Ca and Cb are at d 92.91 and 89.88,
respectively, whilst those for the diynediyl complex 14 are observed
at d 71.32 (Ca) and 95.46 (Cb). In the neutral complexes, the

31P resonance arising from the dppe ligand lies between d 43.3
and 43.7, while in the cations, it is at d 40.8 ([11]PF6) or 39.5
([13](PF6)2). ES mass spectra contain parent ions or cations at the
calculated m/z values.

Treatment of 14 with one equivalent of [FeCp2]PF6 in
dichloromethane caused a rapid colour change from orange to
deep green. The mono-cation [14]PF6 was isolated by precipitation
from the reaction mixture following addition of hexane. Not
surprisingly, on account of the 35-electron configuration of the
cation, the 1H NMR spectrum of the product was broad and
considerably paramagnetically shifted. Peaks at dH 12.16 (Cp*),
10.68 (CH2) and multiplets at dH 7.36–8.22 (Ph) were assigned
from their relative intensities. However, satisfactory 13C and 31P
NMR spectra were not obtained. The IR spectrum contained
m(CC) at 1860 cm−1 (cf. [3]PF6 m(CC) 1859 cm−1),11b corresponding
to a decrease in the CaCb bond order. The ES mass spectrum
contained M+ at m/z 1496.

Oxidation of 14 with two equivalents of [FeCp2]PF6 in
dichloromethane caused a rapid change in colour through the deep
green of the mono-cation to a deep blue solution, from which the
dicationic [14](PF6)2 was isolated by precipitation with hexane as
an analytically pure powder. The 1H NMR spectrum of this 34-
electron complex displayed well-resolved signals at d 2.13 (Cp*),
3.19–3.31 and 3.58–3.69 (CH2) and 6.99–7.80 (Ph), consistent with
a diamagnetic complex. The diamagnetic character of [14](PF6)2

is in agreement with geometry optimizations performed at the
DFT level of theory on model [14-H]2+ (see Computational
details) which reveal that the low spin (LS) state is energetically
favored by 18 kJ mol−1 over the high spin (HS) state. The same
result was obtained for the ruthenium dication analogue, i.e.,
the LS state is preferred over the HS state, but with an energy
difference somewhat smaller (13 kJ mol−1). The 31P NMR spectrum
contained a slightly broadened singlet at d 81.0 (dppe) and a septet
at d −143.0 (PF6). The dramatic shift of over 37 ppm in the dppe
resonance is consistent with removal of electron density from the
osmium centre upon oxidation. The IR spectrum contains m(CC)
at 1781 cm−1, indicative of a further decrease in CC bond order
towards the metallacumulenic structure. In the ES mass spectrum,
the doubly-charged cation M2+ is found at m/z 748.

Two further derivatives of the Os(dppe)Cp* moiety were
prepared to provide a larger set of reference compounds for
comparative purposes. Replacement of Br by NCMe was achieved
by heating 10 in acetonitrile in the presence of [NH4]PF6, which
afforded [Os(NCMe)(dppe)Cp*]PF6 ([15]PF6) as an off-white
powder in 74% yield. Characteristic spectral data include IR m(CN)
and m(PF) bands at 2264 and 838 cm−1, the Cp* resonances at dH

1.80 and dC 9.6 and 89.34 [Cp*; the latter a triplet with J(CP)
3 Hz] and 119.62 (CN) and dP 43.3 (dppe) and −143.7 (PF6).
The characteristic dppe resonance in the 31P NMR spectrum is
consistent with the formal 18-electron count at the metal centre.
The molecular cation was at m/z 766 in the ES mass spectrum.

Reaction of 10 with HC≡CPh in ethanol gave an or-
ange solution, which presumably contains the substituted
vinylidene [Os(=C=CHPh)(dppe)Cp*]Br. This solution was
cooled and treated with NaOEt to give the neutral alkynyl
[Os(C≡CPh)(dppe)Cp*] (16) as a lemon-yellow powder in 83%
yield. The IR spectrum of 16 was characterised by m(CC) at
2085 cm−1, whilst characteristic NMR resonances were observed
at dH 1.68 and dC 10.00 and 89.19 for the Cp* ligand, and for
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Ca and Cb at d 105.99 and 97.04, respectively. The characteristic
phosphine resonance at dP 43.7 ppm was also observed.

Molecular structures

The molecular structures of [11]PF6, 12, 14, [15]PF6 and 16
have been determined by single-crystal X-ray crystallography.
Fig. 1–5 contain plots of single molecules or cations, while
Tables 1–3 contain selected bond distances and angles and
crystallographic refinement details. Compared with the exten-
sive studies that are available for ruthenium, there have been
relatively few structures of mononuclear complexes containing
OsL2Cp′ (L = tertiary phosphine, Cp′ = Cp, Cp*) groups
reported and only those of [OsX(dppe)Cp*] (X = Cl, Br),18

[Os(=CH2)(dppm)Cp*]OTf,19 [Os{SiR2(X)}(PMe3)2Cp*] (X =
OTf, R = Me,20 Pri;21 X = Cl, R = Pri21), [Os(L)(PMe3)2Cp*]+

(L = SiMe2, SiPri
2),21 [{Os(PMe3)2Cp*}2(l-LL)]2+ (LL = N2, S2),21

[Os(OTf)(dppm)Cp*]22 and [Os(OH2)(dmpm)Cp*]+22 contain Cp*
ligands. However, the similarity of the atomic radii of ruthenium
(1.34 Å) and osmium (1.35 Å) suggests that there should be few
structural differences between analogous complexes containing
these metals.

Fig. 1 A plot of the cation [Os(=C=CH2)(dppe)Cp*]+ in [11]PF6 showing
the atom labelling scheme.

The complexes described here all have the usual nearly octahe-
dral geometry containing the Os(dppe)Cp* fragment, for which
Os–P distances of between 2.2451(8) and 2.2752(9) Å are found
for the neutral compounds, lengthening to between 2.2996(5)
and 2.3151(6) Å in cations [11]+ and [15]+ as a consequence of
the decreased Os–P back-bonding interactions. The Os–C(Cp*)
distances are similar in all complexes, ranging between 2.224(3)
and 2.328(3) Å (mean 2.26 Å). The corresponding values for
analogous ruthenium complexes lie between 2.223 and 2.275(3) Å.
The dppe ligands also have similar geometries in each case, with P–
C distances between 1.833(3) and 1.872(7) Å and C–C separations
averaging 1.52 Å. The pseudo-octahedral geometry about the Os

Fig. 2 A plot of a molecule of [Os(C≡CH)(dppe)Cp*] (12).

Fig. 3 A plot of a molecule of [{Os(dppe)Cp*}2(l-C≡CC≡C)] (14).

atom is shown by the angles subtended by the non-Cp* ligands,
with P–Os–P falling between 81.18 and 83.35(3)◦, and P–Os–X
between 80.3 and 91.43(8)◦.

The Os–C distances reflect the nature of the carbon ligand. For
vinylidene 11, the Os=C bond length is 1.910(3) Å, consistent with
the multiple bond character of this interaction; in contrast, the Os–
C≡ distances in 12 and 16 lie between 2.012(3) and 2.043(8) Å.
Within the carbon ligands, the formal C=C double bond in 11 is
unusually short at 1.183(6) Å, albeit without libration correction,
but on the basis of extensive data measured at ‘low’ temperatures,
while the C≡C triple bonds in 12 and 16 are 1.16(1) and 1.202,
1.208(5) Å, respectively. Angles at C(1) are 175.4(3) (11), 174.4,
177.2(8) (12) and 174.4, 177.9(3)◦ (16), and 174.1, 176.6(3)◦ at
C(2) in 16 (Table 1).

This journal is © The Royal Society of Chemistry 2007 Dalton Trans., 2007, 5387–5399 | 5391
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Table 1 Selected bond distances (Å) and angles (◦) for some OsX(dppe)Cp* complexes

Complex
[11]PF6·MeOH
[X = C=CH2]

12 (molecules 1;2) [X =
C≡CH] (molecules 1;2)

14·C5H12
a [X =

(–C≡C–)2] Os(1;2) [15]PF6
b [X = NCMe]

16·0.25C6H6
c [X =

C≡CPh] (molecules 1;2)

Os–P(1,2) 2.3081(8),
2.3151(6)

2.265, 2.263(2); 2.262,
2.258(2)

2.2583(9), 2.2515(9);
2.2451(8), 2.2548(9)

2.2999, 2.2996(5) 2.2625(7), 2.2682(8);
2.2721(8), 2.2752(9)

Os–C(cp) 2.262–2.328(3) 2.245–2.302(8);
2.235–2.274(7)

2.226–2.285(3);
2.224–2.279(3)

2.226–2.264(2) 2.236–2.274(3);
2.230–2.291(3)

(av.) 2.29(3) 2.27; 2.26(2) 2.26; 2.26(2) 2.245(13) 2.26; 2.26(2)
Os–C(1) 1.910(3) 2.017; 2.043(8) 2.010; 2.015(3) 2.028(2) [N(01)] 2.026; 2.012(3)
C(1)–C(2) 1.183(6) 1.16; 1.16(1) 1.220; 1.224(4) 1.128(3)b 1.202; 1.208(5)
C(2)–C(X) 1.380(4) [C(3)] 1.465(4) [C(02)] 1.443; 1.437(4) [C(21)]

P(1)–Os–P(2) 82.42(3) 82.68; 82.88(7) 81.18(3); 82.66(3) 82.41(2) 83.35, 83.35(3)
P(1)-Os-X 83.4(1) 80.3; 82.4(2) 81.79; 83.19(9) 88.89(4) 81.17; 81.62(8)
P(2)–Os–X 91.43(8) 90.4; 88.2(2) 84.72; 81.03(9) 84.82(4) 86.30; 87.16(9)
Os–C(1)–C(2) 175.4(3) 174.4(8); 177.2(7) 177.4; 177.2(3) 177.9; 174.4(3)
C(1)–C(2)–C(3) 176.2; 177.4(3)

a Difference map residues were modelled in terms of a disordered C5H12; the compound is isomorphous with its hexane solvated ruthenium analogue.11b

In the table read C(4, 3) as C(1, 2) for the parameters related to Os(2). b Os–N(01)–C(01) 177.4(2), N(01)–C(01)–C(02) 178.8(2)◦. c C(1)–C(2)–C(21) 174.1,
176.6(3)◦.

Fig. 4 A plot of the cation [Os(NCMe)(dppe)Cp*]+ in [15]PF6.

Structural comparisons of {Cp*(dppe)M}2(l-C≡CC≡C) (M =
Fe, Ru, Os)

The synthesis of 14 completes a triad of complexes for Group
8 metals with identical ligand environments. This provides the
opportunity for a detailed comparison of their properties, al-
though limited in this account to their spectroscopic properties
and structural similarities in the M–C4–M bridge, as other features
are similar to those described above. Selected bond data for
the three complexes are collected in Table 2. The structure
of 14 as the pentane solvate is isomorphous with that of the
corresponding hexane solvated ruthenium complex.11b In all three
complexes, the two metal fragments adopt a non-centrosymmetric

Fig. 5 A plot of a molecule of [Os(C≡CPh)(dppe)Cp*] (16).

arrangement about the carbon chain, arising from rotation of
the –CM(dppe)Cp* fragment about the C(2)–C(3) bond. Along
the linear four-carbon bridging ligand, the carbon–carbon bond
distances give rise to a short–long–short pattern consistent with
the diynediyl structure, with the C≡C bonds being comparable for
all three complexes and falling around 1.22 Å, whereas the central
C–C bond is around 1.38 Å. These values show that the C–C bonds
are shortened and the C≡C bonds are lengthened to approximately
the same extent in all complexes, with respect to the C–C bond of
ethane (1.532(2) Å)23 and C≡C bond of ethyne (1.178(2) Å),24 in
turn suggesting a similar degree of electron delocalisation along
the carbon chain is in effect in each case.

The data summarised in Table 2 show that there is slight
departure from linearity in the M–C4–M chains in the case of each
of the three complexes 1, 3 and 14, with the angles at the C(sp)
atoms lying in the range 175–179(1)◦. A similar observation has
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been made for a number of other {MLx}(l-Cn){M′Lx} complexes,
with the extent of “bending” becoming more pronounced in
complexes with longer chains.25 Though the reason for the non-
linearity of the carbon chains in this kind of complex cannot
be precisely determined in any particular example, we can assume
that interactions with solvent molecules (if present), van der Waals,
electrostatic or electronic p-type interactions are probably at work.
Interestingly, DFT calculations performed on the Fe, Ru, and
Os series in vacuum at 0 K show that a slight bending of a few
degrees of the metal–carbon chain slightly stabilises the molecules
(≤2 kJ mol−1) over the linear form. This is due to a combination
of small orbital and electrostatic interactions, which together sum
to an observable effect.

As can be seen from the preceding discussion, the structures of
the diynediyl complexes of Fe, Ru and Os are very similar. The only
difference of note is the length of the M–C(1) bonds, the Fe–C(1)
bond being significantly shorter [1.889(3) Å] than both the Ru–
C(1) and Os–C(1) bonds [2.001(3) Å and 2.010(3) Å, respectively],
arising from the different sizes of the metal centres.26 The DFT
optimized structural arrangements of the corresponding neutral
model compounds show the same trend, i.e., the Fe–C(1) bond
length (1.917 Å) is, as expected, shorter than the Ru–C(1) and Os–
C(1) distances, which are nearly equivalent (2.028 Å and 2.026 Å,
respectively). Upon oxidation, the Os–C(1) bond is slightly more
affected than the Ru–C(1) bond, with a contraction of 0.068 Å
and 0.126 Å for the one and two-electron oxidation products,
respectively, vs. contractions of 0.055 Å and 0.102 Å for the Ru
series. The C(1)–C(2) bond lengths are virtually identical in the
Ru and Os complexes, with the value in the dicationic osmium
compound [14-H]2+ only 0.004 Å longer than the ruthenium
homologue.

Redox properties

The cyclic voltammogram of 14 was recorded (298 K, scan rate of
0.2 V s−1; CH2Cl2 solution with 0.1 M [NBu4]BF4 as supporting
electrolyte). Scans between −2.0 and +2.0 V contain four one-
electron oxidation waves consistent with stepwise oxidation of the
neutral diynediyl complex to the mono-, di-, tri- and tetra-cations
(Table 4). The first three processes are fully reversible, with the
fourth oxidation being partially chemically reversible. The redox
processes are all well separated, with the differences in formal
potentials, DE◦, lying in the range 440 to 830 mV. The large values
of DE◦ are an indication of the stability of the various redox
products with respect to disproportionation under the conditions
of the experiment.

Table 4 lists the half-wave potentials of 14, along with the cor-
responding values from the analogous ruthenium11b and iron9a,10

complexes under almost identical conditions. The potentials
of 14, whilst significantly lower than those of the ruthenium
complex, are comparable to those of the iron complex, an
interesting observation, since the oxidation potentials of the
complex {Cp*(dppe)Fe}2(l-C≡CC≡C) are among the lowest for
organometallic complexes of this type reported to date,11b with
only the manganese complexes described by Berke being more
readily oxidised.4

The DFT geometry optimisations performed for each oxidation
state allow the calculation of the adiabatic ionisation potentials
(IP) (Table 5). A rather good fit between experimental oxidation
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Table 3 Crystal data and refinement details for complexes [11]PF6, 12, 14, [15]PF6 and 16

Compound [11]PF6†† 12 14‡‡ [15]PF6 16§§

Formula C38H41F6OsP3·CH4O C38H40OsP2 C76H78Os2P4·C5H12 C38H42F6NOsP3 C44H44OsP2·0.25C6H6

M 926.90 748.89 1567.91 909.87 844.51
Crystal system Monoclinic Triclinic Triclinic Monoclinic Triclinic
Space group P21/n P1̄ P1̄ P21/c P1̄
a/Å 11.724(1) 11.1341(5) 10.971(2) 11.4255(6) 11.9922(6)
b/Å 17.360(2) 16.7364(8) 17.958(3) 17.3798(8) 17.8922(8)
c/Å 18.500(2) 18.1183(8) 17.855(3) 19.1554(9) 19.8242(9)
a/◦ 88.689(1) 88.677(4) 114.764(1)
b/◦ 103.300(2) 88.960(1) 85.690(4) 104.383(1) 90.682(1)
c /◦ 70.906(1) 87.946(4) 103.145(1)
V/Å3 3664 3189 3505 3684 3733
Z 4 4 2 4 4
Dc/g cm−3 1.680 1.560 1.486 1.640 1.502

l/cm−1 37 41 38 37 35
Crystal size/mm 0.35 × 0.20 × 0.13 0.18 × 0.18 × 0.10 0.3 × 0.25 × 0.2 0.17 × 0.10 × 0.06 0.24 × 0.20 × 0.08
‘T ’min/max 0.66 0.77 0.71 0.70 0.71
2hmax/◦ 75 50 76 75 75
N tot 76389 66158 72480 76147 77398
N (Rint) 19252 (0.054) 11193 (0.063) 36104 (0.041) 19329 (0.044) 38378 (0.049)
No 13371 9206 23919 13760 23364
R 0.035 0.042 0.036 0.027 0.038
Rw(nw) 0.035(3) 0.051(5) 0.038(5) 0.024(4) 0.024(0)

Table 4 Comparative electrochemical data for [{Cp(dppe)M}2(l-C4)]
(M = Fe, Ru, Os)a

Fe (1) Ru (3) Os (14)

E1 −0.68 −0.43 −0.62
E2 +0.05 +0.22 −0.01
E3 +0.95 +1.04 +0.82
E4 +1.51 +1.26b

K c (0/+1/+2) 9.95 × 1011 9.64 × 1010 2.07 × 1010

Ref. 9a 11b This work

a CH2Cl2/0.1 M [NBu4]PF6, Pt dot working electrode, potentials vs. SCE
such that FeCp2/[FeCp2]+ = 0.46 V. b Peak potential of quasi-reversible
wave.

Table 5 Ionisation potentials (IP, eV) calculated for [{Cp(dHpe)M}2(l-
C4)]n+ (n = 0–4) (M = Fe, Ru, Os)

Fe (1-H) Ru (3-H) Os (14-H)
IP1 4.789 4.965 4.653
IP2 8.402 8.386 8.035
IP3 11.751 11.757 11.361
IP4 15.438 15.190 14.466
Ref. 15 15 This work

potentials (in solution) and theoretical ionisation potentials
(vacuum at 0 K) is observed for each series of complexes
[{Cp(dHpe)M}2(l-C4)]n+ (M = Fe, Ru, Os) with the linear regres-
sion coefficient being 0.99 in each case. The only deviation which is
noted between experiment and theory concerns the comparison of
the first oxidation of the Fe and Os species. The neutral Fe complex
is more easily oxidized than the neutral Os analogue (see Table 4),
although the reverse is found in the computational work (Table 5).
On the other hand, both experiment and theory indicate that the
osmium compound becomes the easiest species to oxidise after the
second oxidation process, while the iron system is progressively less
easily oxidised.

Guided by the electrochemical results, the redox products
derived from 14 were examined using IR and UV-Vis-NIR spec-
troelectrochemical methods as a complement to the data obtained
from samples of [14]n+ salts obtained by chemical oxidation.
In CH2Cl2 solutions containing 0.1 M [NBu4]BF4 supporting
electrolyte, 14 exhibited a moderately intense m(C≡C) band at
1970 cm−1, with a shoulder on the higher frequency side. Sequential
oxidation of 14 caused a shift in the m(CC) band to 1870 cm−1 ([14]+)
and 1780 cm−1 ([14]2+) (Fig. 6). The recovery of the spectrum of
14 by stepwise reduction of [14]2+ in the spectro-electrochemical
cell gives confidence in these assignments, as does the excellent
agreement of the data with those obtained from samples prepared
by chemical oxidation reactions (Table 6). Further oxidation of
[14]2+ gave two further stepwise transformations, with the m(CC)
band shifting initially to 1570 cm−1, and finally to 1960, 1920 cm−1.
However, these latter redox products were not chemically robust,
with reduction failing to result in the recovery of lower oxidation
states of [14]n+, and we refrain from definitive assignment of these
m(CC) bands to [14]3+ and [14]4+. The progression of m(C≡C)
bands observed for the series [14]n+ may be compared with similar
progressions associated with [1]n+ and [3]n+ (Table 6).

Fig. 6 The spectro-electrochemically generated IR [m(C≡C)] spectra of
14 ( ), [14]+ (---) and [14]2+ ( · · · ).
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Table 6 IR spectroscopic data (m(CC)/cm−1) from the complexes
[{M(dppe)Cp*}2(l-C4)]n+

M = Fea M = Rub M = Osb

n = 0 1880, 1955 1963, 1977sh 1965, 1975sh
n = 1 1880, 1973 1860 1860
n = 2 1950, 2160 1770 1781

a CH2Cl2 solution. b Nujol mull.

The data in Table 6 clearly demonstrate the remarkable similar-
ity of the ruthenium ([3]n+) and osmium [14]n+ complexes, and the
equally remarkable distinction from the iron analogue [1]n+. The
IR data from [1]n+ have been interpreted in terms of largely metal-
centred frontier orbitals on the basis of corroborative Mössbauer
spectroscopy and computational analysis. In contrast, the more
diffuse d-orbitals on the ruthenium lead to more extensively
delocalised frontier orbitals with considerable metal and carbon
bridging ligand character. Consequently, oxidation of 3 leads
to a decrease in the C≡C bonding character and a gradual
progression from a buta-1,3-diynediyl structure (Scheme 2, G)
to more cumulated structures (Scheme 2, H) and, ultimately, to an
ethynediyl-bridged dicarbyne (Scheme 2, I) as the formal electron
count is reduced.2,11,27 The virtually identical IR data obtained
from [14]n+ and [3]n+ indicate that the carbon ligands in both series
are comparable in each oxidation state, as found for the optimized
geometries (see above).

The UV-Vis-NIR spectrum of 14 was relatively featureless, with
only the low energy tail of high energy UV bands apparent in the
visible region, and responsible for the colour of this complex. The
monocationic complex [14]+ exhibited more distinct features at
27 800 cm−1 (e 11 500 M−1 cm−1) and a broad series of overlapping
transitions between 19000–8000 cm−1 (Fig. 7). The electronic
spectrum of the dicationic complex [14]2+ was dominated by
intense bands at 34 000 cm−1 (e 24 000 M−1 cm−1), 28 000 cm−1 (e
16 000 M−1 cm−1) and 17 100 cm−1 (e 20 000 M−1 cm−1). A shoulder
at 19 350 cm−1 (e 7100 M−1 cm−1) was also evident, as was a lower
intensity band near 13 400 cm−1 (e 3200 M−1 cm−1). These general
features are very similar to those observed in the ruthenium series
[2]n+ and [3]n+ (n = 0–3).11

Fig. 7 The spectro-electrochemical conversion of [14]+ to [14]2+

(CH2Cl2/0.1 M [NBu4]BF4).

The analysis of NIR bands exhibited by radical cations of
general form {[MLx](l-X)[M′Lx]}+, where X is some conjugated

bridge, has been a topic of considerable interest for many years,
with the interpretations usually being derived from the classical
discussions of mixed-valence complexes based on a two-state
model of weakly interacting metal centres.28 However, in systems
where the bridge orbitals are significantly involved in the semi-
occupied molecular orbitals, the two-state model breaks down.29

The frontier orbitals of poly-ynediyl complexes are, in the simplest
terms, derived from linear combinations of the metal d and
Cn p type orbitals.27 In the case of complexes derived from d6

metal fragments the highest lying orbitals have been thoroughly
described, being of p-symmetry, delocalised over the MC4M chain
with nodal planes between M–C and ≡C–C≡ fragments. The
relative contributions from metal and carbon-based orbitals to
the HOMO (and orthogonal HOMO − 1) is determined by
both the nature of the metal and the length of the polycarbon
fragment,2,9,11,12,15 Indeed, the HOMOs are similar in character for
[14-H] and its neutral Ru analogue, with metallic and carbon chain
character percentages of 24/59 and 26/62 for the HOMO, and
22/68 and 21/69 for HOMO − 1, respectively. The HOMOs of the
iron species show a much stronger metallic character percentage:
41 (Fe2)/46 (C4 chain) for the HOMO and 36 (Fe2)/52 (C4 chain)
for the HOMO − 1. Consequently different behaviour can be
found between examples containing, for example, iron on the one
hand9 and ruthenium, osmium, and rhenium on the other.7,11 Ox-
idation results in depopulation of these high-lying orbitals, which
has been confirmed by the available vibrational and structural
data, as well as by computational investigations.15 Consequently
the frontier orbitals in cations such as [{M(L)2Cp}2(l-Cn)]+ are
rather similar to the HOMOs of the analogous compounds
[{M(L)2Cp}2(l-Cn)].

Very recently, TD-DFT calculations on MC2M systems have
indicated that the NIR bands in diruthenium ethynediyl systems
[{Ru(dHpe)Cp}2(l-C2)]+ are derived from transitions between
orbitals which are rather heavily metal/phosphine/Cp in character
and the semi-occupied (or more precisely, b-LUSO) orbital which
has considerable [M(d)/Cn(p)]* character.14 These bands can
therefore be approximately described as being metal-to-(metal–
ligand) charge transfer in character. The calculated electronic
excitations for [14-H]+ in its most favoured orientation (metallic
fragments in trans position) contain only one strong excitation
in the NIR region at 15 324 cm−1 (oscillator strength = 0.28).
It is mainly a transition between the b-SOMO − 1 and the
b-LUSO, involving a metal-to-(metal–ligand) charge transfer
process. Several absorption bands are experimentally observed in
this NIR region. They are most probably due to the superposition
of the spectra of the different conformations adopted in solution.
The next electronic excitations with a non-negligible oscillator
strength are calculated at 27 818 and 28 367 cm−1, in agreement
with the experimental measurements (27 800 cm−1). They involve
charge transfer, mainly metal–carbon chain-to-ligand (phosphine
p* orbitals) in character. The most significant feature in the
experimental spectra of [14]2+ is the intense absorption near
17 240 cm−1, which has a rather similar profile to the NIR
band observed in [14]+ and also to the visible absorption bands
observed in [{Ru(dppe)Cp}2(l-C2)]2+, [2]2+ and [3]2+. The visible
band observed in [14]2+ can therefore be attributed to transitions
between occupied metal-centred orbitals and an unoccupied
[M(d)/C4(p)M(d)]* orbital, noting that the semi-occupied orbital
in [14]+ (LUSO) is the LUMO in the (singlet) [14]2+.
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Conclusion

The synthesis and characterisation of 14 completes the first
isoleptic series of butadiynediyl complexes derived from members
of the same metal triad. The osmium complex 14 is readily
oxidised at modest potentials to afford a range of mono-, di-,
tri- and tetra-cationic derivatives, the spectroscopic properties of
which are generally similar to those described for the ruthenium
analogues. The lighter first-row transition metal butadiynediyl
complex derived from iron exhibits largely metal-centred redox
events, whilst the heavier second- and third-row systems based
on ruthenium and osmium feature more carbon character in the
redox-active orbitals, as evidenced by the significant shifts in m(CC)
frequencies which accompany oxidation. When these observations
are taken together with the other systematic studies of poly-ynediyl
complexes [{M(L)2Cp′}2(l-Cn)] that have been reported, it can be
concluded that metal contributions to the frontier orbitals are
most pronounced in systems containing the lighter metals and
for shorter length polycarbon chains. Heavier metals and longer
carbon chains promote more carbon-character in the frontier
orbitals of these bimetallic derivatives of carbyne.

Experimental

General

All reactions were carried out under high purity dry nitrogen or
argon using standard Schlenk techniques, although normally no
special precautions to exclude air were taken during subsequent
work-up. Common solvents were dried, distilled under argon and
degassed before use. Separations were carried out by preparative
thin-layer chromatography on glass plates (20 × 20 cm2) coated
with silica gel (Merck, 0.5 mm thick).

Instruments

IR spectra were obtained on a Bruker IFS28 FT-IR spectrometer.
Spectra in CH2Cl2 were obtained using a 0.5 mm path-length
solution cell with NaCl windows. Nujol mull spectra were obtained
from samples mounted between NaCl discs. NMR spectra were
recorded using Varian 2000 [199.98 MHz (1H), 50.29 MHz (13C)],
ACP-300 [300.145 MHz (1H), 75.47 MHz (13C), 121.105 MHz
(31P)] or Varian Inova 600 [599.957 MHz (1H), 150.87 MHz (13C),
242.21 MHz (31P)] instruments. Unless otherwise stated, samples
were dissolved in CDCl3 contained in 5 mm sample tubes. Chem-
ical shifts are given in ppm relative to internal tetramethylsilane
for 1H and 13C NMR spectra and external H3PO4 for 31P NMR
spectra. UV-Vis spectra were recorded on a Varian Cary 5 UV-
Vis/NIR spectrometer. Electrospray mass-spectrometry (ES-MS)
was carried out at the University of Waikato, Hamilton, New
Zealand. Spectra were obtained from samples dissolved in MeOH
unless otherwise indicated. Solutions were injected into a Varian
Platform II spectrometer via a 10 ml injection loop. Nitrogen was
used as the drying and nebulising gas. Chemical aids to ionisation
were used.30

Electrochemical samples (10−3 M) were dissolved in CH2Cl2

containing 5 × 10−1 M [NBu4]BF4 as the supporting electrolyte.
Cyclic voltammograms were recorded using a Princeton Applied
Research model 263 apparatus, with a saturated calomel electrode,
with ferrocene as internal calibrant (FeCp2/[FeCp2]+ = 0.46 V).

Infrared spectroelectrochemical experiments were conducted
with a demountable OTTLE cell fitted with CaF2 windows.31 The
solutions were 10−1 M in the supporting electrolyte ([NBu4]BF4)
and 5 × 10−3 M in the analyte. The working electrode potential of
the spectro-electrochemical cell was controlled with a home-built
potentiostat. The IR spectra were recorded with Nicolet Avatar
FT-IR spectrometers (35 scans, 1–2 cm−1 spectral resolution).
UV-Vis-NIR spectro-electrochemical experiments were carried
out in the same cell using solutions in CH2Cl2 containing
10−1 M [NBu4]BF4 as supporting electrolyte on a Varian Cary 5
spectrophotometer. Analyte concentration was 6.7 × 10−4 M. All
solvents were deoxygenated with dry nitrogen prior to use, and the
cell was filled under a nitrogen atmosphere.

Elemental analyses were performed by Chemical and Micro-
Analytical Services (CMAS), Belmont, Victoria.

Reagents

The compounds HCp*,32 Me3SiC≡CH,33 Me3SiC≡CC≡
CSiMe3,34 and [FeCp2]PF6

35 were prepared by the cited methods.
All other reagents were used as received without further
purification.

Syntheses

PRECAUTIONARY WARNING: OsO4 is extremely toxic. The
yellow solid melts at 31 ◦C and has an appreciable vapour pressure
even at room temperature. The compound is often liberated when
solutions of osmium compounds are treated with oxidising agents.
Ample precautions to protect eyes, nose and mouth are essential.

Preparation of [{Os(l-Br)BrCp*}2]. An ampoule of OsO4

(1.0 g, 3.93 mmol) was broken and immediately dropped into a
flask containing 48% HBr (37 mL). The resulting deep red solution
was heated at reflux point for 2 h in air. The solution was decanted
into another flask and the original flask containing the broken
glass was rinsed with an additional 10 mL of HBr. Water and excess
HBr were removed from the combined solutions under vacuum at
50 ◦C, leaving a dark red-brown residue which was dried under
high vacuum for 16 h, to give H2OsBr6 as a red-brown solid (2.64 g,
100%). A suspension of H2OsBr6 (2.62 g, 3.90 mmol) and Cp*H
(796 mg, 5.85 mmol, 1.5 eq.) in ethanol (50 mL) was de-oxygenated
by bubbling nitrogen through the suspension for 15 min. The de-
oxygenated suspension was heated at reflux point for 40 min and
allowed to cool for 5 min. The resultant dark brown solution was
decanted using Schlenk techniques, with strict exclusion of oxygen,
to leave [{Os(l-Br)BrCp*}2] as a black-brown precipitate which
was used immediately in the next step without further purification.
1H NMR (CDCl3): dH 2.40 (s, 15H, Cp*). 13C NMR (CDCl3): dC

108.42 (s, Cp*), 13.65 (s, Cp*).

[OsBr(cod)Cp*] (9). 1,5-Cyclooctadiene (2.52 mL, 20.6 mmol)
and ethanol (40 mL) were added to a Schlenk flask containing
[{Os(l-Br)BrCp*}2] (prepared as above) and the suspension was
de-oxygenated (as above). The suspension was heated at reflux
point for 90 min during which time the orange colour of the
solution darkened. Solvent was removed under vacuum and the
dark brown residue was extracted with boiling diethyl ether (4 ×
30 mL). The combined orange extracts were filtered and solvent
was removed under vacuum to give [OsBr(cod)Cp*] (9) as a dark
orange solid (1.07 g, 54%). 1H NMR (CDCl3): d 1.68 (s, 15H,
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Cp*), 1.71 (m, 2H, CH2), 1.95 (m, 2H, CH2), 2.19 (m, 2H, CH2),
2.62 (m, 2H, CH2), 3.62 (m, 1H, CH), 4.07 (m, 1H, CH). 13C NMR
(CDCl3): d 94.01 (s, Cp*), 69.3 (s, CH), 68.1 (s, CH), 33.2 (s, CH2),
9.82 (s, Cp*).

[OsBr(dppe)Cp*] (10). A suspension of [OsBr(cod)Cp*]
(930 mg, 1.81 mmol) and dppe (722 mg, 1.81 mmol) in heptane
(40 mL) was heated at reflux point under nitrogen for 16 h. After
cooling, the resulting precipitate was collected by vacuum filtration
and washed with heptane (3 × 10 ml) to give [OsBr(dppe)Cp*] (10)
as a pale orange powder (1.18 g, 81%). Anal. calcd (C36H39P2OsBr):
C, 53.80; H, 4.89; M, 803. Found: C, 53.51; H, 4.94%. IR (Nujol):
1092 s, 1023 m, 786 m, 741 s, 700 vs, 665 s cm−1. 1H NMR (C6D6):
d 1.61 (s, 15H, Cp*), 2.09, 2.62 (2 × m, 2 × H, PCH2), 6.97–7.92
(m, 20H, Ph). 13C NMR (C6D6): d 9.51 (s, Cp*), 30.77 (m, PCH2),
85.12 [t, J(CP) = 3 Hz, Cp*], 127.75–140.86 (m, Ph). 31P NMR
(C6D6): d 43.0 (s). ES-MS (positive ion mode, m/z): 804, M+; 725,
[Os(dppe)Cp*]+.

[Os(=C=CH2)(dppe)Cp*]PF6 ([11]PF6). HC≡CSiMe3 (55 mg,
0.558 mmol, 5 mol eq.) was added to a suspension of
[OsBr(dppe)Cp*] (100 mg, 0.112 mmol) and [NH4]PF6 (36.3 mg,
0.223 mmol, 2 mol eq.) in CH2Cl2 (15 mL), and the mixture
was stirred at 45 ◦C for 72 h in a sealed Schlenk flask. The
resulting suspension was filtered to remove precipitated NH4Br
and added dropwise to rapidly stirred diethyl ether to give
[Os(=C=CH2)(dppe)Cp*]PF6 ([11]PF6) (89 mg, 90%) as a pale
yellow powder that was collected by vacuum filtration and dried
under high vacuum. An analytical sample was obtained from
methanol and obtained as the methanol solvate. Anal. calcd
(C38H41F6P3Os·MeOH): C, 50.54; H, 4.89; M (cation), 751. Found:
C, 50.31; H, 4.79%. IR (Nujol): m(C=C) 1633, m(PF) 836 cm−1. 1H
NMR (CDCl3): d 0.66 (s, 2H, =CH2), 1.73 [t, J(HP) 1 Hz, 15H,
Cp*], 2.70–2.94 (m, 4H, PCH2), 7.15–7.65 (m, 20H, Ph). 13C NMR
(CDCl3): d 9.72 (s, Cp*), 30.58–31.23 (m, PCH2), 92.17 (s, Cp*),
100.64 (m, Cb), 128.86–133.91 (m, Ph), 305.27 [t, J(CP) 10 Hz,
Ca]. 31P NMR (CDCl3): d 40.8 (s, PPh), −143.7 [septet, J(PF) =
711 Hz, PF6]. ES-MS (positive ion mode, m/z): 751, [M − PF6]+.

[Os(C≡CH)(dppe)Cp*] (12).
Method (a). Thoroughly de-oxygenated THF (15 mL)

was transferred via cannula to a Schlenk flask containing
[Os(=C=CH2)(dppe)Cp*]PF6 7 (88 mg, 0.098 mmol) and KOBut

(11.4 mg, 0.098 mmol, 1 mol eq.) in an atmosphere of argon,
and the resulting yellow solution was stirred at room temperature
for 30 min. The solvent was removed under vacuum and the
resultant solid was extracted with benzene and filtered to remove
residual KPF6. The solvent was removed under vacuum to give
[Os(C≡CH)(dppe)Cp*] (12) as a yellow solid that was dried under
high vacuum (44 mg, 59%).

Method (b). A suspension of [OsBr(dppe)Cp*] (200 mg,
0.248 mmol) and HC≡CSiMe3 (245 mg, 2.48 mmol, 10 eq.) in
EtOH (30 mL) was stirred in a sealed Schlenk flask at 45 ◦C for 5
d under nitrogen. The resulting orange solution was cooled in ice
and a freshly prepared NaOEt solution (25 mg Na in EtOH; 5 mL)
was added dropwise with stirring. An immediate colour change
from orange to pale yellow occurred and a pale yellow precipitate
separated. This was collected by vacuum filtration, washed with
ice-cold EtOH (3 × 5 mL) and dried under high vacuum to give
[Os(C≡CH)(dppe)Cp*] (12) as a pale yellow powder (101 mg,

61%). Anal. calcd (C38H40P2Os): C, 60.95; H, 5.38; M, 750. Found:
C, 60.81; H, 5.39%. IR (Nujol): m(≡CH) 3274, m(C≡C) 1929 cm−1.
1H NMR (C6D6): d 1.73 (s, 15H, Cp*), 2.10 (s, 1H, C≡CH), 2.03,
2.69 (2 × m, 2 × 2H, PCH2), 7.03–7.95 (m, 20H, Ph). 13C NMR
(C6D6): d 10.04 (s, Cp*), 31.16 (m, PCH2), 88.79 [t, J (CP) 2.7 Hz,
Cp*], 89.88 (s, Cb), 92.91 [t, J(CP) 17 Hz, Ca], 127.02–139.37 (m,
Ph). 31P NMR (C6D6): d 43.6 (s). ES-MS (positive ion mode, m/z):
751, [M + H]+.

[{Os(dppe)Cp*}2{l-(=C=CH–CH=C=)}](PF6)2 ([13](PF6)2).
Thoroughly de-oxygenated CH2Cl2 (20 mL) was cooled to −78 ◦C
and transferred via cannula to a Schlenk flask cooled to −78 ◦C
and containing [Os(C≡CH)(dppe)Cp*] 12 (150 mg, 0.20 mmol)
and [FeCp2]PF6 (63 mg, 0.19 mmol, 0.95 eq.) under argon. The
solution was stirred for 3 h at −78 ◦C and then allowed to warm
to r.t. over 12 h. The solution was then filtered into rapidly
stirred hexane to give a gray solid which was collected by vacuum
filtration, washed with hexane (2 × 5 mL) and dried under high
vacuum to give [{Os(dppe)Cp*}2{l-(=C=CHCH=C=)}](PF6)2

([13](PF6)2) as a pale gray solid (126 mg, 74%). IR (Nujol): m(C=C)
1611, m(PF) 841 cm−1. 1H NMR (CDCl3): d 1.00 (s, 2H, =CH), 1.73
(s, 30H, Cp*), 2.60–2.72 (m, 8H, PCH2), 7.00–7.56 (m, 40H, Ph).
13C NMR (CDCl3): d 9.46 (s, Cp*), 30.21–31.87 (m, PCH2), 88.21
(s, Cp*), 100.37 (s, Cb), 128.62–134.32 (m, Ph), 309.69 (s, Ca). 31P
NMR (CDCl3): d 39.5 (s, PPh3), −143.7 [septet, J(PF) = 711 Hz,
PF6]. ES-MS (positive ion mode, m/z): 749, M2+ (calcd M2+, 749).

[{Os(dppe)Cp*}2(l-C≡CC≡C)] (14). Thoroughly de-
oxygenated THF (20 mL) was transferred via cannula to a Schlenk
flask containing [{Os(dppe)Cp*}2{l-(=C=CHCH=C=)}](PF6)2

(13) (125 mg, 0.07 mmol) and KOBut (15.5 mg, 0.139 mmol,
2 eq.) under argon, and the solution was stirred at r.t. for 30 min.
Solvent was removed under vacuum and the crude solid was
extracted with hexane (3 × 5 mL) to give a bright orange solution
which was filtered to remove residual KPF6. Solvent was removed
to give [{Os(dppe)Cp*}2(l-C≡CC≡C)] (14) as a bright orange
powder (65 mg, 66%). Anal. calcd (C76H78P4Os2): C, 61.03; H,
5.26; M, 1497. Found: C, 61.15; H, 5.34%. IR (Nujol): m(C≡C)
1965 s cm−1. 1H NMR (C6D6): d 1.75 (s, 30H, Cp*), 2.03, 2.64 (2 ×
m, 2 × 4H, PCH2), 7.06–7.99 (m, 40H, Ph). 13C NMR (C6D6): d
10.08 (s, Cp*), 31.39 (m, PCH2), 71.32 [t, J(CP) 19 Hz, Ca], 88.68
(s, Cp*), 95.46 (s, Cb), 127.16–139.99 (m, Ph). 13P NMR (C6D6): d
43.6 (s). ES-MS (positive ion mode, m/z): 1496, M+.

[{Os(dppe)Cp*}2(l-C4)]PF6 ([14]PF6). [FeCp2]PF6 (5.4 mg,
0.016 mmol) was added to a solution of [{Os(dppe)Cp*}2(l-
C≡CC≡C)] (26 mg, 0.017 mmol) in CH2Cl2 (10 ml). The colour
changed immediately from orange to green. After stirring for
30 min, the volume was reduced to 2 ml and hexane (25 ml)
was added dropwise to give green [{Os(dppe)Cp*}2(l-C4)]PF6

([14]PF6) (20 mg, 72%). IR (Nujol, cm−1): m(CC) 1860 w, m(PF)
839 s. 1H NMR (d6-acetone): d 7.36–8.22 (br m, 40H, Ph), 10.68
(br, 8H, CH2), 12.16 (br, 30H, Cp*). ES-MS (positive ion, MeOH,
m/z): 1496, M+; 725, [Os(dppe)Cp*]+.

[{Os(dppe)Cp*}2(l-C4)](PF6)2 ([14](PF6)2). A similar reaction
to the above, using [{Os(dppe)Cp*}2(l-C≡CC≡C)] (10 mg,
0.007 mmol) and [FeCp2]PF6 (4.3 mg, 0.013 mmol) in CH2Cl2

(10 ml), resulted in colour changes from orange to green to
deep blue. After stirring for 30 min, reduction in volume to
2 ml and addition of hexane (25 ml) resulted in precipitation of
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dark blue [{Os(dppe)Cp*}2(l-C4)](PF6)2 ([14](PF6)2) (8 mg, 67%).
Anal. calcd (C76H70F12Os2P6): C, 51.12; H, 4.40; M (cation), 1496.
Found: C, 51.09; H, 4.31%. IR (Nujol, cm−1): m(CC) 1781 w, m(PF)
836 s. 1H NMR (d6-acetone): d 2.13 (br, 30H, Cp*), 3.19–3.31,
3.58–3.69 (2 × m, 2 × 4H, CH2), 6.99–7.80 (m, 40H, Ph). 31P NMR
(d6-acetone): d 81.0 (dppe), −143.0 (sept, PF6). ES-MS (positive
ion, MeOH, m/z): 748, M2+; 725, [Os(dppe)Cp*]+.

[Os(NCMe)(dppe)Cp*]PF6 ([15]PF6). A suspension of
OsBr(dppe)Cp* (100 mg, 0.124 mmol) and [NH4]PF6 (20.5 mg,
0.124 mmol) in MeCN (15 mL) was heated at reflux point for 20 h.
After this time the reaction mixture consisted of solid NH4Br
under a pale yellow solution. Filtration and removal of solvent
under vacuum was followed by dissolving the yellow residue
in CH2Cl2 (5 mL) and adding the solution dropwise to rapidly
stirred diethyl ether. The off-white precipitate was collected by
vacuum filtration, washed with diethyl ether (3 × 5 mL) and
dried under high vacuum to give pure [Os(NCMe)(dppe)Cp*]PF6

([15]PF6) (84 mg, 74%). Anal. calcd (C38H42P3F6OsN): C, 50.16;
H, 4.65; M (cation), 766. Found: C, 49.95; H, 4.97%. IR (Nujol):
m(C≡N) 2264, m(PF) 838 cm−1. 1H NMR (CDCl3): d 1.51 (s, 15H,
Cp*), 1.80 (s, 3H, Me), 2.35–2.56 (m, 4H, PCH2), 7.21–7.55 (m,
20H, Ph). 13C NMR (CDCl3): d 3.49 (s, CH3), 9.58 (s, Cp*),
30.68 (m, PCH2), 89.34 [t, J(CP) = 3 Hz, Cp*], 119.62 (s, C≡N),
128.72–135.25 (m, Ph). 31P NMR (CDCl3): d 43.3 (s, PCH2),
−143.7 [septet, 1J(PF) = 711 Hz, PF6]. ES-MS (positive ion
mode, m/z): 766, [M − PF6]+.

[Os(C≡CPh)(dppe)Cp*] (16). A suspension of [OsBr-
(dppe)Cp*] (100 mg, 0.124 mmol) and HC≡CPh (32.3 mg,
0.335 mmol) in EtOH (10 mL) was heated at reflux point for 17 h.
The resulting orange solution was cooled on ice and a freshly
prepared NaOEt solution (Na, 25 mg, in ethanol, 5 mL) was
added dropwise with stirring. An immediate colour change from
orange to pale yellow was observed and a pale yellow precipitate
separated. This was collected by vacuum filtration, washed with
ice-cold ethanol (3 × 5 mL) and dried under high vacuum to give
[Os(C≡CPh)(dppe)Cp*] (16) as a pale yellow powder (67.2 mg,
63%). Concentration of the filtrate gave a further 21.2 mg of
product (total yield, 83%). Anal. calcd (C44H44P2Os): C, 64.06; H,
5.37. Found: C, 63.94; H, 5.34%. IR (Nujol): m(C≡C) 2085 cm−1.
1H NMR (CDCl3): d 1.68 (s, 15H, Cp*), 2.12, 2.61 (2 × m, 2 ×
H, PCH2), 6.72–8.14 (m, 25H, Ph). 13C NMR (CDCl3): d 10.00 (s,
C5Me5), 31.38 (m, PCH2), 89.19 (s, C5Me5), 97.04 (s, Cb), 105.99
[t, J(CP) 19.6 Hz, Ca], 127.07–139.92 (m, Ph). 31P NMR (CDCl3):
d 43.7 (s).

Structure determinations

Full spheres of diffraction data were measured at ca. 153 K using
a Bruker AXS CCD area-detector instrument. N tot reflections
were merged to N unique (Rint cited) after “empirical”/multiscan
absorption correction (proprietary software), No with F > 4r(F)
being used in the full matrix least squares refinements. All
data were measured using monochromatic Mo-Ka radiation,
k = 0.71073 Å. Anisotropic displacement parameter forms were
refined for the non-hydrogen atoms, (x, y, z, U iso)H being included,
constrained at estimates. Conventional residuals R, Rw on |F| are
quoted [weights: (r2(F) + 0.000nwF 2)−1]. Neutral atom complex
scattering factors were used; computation used the XTAL 3.7

program system.36 Pertinent results are given in the figures
(which show non-hydrogen atoms with 50% probability amplitude
displacement ellipsoids and hydrogen atoms with arbitrary radii
of 0.1 Å) and in Tables 1–3.

Density functional calculations

DFT calculations were performed with the amsterdam density
functional package (ADF 2005)37 on models [14-H]n+ (phenyl
groups were replaced by hydrogen atoms), n = 0, 1, 2, 3, 4. The sin-
glet and triplet states were considered for [14-H]2+. The geometries
were fully optimized without constraints (C1 symmetry). Electron
correlation was treated within the local density approximation
(LDA) in the Vosko–Wilk–Nusair parametrization.38 The non-
local corrections of Becke and Perdew were added to the exchange
and correlation energies, respectively.39 The analytical gradient
method implemented by Verluis and Ziegler was used.40 The
standard ADF TZP basis set was used, i.e., triple-n STO basis
set for the valence core augmented with a 3d polarisation function
for C, P, and a 6p polarisation function for Os. Orbitals up to
1s, 2p, and 4f were kept frozen for C, P, and Os, respectively.
Relativistic corrections were added using the ZORA (zeroth
order regular approximation) scalar Hamiltonian.41 The excitation
energies and oscillator strengths were calculated following the
procedure described by van Gisbergen and cowokers.42 The
ionisation potentials were computed adiabatically.
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This paper reports the fabrication and characterization of Langmuir and Langmuir-Blodgett (LB) films
incorporating an oligo(phenylene-ethynylene) (OPE) derivative, namely, 4-[4-(4-hexyloxyphenylethynyl)-
phenylethynyl]-benzoic acid (HBPEB). Conditions appropriate for deposition of monolayers of HBPEB at
the air-water interface have been established and the resulting Langmuir films characterized by a combination
of surface pressure and surface potential versus area per molecule isotherms, Brewster angle microscopy,
and ultraviolet reflection spectroscopy. The Langmuir films are readily transferred onto solid substrates, and
one-layer LB films transferred at several surface pressures onto mica substrates have been analyzed by means
of atomic force microscopy, from which it can be concluded that 14 mN/m is an optimum surface pressure
of transference, giving well-ordered homogeneous films without three-dimensional defects and a low surface
roughness. The optical and emissive properties of the LB films have been determined with significant blue-
shifted absorption spectra indicating formation of two-dimensional H aggregates and a Stokes shift illustrating
the effects of the solid-like environment on the molecular chromophore.

Introduction

Molecular, oligomeric, and polymeric compounds derived
from the phenylene ethynylene motif are a fascinating subset
of conjugated materials.1,2 For example, the luminescent proper-
ties of polymeric phenylene ethynylenes (PPE) are sensitive to
a variety of environmental factors, including conformation and
aggregation effects,3 as well being sensitive to interactions with
small molecules. This latter property has led to the development
of a remarkable range of simple, yet highly sensitive, polymer-
based sensors.4 The rigid structure of the phenylene ethynylene
motif has also been employed as a structural element in the
construction of various shape-persistent molecular architectures5
and liquid crystalline materials.6-9 In addition, the extended
π-conjugated electronic structure that these compounds offer
raises considerable interest in the potential “wire-like” properties
of these compounds when used to bridge molecular photoactive
centers10,11 or to span a nanoscopic gap between two macro-
scopic electrodes.12-15
The assembly of functional organic molecules into highly

ordered films, with defined thickness and controlled architecture,
is also of interest from both the theoretical interest in surface
chemistry and the potential use of organic thin films in industrial
applications. In this respect, several methods have been em-
ployed to fabricate thin films of oligo(phenylene ethynylene)s
including cast, spin-coating, and layer by layer procedures16-19
for applications in organic electroluminescent and polymeric
LED devices20,21 and NLO (nonlinear optical) applications.22,23
However, the vast majority of OPE films studied for advanced

materials applications have so far been prepared by the self-
assembly (SA) technique,24-31 usually taking advantage of the
excellent film-forming characteristics of thiols on gold surfaces.
In this context, we could highlight the fabrication of SA
monolayers of OPEs as either single-component systems32 or
mixed films where the OPE is diluted onto an insulating matrix
with the purpose of measuring single-molecule conductivities.33-37
However, despite the obvious advantages of ease of assembly

and excellent film characteristics derived from thiol-gold SA
monolayers,38 free thiols RSH can readily oxidatively couple
to give very stable dithiols RSSR. The preparation of gold-
thiol-based monolayers therefore requires careful preparation
and manipulation of protected thiols, which can add a degree
of additional complexity to the process.
The Langmuir-Blodgett (LB) technique is a much older, but

often neglected in recent times, strategy for preparation of
organic thin films.39-44 The LB method is an excellent tool to
fabricate films with a high internal order, provides control over
the desired number of layers, as well as allowing the possibility
of depositing alternate monolayers of different molecules and
preparing mixed monolayers in which OPEs could be diluted,
for example, into an insulating matrix of a fatty acid. Neverthe-
less, there is little data available for the detailed process of
fabrication of LB films containing OPE derivatives and their
precise organization.45-47
In this paper we show that the LB technique is a useful

procedure to fabricate well-ordered films of OPE derivatives
where the final architecture can be controlled by the operator.
Specifically, we report the synthesis and assembly into Langmuir
and Langmuir-Blodgett films of a new phenylene-ethynylene
oligomer, namely, 4-[4-(4-hexyloxyphenylethynyl)-phenyleth-
ynyl]-benzoic acid, abbreviated as HBPEB (Figure 1). This
compound meets the requirements of the Langmuir-Blodgett
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technique,48,49 i.e., it contains (i) a hydrophilic group (the
carboxylic acid, which facilitates spreading of the molecule as
well as its anchoring onto the water surface) and (ii) a water-
insoluble skeleton made of a conjugated π system and a
hydrocarbon chain that, on one hand, prevents solubilization
of the molecule into the aqueous subphase and, on the other
hand, provides stability to the film thanks to lateral π-π and
van der Waals interactions with neighboring molecules. The
detailed organization of HBPEB Langmuir monolayers under
several experimental conditions and final architecture of the LB
films have been comprehensively studied by means of optical,
spectroscopic, and microscopic procedures.

Experimental Section

Synthesis. General Conditions. THF was purified by passage
through an Innovative Technologies SPS-400 solvent purifica-
tion system. Methyl 4-[4-(4-hexyloxyphenylethynyl)-phenyl-
ethynyl]-benzoate was prepared in a manner analogous to that
described elsewhere.50 Other reagents were purchased and used
as received. IR spectra were recorded on a Nicolet Avatar
spectrometer from Nujol mulls supported between NaCl plates.
Mass spectra were recorded on an Autospec EI spectrometer.
A solution of methyl 4-[4-(4-hexyloxyphenylethynyl)-phenyl-

ethynyl]-benzoate (1.00 g, 2.29 mmol) in 50% aqueous ethanol
(100 mL) and THF (100 mL) was treated with a solution of
NaOH (0.5 g, 12.5 mmol in 20 mL water), and the reaction
mixture was heated at reflux for 6 h. After this time the solution
was cooled, the volatiles were removed in vacuo, and the
mixture was acidified by addition of dilute aqueous HCl. The
resulting precipitate was collected, washed with water, and dried
to afford the desired compound (0.92 g, 94%).
Film Fabrication. The films were prepared on a Nima Teflon

trough with dimensions 720 × 100 mm2, which was housed in
a constant temperature (20 ( 1 °C) clean room. The subphase
was either pure water (Millipore Milli-Q purification system,
resistivity 18.2 MΩ·cm) or a solution of NaOH using Milli-Q
water as solvent. The surface pressure (π) of the monolayers

was measured by a Wilhelmy paper plate pressure sensor. The
spreading solution was delivered from a syringe held very close
to the surface with the surface pressure allowed to return to a
value as close as possible to zero between each addition. The
initial surface density of the films was such that the surface
pressure never exceeded 1 mN/m. The solvent was allowed to
completely evaporate over a period of at least 15 min before
compression of the monolayer commenced at a constant
sweeping speed of 0.02 nm2/molecule‚min. Each compression
isotherm was registered at least three times to ensure the
reproducibility of the results so obtained. The ∆V-A measure-
ments were carried out using a Kelvin probe provided by
Nanofilm Technologie GmbH, Göttingen, Germany. During
monolayer compression, π-Α and ∆V-A isotherms were
recorded simultaneously. A mini-Brewster angle microscope
(mini-BAM), also from Nanofilm Technologie, was employed
for direct visualization of the monolayers at the air/water
interface, and a commercial UV-vis reflection spectrophotom-
eter51 was used to obtain the reflection spectra of the Langmuir
films upon the compression process.
The solid substrates used to support the LB films (quartz,

ZnSe, and cleaved mica for the ultraviolet and fluorescence,
infrared, and AFM measurements, respectively) were cleaned
carefully as previously described.52,53 The monolayers were
deposited at a constant surface pressure by the vertical dipping
method, and the dipping speed was 0.6 cm/min.
Ultraviolet (UV) spectra were acquired on a Varian Cary 50

spectrophotometer. The fluorescence spectra were recorded
using a Horiba-Jobin-Yvon Fluorolog 3-22 Tau-3 spectrofluo-
rimeter. The infrared spectra of the LB films or KBr pellets
were obtained with a Jasco 410 spectrophotometer. The LB films
spectra were recorded using a normal incident angle with respect
to the film plane. The atomic force microscopy (AFM) experi-
ments were performed by means of a multimode extended
microscope with Nanoscope IIIA electronics from Digital
Instruments operating at ambient atmosphere. The AFM tip was
made of silicon with a resonant frequency of 285 kHz and a
force constant of 42 N/m. All images were recorded at room
temperature using the tapping mode. The scanning rate was 1
Hz, and the amplitude set point was lower than 1 V.

Results and Discussion

Langmuir Films. Hexane was chosen as the spreading
solvent due to the low solubility of HBPEB in other spreading
solvents commonly used in the LB technique,48 such as
chloroform, dichloromethane, benzene, diethylether, etc. Forma-
tion of aggregates of π-conjugated oligomers, even in dilute
solutions, is well known,54 and this phenomenon has been
recognized as one of the main difficulties in the preparation of
true monomolecular films at the air-water interface. Such
aggregates are formed mainly due to the attractive π-π
interactions between the conjugated skeleton of neighboring
molecules. In the case of HBPEB aggregation is also promoted
by formation of carboxylic acid dimers. It was therefore
necessary to thoroughly investigate the film preparation condi-
tions in order to minimize formation of molecular aggregates.
The influence of the spreading solvent, initial concentration of
HBPEB, spreading volume, as well as pH of the subphase on
the film structure were all systematically studied. Spreading
solutions containing more than 10-5 M HBPEB resulted in
formation of many three-dimensional (3D) aggregates55 at the
air-water interface, which were clearly visible in BAM images
(Figure 2a) and little, if any, rise of the surface pressure in the
π-A isotherm (Figure 3a). Formation of these aggregates could

Figure 1. Chemical structure (left) and space-filling molecular model
(right) of 4-[4-(4-hexyloxyphenylethynyl)-phenylethynyl]-benzoic acid
(HBPEB).
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be minimized through application of spreading solutions of
lower concentration. For example, Figures 2b and 3b show the
BAM image after the spreading process and the isotherm of a
monolayer prepared by spreading a 10-5 M hexane solution,
respectively. Formation of three-dimensional aggregates at the
air-water interface is obviously greatly suppressed in com-
parison with the films formed from solutions of higher
concentration.
In order to further minimize formation of molecular ag-

gregates within the spreading solution and hence improve the
quality and homogeneity of the resulting films, addition of polar
cosolvents capable of hydrogen bonding with the carboxylic
headgroup of HBPEB was also investigated. Investigations
established that hexane:ethanol (2:1) solvent mixture yields
initial films showing a more uniform aspect and fewer 3D
aggregates, evidenced by the decreased number of bright spots
on the BAM images (Figure 2c).
The pH of the subphase was also found to influence the

HBPEB surface behavior. A basic subphase (pH 9), in which
the carboxylic groups can be expected to be fully ionized,
afforded a more expanded monolayer due to the repulsive
Coulombic forces between the negatively charged head groups
(Figure 3d) while also serving to eliminate formation of
aggregates within the Langmuir film, as measured by BAM
imaging (Figure 2d).
However, the concentration of the spreading solution is not

the only factor to take into account for minimizing formation
of 3D aggregates as the initial amount of material deposited is
also crucial.48 Thus, a thorough analysis of the spreading volume
of a 10-5 M solution was also carried out to determine the
maximum initial surface density that could be spread without
leading to 3D aggregates. For an initial area of 710× 100 mm2,
7 mL of a 10-5 M solution hexane:ethanol 2:1 (i.e., 9.8 × 10-11
mol/cm2) yields reproducible isotherms onto basic subphases,
which in turn leads to areas per molecule consistent with a
monolayer film. Larger spreading volumes lead gradually to
films showing lower areas per molecule in the solid phase,

indicative of molecular aggregation. Lower volumes yield
similar isotherms to those of 7 mL, but they reach lower surface
pressures by the end of the compression process as there is less
material on the water surface. For comparative purposes all the
images shown in Figure 2 and isotherms of Figure 3 refer to a
spreading volume of 7 mL.
On the basis of these results, 10-5 M solutions of HBPEB in

a 2:1 hexane-ethanol solvent mixture and an aqueous NaOH
subphase of pH ) 9 were established as the best experimental
conditions for formation of defect-free Langmuir monolayers,
and the experimental results which follow are based on films
prepared under these conditions.
The π-A isotherm (Figure 3d) for a Langmuir monolayer

prepared under these selected conditions shows a significant
increase of the surface pressure with decreasing area per
molecule at ca. 0.8 nm2. The surface pressure gradually increases
till a slope change is reached at approximately 20 mN/m, after
which the monolayer enters in the condensed phase. The
extrapolated area per molecule in the condensed phase region,
Aπf0, yields a value of 0.28 nm2, indicating that a tightly packed
interfacial arrangement of the HBPEB molecules in the con-
densed phase is obtained.
The surface compressibility characteristics of the films have

been explored in order to characterize the monolayer in more
detail than is possible from studies of the π-A isotherm, phase
transitions, and qualitative assessment of the intermolecular
interactions.56,57 The compressibility coefficient, Cs, as a function
of the surface pressure for an HBPEB monolayer has been
calculated using the equation48

From the plot of Cs vs π two distinct phase transitions are
evident (Figure 4). The initial transition, which occurs at ca.
12 mN/m, may be attributed to a liquid-expanded-liquid-
condensed transition (LE-LC). A second phase transition is
found associated with the maximum compressibility of the film

Figure 2. BAM images recorded before the compression process started (π ) 0 mN/m) under the indicated experimental conditions. Images a-c
were recorded for Langmuir films onto a pure water subphase. Image d corresponds to films onto a NaOH aqueous subphase (pH ) 9).

Figure 3. HBPEB isotherms recorded under the indicated spreading
solutions and onto pure water or a NaOH aqueous solution of pH ) 9.

Figure 4. Cs-π curve for a HBPEB monolayer.

Cs ) -1A ‚ (∂A∂π)T (1)
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(ca. 18 mN/m), which is attributed to a liquid-condensed-solid
transition (LC-S). The monolayer collapses at ca. 45 mN/m,
evidenced by the sharp increase in the compressibility coefficient
at this surface pressure.
Measurements of the surface potential, ∆V, also provide

information related to the characteristics of the monolayer phases
and associated phase transitions as well as providing a degree
of insight into the reorientation of molecular dipoles during the
various stages of film compression. Figure 5 shows the ∆V-A
isotherm of HBPEB monolayer. For the purpose of comparison,
the π-A isotherm of HBPEB is also shown in the same figure.
As can be seen in Figure 5, the surface potential rises sharply
from a value of ca. 600 mV at an area of 1.20 nm2/molecule to
a value of 720 mV at an area of 1.05 nm2/molecule, where a
plateau in the ∆V-A plot is observed (region a to b in Figure
5) and could be interpreted in terms of a gas-liquid-expanded
transition. The surface potential increases again in the 0.80-
0.40 nm2/molecule region (b to c points in the figure) reaching
a value of 1070 mV in point c that corresponds to a surface
pressure of 14.5 mN/m, which coincides with the minimum
between the two maxima described in the Cs-π curve (Figure
4). After point c the surface potential increases sharply upon
compression, and a sudden drop is detected at point d corre-
sponding to an area of 0.2 nm2/molecule (π ) 27 mN/m). The
surface pressure corresponding to d point, 27 mN/m, is much

lower than the monolayer collapse in the π-A isotherm at ca.
45 mN/m. This could be due to the appearance of some local
collapses yielding 3D structures. Such 2D-3D transformations
often occur with condensed and crystalline phase monolayers
at surface pressures below the collapse surface pressure in the
π-A isotherm,58 and they are more easily detected in ∆V-A
isotherms. These suggestions are also supported by AFM
observations of LB films, discussed later, which also indicate
extrusion of material from monolayers prepared at surface
pressures of 18 mN/m.
For amphiphilic Langmuir monolayers a quantitative relation-

ship between the measured ∆V and normal components of a
group dipole moment has been established by means of models
based on the Helmholtz equation59 in which the monolayer is
considered as a parallel plate condenser, comprising a sheet of
uniformly distributed dipoles, where the surface potential can
be expressed as

where A is the area per molecule, ϵr and ϵ0 are the relative
dielectric constant and the permittivity of vacuum, respectively,
µn is the normal component of the dipole moment per molecule,
and ψ0 is the double-layer contribution in ionized monolayers.
Demchak and Fort60 proposed a three-layer capacitor model,
where the monolayer surface potential is written as

where µ1/ϵ1 is the contribution due to reorientation of water
molecules, while µ2/ϵ2 and µ3/ϵ3correspond to hydrophilic and
hydrophobic group regions, respectively. It follows that to
calculate ∑ µi/ϵi it is necessary to first determine theΨ0 potential
of the HBPEB monolayer. According to Dynarowicz-Latka et
al.61 the value of the surface potential associated with the double-
layer potential can be estimated from comparison of the surface
potential of the ionized monolayer with that of a nonionized
monolayer. Thus, the surface potential of a HBPEB monolayer
spread onto a pH < 2 aqueous HCl subphase, on which the
carboxylic acid groups are expected to be completely unionized,
has been measured. By subtracting the ∆V-A isotherm on the
acidic subphase from the ∆V-A isotherm illustrated in Figure
5a, it is possible to calculate the dependence of the Ψ0 potential
of the HBPEB monolayer on a NaOH subphase. The result is
plotted in Figure 5b. Because the carboxylic group of the
HBPEB molecule aligned on the basic subphase is negatively
charged (COO-), the Ψ0 potential is expected to become more
and more negative as the surface density of the HBPEB
molecule is increased, which is achieved by the decreasing the
effective area per molecule by compression of the film.
However, in contrast to these expectations, the initial trend of
the Ψ0 potential, especially in the 1.2-0.8 nm2 region (gas
phase), is an increase with increasing surface density. This
phenomenon may be explained in terms of the appearance of
significant intermolecular attractive forces between the HBPEB
molecules upon compression even in the gas phase (π-π
interactions between the aromatic units together with van der
Waals forces between the alkyl chains), yielding an increase in
the hydrophobic environment of the molecules. This in turn leads
to a decrease in the local dielectric constant of the head group
region,62 which is consistent with the decrease in the dipole
moment sum. At ca. 0.8 nm2 the Ψ0 potential decreases

Figure 5. (a) π-A isotherm (left) and ∆V-A (right). (b) Dependence
of the Ψ0 potential on the area per molecule. (c) µn/ϵr vs area per
molecule.
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gradually before sharply increasing at low values of A. The
observation of positive Ψ0 values at high compression (low A)
is indicative of an inversion in the dipole vector direction, which
could be explained by ejection of some molecules from the
monolayer to form a bilayer or perhaps a multilayered structure.
Four linear regions are observed in the µn/ϵr vs A graph

(Figure 5c), which correspond to the four phases of the
monolayer detected from the π-A isotherm and plots of Cs vs
π, although it is well known that ∆V-A isotherms show phase
changes a few Å2 before they are detected in the π-A isotherm.
The initial, relatively large µn/ϵr value (∼2.7 D) depicted in
Figure 5c can be attributed to the additive contribution of the
carboxylic group and the presence of ordered water molecules
in the hydration shell of the HBPEB hydrophilic group.62 An
almost linear decrease in µn/ϵr values with decreasing area per
molecule from 1.2 to 0.8 nm2 (gas phase, marked as the region
a′-b′ in Figure 5c), is observed and attributed primarily to
reorientation of the carboxylic group and the water molecules
at the interface. From b′ to c′ a much smaller decrease of µn/ϵr
with decreasing area is observed that could be mainly attributed
to reorientation of the aromatic skeleton of the molecule, which
has a lower contribution to the total ∑ µi/ϵi. This hypothesis is
confirmed by the reflection spectra recorded at the air-water
interface upon compression, where drastic changes in ∆Rn
(normalized reflection spectrum defined as ∆Rn ) ∆R‚A, where
∆R is the directly measured spectrum and A is the area per
molecule at which the spectrum is recorded) with decreasing
area per molecule are detected in this region (vide infra). At an
area of 0.55 nm2 (π ) 9 mN/m) a slope change occurs, and
another linear decrease of the µn/ϵr values with decreasing area
per molecule takes place (Figure 5c, region c′-d′). It is likely
that the main contribution to the variation in µn/ϵr values in the
c′-d′ area is reorientation and alignment of the alkyl chain,
which corresponds to liquid-condensed phases. Finally, another
slope change is detectable at 0.28 nm2 (18 mN/m), point d′,
corresponding to the beginning of the solid phase. Local
collapses of the monolayer could explain the abrupt µn/ϵr
decrease at low areas per molecule before the global destruction
of the monolayer (positive µn/ϵr not shown in the figure).
As a complement to the information provided by the π-A

and ∆V-A isotherms, BAM images were also recorded at
different stages of compression (Figure 6). During the compres-
sion process the images show a gradual increase in the
brightness, indicative of a gradual tilt of the molecules in the
monolayer. No domains could be clearly observed within the
resolution of the mini-BAM instrument. At a surface pressure
of 18 mN/m the water surface is wholly covered by the
monolayer. If the barrier is stopped at high surface pressures
(>18 mN/m) no changes in the BAM images are observed,
which is indicative of a rigid monolayer. At this point we also
note that the BAM images are reproducibly obtained over the
course of several compression and expansion cycles and that
plots of π-A obtained over the course of several cycles of
compression and expansion are free of hysteresis. Taken together
these results indicate the reversible packing of the HBPEB
molecules within the Langmuir film at the air-water interface.

The electronic spectra of short-chain phenylene ethynylene
molecules are sensitive to environmental factors, such as
temperature and viscosity and polarity of the solvent medium,
which is related to the population of the various rotational
conformers.63,64 It was therefore interesting to consider the
spectroscopic profile of HBPEB assembled at the air-water
interface. Figure 7 shows the UV-vis normalized reflection
spectra of HBPEB monolayers at the air-water interface upon
different compression states. The intensity of the normalized
spectra, ∆Rn, decreases with increasing surface pressure, which
is indicative of a gradual decrease of the angle formed by the
normal to the surface and the dipole transition moment of the
HBPEB molecules,51,65 i.e., the molecules are situated in a more
vertical position by the end of the compression process. The
most drastic change in ∆Rn values, and hence the most
significant changes in the orientation of the chromophore, in
this case the extended phenylene ethynylene moiety, takes place
between 5 and 15 mN/m. These orientational differences are
not as marked in the rest of the compression process. These
observations and interpretations are in agreement with the
conclusions drawn from the ∆V-A isotherms and corroborate
our previous interpretation of a reorientation of the aromatic
unit in the liquid-expanded phase.
In addition to the variation in reflection intensity, there is a

small red shift in the maximum wavelength as a function of
increasing surface pressure from an initial value of 281 to 287
nm at high surface pressures. This could be indicative of an
increase in the aromaticity of the HBPEB molecules due to
changes either in the local effective polarity as the film becomes
increasingly tightly packed or, arguably, as the constituent
HBPEB molecules adopt more planar conformations. Dimer
formation and different molecular packing motifs could also
explain this small red shift.
Langmuir-Blodgett Films. Langmuir monolayers were

transferred onto solid substrates (quartz, ZnSe, or cleaved mica)
by the vertical dipping method. The hydrophilic substrates were
initially immersed in water, and the deposition process took
place during the upstroke of the substrate. The deposition ratio
is very close to unity (≈0.93) on each of the substrates assayed,
indicating good transference of the molecules. We note for future
reference that deposition of these polar (donor-acceptor)
HBPEB molecules is Z-type, resulting in formation of noncen-
trosymmetric LB layers, which could be of interest in NLO or
charge-transport applications at a later date.

Figure 6. BAM pictures of HBPEB Langmuir film upon compression
at the indicated surface pressures.

Figure 7. Normalized reflection spectra of a HBPEB Langmuir
monolayer.
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Atomic force microscopy (AFM) can be used to provide
topographic images of the LB films, giving a direct view of
surface morphology with high spatial resolution, which is often
indicative of the film quality. By combining imaging and AFM-
based lithography the thickness of films can be measured with
Angstrom precision. Thus, HBPEB monolayers were transferred
onto cleaved mica at several surface pressures, and their
topographic AFM images were collected in air 48 h after the

deposition process, allowing correct drying of the films. Some
representative images are shown in Figure 8, and Table 1
summarizes the rms (root-mean-square) roughness and film
thicknesses determined by scratching the films with the AFM
tip.
AFM images of films transferred at 3 mN/m show a

nonhomogeneous surface with bare regions and a high roughness
(rms ) 0.615 nm) indicating that at low surface pressures the

Figure 8. 2D and 3D views of AFM images of a one layer thick LB film of HBPEB transferred onto cleaved mica at the indicated surface
pressures. Films were allowed to dry, and images were recorded 48 h after the transference.
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surface coverage of the transferred films is low. At higher
transference pressures, i.e., at 10 mN/m, the films are much
more homogeneous, the roughness decreases notably (rms )
0.184 nm), and a typical LB AFM picture is obtained where
only a few holes, characteristic of noncovered areas, can be
seen. If the transference pressure is increased further still to 14
mN/m a highly homogeneous film is obtained with a very low
roughness (rms ) 0.103 nm) and no apparent holes. Films
transferred from monolayers formed at higher surface pressures
(18 mN/m) are considerably rougher (rms ) 0.636 nm) with
obvious raised peaks and evidence of granular material on the
film. These accumulations of material on the surface could be
due to ejection of some molecules from the monomolecular film
out of the film plane. From these results it can be concluded
that a surface pressure around 14 mN/m yields very homoge-
neous films remarkably free of defects.
Determination of the thickness of the film by etching of the

film with the AFM tip clearly indicates that the film thickness
increases with the transference surface pressure. The tilt angles
of the HBPEB molecules in the monomolecular films can be
estimated (Table 1) assuming an HBPEB height of 2.77 nm,
which was determined by molecular simulation (Chem 3D).
However, transference of the monolayer at a relatively low

surface pressure, 14 mN/m, opens the question of whether the
alkyl chains are well ordered. Infrared (IR) spectroscopy is a
useful tool to investigate the conformational order and packing
of the alkyl chains in LB films. When the alkyl chains are highly
ordered (trans-zigzag conformation) the νa(CH2) and νs(CH2)
bands appear near 2918 and 2850 cm-1, respectively,66,67 while

if conformational disorder is included in the chain, these
diagnostic bands shift to between 2927 and 2856 cm-1 depend-
ing on the content of gauche conformations. The hydrocarbon
tails in the LB films here reported and transferred at 14 mN/m
present bands at 2918 and 2850 cm-1 indicative of well-ordered
alkyl chains with a trans zigzag conformation.68,69 In contrast,
spectra of this material obtained from a KBr pellet exhibit
νa(CH2) and νs(CH2) bands at 2926 and 2855 cm-1, respectively,
indicating the more random orientation of the alkyl tails.
Figure 9 shows the IR of a KBr pellet of HBPEB as well as

that of an LB film of HBPEB (14 layers transferred on both
sides of a ZnSe substrate at 14 mN/m and recorded 48 h after
the deposition process; 14 layers are required for a good
resolution of the bands in the spectrum), and Table 2 gathers
the vibrational mode assignments of the main bands based on
previously published data of similar compounds.24,38,70 A feature
of interest in Figure 9 is the weak peak observed at ca. 2212
cm-1 in the KBr pellet. This peak is assigned to the CtC
stretching mode with an associated direction of the transition
dipole moment parallel to the bond and thus parallel to the long
molecular axis. The negligible intensity of this peak in the LB
film spectra indicates a nearly perpendicular arrangement of this
bond with respect to the substrate plane. The relative intensities

TABLE 1: RMS Roughness and Film Thickness for
One-Layer LB Films of HBPEB at the Indicated
Transference Pressurea

transference
pressure
(mN/m)

rms
roughness
(nm)

film
thickness
(nm)

estimated tilt angle
of HBPEB with respect to
the film plane (deg)

3 0.615 1.3 ∼28
10 0.184 1.7 ∼38
14 0.103 2.3 ∼57
18 0.636 2.4 ∼61

a Estimated tilt angle for the HBPEB with respect to the film plane
is also indicated.

TABLE 2: Band Positions and Assignments for FTIR Spectra of HBPEB in LB Films and KBr Pellet
band position (cm-1) LB film band position (cm-1) KBr pellet assignment

3400 (weak, broad) O-H stretch
2953 (medium) 2955 (medium) CH3 stretch antisymmetric
2918 (strong) 2926 (strong) CH2 stretch antisymmetric

2870 (shoulder) CH3 stretch symmetric
2850 (strong) 2855 (strong) CH2 stretch symmetric

2212 (weak) CtC stretch
1736 (strong) CdO free stretch

1702 (medium, broad) CdO H-bond stretch
1650 (medium) 1624 (strong) CdC-O stretch

1608 (strong) ring stretch
1589 (medium) ring stretch

1513 (strong) 1518 (strong) ring stretch
1468 (strong) 1468 (medium) CH2 scissoring in chain
1404 (weak) 1404 (medium) CH2 scissoring

1349 (strong, broad) CH2 bending in chain, in chain direction
1290 (shoulder) 1285 (strong) ring stretch
1249 (medium) 1249 (very strong) ring stretch + CH2 bend in chain + dCO stretch
1174 (very weak) 1174 (medium) CH in plane bending
1103 (weak) 1109 (medium) CH2-CH2 stretch in chain, in chain direction + CH in plane bending
1068 (medium) 1068 (weak) CH in plane bending
1043 (medium) 1043 (weak) CH in plane bending
950 (medium) 933 (weak) O-H out of plane bend
836 (strong, very broad) 839 (very strong) C-H out of plane
781 (strong, very broad) 781 (strong) C-CdC- bend

Figure 9. IR spectra of HBPEB in a 14-layer LB film and KBr pellet.
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of other bands also change from the KBr pellet to the LB film,
which is also attributable to orientational effects in the film.
Another remarkable difference between the LB film and KBr
spectra is related to the CdO stretching region. The band of a
carboxylic acid group shows a main peak at 1736 cm-1 in the
LB film, which has been assigned to the CdO free group. A
broad band centered at 1702 cm-1 can be observed in the KBr
pellet, and it corresponds to more extensively hydrogen-bonded
CdO groups.71
Figure 10 shows the UV-vis spectra of one layer thick LB

film as transferred at 14 mN/m (pristine) and after its evolution
at air, 6 and 30 h after the transference of the film. The pristine
HBPEB Langmuir-Blodgett monolayers show a band centered
at 287 nm when the UV-vis spectrum is recorded immediately
after the transference process. There is a decrease in the intensity
of the band with time until the film reaches a final state (ca. 30
h at air) with a maximum absorption at 292 nm. These
spectroscopic changes are likely related to reorganization of the
molecules in the film toward an energetically more favorable
molecular distribution and probably related to the drying process
of the film. With respect to the absorbance decrease with time,
it is indicative of a lower interaction between the normal incident
light (incoming electric field parallel to the substrate plane) and
the transition dipole moment of the HBPEB units, suggesting
that the tilt angle of HBPEB with respect to the substrate plane
is larger after film evolution at air. The spectra shown in the
inset graph in Figure 10 permit a comparison between the film
and the solution. The blue shift of the band centered at 350 nm
in solution to 292 nm in the LB film could be interpreted in
terms of formation of two-dimensional H aggregates, in agree-
ment with observations in analogous systems.47,72
Figure 11 shows the fluorescence excitation (collected by

measuring the emission at 391 nm) and emission (recorded by
excitation at 355 nm) spectra of HBPEB in solution and from
an LB film (transferred at 14 mN/m). The excitation and
emission spectra of HBPEB in hexane are comparable to those
of the parent molecule 1,4-bis(phenylethynyl benzene),63 and
in solution, the excitation spectrum of HBPEB is virtually
identical to the absorption spectrum. Also, as found for the
parent compound, the emission spectrum shows a greater degree
of vibrational structure, and there is no mirror image relationship
between the absorption and emission spectra due to the
conformational changes that follow excitation.63,73

Conclusions

We thoroughly studied the surface behavior of an oligo-
(phenylene-ethynylene) derivative at the air-water interface and
transferred onto solid substrates, concluding that well-defined,
homogeneous Langmuir films of OPE derivatives can be
fabricated. The Langmuir films are transferable onto solid
supports by the vertical dipping method with a deposition ratio
of 1 with a Z-type deposition mode. UV-vis spectroscopy of
the LB films has shown that reorganization of the molecules in
the film toward an energetically more favorable molecular
distribution takes place after deposition. Moreover, two-
dimensional H aggregates are formed in the thin solid films.
AFM and IR studies have revealed that the Langmuir-Blodgett
films are very homogeneous and present highly ordered alkyl
chains in a trans-zigzag conformation. Excitation and emission
profiles of Langmuir-Blodgett films transferred at moderate
surface pressures are also consistent with a tightly packed
molecular arrangement.
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The synthesis and liquid crystalline behaviour of alkoxy-substituted derivatives of 1,4-
bis(phenylethynyl)benzene
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Despite the prevalence of organised 1,4-bis(phenylethynyl)benzene derivatives in molecular electronics, the
interest in the photophysics of these systems and the common occurrence of phenylethynyl moeties in molecules
that exhibit liquid crystalline phases, the phase behaviour of simple alkoxy-substituted 1,4-bis(phenylethynyl)-
benzene derivatives has not yet been described. Two series of 1,4-bis(phenylethynyl)benzene derivatives, i.e. 1-
[(49-alkoxy)phenylethynyl]-4-(phenylethynyl)benzenes (5a–5f) and methyl 4-[(40-alkoxy)phenylethynyl-49-(phe-
nylethynyl)] benzoates (18a–18f) [alkoxy5n-C4H9 (a), n-C6H13 (b), n-C9H19 (c), n-C12H25 (d), n-C14H29 (e), n-
C16H33 (f)] have been prepared and characterised. Both series have good chemical stability at temperatures up to
210uC, the derivatives featuring the methyl ester head-group (18a–18f) offering rather higher melting points and
generally stabilising a more diverse range of mesophases at higher temperatures than those found for the simpler
compounds (5a–5f). Smectic phases are stabilised by the longer alkoxy substituents, whereas for short and
intermediate chain lengths of the simpler system (5a–5c) nematic phases dominate. Diffraction analysis was used
to identify the SmBhex phase in (5d–5f) that is stable within a temperature range of approximately 120–140uC.
The relationships between the organisation of molecules within these moderate temperature liquid crystalline
phases and other self-organised states (e.g. Langmuir-Blodgett films) remain to be explored.

Keywords: alkyne; alkoxy; liquid crystal; X-ray diffraction

1. Introduction

Molecular structures based on the phenylene ethyny-
lene moiety (Figure 1) have been widely studied, with
the rigid linear molecular framework and extended p-
conjugated electronic structures coupled with their
ease of preparation (1) making them attractive
research objects. The combination of shape persistent
linear molecular structures and extended p-conjuga-
tion makes oligo(phenylene ethynylene)s attractive
candidates for molecular wires (2) and for opto-
electronic applications (3). Consequently, numerous
studies have been conducted on the wire-like (2–4)
and photophysical properties of phenylene ethyny-
lene based materials (5).

A good deal of synthetic work has been directed
towards decoration of the parent molecular system
with a view to the preparation of functional mole-
cular systems. For example, the introduction of polar
head-groups leads to amphiphiles capable of Lang-
muir film formation (6), whereas the incorporation of
surface binding groups affords test systems suitable
for measurements of electron transport in these pro-
totypical molecular devices (7). Recently, some rela-
tively fundamental studies of the molecular framework
have been reported, such as measurements of the

torsional motion about the aryl–alkyne single bond
and the impact of this conformational flexibility on the
physical properties of the system discussed (8).

Liquid crystal (LC) materials derived from the
phenylene ethynylene motif are well known. For
example, rigid-rod oligo(phenylene ethynylenes) (9)
and buta-1,3-diynes (10) exhibit calamitic LC phases,
while disc-like molecules based on pentakis(pheny-
lethynyl)benzene derivatives exhibit the nematic
discotic phase (11). Moreover, the versatile phenylene
ethynylene motif has also been incorporated into
metallomesogens (12), and both side-chain and main-
chain polymeric LC materials (13). Non-conventional
phenylene ethynylene-based mesogens incorporating
the sterically demanding triptycene group form glassy
phases, whereas V-shaped mesogens with shape
persistent phenylene ethynylene arms exhibit the
nematic phase (14). The improved mesophase beha-
viour of fluorinated LC materials, and their enhanced
dielectric anisotropy (15) has driven the investigation
of fluorinated phenylene ethynylenes for use as
dopants in liquid crystal hosts (16). Non-fluorinated
compounds have found application as dopants in
polymer LC hosts to form dichroic photoluminescent
materials (17).
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Many of the phenylene ethynylene systems that
exhibit liquid crystalline properties feature alkyl or
alkoxy chains in addition to the aromatic core; the
effect of introduction of alkynyl-based tail groups
into such systems having also been highlighted (18).
Somewhat surprisingly, given the predominance of
alkoxy chains in LC materials, simple mono-alkoxy
derivatives of 1,4-bis(phenylethynyl)benzene (A,
Figure 1) have not been studied. Equally, terminal
ester groups in low molecular weight LCs are known
to promote smectic behaviour due to the presence of
a dipole acting across the molecular long axis, yet, to
the best of our knowledge, little work has been
reported on the influence of simple functional groups
on the mesomorphic behaviour of the elementary

rigid-rod scaffold offered by A (5g, 5h, 19). The
enhancement of interactions between molecules aris-
ing from manipulation of the molecular dipole has
the capacity to stabilise layered assemblies and give
rise to novel mesomorphic behaviour (20).

In this paper we report the preparation of two
representative series of mono-alkoxy derivatives of
bis(phenylethynyl)benzene, 1-[(49-alkoxyphenyl)ethy-
nyl]-4-(phenylethynyl)benzenes and methyl 4-[(40-
alkoxy)phenylethynyl-49-(phenylethynyl)]benzoates,
and describe their liquid crystalline phase behaviour.

2. Results

Synthesis

Several routes to compounds such as 5 can be
envisioned, two of which are illustrated in Scheme 1
(21). We chose to utilise the selective and sequential
addition of lithiated acetylide anions to benzoqui-
none as the key steps in the assembly of the carbon-
scaffold in compounds 5a–5f (Scheme 1, route A)
(22). Thus, sequential reaction of benzoquinone with
lithium phenylacetylide and the appropriate lithium
4-alkoxyphenylacetylide gave the unsymmetrical die-
nediols, which were then reduced with tin(II) chloride
in ethanol to give the desired 1-[(49-alkoxypheny-
l)ethynyl]-4-(phenylethynyl)benzenes in moderate
overall yield (ca. 35%). An alternative route (route
B) was also explored. The ethynyl tolan 7 (23) was

Figure 1. The phenylene ethynylene motif, and the 1,4-
bis(phenylethynyl)benzene structure A.

Scheme 1. Preparation of 1-[(49-alkoxyphenyl)ethynyl]-4-(phenylethynyl)benzenes.

120 D.P. Lydon et al.

D
ow

nl
oa

de
d 

by
 [U

ni
ve

rs
ity

 o
f W

es
te

rn
 A

us
tra

lia
] a

t 2
3:

14
 0

3 
O

ct
ob

er
 2

01
7 



prepared from sequential reaction of lithium tri-
methylsilyl acetylide and lithium phenyl acetylide
with benzoquinone, Sn(II) reduction of the inter-
mediate diol and protiodesilylation (K2CO3/MeOH)
in 61% yield, which is comparable with that reported
for alternative procedures elsewhere (23). Cross-
coupling of 4-alkoxyiodobenzenes with 7 also gave
5, however, the yield for the final coupling step was
relatively poor (25%).

The ester derivatives 18a–18f were synthesised
using classical metal-catalysed cross-coupling meth-
ods (see Scheme 2), due to the electrophilic and
reducible nature of the ester group. The intermediate
alkoxyethynyl tolan precursors 16a–16f were readily
obtained from Sonogashira cross-coupling of 4-
alkoxylphenylacetylenes with 1-bromo-4-(trimethyl-
silylethynyl)benzene (24, 26), and removal of the silyl
protecting group. This synthesis is somewhat more
expeditious than the route described by Armaroli et
al. (24a). A second cross-coupling with 4-iodomethyl
benzoate gave 18a–18f in good overall yield.

Thermal behaviour

Alkoxy-substituted rigid-rods represent one of the
largest classes of LC materials. The LC properties of
5a–5f are detailed in Table 1, and summarised in
graphical format in Figure 2. The transition tem-
peratures were obtained by differential scanning
calorimetry (DSC) and correspond to the observed
onset temperatures of the phase transitions.

Each compound in the series 5a–5f exhibited rich
phase behaviour. In each case, two or three crystal-
line phase changes preceded the onset of liquid
crystalline behaviour. The nematic phase observed
for the early members of the series, 5a–5c, was
identified from two and four point brushes in the
Schlieren texture and flashing of the sample upon
application of a mechanical pressure. An enthalpy
change of ca. 1 kJ mol21 for the nematic to isotropic
transition was observed by DSC in each case.

As the alkoxy chain length is increased through
the series 5a–5f, the clearing points decrease and the
nematic phases give way to SmBhex phases. For
example, a SmBhex phase was observed by polarized
optical microscopy (POM) over approximately 1uC
for compound 5c before the formation of the nematic
phase, whereas compounds 5d and 5e both exhibit a
SmBhex phase in addition to a smectic phase, Sm1, at
lower temperatures. The enthalpy change for the
transition from the lower temperature smectic phase,
Sm1, to the SmBhex phase is of the order of
1 kJ mol2l, indicating that only a small modification
to the structure occurs during this phase transition.
The last member of the series 5f again exhibits the
SmBhex phase, and, on cooling, the smectic phase Sm1

was observed at 117uC, as a monotropic transition.
The SmBhex phase exists over a broader temperature
range for longer chain lengths despite the monotonic
decrease in clearing point with increasing chain
length. For compounds 5e and 5f, the crystal–crystal
transition between the K1 and K2 phases occurred

Scheme 2. Preparation of methyl 4-[(40-alkoxy)phenylethynyl-49-(phenylethynyl)]benzoates.
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14uC and 11uC lower on cooling than on heating, and
aside from the monotropic Sm1 phase in 5f, all
transitions were fully reversible.

The optical textures observed with hot-stage
POM for each SmBhex phase are similar in each case,
manifested as focal conic-like texture together with
large areas of homeotropic texture (Figure 3). These
two observations may at first suggest a smectic A
(SmA) phase; however, X-ray diffraction studies
suggest the formation of a SmBhex phase (vide infra).
One interpretation of this apparent anomaly could be
the presence of a transient SmA phase, which forms
the focal conic texture before rapid transition into the
SmBhex phase. The transition from the SmBhex phase
to the Sm1 phase can be detected by optical
microscopy from the observation of characteristic
lines that grow across the focal conic domains
(Figure 4).

A platelet-type texture was also observed for the
Sm1 phase of 5e, which on reheating above 126uC to
the SmBhex phase, formed a texture with birefringent
streaks. This texture was found to be viscous when
subjected to mechanical shear with a probe
(Figure 5).

In order to characterise more fully the more
highly ordered phases, X-ray diffraction experiments
were conducted on compunds 5d–5f, which offer the
greatest temperature range for these phases. A sample
of 5e was studied with a Guinier X-ray camera,
capable of recording small-angle (SAXS) and wide-
angle (WAXS) X-ray scattering patterns, and sub-
jected to a cycle of heating and cooling (10uC h21

between 90–160–90uC). Two crystal phases, two
smectic phases and the isotropic phase were observed
for both the heating and cooling stages of the cycle.
The crystal–crystal phase transition occurred at a

Table 1. Phase transition temperatures and enthalpies of 5a–5f on heating.

Compound n Phase transition temperatures/uC (enthalpies/kJ mol21)

5a 4 K1 128.6 (0.80) K2 149.7 (26.92) N 168.23 (1.19) I
5b 6 K1 135.5 (4.89) K2 141.2 (16.42) N 163.8 (1.30) I
5c 9 K1 96.4 (2.00) K2 117.5 (18.04) K3 144.7 (16.63) SmBhex 145a N 152.6 (1.25) I
5d 12 K1 111.8 (16.31) K2 118.1 (16.63) Sm1 132.1 (1.56) SmBhex 145.4 (17.61) I
5e 14 K1115.1 (33.11) K2118.4 (14.39) Sm1 125.5 (1.17) SmBhex 143.4 (18.15) I
5f 16 K1 116.8 (41.41) K2 119.4 (29.01) SmBhex 140.3 (20.45) I

aTransition observed by optical microscopy.

Figure 2. Graphical representation of the thermal phase behaviour of 5a–5f on heating.
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lower temperature during the cooling run than during
the heating run, consistent with the DSC results. The
layer spacing from the small angle region of the

higher temperature smectic phase was found to be
38.4 Å, consistent with the estimated molecular
length, while a single, fairly sharp and quite
symmetrical peak at 4.37 Å in the wide-angle region
(Figure 6) indicated a locally hexagonal order within
the plane of the layers, with the molecules untilted,
indicative of a SmBhex phase.

Figure 4. The transition from SmBhex (a) to Sm1 (b) as
observed using optical microscopy for 5f between 126 and
121uC.

Figure 5. The viscous birefringent texture observed by
reheating 5e from Sm1 to SmBhex phase.

Figure 3. Homeotropic and focal-conic texture observed
for the SmBhex phase of 5f at 130uC.

Figure 6. The WAXS patterns of the K1, K2, Sm1 and
SmBhex phases of compound 5e.
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The lower temperature smectic Sm1 phase shows a
single peak centred at 4.40 Å with a broad shoulder to
higher angles that is consistent with a tilting of the
layers (25). The layer spacing measured from the
small-angle region (not shown) of 37.3 Å is slightly
smaller than that of the SmBhex phase, consistent
with a small molecular tilt angle relative to the layer
normal. The wide-angle X-ray data indicate that
there is only a slight rearrangement of the packing of
the molecules in the transition from the SmBhex to
this lower temperature smectic phase, characterised
by a shift of the wide angle peak to a smaller angle
and a diffuse shoulder to higher angles. Such a
pattern could imply a smectic F/I phase, where the
tilting leads to a broadening of the wide-angle peak.
However, this interpretation should be viewed with
some caution as the extent of broadening seems
rather too large, and furthermore, another weak peak
could be observed at higher angle, and therefore a
longer exposure of 5 h was undertaken in order to
clarify the structure of this phase. A peak at 3.38 Å
was duly observed after this long exposure study.
This is not consistent with a two-dimensional
hexagonal in-plane packing of molecules, implying
that this lower temperature smectic phase has lower
symmetry, but apparently with poorly developed
long-range in-plane order, perhaps indicating tilted
herringbone domains. The crystal phases K1 and K2

gave characteristic patterns of wide-angle reflections
(Figure 6), and from the low-angle patterns
(not shown), layer spacings of 64.6 Å and 61.4 Å,
respectively, were measured, implying that the
molecules are packed into bilayers rather than
monolayers.

The phase behaviour of the hexadecyloxy deriva-
tive 5f was also examined by X-ray diffraction from a
sample cooled from the isotropic melt at 160uC to
90uC and reheated to 160uC at 15uC h21. On cooling,
5f exhibited a smectic phase below 140uC, with a
layer spacing of 43 Å, in agreement with the length of
the molecule. A single relatively sharp peak in the
wide-angle region (4.38 Å) of the diffraction pattern is
observed, which is again consistent with a SmBhex

phase. Further cooling to 118uC leads to the
formation of the second smectic phase, Sm1, with a
broader wide-angle peak at 4.40 Å and a layer
spacing of 41.6 Å. The sample was re-measured while
increasing the temperature from 90 to 160uC. The
most important observation from this experiment is
that the lower temperature smectic phase Sm1 is not
observed upon heating in the X-ray pattern; rather,
the crystal phase K2 transforms directly to the
SmBhex phase. The crystal phases K1 and K2 gave
wide-angle diffraction patterns that were qualitatively
similar to those of compound 5e, and the layer

spacings were measured from the low-angle patterns
as 69.6 Å and 65.4 Å, respectively.

An X-ray heating and cooling scan was also run
on the dodecyloxy compound 5d, and the results were
very similar to those seen with the tetradecyloxy
compound 5e, with crystal phases K1 and K2, and
smectic phases Sm1 and SmBhex observed on both
heating and cooling scans. The layer spacings
measured for this compound are plotted, together
with those from compounds 5e and 5f, in Figure 7.

A linear dependence on alkoxy chain length is
seen, with a gradient of 2.05 Å per methylene (CH2)
group for the crystal phases K1 and K2, 0.9 Å per
CH2 for the Sm1 phase, and 1.05 Å per CH2 for the
SmBhex phase. Comparison with the value of 2.54 Å
for the next-nearest neighbour carbon–carbon dis-
tance for an all-trans hydrocarbon chain provides
further evidence that the two crystal phases have a
bilayer packing, and yields an estimate for the tilt
angle of the molecules with respect to the layer
normal of approximately 35u (this assumes that the
mesogenic cores are colinear with the alkoxy chains,
which is not necessarily true). The incremental
spacing values for the two smectic phases are
consistent with a monolayer packing for both of
these phases. The fact that the increment for the
SmBhex phase (1.05 Å per CH2) is less than 1.27 Å
(the value for an untilted, fully extended chain in a
monolayer packing) is probably due to some con-
formational disorder being present in the chains when
packed in a hexatic phase. The somewhat lower

Figure 7. The layer spacings as a function of the alkoxy
chain length for the four phases (SmBhex X; Sm1 ¤; K2 &;
K1 N) observed in compounds 5d–5f. The data are taken
from X-ray heating scans.
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increment of 0.9 Å per CH2 for the Sm1 phase
compared with the SmBhex phase is probably a
further consequence of tilt.

The thermal phase behaviour of the series (18a–
18f) bearing methoxy ester head groups was studied
by optical microscopy and DSC. Each member of the
series was found to exhibit LC behaviour (Table 2,
Figure 8).

The early members of the series (18a, 18b) exhibit
nematic phases at relatively high temperatures
(clearing point .280uC), whereas a progression
towards lower transition temperatures is seen for
the later members of the series (18c–18f), as a result
of increasing chain length. This leads to a marked
reduction in the nematic phase range for 18e and 18f.
However, for the later members of the series bearing
longer alkyl chains, melting points also decrease,
ultimately leading to the formation of a greater
number of smectic phases, with lower transition
temperatures than seen for 18a.

Compound 18a exhibits a nematic phase between
210uC and 308uC, identified by the presence of two
and four point brushes and flashing behaviour in the
optical texture. A SmBhex phase was identified
between 202uC and 210uC from the observation of
large platelet type texture (Figure 9). Compound 18b
exhibits a nematic phase between 212uC and 283uC,
again identified by the presence of two and four point
brushes in the Schlieren texture. A SmA phase was
identified by the presence of a homeotropic texture
between 198uC and 212uC. Furthermore, a phase
exhibiting a platelet type texture between 194uC and
198uC was observed similar to that of 18a, suggesting
that this phase is a SmBhex phase. In the case of 18c, a
nematic phase is observed on cooling from the
isotropic phase at 258uC, using hot-stage microscopy.
The texture is homeotropic but flashes brilliantly on
probing mechanically, with a Schlieren texture
observed close to the clearing point. Below 223uC, a

mylenic texture was observed together with small
focal conic texture implying a SmA phase. At 202uC a
greyish, marble texture that displayed birefringent
streaks upon applying pressure to the sample with a
mechanical probe was observed. This texture is
similar to the viscous birefringent texture observed
for the SmBhex phase in 5e (Figure 5).

When cooled from the isotropic phase, 18d
exhibited a nematic phase, confirmed by flashing of
the texture below 237uC. Further cooling led to the
formation of a SmA phase at 227uC, assigned from
the observation of homeotropic texture and small
focal conic domains. Cooling the sample from 200uC
to 190uC results in the formation of smooth platelets
that on reheating leads to the formation of a dark
homeotropic texture at 193uC, characteristic of the
orthogonal SmBhex phase.

When cooled from the isotropic phase, compound
18e forms a nematic phase at 234uC, identified by two
and four point brushes in its Schlieren texture and
flashing when examined with a mechanical probe. On
cooling below 223uC, the homeotropic, polygonal
and fan textures of the SmA phase were observed.
Below 190uC, paramorphotic polygonal texture with
very smooth fan texture was observed, in addition to
regions of homeotropic texture, suggesting it is an
orthogonal phase. The smooth fan texture leads to
the assignment of a SmBhex phase. A marble texture
was observed on cooling sample below 176uC. When
pressure was exerted on the sample with a mechanical
probe to cause shear flow, regions of the birefringent
viscous texture were observed, similar that seen for
the SmBhex phases in 5e and 5f.

Compound 18f exhibits a transient nematic phase
below 217uC, with subsequent formation of a SmA
phase, identified again by the presence of very well
formed polygonal and focal conic textures. Thin
samples exhibited regions of homeotropic texture,
which persisted following a transition to a more

Table 2. Phase transition temperatures and enthalpies of 18a–18f on heating.

Compound n Phase transition temperatures/uC (enthalpies/kJ mol21)

18a 4 K1 202 (9.70) SmBhex 210 (18.9) N 308 Ia

18b 6 K1 177 (29.9) Sm1 194 (1.57) SmBhex 198 (5.49) SmA 212 (1.26) N 283 (1.00) Ia

18c 9 K1 153 (1.17) K2 163 (16.43) Sm1 193 (3.26) SmBhex 202 (9.21) SmA 223 (1.98) N 258 Ia

18d 12 K1 101 (9.53) K2 154 (27.9) Sm1 190 (3.24) SmBhex 200 (9.08) SmA 227 (2.07) N 237 Ia

18e 14 K1 122 (12.9) K2 147 (34.68) Sm1 180 (2.95) SmBhex 191 (7.27) SmA 219 (5.51) N 224 Ia

18f 16 K1 119 (18.6) K2 143 (36.64) Sm1 176 (0.88) SmBhex 186 (9.48) SmA 215 (6.84) N 216 Ia

aTransition observed by optical microscopy.
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ordered phase at 186uC. No change in the focal conic/
polygonal textures was observed to accompany this
phase transition, suggesting that a SmBhex phase was
formed. Cooling the sample below 181uC leads to the
formation of what is thought to be a smectic F phase
on the basis of platelet texture formation. This
mosaic texture was disrupted with shear flow leading
to a viscous birefringent texture similar to that
observed for 5e, 5f and 18e (Figure 5). Crystal-
lization occurs below 143uC.

3. Discussion

Some interesting trends are apparent when the
thermal phase behaviour of series 5a–5f and 18a–
18f are compared. The 1-[(49-alkoxyphenyl)ethynyl]-
4-(phenylethynyl)benzenes (5a–5f) have lower transi-
tion temperatures and the later members of this
group of compounds exclusively form smectic phases.
The effect of the alkoxy donor group combined with
the benzoate acceptor group leads to a strong
molecular dipole along the mesogenic core in 18a–
18f. This leads to strong intermolecular dipole–dipole
interactions with the ability to sustain mesomorphic
behaviour at high temperatures (.250–300uC), well
in excess of the highest clearing point observed for
series 5a–5f. In addition, the ester-substituted com-
pounds have a high tendency to form the more fluid
SmA and nematic phases. Early members of the
series exhibit very broad nematic phase ranges; for
example, in the case of 18a, the nematic phase persists

for almost 100uC. Equally, for 18f, a SmA phase is
found between 186uC and about 215uC with a
transient nematic phase observed as it approaches
the clearing point. In general, it can be seen from
Table 2 and Figure 8 that these molecules interact
with sufficient strength to stabilise lamellar assem-
blies at temperatures up to 60uC higher than was
observed in series 5a–5f. This stabilisation is again
due to the strong interactions between the dipole
moments of the donor–acceptor system, combined
with the strong tendency to form layered phases with
longer chains lengths. However, the entropic con-
tribution of the terminal chains becomes dominant at
high temperatures reducing the clearing point as the
chain length increases. The combined result of these
trends is to decrease the nematic phase range to 1uC
in the case of 18f.

The unusual texture observed for this SmBhex

phase in 5c–5f can be explained by the occurrence of
a transient SmA phase that, though not detected by
DSC, microscopy nor X-ray diffraction, nonetheless
influences the formation of observed texture
(Figure 10). Indeed, the presence of a distinct SmA
phase can be ruled out by the observation of sharp
peaks in the wide-angle region of the diffraction
patterns for 5e and 5f. Similar apparent anomalies in
the observed texture have been described previously
by Gray et al. (26a, 26b), and attributed to isotropic
to smectic AB transitions, where an infinitely narrow
SmA phase results in the moss-like texture observed
for the SmBhex phase (26c).

Figure 8. Graphical representation of the thermal phase behaviour of 18a–18f on heating.
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In contrast, in the methyl ester series 18a–18f, the
natural platelet texture of the SmBhex phase is
observed for 18a between 202–210uC (Figure 9),
whereas subsequent homologues 18b–18f exhibit the
paramorphotic fan or polygonal texture arising from
a distinct and long lived SmA phase, which on
cooling forms the SmBhex phase.

4. Conclusion

Mono-alkoxy-substituted 1,4-bis(phenylethynyl)ben-
zene derivatives exhibit a rich thermal behaviour and
good chemical stability at temperatures in excess of
200uC. The introduction of a methyl ester head group
gives rise to an enhanced dipole moment coincident
with the long molecular axis leading to a diverse
range of mesophases at higher temperatures. Smectic

phases are stabilised by the longer alkoxy substitu-
ents, whereas for short and intermediate chain
lengths of the simpler system nematic phases dom-
inate. X-ray diffraction analysis has been used to
identify a SmBhex phase in three members of the
simple alkoxy-substituted 1,4-bis(phenylethynyl)ben-
zene series, which is stable over a relatively small
thermal range (,120–140uC).

5. Experimental

General conditions

Reactions involving lithium reagents were carried out
under a dry nitrogen atmosphere using standard
Schlenk techniques. Benzoquinone, copper(I) iodide
(Strem Chemicals), phenylacetylene (Aldrich), tri-
methylsilylacetylene (Fluorochem) and n-butyl-
lithium (1.6M in hexanes, Acros) were purchased
and were used as received. Solvents were dried using a
solvent purification system (Innovative Technologies
Inc.), and deoxygenated prior to use.
Dichlorobis(triphenylphosphine)palladium(II) was
prepared according to a literature method (27a).
The 4-alkoxyphenylacetylenes were prepared by
minor modification of the literature methods (27b),
(c). The procedures detailed below are representative
of the general methods employed. Full details are
given in the supporting information available online.

IR spectra were recorded on a Nicolet Avatar
spectrometer from nujol mulls supported between
NaCl plates. NMR spectra were recorded from
CDCl3 solutions on a Bruker Avance 400 spectro-
meter, and referenced against solvent resonances.
Mass spectra were recorded on Autospec EI and
Micromass Quattro II spectrometers. A Perkin Elmer
Pyris 1 DSC operating at a heating rate of
10uC min21, and fitted with a Cryofill cooling system
was used to record the thermal behaviour of the
sample and an Olympus BX51 microscope fitted with
Linkam THMS 600 hot-stage and a Linkam TMS 94
temperature controller was used to examine the phase
behaviour of the materials. Melting points were
obtained using the same apparatus. The variable
temperature X-ray studies were carried out using a
using a Huber Guinier X-ray camera with a Philips
PW1140 X-ray generator and fixed-anode Cu X-ray
tube. The experimental data were collected on Kodak
BioMax MS film housed in a motorised film carrier
operating with the sample temperature controlled by
a Eurotherm temperature controller cycling between
100–160–100uC at 10uC h21 for compound 5e with
the film carrier moving at a speed of 0.06 mm min21

and for compound 5f, cycling between 160–100–
160uC at 15uC h21 with the film carrier moving at a
speed of 0.15 mm min21.

Figure 10. The optical texture of 5f at 124uC showing large
regions of moss-type texture associated with the SmBhex

phase.

Figure 9. The platelet texture of the SmBhex phase of 18a at
208uC.
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Syntheses

Preparation of 1-([49-hexyloxyphenyl)ethynyl]-4-
(phenylethynyl)-2,5-cyclohexa-diene-1,4-diol (4b).

Phenylacetylene (2.84 g, 27.8 mmol) in tetrahydro-
furan (30 ml) at 278uC was treated with n-butyl-
lithium (17.3 ml, 27.8 mmol) and allowed to warm
slowly to 0uC. The lithium phenylacetylide solution
was then cooled again to 278uC resulting in a cream
coloured suspension and a solution of benzoquinone
(3.00 g, 27.8 mmol) in tetrahydrofuran (30 ml) was
added dropwise forming a deep blue coloured
solution. The reaction was allowed to stir for one
hour at 278uC. A solution of 4-hexyloxyphenylace-
tylene (5.62 g, 27.8 mmol) in tetrahydrofuran (40 ml)
at 278uC was treated with n-butyllithium (17.3 ml,
27.8 mmol) and allowed to stir for one hour while
warming to 0uC, cooling once more to 278uC
followed by the dropwise addition of this solution
to the original lithium phenylacetylide/benzoquinone
solution. After stirring overnight, the reaction mix-
ture was quenched at 0uC with aqueous ammonium
chloride and then extracted with ethyl acetate. The
solvent was removed and the crude product was then
purified by column chromatography using dichlor-
omethane as the eluent (11.0 g, 26.7 mmol, 94%). 1H
NMR: d 7.42 (m, 2H, ArH); 7.34 (m, 2H, ArH); 7.28
(m, 2H, ArH); 6.78 (m, 2H, ArH); 6.11 (m, 4H,
C6H4(OH)2); 3.91 [t, 3J(H,H)56.8 Hz, 2H, OCH2R];
3.55 (s, br 2H, C6H4(OH)2); 1.75, 1.47 (m, 8H, –CH2–
aliphatic); 0.89 [t, 3J(H,H)56.8 Hz, 3H, CH3]. 13C
NMR: d 159.9, 133.7, 133.25, 132.75, 132.2, 132.1,
129.5, 129.0, 128.6, 122.5, 114.8 (Ar); 89.1, 87.6, 85.8,
85.5 (–C;C–); 68.4 (OCH); 61.7 (C–OH); 31.9, 29.5,
26.0, 22.9, (aliphatic); 14.3 (–CH3). MS (EI): m/z (%)
412 (2.12) [M]+; 394 (74) [M-H2O]+; 378 (33) [M-
(HO)2]+; 302 (91) [M-C6H4(OH)2]; 218 (100) [M-
C6H13OC6H5].

Preparation of 1-[(4-hexyloxyphenyl)ethynyl]-4-
(phenylethynyl)benzene (5b).

Compound 4b (11.0 g, 26.7 mmol) in EtOH (20 ml)
was added to SnCl2.2H2O (6.00 g, 26.7 mmol) in 50%
aqueous acetic acid (20 ml) and heated to 60uC. The
crude product precipitated and was collected by
filtration and allowed to dry in air. The product was
purified by column chromatography on silica gel,
eluting with hexane (2.12 g, 5.60 mmol 36%). 1H
NMR: d 7.55 (m, 8H, ArH); 7.35 (m, 3H, ArH); 6.87
(m, 2H, ArH); 3.97 [t, 3J(H,H)56.8 Hz, 2H, OCH2R];
1.77, (m, 2H, –CH2 aliphatic) 1.48 (m, 2H, –CH2

aliphatic); 1.35 (m, 4H, –CH2 aliphatic); 0.89 [t,
3J(H,H)56.8 Hz, 3H, –CH3]. 13C NMR: d 159.8,
133.5, 131.98, 131.9, 131.7, 128.7, 123.9, 123.5, 123.0,

115.2, 114.9 (Ar); 91.9, 91.4, 89.6, 88.2 (–C;C–); 68.5
(OCH2–aliphatic); 31.9, 29.5, 26.1, 22.9 (aliphatic);
14.4 (CH3). MS (EI): m/z (%) 378 (48) [M]+; 294 (100)
[M-C6H12]+. Elemental analysis: found C 88.97, H
6.82; C28H26O requires C 88.85, H 6.92%.

Preparation of 1-iodo-4-hexyloxybenzene (8b).

Potassium carbonate (20.00 g, 1.4561021 mol) and 1-
bromohexane (8.25 g, 5.0061022 mol) were added
to 4-iodophenol (10.00 g, 4.5561022 mol) dissolved
in acetone (150 ml) and the reaction mixture was
then heated under reflux (48 h). The excess potas-
sium carbonate was removed by filtration, and the
solvent was then removed from the filtrate to give
the crude product. The crude product was then
purified by flash chromatography on silica gel,
eluting with hexane to yield the product as a
colourless oil (11.6 g, 3.8161022 mol, 84%). 1H
NMR d 7.55 (m, 2H, ArH); 6.67 (m, 2H, ArH);
3.91 [t, 3J(H,H)56.4 Hz, 2H, OCH2R]; 1.75 (m, 2H,
–CH2 aliphatic); 1.33 (m, 6H, –CH2 aliphatic); 0.89
[t 3J(HH)56.8 Hz 3H, –CH3]. 13C NMR: d 159.4,
138.1, 117.3, 82.7 (Ar); 68.5 (OCH2R); 31.9, 29.5,
26.1, 22.9, (aliphatic); 14.4 (–CH3). EI-MS 304.0
(37) [M]+, 219.8 (100) [M–I]+. Elemental analysis:
found C 47.06, H 5.58; C12H17IO requires C 47.39, H
5.63.

Preparation of (4-bromophenylethynyl)trimethylsilane
(12).

The compound 1-bromo-4-iodobenzene (10.0 g,
3.5461022 mol), CuI (0.135 g, 7.0861024 mol) and
Pd(PPh3)4 (0.409 g, 3.5461024 mol) were added to
toluene (40 ml) and NEt3 (40 ml). The reaction flask
was cooled in an ice bath and trimethylsilylacetylene
(5.5 ml, 3.28 g, 3.8961022 mol) was then added and
the reaction mixture was allowed to warm slowly to
room temperature while stirring. When the reac-
tion was complete (24 h) the precipitate formed
was removed by filtration, and washed with toluene.
The organic fractions were combined and evaporated
to dryness under reduced pressure. The crude pro-
duct was purified by flash chromatography on
silica gel with hexane as the eluent to yield the
product as a white solid (7.44 g, 2.9461022 mol, 83
%). 1H NMR d 7.43 (AA9XX9, 2H, ArH); 7.35
(AA9XX9, 2H, ArH); 0.26 [s, 9H, –Si(CH3)3]. 13C
NMR: d, 133.7, 131.8, 123.1, 122.5 (Ar); 104.2, 95.9,
(–C;C–); 0.28 (–Si(CH3)3). IR (KBr): n(C;C)
2158 cm21. EI-MS 254.0 (68), 252 (66) [M]+, 237
(100) [M-CH3]+, 239 (98) [M-CH3]. Elemental analy-
sis: found C 52.18, H 5.24; C11H13BrSi requires C
52.18, H 5.17%.
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Preparation of 1-ethynyl-4-hexyloxybenzene (14b).

Trimethylsilylacetylene (2.67 g, 2.7761022 mol), was
added to a Schlenk flask containing 8b (7.44 g,
2.4761022 mol), CuI (0.047 g, 2.4761024 mol) and
PdCl2(PPh3)2 (0.173 g, 2.4761024 mol) in NEt3

(50 ml) and allowed to stir overnight. The salt formed
was filtered off and washed with toluene and the
washings were combined with the filtrate and then
evaporated under reduced pressure to yield the crude
product as oil. The crude product was passed through
a silica gel pad, eluting with hexane to yield colourless
oil. The oil was then stirred in a suspension of
potassium carbonate in methanol (6 h) and extracted
into diethyl ether. The ether phase was then
evaporated to give an oily mixture that was taken
up in dichloromethane and separated from a residual
aqueous phase to give the desired product (4.1 g,
2.0361022 mol, 82%). 1H NMR: d 7.42 (AA9XX9,
2H, ArH); 6.83 (AA9XX9, 2H, ArH); 3.94 [t,
3J(H,H)56.4 Hz, 2H, OCH2R]; 3.00, (s, 1H, –
C;CH); 1.77 (m, 2H, –CH2 aliphatic); 1.33 (m, 6H,
–CH2 aliphatic); 0.89 [t, 3J(HH)56.8 Hz 3H, –CH3].
13C NMR: d 159.9, 133.8, 114.8, 114.2, (Ar); 84.1,
75.9, (–C;C–); 68.4 (OCH2R); 31.9, 29.4, 26.0, 22.9,
(aliphatic); 14.4 (–CH3). IR (KBr plates, neat)
n(C;C–H) 3316, 3291; n(C;C) 2107 cm21. EI-MS
202.1 (30) [M]+, 117.8 (100) [M-C6H12]+.

Preparation of 1-ethynyl-4-[(49-hexyloxy)phenylethy-
nyl]benzene (16b).

A Schlenk flask was charged with 12 (3.00 g,
1.1961022 mol) and a solution of 14b (2.43 g,
1.2061022 mol) in NEt3 (40 ml) added, followed by
CuI (0.045 g, 2.3861024 mol) and PdCl2(PPh3)2

(0.167 g, 2.3861024 mol). The reaction was heated
under reflux (16 h). The reaction was then allowed to
cool and the solvent was removed under reduced
pressure. The reaction mixture was extracted into
chloroform and washed with water (2650 ml) and
aqueous sodium chloride solution (1650 ml). The
chloroform was removed under reduced pressure and
the crude product purified on a pad of silica, eluting
with hexane to give 15b. This product was treated
with a suspension potassium carbonate in methanol
(100 ml) and stirred (6 h). The product was extracted
into ether, the solvent evaporated and the residue
taken up in dichloromethane. The organic phase was
separated from the aqueous residue and evaporated
under reduced pressure to yield the product as an off
white waxy solid (2.00 g, 7.1861023 mol, 60%). 1H
NMR: d 8.02 (m, 6H, ArH); 6.87 (AA9XX9, 2H,
ArH); 3.97 [t, 3J(H,H)56.49Hz, 2H, OCH2R]; 3.17,
(s, 1H, –C;CH); 1.76 (m, 2H, –CH2 aliphatic); 1.45
(m, 2H, –CH2 aliphatic); 1.33 (m, 4H, –CH2

aliphatic); 0.89 [t, 3J(HH)56.8 Hz 3H, –CH3]. 13C
NMR: d 159.8, 133.4, 132.4, 131.6, 124.6, 121.8, (Ar);
91.9, 87.9, 83.7, 79.0 (–C;C–); 68.5 (OCH2R); 31.9,
29.5, 26.0, 22.9, (–CH2 aliphatic); 14.4 (–CH3). IR
(KBr): n(–C;C–H) 3298, 3271 cm21; n(C;C)
2214 cm21. EI-MS 302.1 (26) [M]+, 218.1 (100) [M-
C6H12]. Elemental analysis: found C 86.90, H 7.30;
C22H22O requires C 87.38, H 7.33%.

Preparation of methyl [4-{(40-hexyloxy)phenylethy-
nyl-49-(phenylethynyl)}] benzoate (18b).

A solution of methyl 4-iodobenzoate (0.47 g,
1.7961023 mol) in NEt3 (60 ml), was treated with
compound 16b (0.54 g, 1.7961023 mol),
PdCl2(PPh3)2 (0.025 g, 3.5661025 mol) and CuI
(0.007 g, 3.5661025 mol) and allowed to stir over-
night. The solvent was then removed and the reaction
mixture was dissolved in chloroform (100 ml) and
extracted with water (26100 ml). The aqueous layer
was separated, extracted again with chloroform
(70 ml), the organic fractions were combined and
the solvent was then removed. The crude product was
then passed through a column of silica gel, eluting
with hot toluene to yield the pure compound (0.51 g,
1.1761023 mol, 65%). 1H NMR d 8.02 (AA9XX9,
2H, ArH); 7.58 (AA9XX9, 2H, ArH); 7.50 (s, 4H,
ArH); 7.46 (AA9XX9, 2H, ArH); 6.87 (AA9XX9, 2H,
ArH); 3.98 [t, 3J(H,H)56.49Hz, 2H, OCH2R]; 3.93 (s,
1H, –CO2CH3); 1.76 (m, 2H, –CH2– aliphatic); 1.45
(m, 2H, –CH2– aliphatic); 1.33 (m, 4H, –CH2–
aliphatic); 0.89 [t, 3J(HH)56.8 Hz 3H, –CH3]. 13C
NMR: d 166.9 (C5O), 159.8, 133.5, 131.9, 131.85,
131.75, 129.9, 129.8, 128.15, 124.45, 122.3, 115.0,
114.9, (Ar); 92.5, 98.1, 90.6, 88.0, (–C;C–); 68.4
(OCH2R); 52.6 (–C(O)OCH3); 31.9, 29.5, 26.04,
22.9 (aliphatic); 14.4 (–CH3). IR (KBr): n(C;C)
2210 cm21; n(C5O) 1721 cm21. EI MS 436 (13) [M]+,
352.2 (8)[M-C6H12]+. Elemental analysis: found C
82.47, H 6.52; C30H28O3 requires C 82.54, H 6.46%.
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Characterization and Conductivity of Langmuir–Blodgett Films
Prepared from an Amine-Substituted Oligo(phenylene ethynylene)
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This paper reports the assembly of well-defined molecular films from 4-[4-(4-hexyloxyphenylethynyl)-
phenylethynyl]-aniline (HBPEB amine), an oligomeric phenylene ethynylene (OPE) derivative, by means
of the Langmuir–Blodgett technique. Initially, Langmuir films of HBPEB amine were prepared at the
air–water interface and characterized with surface pressure vs area per molecule isotherms. Brewster
Angle Microscopy was used to map the different phases of the monolayer at the air–water interface.
UV–vis reflection spectroscopy showed a blue shift of 20 nm of the reflection spectrum of the Langmuir
film with respect to the spectrum of a chloroform solution of HBPEB amine, which indicates that two-
dimensional H-aggregates are formed at the air–water interface. The monolayers were transferred onto
solid substrates with a Y-type deposition and a transfer ratio of 1. The excellent transfer characteristics
permitted the construction of films comprising up to 150 layers, with a uniform architecture. The LB
films fabricated from HBPEB amine show a blue shift of ca. 30 nm with respect to the chloroform
solution of HBPEB amine, likely arising from a change in the orientation of the molecular transition
dipole with respect to the surface normal in the solid-supported films in comparison with the Langmuir
films at the air–water interface. The current–voltage (I-V) characteristics of LB monolayers are
unexpectedly symmetrical, the asymmetric contacts not being apparent from the observed I-V
characteristics.

Introduction

There is a growing need for the miniaturization of
mechanical and electronic components from the macroscopic
to the nanoscopic world because of the social demand for
smaller, quicker, and more efficient devices. However, the
design of devices that work on the nanoscale requires more
that the “simple” scaling down of a macroscopic cousin.
Rather, the construction of devices that operate on the
molecular level from molecular building blocks will require
new design strategies, as quantum effects become important
and possibly governing forces. In this context, a large effort
is being made in the study of organic materials containing a
highly conjugated skeleton that, under the appropriate
assembling and ordering process, perform the function of
molecular wires, single-electron transistors, electron turn-
stiles, molecular switches, chemical sensors, etc.1 In turn,
these efforts to develop a viable technology base from the
ideas of molecular electronics lead back to more fundamental
interests in the design, synthesis, and nature of the self-
assembly processes that permit molecules to be used in the
construction of new, functional materials.2

One of the most fascinating subsets of materials at the
forefront of much of the chemistry related to the study of
molecular electronic components and devices are the mo-
lecular, oligomeric, and polymeric compounds derived from
the phenylene ethynylene motif.3–6 Oligomeric phenylene
ethynylenes (OPEs) exhibit a range of interesting photo-
physical properties including NLO response,7,8 lumines-
cence,3,9,10 and electroluminescence.11 Especially remarkable
is the demonstration of OPEs as molecular wires, and other
components for molecular electronics.1,12–16 Although OPE
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derivatives are being widely studied by chemists, physicists,
and molecular engineers, so far many have focused their
attention on monolayer films of these materials formed by
self-assembly (SA) of thiol-terminated derivatives on gold
substrates. Although the gold-thiol monolayers are topologi-
cally very well formed, often free of defects, and show
molecular conductivity,17–21 three main limitations are
noteworthy. First, thiols are prone to oxidative coupling to
disulfides22 and although the use of protected thiols can
alleviate this problem, the incorporation of extraneous
material within the system when in situ deprotection steps
are employed23 can add a degree of additional complexity
to the process. Second, the use of SA methods rather limits
the number of organic-metal interfaces. Third, studies based
on gold-thiol self-assembled monolayers have shown that
the gold-sulfur bond is rather fluxional, and changes in the
gold-sulfur interaction are now thought to be largely
responsible for the dynamic switching of conductivity
observed in early studies of single molecule conductivity.24–26

Taken together, these observations highlight the need for
exploration of other organic-metal interfaces and the crucial
role the metal-molecule interface plays in, for example,
measurements of the conductivity of single molecules.21,27–33

Prompted by this picture of the current landscape, we have
sought to employ alternative self-assembly methodologies
for the preparation of oriented molecular films of OPE-type
molecules. The Langmuir–Blodgett (LB) technique is well-
suited to the task of fabricating molecular films, providing
both a high internal order of the molecules in each layer
and the possibility of transferring the desired number of
ordered layers onto a large variety of solid substrates by
making use of the wide variety of polar functional groups
that can be physically or chemically adsorbed onto different
substrates and hence create a large number of organic-metal

interfaces.34–38 The LB process is also well-suited to the
production of mono- or multilayer structured films. However,
in spite of the large body of published work on SA
monolayers of OPE derivatives, and the general interest in
films of these compounds, there are few data available in
the literature reporting the fabrication of LB films of (OPE)-
based compounds.39–42

In this work, we have utilized the particular chemical and
physical properties of 4-[4-(4-hexyloxyphenylethynyl)phe-
nylethynyl]aniline (HBPEB amine) (Figure 1), containing a
polar NH2 headgroup that facilitates the spreading of the
molecule on the aqueous subphase; its anchoring onto the
water surface, together with having a hydrophobic phenylene
ethynylene core and relatively long alkyl chain, both prevents
the material from being dissolved in water and provides
stability to the monolayer through both lateral π-π and van
der Waals interactions with neighboring molecules, in the
preparation of well-structured LB films. The films have been
characterized by a range of optical spectroscopic methods
and microscopy, whereas I-V curves are obtained from
monolayers of HBPEB amine on gold-coated HOPG
substrates.
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Figure 1. Molecular structure (left) and space-filling molecular model (right)
of 4-[4-(4-hexyloxyphenylethynyl)-phenylethynyl]-aniline (HBPEB amine).
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Experimental Section

Synthesis. All reactions were carried out under an atmosphere
of nitrogen using standard Schlenk techniques. Solvents were
purified and dried using an Innovative Technology SPS-400, or in
the case of NEt3, by distillation from KOH, and degassed before
use. No special precautions were taken to exclude air or moisture
during workup. The compounds Pd(PPh3)4,43 PdCl2(PPh3)2,44 and
4-hexyloxylphenylacetylene45 were prepared by the literature
methods. Other reagents were purchased and used as received. NMR
spectra were recorded on a Bruker Avance (1H 400.13 MHz, 13C
100.61 MHz) spectrometers from CDCl3 solutions and referenced
against solvent resonances.

Preparation of (2). The compound 1-bromo-4-iodobenzene (10.0
g, 3.54 x10-2 mol), CuI (0.135 g, 7.08 × 10-4 mol) and Pd(PPh3)4

(0.409 g, 3.54 × 10-4 mol) was added to a solution of toluene (40
mL) and NEt3 (40 mL) (Scheme 1). The reaction flask was cooled
in an ice bath; trimethylsilylacetylene (5.5 mL, 3.28 g, 3.89 × 10-2

mol) was added, and the reaction mixture was allowed to warm
slowly to room temperature while stirring. When the reaction was
complete (24 h), the precipitate formed was removed by filtration
and washed with toluene. The organic fractions were combined
and evaporated to dryness under reduced pressure. The crude
product was purified by flash chromatography on silica gel (hexane)
to yield the product as a white solid. Yield: 7.44 g, 2.94 × 10-2

mol, 83%. 1H NMR: δ 7.43 (AA′XX′, 2H, ArH); 7.35 (AA′XX′,
2H, ArH); 0.26 [s, 9H, --Si(CH3)3]. 13C NMR: δ 133.7, 131.8,
123.1, 122.5 (Ar); 104.2, 95.9, (-C≡C-); 0.28 (-Si(CH3)3). EI-
MS 254.0 (68), 252 (66) [M]+, 237 (100) [M - CH3]+, 239 (98)
[M-CH3]. IR (KBr): ν(C≡C) 2158 cm-1. Found: C, 52.18; H, 5.24.
Requires: C, 52.18; H, 5.17.

Preparation of (3). A Schlenk flask was charged with 2, (3.00
g, 1.19 × 10-2 mol) and a solution of 4-hexyloxyphenylacetylene
(2.43 g, 1.20 × 10-2 mol) in NEt3 (40 mL) was added, followed
by CuI (0.045 g, 2.38 × 10-4 mol) and PdCl2(PPh3)2 (0.167 g,
2.38 × 10-4 mol) (Scheme 2). The reaction was heated under
reflux for 16 h. The reaction was then allowed to cool and the
solvent was removed under reduced pressure. The reaction
mixture was extracted into chloroform and washed with water

(2 × 50 mL) and aqueous NaCl solution (1 × 50 mL). The
chloroform was removed under reduced pressure and the crude
product purified on a pad of silica, eluting with hexane. This
product was treated with a suspension potassium carbonate in
methanol (100 mL) and stirred (6 h). The product was extracted
into ether, the solvent evaporated and the residue taken up in
dichloromethane. The organic phase was separated from the
aqueous residue and evaporated under reduced pressure to yield
the product as an off-white waxy solid. Yield: 2.00 g, 7.18 mmol,
60%. 1H NMR: δ 8.02 (m, 6H, ArH); 6.87 (AA′XX′, 2H, ArH);
3.97 [t, 3J(H,H) ) 6.4 Hz, 2H, OCH2R]; 3.17 (s, 1H, -C≡CH);
1.76 (m, 2H, -CH2-aliphatic); 1.45 (m, 2H, -CH2-aliphatic);
1.33 (m, 4H, -CH2-aliphatic); 0.89 [t 3J(HH) ) 6.8 Hz 3H,
-CH3]. 13C NMR: δ 159.8, 133.4, 132.4, 131.6, 124.6, 121.8,
115.1, 114.9 (Ar); 91.9, 87.9, 83.7, 79.0 (-C≡C-); 68.5 (OCH2-
R); 31.9, 29.5, 26.0, 22.9 (-CH2- aliphatic); 14.4 (-CH3). EI-
MS 302.1 (26) [M]+, 218.1 (100) [M - C6H12]. IR (KBr):
ν(-C≡C-H) 3298, 3271 cm-1; ν(C≡C) 2214 cm-1. Found:
C, 86.90; H, 7.30. Requires: C, 87.38; H, 7.33.

Preparation of (4). To 1-bromo-4-nitrobenzene (0.441 g, 2.18
mmol) in NEt3 (30 mL) were added compound 3 (0.660 g, 2.18
mmol), CuI (2.18 × 10-5mol), and PdCl2(PPh3)2 (0.015 g,
2.18 × 10-5 mol), and the reaction was stirred overnight at room
temperature (Scheme 3). The solvent was then removed and the
crude product was extracted into chloroform and washed with
water (2 × 40 mL) and NaCl solution (20 mL). The solvent
was removed and the crude product purified by chromatography
on silica gel using Hexane/DCM (1:1) as eluent. Yield: 0.710
g, 1.68 mmol, 77%. 1H NMR δ 8.23 (AA′XX′2H, ArH); 7.67
(AA′XX′, 2H, ArH); 7.48 (s, 4H, ArH); 7.46 (AA′XX′, 2H,
ArH); 6.89 (AA′XX′, 2H, ArH); 3.98 [t, 3J(H,H) ) 6.4 Hz, 2H,
OCH2R]; 1.79 (m, 2H, aliphatic); 1.45 (m, 2H, aliphatic); 1.30
(m, 4H, aliphatic); 0.88 [t 3J(HH) ) 6.8 Hz 3H, -CH3]. 13C
NMR δ 159.93, 133.49, 132.61, 132.10, 131.82, 130.82, 130.43,
125.11, 124.03, 121.68, 114.99, (Ar); 100.35, 92.61, 89.43, 87.94
(-C≡C-); 68.49 (-OCH2R); 31.91, 29.5, 26.04, 22.94 (ali-
phatic); 14.35 (-CH3).

Preparation of 4-[4-(4-hexyloxyphenylethynyl)-phenylethy-
nyl]-aniline (1). Compound 4 (0.260 g, 6.14 × 10-4 mol) was
dissolved in ethanol/THF (1:1) to which sodium sulfide nonahy-
drarate (0.608 g, 2.53 × 10-3 mol) in water (30 mL) was added
and refluxed (48 h) (Scheme 3). The solvent was then removed
and the product purified by recrystallization in ethanol/water. Yield:
(0.130 g, 3.30 × 10-4 mol), 48%. 1H NMR δ 7.45 (AA′XX′, 6H,
ArH); 7.34 (AA′XX′, 2H, ArH); 6.87 (AA′XX′, 2H, ArH); 6.64
(AA′XX′, 2H, ArH); 3.97 [t, 3J(H,H) ) 6.8 Hz, 2H, OCH2R]; 3.83
(s, br. 2H ArNH2); 1.79 (m, 2H, aliphatic); 1.46 (m, 2H, aliphatic);
1.35 (m, 4H, aliphatic); 0.91 [t 3J(HH) ) 6.8 Hz 3H, -CH3].
ES(+)-MS 393.2, [M]+. Found: C, 85.32; H, 6.83. Requires: C,
85.46; H, 6.92.

Film Fabrication and Characterization. The films were
prepared on a Nima Teflon trough with dimensions 720 × 100
mm2, which was housed in a constant-temperature (20 ( 1 °C)
clean room. The surface pressure (π) of the monolayers was
measured by a Wilhelmy paper plate pressure sensor. The
subphase was water (Millipore Milli-Q, resistivity 18.2 MΩ cm).
To construct the Langmuir films, we delivered 0.5 mL of a 1 ×
10-4 M solution of 4-[4-(4-hexyloxyphenylethynyl)-phenylethy-
nyl]-aniline (HBPEB amine) in chloroform (HPLC grade, 99.9%,
purchased from Aldrich and used as received) from a syringe
held very close to the surface, allowing the surface pressure to
return to a value as close as possible to zero between each
addition. The solvent was allowed to completely evaporate over

(43) Coulson, D. Inorg. Synth. 1990, 28, 107.
(44) Clark, H. C.; Dixon, K. R. J. Am. Chem. Soc. 1969, 91, 596.
(45) Chang, J. Y.; Yeon, J. R.; Shru, Y. S.; Han, M. J.; Hong, S.-K. Chem.

Mater. 2000, 12, 1976.

Scheme 1.

Scheme 2.
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a period of at least 15 min before compression of the monolayer
commenced at a constant sweeping speed of 0.02 nm2 mol-
ecule-1 min-1. Under these experimental conditions, the iso-
therms were highly reproducible. A commercial mini-Brewster
angle microscope (mini-BAM), also from Nanofilm Technologie,
was employed for the direct visualization of the monolayers at
the air/water interface and a commercial UV–vis reflection
spectrophotometer, details described elsewhere,46 was used to
obtain the reflection spectra of the Langmuir films during the
compression process.

The quartz substrates used for the transferences were cleaned
carefully as described elsewhere.47 The monolayers were
deposited at a constant surface pressure by the vertical dipping
method and the dipping speed was 6 mm/min. Quartz crystal
microbalance (QCM) measurements were carried out using a
Stanford Research System instrument and employing AT-cut,
R-quartz crystals with a resonance frequency of 5 MHz having
circular gold electrodes patterned on both sides. UV–vis spectra
of the LB films were acquired on a Varian Cary 50 spectropho-
tometer and recorded using a normal incident angle with respect
to the film plane. Cyclic voltammetry (CV) experiments were
carried out in an electrochemical cell containing three electrodes
as described before.48 The working electrode was a gold
electrode with the deposited LB film, the counter electrode was
a platinum sheet, and the reference electrode was Ag|AgCl sat’d
KCl. Highly oriented pyrolytic graphite (HOPG) substrates were
freshly coated with gold overlays using a BOC Edwards
evaporator and LB films deposited on these. Ambient temperature
current–voltage (I-V) studies were performed using a Digital
Instruments STM (Nanoscope IV), the probe being a gold tip
that was plasma cleaned to remove organic contamination prior
to investigation.

Results and Discussion

The reproducible surface pressure vs area per molecule
(π-A) isotherm of HBPEB amine is illustrated in Figure 2.
The liftoff in the isotherm takes place at ca. 0.42 nm2/

molecule, after which the surface pressure increases upon
compression reaching very high values for the Young
modulus, Ks, as shown in the inset of Figure 2:49

Ks )-A(∂π
∂A)T

(1)

The large values of Ks for monolayers of HBPEB amine
are indicative of strong intermolecular interactions within
the Langmuir film and the formation of a rigid monolayer.50

Brewster angle microscopy (BAM) investigations were
made during the compression of the Langmuir film and gave
further insight about the formation of the monolayer (Figure
2). It is important to note that in spite of the tendency for
molecules containing polyaromatic moieties to aggregate
because of strong π-π interactions,51 no three-dimensional
aggregates52 are observed in BAM images under the
experimental conditions used, probably because of the low
surface coverage of the water surface before compression
(7.2 × 10-11 mol/cm2, equivalent to 2.3 nm2/molecule). At
a surface pressure of 3 mN/m, the monolayer covers
practically the whole water surface. At higher surface
pressures, BAM images show a similar aspect but are even
more brilliant, suggesting a progressive tilt of the molecules
to a more vertical position, i.e., a thicker monolayer.

Molecular orientation and aggregation phenomena associ-
ated with HBPEB amine at the air–water interface were
investigated by in situ UV–vis reflection spectroscopy
through reflection of unpolarized light under normal inci-
dence. The reflection spectra, ∆R, at different values of the
area per molecule upon the compression process were
recorded. Figure 3 shows the normalized spectra, ∆Rn ) ∆R ·A,
with A being the area per molecule of HBPEB amine at the
air–water interface at several surface pressures and the absorp-
tion spectrum of HBPEB amine as a solution in chloroform.

As can be seen in Figure 3, there is a significant blue shift
of the reflection spectra recorded at the air–water interface
by ca. 20 nm relative to the solution spectrum, consistent
with the formation of H-aggregates as reported before for
other LB films formed from compounds in which the
chromophore has the main transition dipole arranged more(46) Cea, P.; Martín, S.; Villares, A.; Möbius, D.; López, M. C. J. Phys.

Chem. B 2006, 110, 963.
(47) Cea, P.; Morand, J. P.; Urieta, J. S.; López, M. C.; Royo, F. M.

Langmuir 1996, 12, 1541.
(48) Cea, P.; Lafuente, C.; Urieta, J. S.; López, M. C.; Royo, F. M.

Langmuir 1997, 13, 4892.
(49) Adamson, A. W.; Gast, A. P. Physical Chemistry of Surfaces. 6th

ed.; John Wiley & Sons: New York, 1997.

(50) Davies, J. T.; Rideal, E. K. Interfacial Phenomena; Academic Press:
New York, 1963.

(51) Kaji, H.; Shimoyama, Y. Jpn. J. Appl. Phys. 2001, 40, 1396.
(52) Naso, F.; Babudri, F.; Colangiuli, D.; Farinola, G. M.; Quaranta, F.;

Rella, R.; Tafuro, R.; Valli, L. J. Am. Chem. Soc. 2003, 125, 9055.

Scheme 3.
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or less along the amphiphile backbone, e.g., amphiphilic
trans-stilbenes,51 trans-azobenzenes,53 hemicyanine deriva-
tives,54 squaraines,55 and tolan derivatives,41 that can be
considered as the first members of the OPE family. The
hypsochromic shift of the floating layer is persistent and
practically independent of the applied surface pressure, which
indicates that the arrangement observed in the Langmuir film
must represent a minimum-free-energy conformation for the
system and suggests that the formation of the aggregate or
assembly responsible for the blue-shifted spectroscopic

profile aggregate does not depend for its formation upon the
orientation imposed by the LB technique.

A quantitative analysis of the reflection spectra of HBPEB
amine and a comparison of the reflection spectra with the
UV–vis spectrum obtained in dilute solution has allowed us
to calculate the tilt angle of the transition dipole moment of
the molecule with respect to the water surface, ! (Table 1).
The method and relationships used to arrive at these results
have been comprehensively detailed elsewhere.41,46 From the
data summarized in Table 1, it can be concluded that
molecules of HBPEB amine undergo a transition from an
orientation nearly parallel to the air–water interface at large
areas per molecule to a more vertical position by the
beginning of the isotherm liftoff, with a tilt angle close to
60° just before the collapse.

The monolayer stability at the air–water interface strongly
depends on the surface pressure. Thus, the maximum stability
of the monolayer is obtained at relatively low surface
pressures (in the 12–15 mN/m range) and higher surface
pressures lead to a larger decrease in the area per molecule
at a constant surface pressure (Figure 4). This is probably
related to the high Ks values (π > 15mN/m f Ks > 5000
mN/m), indicative of a very rigid monolayer at high surface
pressures. Moreover, BAM images show that practically the
whole surface is covered, even at low surface pressures
(Figure 2).

Langmuir films were transferred onto hydrophilic quartz
and gold substrates initially immersed in the water subphase.
The deposition was Y-type. The transfer ratio was close to
1 at 14 mN/m, although this value decreases with increasing
transference surface pressure. Langmuir films were deposited
onto gold electrodes to obtain further information relating
to the quality of the LB films as a function of the transference
surface pressure. The ion current at the electrode under
controlled applied bias is an indirect measure of defect
densities in thin films.56 Figure 5 shows the cyclic voltam-
mograms (CV) obtained from aqueous solutions containing
1 mM K3[Fe(CN)6] and 0.1 M in KCl, using gold working
electrodes modified by monolayer LB films deposited at
several different surface pressures of transference. Deposition
of a monolayer film at a transference surface pressure of 10
mN/m significantly passivates the electrode. Thus, the current

(53) Pedrosa, J. M.; Martín-Romero, M. T.; Camacho, L. J. Phys. Chem.
B 2002, 106, 2583.

(54) Heeseman, J. J. Am. Chem. Soc. 1980, 102, 2166.
(55) Chen, H.; Law, K.-Y.; Whitten, D. G. J. Phys. Chem. 1996, 100, 5949.

(56) Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. D. J. Am.
Chem. Soc. 1987, 109, 3559.

Figure 2. π-A isotherm and BAM images of the Langmuir films at the
indicated areas per molecule for HBPEB amine. The field of view along
the x axis for the BAM images is 3000 µm. The inset graph shows the
Young modulus values upon compression (right) together with the π-A
isotherm (left).

Figure 3. Normalized reflection spectra upon compression and (dotted line)
absorption spectra of a 1 × 10-4 M solution of HBPEB amine in chloroform.

Table 1. Surface Pressure (π), Area per Molecule (A), and
Calculated Tilt Angle (") for HBPEB Amine at the Air–Water

Interface

π (mN/m) 0.0 0.0 0.0 0.1 1.5 14.0 36.8 49.0

A (nm2/molecule) 1.10 0.86 0.70 0.50 0.40 0.33 0.27 0.23
! (deg) 13 45 49 53 54 55 56 57

Figure 4. Percentage of reduction of area per molecule vs time for the
indicated surface pressures. The inset graph shows the evolution after 24 h.
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is decreased by slightly more than half, and the difference
between the reduction and oxidation peak potentials is
increased compared to that of the bare gold electrode. If the
LB film is transferred at 14 mN/m, the redox current is
largely decreased. However, films transferred at higher
surface pressures, e.g., 18 (Figure 5) or 30 mN/m, do not
show any further significant decrease in the current. This
result indicates that the effective monolayer surface coverage
achievable with the LB method practically reaches its highest
value at 14 mN/m. However, the current on the voltammo-
grams does not completely disappear even at high surface
pressures of transference, which is indicative of a certain
number of holes or defects in the monolayers. These holes
have been mapped with STM imaging (discussed later).

To assess the reproducibility of the deposition process,
the UV–vis absorption spectra of LB films with increasing
number of layers have been measured (Figure 6). Films
containing up to 150 layers were deposited onto quartz
substrates leading to yellowish-colored multilayers. The inset
of Figure 6 illustrates the absorbance of the film at a constant
wavelength of 306 nm versus the number of layers. The

nearly linear relationship implies that the transference is
reproducible, i.e., a constant amount of HBPEB amine is
transferred and the molecular environment of the molecules
in each layer is practically constant upon deposition. Similar
conclusions can be made from the data summarized in the
other inset Figure 6, where the surface coverage (Γ)
determined with a quartz crystal microbalance, QCM,41,57

versus the number of layers is represented.

It is noteworthy that the absorption maximum of the LB
films (306 nm, Figure 6) is blue-shifted with respect to not
only the solution, 337 nm, but also with respect to the
Langmuir films at the air–water interface, 318 nm. These
results indicate that the environment of the molecules
significantly changes after the transference process, either
because of the less-polar environment in the LB films
compared with the Langmuir films on an aqueous subphase,
or because of a reorganization of the molecules that results
in a different angle between neighboring molecules forming
the H-aggregates. We have verified that there is a certain
influence of the polar environment on the position of the
maximum absorption peak in solution, which is slightly blue-
shifted with decreasing solvent polarity. For instance, the
wavelength of maximum absorption of HBPEB amine is 339
nm in acetonitrile and 337 nm in chloroform, and when
hexane drops are added to the chloroform solution (HBPEB
amine is not soluble in hexane), the peak is progressively
blue-shifted to 333 nm. However, it seems that the environ-
ment polarity shifts the peak position only a few nanometers
versus the more significant blue shift from 318 nm at the
air–water interface to 306 nm in LB films. These data point
out the formation of two-dimensional aggregates at the
air–water interface that might have a different tilt angle when
they are transferred to the solid substrates.

Cursory studies of the LB film surface of HBPEB amine
on gold-coated HOPG were performed using a Nanoscope
IV MultiMode scanning tunnelling microscope and I-V
characteristics obtained by landing the gold probe on targeted
features distant from grain boundaries. The operating condi-
tions were varied to ensure that the set point current and
voltage have minimal effect on the shapes of the curves and,
in each case, the I-V data were collected by averaging
multiple scans on the same spot. Specific sites across LB
monolayers deposited at 14 and 30 mN/m were investigated
and each exhibited either symmetrical or very nearly sym-
metrical I-V characteristics (Figure 7). Such behavior was
anticipated as, unlike the donor-(electron bridge)--acceptor
sequence that acts as a molecular diode,58 the molecule in
this case is simply an amphiphilic electron-donating wire.
We note, however, that the oligomeric moiety is attached at
one electrode through the amine moiety and is separated from
the other by the hexyloxy tail but the effect of asymmetric
coupling is not apparent from the observed I-V character-
istics. Furthermore, bilayer LB structures, which are assumed
to be Y-type and therefore symmetrical, exhibit almost
identical curves to those obtained from monolayer LB films.

(57) Sauerbrey, G. Z. Physik 1959, 155, 206ff.
(58) Ashwell, G. J.; Urasinska, B.; Tyrrell, W. D. Phys. Chem. Chem. Phys.

2006, 8, 3314.

Figure 5. Cyclic voltammograms of one-layer-thick LB films of HBPEB
amine deposited on gold electrodes at different surface pressures of
transference. A bias voltage was applied to the LB films deposited on a
working gold electrode immersed in aqueous solutions with 1 mM
K3[Fe(CN)6] and 0.1 M in KCl. The scan rate was 0.05 V/s at 20 °C and
the initial scan direction was negative. The working electrode surface was
1 cm2 in all cases. The reference electrode was Ag AgCl sat’d KCl and the
counter electrode was a Pt sheet.

Figure 6. Absorption spectra for LB films of HBPEB amine transferred at
14 mN/m. The inset graphs exhibit the dependence of the film absorbance
at 306 nm with the number of layers as well as the surface coverage, Γ,
with the number of layers.

263Chem. Mater., Vol. 20, No. 1, 2008LB Films Prepared from Amine-Substituted OPE

http://pubs.acs.org/action/showImage?doi=10.1021/cm702532m&iName=master.img-007.jpg&w=177&h=119
http://pubs.acs.org/action/showImage?doi=10.1021/cm702532m&iName=master.img-008.png&w=156&h=190


Figure 8 shows a representative STM image where, as
mentioned above, a certain number of holes or defects can
be observed in the monolayer.

Conclusions

In this contribution we have presented the formation of
Langmuir and Langmuir–Blodgett films from an amine-
terminated OPE derivative. Langmuir films have been
characterized by means of π-A isotherms, Brewster angle
microscopy, and reflection spectroscopy concluding that
homogeneous well-ordered monolayers of HBPEB amine can
be fabricated at the air–water interface. A significant degree
of order is progressively achieved upon the compression
process, accompanied by a gradual tilt of the molecules
reaching a value close to 60° before the collapse of the
monolayer. A hypsochromic shift of the absorption spectrum
of the Langmuir film of ca. 20 nm with respect to the
spectrum of a chloroform solution of HBPEB amine indicates
that two-dimensional H-aggregates are formed. The observa-
tion that the blue shift is more pronounced in the LB
multilayers than in the Langmuir film is remarkable, sug-
gesting a reorientation and an increase of association upon
the transference. UV absorption spectroscopy and QCM
measurements show that the Langmuir monolayers can be
transferred up to 150 layers with a constant architecture.
These wirelike molecules deposited as LB films exhibit
symmetrical I-V characteristics.

OPE derivatives have so far been investigated to a small
extent when assembled by the LB technique despite the
wealth of opportunities offered by this method for
convenient ordering this family of compounds in thin solid
films. Notably, the amine functional group provides a
significantly strong anchor to a variety of common
substrates to permit stable, well ordered films to be
prepared. The prospect for using such simple molecular
structures in the construction of robust molecule-surface
interfaces is intriguing, and hints at a wider role for such
interactions in molecular electronics.
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Figure 7. I-V characteristics of LB monolayers of HBPEB amine transferred onto gold-coated HOPG substrates at the indicated surface pressures of 14 and
30 mN/m and obtained for a set point current of 500 pA at a sample bias of 850 mV.

Figure 8. (a) STM image of an HBPEB amine monolayer transferred at a surface pressure of 14 mN/m on Au (111) single crystal. Inset: profile along the
white line. (b) Current image of the area shown in the left image (bias voltage Vb ) 1 V and tunnelling current It ) 250 pA).
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Reactions of half-sandwich ruthenium metal acetylide com-
plexes with 1-cyano-4-dimethylaminopyridinium salts afford
complexes containing mono- or di-cyanovinylidene ligands;
the procedure can be adapted to permit the simple synthesis
of a cyanoacetylide complex, via the in situ deprotonation of
a primary cyanovinylidene complex.

King and Saran reported the preparation of complexes
[Mo{C=C(CN)2}(PR3)2Cp], the first to contain terminal vinyli-
dene ligands in 1972,1 with subsequent studies in the period
1972–74 expanding the range of known systems of this type.2

Since then the chemistry of vinylidene complexes, which are the
first members of a family of unsaturated carbenes, has been
fertile ground for research, with applications in catalysis, materials
science, optics, structural chemistry emerging, and providing tests
for bonding theories.3 Despite this interest in vinylidene chemistry,
cyanovinylidene complexes have remained almost untouched since
the early work of King and co-workers.4

Here we report convenient synthetic procedures for the prepa-
ration of [Ru{C=C(CN)C6H4-4-Me}(dppe)Cp*]BF4 ([1]BF4), the
first example of a complex containing the monocyanovinyli-
dene ligand, the use of a cyanovinylidene intermediate in
the straight-forward preparation of the cyanoacetylide complex
[Ru(C≡CC≡N)(dppe)Cp*] (2),5 and the subsequent cyanation
of 2 to give the dicyanovinylidene complex [Ru{C=C(CN)2}-
(dppe)Cp*]BF4 ([3]BF4) (Scheme 1).

Salts of 1-cyano-4-dimethylaminopyridinium (CAP) are
readily prepared from reaction of cyanogen bromide with
4-dimethylaminopyridine, and subsequent anion metathesis.6 The
tetrafluoroborate salt, [CAP]BF4, is an air and moisture stable
crystalline solid, that can be stored for prolonged periods of
time in a freezer. Reaction of [Ru(C≡CC6H4-4-Me)(dppe)Cp*]7

with [CAP]BF4 proceeded smoothly at room temperature in
CH2Cl2 to afford the red complex [Ru{C=C(CN)C6H4-4-Me}-
(dppe)Cp*]BF4 ([1]BF4) in 66% yield.¶ Similarly, cyanation
of [Ru(C≡CC≡N)(dppe)Cp*] (2) with [CAP]BF4 in NCMe
afforded the red dicyanovinylidene complex [Ru{C=C(CN)2}-

Department of Chemistry, Durham University, South Rd, Durham, UK DH1
3LE. E-mail: p.j.low@durham.ac.uk; Fax: +44 191 384 4737; Tel: +44 191
334 2114
† Dedicated to Professor Ken Wade, a close friend and valued mentor, on
the occasion of his 75th birthday.
‡ CCDC reference numbers 660903 and 660904. For crystallographic data
in CIF or other electronic format see DOI: 10.1039/b714274a
§ Electronic supplementary information (ESI) available: Synthetic proce-
dures for the preparation of [1]BF4, 2 and [3]BF4, together with details of
the computational methods and results. See DOI: 10.1039/b714274a

(dppe)Cp*]BF4 ([3]BF4) (36%) after purification by preparative
TLC.¶

However, solutions of the hygroscopic bromide salt, [CAP]Br,
prepared in situ from inexpensive and commercially available
cyanogen bromide and 4-dimethylaminopyridine, provide an
avenue for economical larger scale preparations of cyanated
products. Thus a freshly prepared solution of [CAP]Br was treated
with [Ru(C≡CH)(dppe)Cp*],8 and after 5 min the reaction was
adjudged complete (TLC, IR, NMR). Simple chromatographic
work-up afforded [Ru(C≡CC≡N)(dppe)Cp*] (2) in 73% isolated
yield. The reaction is assumed to proceed through the vinylidene
intermediate [Ru{C=C(H)CN}(dppe)Cp*]+, which is deproto-
nated by the 4-dimethylaminopyridine released from the [CAP]+

reagent. This reaction sequence greatly simplifies the preparation
of 2, compared with the lithiation/cyanation methodology de-
veloped earlier,5 and represents the most expeditious preparative
route to a metal complex featuring a cyanoacetylide ligand
reported to date.

The structures of [1]BF4 (Fig. 1) and [3]BF4 (Fig. 2) were
determined crystallographically, that of 2 having been re-
ported earlier.5 Both cations feature the anticipated pseudo-
octahedral environment at the Ru centre, with the Ru–C(Cp)
distances falling in the ranges 2.2497(12)–2.3348(12) Å ([1]+) and
2.239(2)–2.338(2) Å ([3]+). The Ru–C(1) distances [1.8134(13)
([1]+); 1.781(2) ([3]+) Å] are unusually short compared with
[Ru(C=CH2)(dppe)Cp*]PF6 ([4]PF6) [1.84(1), 1.84(1) Å]8 and
[Ru{C=C(H)C6H4-4-NO2}(dppe)Cp*]OTf ([5]OTf) [1.820(9) Å],9

whilst the C=C bonds in [1]+, [3]+, [4]+ and [5]+ are in-
distinguishable within the level of precision of the structure
determinations [1.3343(17) ([1]+); 1.358(3) ([3]+); 1.31, 1.29(2)
([4]+); 1.342(13) ([5]+) Å], and somewhat shorter than found for

Fig. 1 Molecular structure of the [Ru{C=C(CN)C6H4-4-Me}-
(dppe)Cp*]BF4 water solvate ([1]BF4·H2O). The anion BF4, water
molecule and the hydrogen atoms are omitted for clarity. Thermal
ellipsoids are drawn at the 50% probability level.
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Scheme 1 The preparation of [1]BF4, 2 and [3]BF4.

Fig. 2 A plot of a molecule of [Ru{C=C(CN)2}(dppe)Cp*]BF4 ([3]BF4).

[MoCl{C=C(CN)2}{P(OMe)3}2Cp] [1.378(8) Å].10 The more pre-
cisely determined Ru–P bond lengths are informative, with trends
consistent with progressive increases [4]+ [2.320(3)/2.318(3),
2.317(3), 2.308(3) Å] < [1]+ [2.3260(3)/2.3140(3) Å] ≤ [5]+

[2.327(2)/2.310(2) Å] < [3]+ [2.3652(6)/2.3237(6) Å] reflecting
the increasing electron-withdrawing properties of the vinylidene
substituents presumably via decreasing the Ru–P back-bonding
contributions. The Ru=C(1)=C(2) fragments in all four com-
plexes deviate from linearity to a similar degree [171.49(11)◦

([1]+); 169.8(2)◦ ([3]+); 172.9(9), 172(1)◦ ([4]+); 172.3◦ ([5]+)] and
consequently the bending of the vinylidene fragment is likely a
consequence of steric rather than electronic effects.

Both [4]PF6 [+1.65 V vs SCE, irreversible] and the
bis(vinylidene) [{Ru(dppe)Cp*}2{l-C=C(H)–C(H)=C}] [+1.00,
+1.26 V vs SCE, reversible] are oxidised at moderate po-
tentials in CH2Cl2/0.1M [NBu4]BF4/CH2Cl2. In contrast, the
mono- and di-cyanovinylidene complexes [1]BF4 and [3]BF4

undergo irreversible oxidation [+1.91 ([1]BF4); +1.80 ([3]BF4) V vs

SCE, CH2Cl2/[NBu4]BF4 and quasi-reversible reduction [−1.14
([1]BF4); −0.77 ([3]BF4) V] at a platinum electrode. Whilst initial
inspection of the chemical structures of [1]+ and [3]+ might suggest
the reduction processes should be associated with the cyanomethy-
lene portion of the unsaturated ligand, IR spectroelectrochemical
studies demonstrated few changes in the characteristic m(CN) band
frequencies following reduction of [1]+ and [3]+ to the neutral
radicals [1]• and [3]• [m(CN): 2201 ([1]+); 2196 ([1]•); 2221 ([3]+);
2190 ([3]•) cm−1]. Whilst in the case of [1]• the m(C=C) band
was masked by unsubtracted bands arising from the electrolyte,
reduction of 3 resulted in a shift of some −135 cm−1 in the
m(C=C) band ([3]+ 1539, [3]• 1406 cm−1). The radicals [1]• and [3]•

exhibited considerable chemical stability, and re-oxidation within
the spectroelectrochemical cell resulted in near complete recovery
of the spectra of the cationic vinylidene precursors.

Geometry optimisation of the cations [1]+ and [3]+ at the DFT
level (MPW1K/3-21G*) gave model structures with important
bond lengths and angles differing by less than 0.03 Å from those
in the crystallographically determined structures. Interestingly,
these calculations based on models that include the full ligand
set also reproduce finer levels of detail observed within the
crystallographically determined structures, such as the deviation
of the Ru–C(1)–C(2) angle from linearity and the inequivalence of
the Ru–P bond lengths, which are apparently steric in origin. In
contrast, calculations at the same level of theory using the model
cations [Ru{C=C(CN)R}(PH3)2Cp]+ (R = Ph ([1-H]+), CN ([3-
H]+) gave near symmetric Ru–P bond distances and Ru–C(1)–C(2)
bond angles close to 180◦. The orientation of the C=C(CN)Ph
ligand for [1]+ in the observed and computed geometries are similar
with P(1)–Ru(1) · · · C(2)–C(3) torsion angles of 155.6 and 160.7◦,
respectively. A subtle difference in the C=C(CN)2 ligand orienta-
tions is found in observed and computed geometries for [3]+ with
P(1)–Ru(1) · · · C(2)–C(3) angles of 16.4 and 35.0◦, respectively,
suggesting crystal packing factors rather than electronic effects
may be involved in determining the orientation of the vinylidene
ligand in the solid state structure. With regard to the discussion of
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Fig. 3 The LUMO of (a) [1]+ and (b) [3]+ plotted with contour values
±0.04 (e a0

−3)1/2.

the reversible chemical reduction of [1]+ and [3]+ that follows it is
noted at this point that the LUMOs in [1]+ and [3]+ are calculated
to be largely the vacant C(1) p orbital (ca 47% orbital character
on C(1)) (Fig. 3), and separated in energy from the unoccupied
metal–Cp* orbitals (LUMO+1). Interestingly, the cyanovinyli-
dene p* orbitals in [1]+ (LUMO+21) and [3]+ (LUMO+12) are
much higher in energy than these vacant C(1) p-orbitals (4.4 eV
for [1]+ and 3.4 eV for [3]+).

Geometries of the neutral radicals [1]• and [3]• were also
optimised at the same level of theory. In contrast to the geometries
of the cations [1]+ and [3]+, the plane of the C=C(CN)R ligands
are almost perpendicular to the plane of the Cp* ring for the
optimised geometries of the radicals [1]• and [3]• resulting in near-
equivalent Ru–P bond lengths. The calculated Ru–P bond lengths
(2.266/2.271 Å for [1]• and 2.273/2.279 Å for [3]•) in these neutral
radicals are shorter than in the cationic vinylidene compounds
but comparable with neutral, 18-electron complexes bearing the
Ru(dppe)Cp* group.7 An appreciable bending of the Ru–C(1)–
C(2) fragment (159◦) is evidenced in the case of [1]• due to the
bulk of the tolyl group. The computed Ru–C(1) distances (1.981 Å
for [1]• and 1.952 Å for [3]•) are also characteristic of single bonds,
but the C(1)–C(2) bond lengths (1.343 Å for [1]• and 1.349 Å
for [3]•) are consistent with double bond character. The bond
lengths within the cyanomethylene portions of the molecules [1]•

and [3]• are largely unchanged when compared with the vinylidene
precursors [1]+ and [3]+.

Examination of the electronic structures of the reduced species
reveals the a-HOSO (Highest Occupied Spin Orbital) in the
radicals [1]• and [3]• to be largely localised on C(1), (50% occupancy
for [1]• and 54% for [3]•) with a large proportion of the spin
density residing on this atom (1.02 for [1]• and 1.01 for [3]•)
(Fig. 4). The orientation of the cyanocarbon ligand is such that
this concentration of charge is localised in a pocket within the
molecule formed by the Cp* and phenyl rings of the dppe ligand;

Fig. 4 The a-HOSO of (a) [1]• and (b) [3]• plotted with contour values
±0.04 (e a0

−3)1/2.

it is possible that the steric protection afforded by these groups
is responsible for the significant stability of the radicals [1]• and
[3]• observed in the electrochemical and spectroelectrochemical
studies.

Frequency calculations based on the optimised geometries are
in excellent agreement with the results obtained from the IR
spectroelectrochemical results. In the case of the cationic species
m(C=C) and m(CN) bands are calculated at 1557 and 2175 cm−1

([1]+) and 1525 and 2195 cm−1 ([3]+), respectively, whilst in the
neutral radicals these same vibrational bands are calculated at
1446 and 2142 cm−1 ([1]•) and 1420 and 2180 cm−1 ([3]•).

In conclusion, some 35 years after the first reports of
monometallic complexes featuring terminal dicyanovinylidene
ligands, new routes to complexes containing mono- or di-
cyanovinylidenes from simple metal acetylides have been de-
veloped. A cationic cyanovinylidene M+=C=C(H)CN is also
implicated in the simple formation of the cyanoacetylide complex
2 from [Ru(C≡CH)(dppe)Cp*] and [CAP]Br. The chemistry
reported here promises much by way of allowing the convenient
and rapid access to metal complexes containing these cyanocarbon
ligands.
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Notes and references
¶ [1]BF4

1H NMR (d6-acetone, 400 MHz) d 1.69 (s, 3H, Me), 1.80 (s, 5H,
Cp*), 3.00, 3.23 (2 × m, 2 × 2H, dppe), 6.53, 6.78 (2 × d, JHH = 8 Hz, 2 ×
2H, C6H4), 7.10–7.80 (m, 20H, Ph). 31P NMR d 72.7 (s, dppe). 13C NMR
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d 9.33 (s, Cp*-Me), 20.4 (s, Me), 29.0 (CH2), 99.9 (s, Cp*), 105.8 (s, Cb),
120.9 (s, CN), 127.0–137.8 (m, Ph), 343.4 (t, JCP = 16 Hz, Ca). ES(+)-MS
775.8, [M]+. IR (CH2Cl2) m(C≡N) 2201, m(C=C) 1580 cm−1. [3]BF4

1H
NMR (d6-acetone, 400 MHz) d 1.82 (s, 5H, Cp*), 3.09, 3.24 (2 × m, 2 ×
2H, dppe), 7.22–7.34 (m, 20H, Ph). 31P NMR d 70.9 (s, dppe). 13C NMR
9.55, (s, Cp*-Me), 29.2 (CH2), 81.3 (s, Cp*), 103.3 (s, Cb), 107.9 (s, CN),
128.6–133.3 (m, Ph), 330.0 (t, JCP = 15 Hz, Ca). ES(+)-MS 710.6, [M]+.
IR (CH2Cl2) m(C≡N) 2221, m(C=C) 1539 cm−1. Crystal data for [1]BF4:
C46H46NP2Ru × BF4 × 0.25 H2O, M = 866.66, monoclinic, P 21/n, a =
10.4090(2), b = 20.3029(4), c = 19.1301(4) Å, b = 91.26(1)◦, Z = 4, V =
4041.9(1) Å3, dcal = 1.424 mg m−3, l (Mo-Ka) = 0.520 mm−1, T = 120(1)
K. 57 892 reflections measured, 12 855 unique (Rint = 0.0205), R1 = 0.0264
[11 481 with I > 2r(I)]; wR2 = 0.0743 (all data). Crystal data for [3]BF4:
C40H39NP2Ru × BF4, M = 797.55, monoclinic, P 21/c, a = 10.5060(3),
b = 37.778(1), c = 9.5654(3) Å, b = 106.38(1)◦, Z = 4, V = 3642.3(2) Å3,
dcal = 1.454 mg m−3, l(Mo-Ka) = 0.571 mm−1, T = 120(1) K. 41 526
reflections measured, 8784 unique (Rint = 0.0496), R1 = 0.0370 [11 481
with I > 2r(I)]; wR2 = 0.0906 (all data). CCDC reference numbers 660903
and 660904. For crystallographic data in CIF or other electronic format
see DOI: 10.1039/b714274a
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The use of scanning polarization force microscopy to study the miscibility of
a molecular wire candidate and an insulating fatty acid in mixed LB films
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Mixed films containing a conjugated ‘‘molecular wire’’ candidate and an ‘‘insulating’’ fatty acid have

been prepared by the Langmuir–Blodgett technique. Specifically, this paper reports the fabrication of

mixed films as well as miscibility studies of 4-[4-(4-hexyloxyphenylethynyl)phenylethynyl]benzoic acid

(HBPEB) and docosanoic (or behenic) acid (BA). Surface pressure vs. area per molecule isotherms were

recorded, with excess area and excess Gibbs energy of mixing calculated. Surface potential-area per

molecule isotherms were also recorded for mixtures over the whole range of mole fractions, with

negative deviations from the additivity rule revealing orientational changes induced in the HBPEB

molecules. The Langmuir films were transferred onto solid supports and characterized by SPM

techniques, with atomic force microscopy (AFM) revealing that well-ordered, defect-free films are

obtained. The use of scanning polarization force microscopy (SPFM), which provides non-contact

imaging based on differences in surface charge distribution, i.e., surface potential, provides

complimentary information regarding distribution of the components within the mixed films. From the

comprehensive miscibility study performed, which includes thermodynamic and imaging methods, it

can be concluded that the wire-like molecule and the fatty acid are miscible over the 0–0.1 and

0.8–1 ranges of HBPEB mole fraction while phase separation occurs for HBPEB mole fractions

over the 0.1–0.8 range.

Introduction

The emerging field of molecular electronics involves the

replacement of an interconnect, transistor or another basic solid-

state electronic element with one or more molecules.1 The use of

molecules in electronic devices potentially offers advantages such

as miniaturization, increases in device speed through the reduc-

tion of time taken for an electron to travel through the circuit,

and diminished power consumption. In addition, subtle pertur-

bation of the molecular structure may result in significant

changes in the functional properties, which in turn leads to a wide

range of technological possibilities.2–5 In the past few years it has

been demonstrated that individual or small packets of molecules,

addressed in an ordered way, can conduct and switch electrical

current, as well as retain electrical bits of information and

provide the basis for the development of a molecular electronics

technology base.1,2

In this context, molecular wires are among the most elemen-

tary of the key components required for the fabrication of

electronic devices based on molecules. A molecular wire can be

viewed as a conjugated molecule capable of acting as a one-

dimensional electronic conductor, suitable to interconnect

components within a molecular-based electronic device.6 Several

chemical species have been described as molecular wires

including carbon nanotubes,7 DNA,8 and organic molecules with

large delocalized p-electron systems such as porphyrins,9 carot-

enoid polyenes,10 viologens,11 and phenylene–ethynylene oligo-

mers (OPEs).12 The OPE family has recently attracted much

attention13–16 due to the rigid molecular structure and the

extended delocalized p-electron system,17 which facilitate the

wire-like properties.

When evaluating an organic molecule for its potential applica-

tion as a molecular device component, a large variety of factors

have to be considered, including inherent molecular features, such

as the modulation of the conjugated electronic structure by the

electronic nature of the functional groups present and the molec-

ular geometry, and also broader issues relating to the interaction of

the molecule with the macroscopic environment (i.e. the metal–

molecule interface, and local molecular environment). Concerning

the latter point, the distinction of charge transport through

individual molecules from transport through small bundles of

molecules is a matter of considerable current interest.18–21

The most commonly used method for the assembly of molec-

ular wire candidates either as a pure, thin well-ordered film or

embedded within a well-defined insulating matrix is the self-

assembly technique (SA), which often takes advantage of the

readily formed sulfur–gold bond.6 Although the SA technique

can be used to produce high-quality molecular monolayers of

thiolated OPEs,3 certain limitations are noteworthy. Thiols are

aDepartment of Organic and Physical Chemistry, University of Zaragoza,
50009 Zaragoza, Spain. E-mail: pilarcea@unizar.es
bInstitute of Nanoscience of Aragón (INA), 50009 Zaragoza, Spain
cDepartment of Chemistry, University of Liverpool, Crown Street,
Liverpool, UK L69 7ZD
dLaboratory of Electrochemistry and Materials (LCTEM), Department of
Physical Chemistry, University of Barcelona, Martı́ I Franquès 1 and
Scientific-technical Services (Nanometric Techniques) of the University
of Barcelona, Solé I Sabaris, 1, 08028 Barcelona, Spain
eDepartment of Chemistry, University of Durham, Durham, UK DH1 3LE
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prone to oxidative coupling to disulfides22 and, although the use

of protected thiols can alleviate this problem, the incorporation

of extraneous material within the system when in situ depro-

tection steps are employed23 can add a degree of additional

complexity to the process. The use of SA methods also rather

limits the number of organic–metal interfaces that can be

constructed and studied. Moreover, studies based on gold–thiol

self-assembled monolayers have shown that the gold–sulfur bond

is rather fluxional, and changes in the gold–sulfur interaction are

now thought to be largely responsible for the dynamic switching

of conductivity observed in early studies of single-molecule

conductivity.24–26 Taken together, these observations highlight

the need for exploration of other organic–metal interfaces and the

crucial role the metal–molecule interface plays in, for example,

measurements of the conductivity of single molecules.19,27–34 In

this context, the Langmuir–Blodgett (LB) technique represents an

excellent alternative tool with which to prepare monolayers

containing p-conjugated oligomers.35–43 The LB technique

permits a large variety of metal–organic interfaces to be studied

thanks to the wide variety of polar functional groups that can be

physically or chemically adsorbed onto different substrates. In

addition, the LB method allows the fabrication of pure or mixed

films with a high internal order and provides control over the

desired number of layers in the film. Nevertheless, only a few

papers are available for the detailed process of fabrication of LB

films containing OPE derivatives.44–48 To the best of our know-

ledge, LB films of OPE derivatives embedded within an insulating

matrix have not been described before.

Thus, the aim of this contribution is to comprehensively

describe the fabrication and characterization of mixed LB films

comprised of an OPE derivative, 4-[4-(4-hexyloxyphenylethynyl)

phenylethynyl]benzoic acid (abbreviated as HBPEB) and an

insulating fatty acid, behenic acid (BA) (Fig. 1). In addition to

being of comparable dimension along the long axis, these two

molecules also have similar cross-sections, which might allow

facile mixing of one component into LB films formed by the other.

The miscibility of molecules in the film has been studied by means

of classical thermodynamic methods (excess areas, excess Gibbs

energy of mixing, and surface potential deviations from the

additivity rule), as well as by SPM imaging methods (atomic force

microscopy and scanning polarization force microscopy). To the

best of our knowledge, this is the first time that scanning polari-

zation force microscopy (SPFM) has been applied to the study of

molecular distribution in mixed LB films.

Experimental

Materials

4-[4-(4-Hexyloxyphenylethynyl)phenylethynyl]benzoic acid was

synthesized as described elsewhere.47 Behenic acid was purchased

from Fluka (purity >99%) and used as received. Hexane (purity

$99%) and ethanol (purity >99.5%) were purchased from

Aldrich and used as received. Solutions containing appropriate

mole fractions of HBPEB and BA in hexane–absolute ethanol

(2 : 1) were prepared prior to spreading on an aqueous subphase

of NaOH (pH 9) prepared using Millipore Milli-Q water (resis-

tivity 18.2 MU cm) as solvent. The mixed Langmuir and Lang-

muir–Blodgett films here reported were prepared under the same

experimental conditions as previously reported for the prepara-

tion of pure HBPEB films.47 The use of ethanol in the spreading

solvent serves to limit the formation of hydrogen-bonded

carboxylic acid dimers and aggregates. Similarly, Langmuir films

were prepared using an aqueous solution of sodium hydroxide at

pH 9 as the subphase, which leads to ionization of the carboxylic

group and further reduces the tendency for aggregation.

Film preparation and characterization

The films were prepared on a Nima Teflon trough with dimen-

sions 720 ! 100 mm2, which was housed in a constant temper-

ature (20 " 1 #C) clean room. The surface pressure (p) of the

monolayers was measured by a Wilhelmy paper plate pressure

sensor. The hexane–ethanol spreading solution containing both

HBPEB and BA was delivered from a syringe held very close to

the surface, with the surface pressure allowed to return to a value

as close as possible to zero between each addition. The initial

surface density of the films was such that the surface pressure

never exceeded 1 mN m$1. The solvent was allowed to completely

evaporate over a period of at least 15 minutes before compres-

sion of the monolayer commenced at a constant sweeping speed

of 0.02 nm2 molecule$1 minute$1. Each compression isotherm

was registered at least three times to ensure the reproducibility of

the results so obtained. The DV–A measurements were carried

out using a Kelvin probe provided by Nanofilm Technologie

GmbH, Göttingen, Germany. During monolayer compression,

p–A and DV–A isotherms were recorded simultaneously.

The stable monolayers were transferred onto solid substrates

by the vertical dipping method at a constant surface pressure and

a lifting speed of 6 mm min$1. The samples for the atomic force

microscopy (AFM) and scanning polarization force microscopy

(SPFM) measurements were deposited onto freshly cleaved mica

substrates. AFM and SPFM experiments were conducted in air at

room temperature using an extended multimode AFM with

a Nanoscope IV controller (Digital Instruments Veeco Metrology

Group, Santa Barbara, CA, USA). All AFM images were

recorded in tapping mode with rectangular silicon cantilevers of

approximately 42 N m$1 spring constant and 285 kHz resonance

frequency (Nanosensors, Wetzlan–Blakerfeld, Germany). SPFM

images were performed with an antimony (n)-doped Si tip with

a doped diamond coating on the front side of the cantilever and

an aluminium coating on the back side of the cantilever, having

a 2.8 N m$1 spring constant and 75 kHz resonance frequency. In

general terms, SPFM uses the same technology as AFM, and is

based on sensing the force between a sharp tip and the surface,

using piezoelectric scanners, and feedback control in the under-

lying electronics. SPFM is a truly non-contact technique where

the tip scans the surface at a height of a few hundred angstroms. A

bias voltage is applied to the conductive cantilever, with the

opposite charges generated at the tip and surface causing their

Fig. 1 Sketch representations of 4-[4-(4-hexylox-

yphenylethynyl)phenylethynyl]benzoic acid (HBPEB, top) and behenic

acid (BA, bottom).
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mutual attraction, which bends the lever towards the surface.49

The term polarization force stresses the physical origin of the

interactions that give rise to contrast in the images. Typically,

tip–sample operating distances are of a few hundred angstroms

when the applied bias is on the order of a few volts. This produces

an attractive force in the nanonewton range. The advantage of the

long-range non-contact SPFM operation comes at the price of

diminishing lateral resolution compared to the contact mode.

Thus, the resolution of the technique is typically of several tens of

nanometres in the XY plane (as determined by the tip–surface

separation and tip radius). This is still far better than the typical

optical resolution of several micrometres. The vertical resolution

of the SPFM, on the other hand, is as good as that of other SPM

probes, i.e., 0.1–0.2 nm in the z direction.

Results and discussion

Langmuir film fabrication and thermodynamic analysis

The mixed Langmuir and Langmuir–Blodgett films used in this

study were prepared as described above, with particular care to

limit the formation of homomolecular aggregates. In addition,

the behaviour of the p–A isotherms of pure HBPEB and BA

monolayers during repeated cycles of compression and expan-

sion was examined (compression to a surface pressure of 25 mN

m!1), the hysteresis in the isotherms being negligible, which is

indicative of stable monolayers.50 Under these experimental

conditions, surface pressure–area (p–A) isotherms of pure and

mixed (HBPEB + BA) Langmuir films were reproducible, with

representative (p–A) isotherms illustrated in Fig. 2. It is worth

noting that the p–A isotherm of pure BA monolayers at 20 "C,

using hexane–ethanol (2 : 1) as the spreading solvent and

a NaOH aqueous subphase, is more expanded at large areas per

molecule than that obtained using chloroform as the spreading

solvent and pure water as the subphase.51

The nature of molecular interactions and also the miscibility of

the two components can be examined by quantitative analysis of

the excess area (AE) of the mixed monolayer at the air–water

interface.52 The excess area can be obtained by comparing the

average area per molecule (A12) of a mixed monolayer consisting

of components 1 and 2 with that of an ideal mixed monolayer

(Aid):

AE ¼ A12 ! Aid ¼ A12 ! (x1A1 + x2A2) (1)

where x1 and x2 are the mole fractions of components 1 and 2,

respectively, in the mixed monolayer, and A1 and A2 represent the

area per molecule of the pure monolayers at the same surface

pressure. For completely immiscible or ideal mixed monolayers,

the excess area is zero, while positive or negative excess areas are

indicative of some degree of molecular interactions between the

different molecular components 1 and 2.52 In particular, positive

deviations of AE in a mixed system imply some type of repulsive

interactions, with 1–1 and/or 2–2 interactions broken and weaker

1–2 interactions formed.53 On the contrary, negative deviations of

AE suggest increased attractive interactions between components

1 and 2, which in turn lead to a decrease of the mean molecular

area in the mixed films compared to films of the pure components.

Fig. 3 shows the excess area vs. the mole fraction of HBPEB

(xHBPEB) at several surface pressures. From these data it can be

concluded that large proportions of behenic acid are capable of

breaking HBPEB–HBPEB interactions, with a maximum AE for

a mole fraction of HBPEB of ca. 0.1. It should also be noted that

an increase in the surface pressure leads to lower AE values, likely

to be a consequence of the compression of the film.54

The excess Gibbs energy of mixing, DGE
m, provides another

indication of the interactions between components in mixed

monolayers with reference to the interactions between molecules

of the same kind before mixing, although entropic factors also

contribute to the DGE
m values. DGE

m can be calculated by means of

the equation developed by Goodrich,55 Pagano and Gershfeld:56

DGE
m ¼

ðp

0

A12dp! x1

ðp

0

A1dp! x2

ðp

0

A2dp (2)

where A1, A2, A12, x1 and x2 have the same meaning as before; p

is the upper limit pressure at which the integrals have been

calculated (p ¼ 3, 10, 14 and 18 mN m!1). The plot of DGE
m vs.

xHBPEB is given in Fig. 4.

Fig. 4 shows similar features to the plot of AE vs. xHBPEB

(Fig. 3), indicating that the dependence of both parameters on

mole fraction is not a simple linear relationship, but possess

a maximum at ca. 0.1 and a minimum at large mole fractions of

HBPEB (around 0.8), with the plot overall exhibiting a roughly
Fig. 2 Surface pressure vs. area per molecule isotherms of the pure and

mixed films recorded for the indicated HBPEB mole fraction.

Fig. 3 Excess area vs. mole fraction of HBPEB for the indicated surface

pressures.
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sigmoidal shape. The high DGE
m values obtained in the low

xHBPEB region are especially worthy of note. Positive values of

DGE
m for the HBPEB–BA system may indicate that interactions

between molecules in the mixed monolayer are weaker in

comparison with the molecular interactions in the respective pure

films. The surface pressure has no significant influence on the

maximum DGE
m position (xHBPEB ¼ 0.1 for all the analyzed

surface pressures), while a DGE
m minimum is not apparent at low

surface pressures (3 and 10 mN m"1) but it becomes more clear as

the surface pressure increases.

Both AE and DGE
m have been calculated from the p–A data

points, and therefore other independent methods are necessary to

provide decisive proof of the phase behaviour in the mixed films.

Surface potential measurements have been proven to be a source

of valuable information about molecular organization at the

air–water interface.57–60 Surface potential vs. area per molecule

isotherms were recorded for pure and mixed Langmuir films at

the air–water interface. In Fig. 5 the normalized surface potential

(surface potential multiplied by the area per molecule) of the pure

and mixed films, 6V, versus the HBPEB mole fraction are

plotted for several surface pressures.

Normalized surface potentials for mixed films are lower than

those of HBPEB for the whole range of mole fractions studied.

Surface potential variations are commonly attributed to dielec-

tric changes, restructuring of hydration layers at the head group

region, and changes in the normal component of the dipole

moment of the molecules forming the film.61 As the carboxylic

acid head group is the same in both molecules, deviations of 6V

in the mixed films with respect to the additivity rule (DVmix ¼ x1

# DV1 + x2 # DV2), are more probably due to a different

molecular arrangement of the molecules in the mixed films than

to a restructuring of the hydration layer. The negative deviations

of DV with respect to the additivity rule may be explained if

interactions between the different molecules induce different

conformation, aggregation state, and/or orientation of the

components, leading to significant changes in the normal

component of the dipole moment. The observation of more

expanded isotherms (Fig. 2 and Fig. 3), especially for low xHBPEB

values, together with the negative deviations of DV with respect

to the additivity rule could be explained by a decrease in the tilt

angle of HBPEB molecules with respect to the water surface in

the mixed films; which, in turn, could be reasoned in terms of the

rupture of the observed 2D H-aggregates in the pure HBPEB

films. Thus, a decrease in the hydrophobicity of the HBPEB

environment could lead to lower tilt angles of the molecules in

the mixed films. Moreover, the decrease in the average dipole per

unit area in the mixed monolayers due to more expanded

isotherms, could result in a decrease in 6V values for the

mixtures.62

Langmuir–Blodgett film fabrication, AFM and SPFM

investigations.

Langmuir monolayers were transferred onto mica substrates

initially immersed in the aqueous sub-phase by the vertical

dipping method with the deposition taking place during the

upstroke of the substrate. The deposition ratio was close to unity

(ca. 0.9) indicating a good transference of the molecules. Atomic

force microscopy (AFM) is a convenient tool with which to

image the film surface morphology with high spatial resolution.

It has been used before to analyze phase separation in mixed LB

films,50,63,64 and was similarly applied in this work. The surface

pressure of transference was 18 mN m"1 for all the films for which

AFM images are shown in this paper. Higher surface pressures of

transference yield films with higher roughness and evidence of

granular material on the film that were attributed to the ejection

of some molecules from the monolayer out of the film plane.47

The experiments were also performed transferring the films at

a surface pressure of 14 mN m"1, for which the same conclusions

were reached, though some holes where observed in mixed films

with high xBA values. Another point worth mentioning is that

films with high molar fractions of the OPE derivative showed

several 3D defects in the AFM pictures when transferred at

18 mN m"1, as a consequence of local collapses, as described

before.47

AFM images show homogeneous films over the whole range of

mole fraction, with Fig. 6 showing two representative AFM

Fig. 5 Normalized surface potential of the mixed films vs. mole fraction

of HBPEB at the indicated surface pressures. The inset graph shows the

normalized surface potential deviations from ideality.

Fig. 4 Excess Gibbs energy of mixing vs. mole fraction of HBPEB for

the indicated surface pressures.
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images of mixed HBPEB + BA films (xHBPEB ¼ 0.1 and xHBPEB

¼ 0.5) together with the section analysis (diagonal of the images).

Similar pictures are obtained for all the other molar fractions,

none of which show clear features consistent with phase sepa-

ration. Thus, whilst the AFM images clearly show the formation

of well-defined films free of three-dimensional defects the lateral

resolution of the AFM together with the similar lengths of the

HBPEB and BA molecules prohibits distinction of domains by

topographical analysis of the film.

Scanning polarization force microscopy (SPFM) has been

used to gain more information about the molecular distribution

in the mixed films. SPFM takes advantage of differences in the

electrical forces between the tip and the surface to perform

non-contact imaging.65,66 Briefly, a conductive tip biased to a few

volts is employed and use of ac modulation gives the technique

spectroscopic capabilities.67 By controlling the level oscillation

magnitude we can measure the first harmonic (1 w) amplitude;

a DC feedback signal is applied to the tip in order to keep 1 w

signal equal to zero. The DC feedback is used as the contact

potential signal.68 Moreover, because of the long-range nature of

electrostatic forces, it is possible to image surfaces with the tip

sufficiently far away (up to tens of nanometres) so that damage

or modification of soft and delicate samples is avoided. This

technique has been used to study wetting phenomena at the

nanometre scale,69–72 and it is applied in this paper to explore the

Fig. 6 AFM images (left) and section analysis (right) for a HBPEB + BA

mixed LB film with a molar fraction of xHBPEB ¼ 0.1 (top) and 0.5

(bottom).

Fig. 7 SPFM images (left) and SPFM section analysis (right) for pure

HBPEB and BA films.

Fig. 8 SPFM images (left) and SPFM section analysis (right) of mixed

HBPEB and BA films for the indicated molar fractions.
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molecular distribution in mixed films containing materials of

different surface potential.

SPFM images of the pure compounds allowed the determina-

tion of the surface potential for the two different molecules with

respect to the bare mica substrate. Regions close to the border of

the film, featuring regions of pristine film and non-covered areas,

were explored. Fig. 7 shows the SPFM images and SPFM section

analysis (diagonal of the images) for one of these regions in the

pure films. As can be seen in the section analysis the surface

potential difference between the bare mica and the films were ca.

100 mV and 40 mV for HBPEB acid and BA, respectively.

Some representative SPFM images of the mixed films are

shown in Fig. 8 together with the section analysis profile. The

SPFM images of the mixed films show clearly distinct behaviours

depending on the HBPEB–BA proportion. When the HBPEB

proportion is low (xHBPEB < 0.1), the surface potential distri-

bution is homogeneous and domains of different surface poten-

tial can not be distinguished. For molar fractions between 0.1

and 0.8 domains showing different surface potential values can

be observed. The images were analyzed and the surface potential

difference between the two domains is ca. 50–60 mV, which may

correspond with the difference of surface potential between the

pure components. There is a certain tendency for the surface

potential difference between domains to increase (see Fig. 8

where values of ca. 52, 54, 62 mV are obtained for HBPEB molar

fractions of 0.3, 0.5, and 0.7, respectively). This phenomenon

might be due to a different saturation of HBPEB molecules in the

domains showing a higher surface potential or to different tilt

angles for HBPEB molecules as pointed out above, resulting in

slightly different surface potential values. Moreover, bearing

section analysis yields values for the area of the domains, which

are in good agreement with the molar composition of the films.

For xHBPEB¼ 0.8 the films show a different behaviour depending

on the very specific region that is analyzed. Fig. 9 illustrates the

existence of regions where phase separation occurs and homo-

geneous areas for the same film. This result indicates that xHBPEB

¼ 0.8 is the limit between phase separation and well mixed films.

If the HBPEB proportion increases beyond xHBPEB > 0.8

a homogeneous distribution is obtained again (Fig. 8). SPFM

images of several regions and over different areas have been

obtained and no domains have been observed within the equip-

ment resolution, indicating that either the two molecules are

miscible in the 0–0.1 and 0.8–1 molar fraction ranges or domains

are below the SPFM tip resolution. In other words, domains, if

they do exist, are formed by relatively small bundles of mole-

cules. These values xHBPEB ¼ 0.1 and xHBPEB ¼ 0.8 are in good

agreement with the maximum and the minimum in the AE and

DGm vs. xHBPEB graphs for the Langmuir films.

Conclusions

Mixed films containing different proportions of a potential

‘‘molecular wire’’ (HBPEB acid) and an ‘‘insulator’’ molecule

(behenic acid, BA) have been prepared by the Langmuir–

Blodgett technique. Miscibility of the two components in the

Langmuir films has been analyzed by means of thermodynamic

properties, surface potential deviations from the additivity rule,

as well as by SPFM analysis of the films transferred onto solid

supports, concluding that the wire-like molecule and the fatty

acid are miscible in the 0–0.1 and 0.8–1 ranges of HBPEB mole

fraction while phase separation occurs for HBPEB mole

fractions in the 0.1–0.8 range. The next stage in these investiga-

tions will centre on the measurement of conductivity through

these relatively well isolated molecular wire candidates, and

comparison with similar measurements from SA monolayers and

break-junction methods.
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11 W. Haiss, H. van Zalinge, H. Höbenreich, D. Bethell, D. J. Schiffrin,
S. J. Higgings and R. J. Nichols, Langmuir, 2004, 20, 7694.

12 E. A. Weiss, M. J. Ahrens, L. E. Sinks, A. V. Gusev, M. A. Ratner and
M. R. Wasielewski, J. Am. Chem. Soc., 2004, 126, 5577.

13 U. H. F. Bunz, Chem. Rev., 2000, 100, 1605.
14 U. H. F. Bunz, Acc. Chem. Res., 2001, 34, 988.
15 U. H. F. Bunz, Adv. Polym. Sci., 2005, 177, 1.
16 R. E. Martin and F. Diederich, Angew. Chem., Int. Ed., 1999, 38,

1350.
17 A. Beeby, K. Findlay, P. J. Low and T. B. Marder, J. Am. Chem. Soc.,

2002, 124, 8280.
18 Y. Selzer, L. Cai, M. A. Cabassi, Y. Yao, J. M. Tour, T. S. Mayer and

D. L. Allara, Nano Lett., 2005, 5, 61.
19 P. A. Lewis, C. E. Inman, F. Maya, J. M. Tour, J. E. Hutchison and

P. S. Weiss, J. Am. Chem. Soc., 2005, 127, 17421.
20 S. Xiao, L. A. Nagahara, A. M. Rawlwtt and N. Tao, J. Am. Chem.

Soc., 2005, 127, 17421.
21 G. J. Ashwell, B. Urasinska, C. Wang, M. R. Bryce, I. Grace and

C. J. Lambert, Chem. Commun., 2006, 4706.
22 J. M. Tour, L. Jones II, D. L. Pearson, J. J. S. Lamba, T. P. Burgin,

G. M. Whitesides, D. L. Allara, A. N. Parikh and S. V. Atre, J. Am.
Chem. Soc., 1995, 117, 9529.

23 J. J. Stapleton, P. Harder, T. A. Daniel, M. D. Reinard, Y. Yao,
D. W. Price, J. M. Tour and D. L. Allara, Langmuir, 2003, 19,
8245.

24 G. K. Ramachandran, T. J. Hopson, A. M. Rawlett, L. A. Nagahara,
A. Primak and S. M. Lindsay, Science, 2003, 300, 1413.

25 Z. K. Keane, J. W. Ciszek, J. M. Tour and D. Natelson, Nano Lett.,
2006, 6, 1518.

26 S. Yasuda, S. Yoshida, J. Sasaki, Y. Okutsu, T. Nakamura,
A. Taninaka, O. Takeuchi and H. Shigekawa, J. Am. Chem. Soc.,
2006, 128, 7746.

27 A. Nitzan and M. A. Ratner, Science, 2003, 300, 1384.
28 X. Y. Zhu, T. Vondrak, H. Wang, C. Gahl, K. Ishioka and M. Wolf,

Surf. Sci., 2000, 451, 244.
29 J. M. Beebee, V. B. Engeelkes, L. L. Miller and C. D. Frisbie, J. Am.

Chem. Soc., 2002, 124, 11268.
30 F.-R. F. Fan, Y. Yao, L. Cai, L. Cheng, J. M. Tour and A. J. Bard,

J. Am. Chem. Soc., 2004, 126, 4035.
31 L. Cai, M. A. Cabassi, H. C. Yoon, O. M. Cabarcos,

C. L. McGuiness, A. K. Flatt, D. L. Allara, J. M. Tour and
T. S. Mayer, Nano Lett., 2005, 5, 2365.

32 Y. Q. Xue, S. Datta and M. A. Ratner, J. Chem. Phys., 2001, 115,
4292.

33 J. G. Kushmerick, D. B. Holt, J. C. Yang, J. Naciri, M. H. Moore and
R. Shashidhar, Phys. Rev. Lett., 2002, 89, 086802–086801.
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Abstract

The syntheses of several ethynyl-gold(I)phosphine substituted tolans (1,2-diaryl acetylenes) of general form
[Au(C„CC6H4C„CC6H4X)(PPh3)] are described [X = Me (2a), OMe (2b), CO2Me (2c), NO2 (2d), CN (2e)]. These complexes react
readily with [Ru3(CO)10(l-dppm)] to give the heterometallic clusters [Ru3(l-AuPPh3)(l-g1,g2-C2C6H4C„CC6H4X)(CO)7(l-dppm)]
(3a–e). The crystallographically determined molecular structures of 2b, 2d, 2e and 3a–e are reported here, that of 2a having been
described on a previous occasion. Structural, spectroscopic and electrochemical studies were conducted and have revealed little electronic
interaction between the remote substituent and the organometallic end-caps.
! 2007 Elsevier B.V. All rights reserved.

Keywords: Tolan; Ruthenium cluster; Gold complex; Electrochemistry; Spectroelectrochemistry

1. Introduction

Molecular and polymeric compounds featuring
extended p-conjugated electronic structures are of consid-
erable interest from the point of view of developing new
materials for optical and electronic applications [1–5]. In
this context, oligomeric phenylene ethynylenes have been
particularly well studied [6]. The introduction of a metal
centre into the p-conjugated framework offers many possi-
bilities for further tuning of the physical properties, which
are modified by mixing of the metal d and ligand-based p
orbitals [7–10]. Although there are many discussions of

the capacity for p-conjugated ligands to transmit electronic
effects between mono-metallic fragments, we were inter-
ested to discover if the tolan (1,2-diphenylacetylene) frag-
ment was an efficient conduit for the transmission of
electronic effects between a remote substituent and a cluster
core [11]. However, whilst there are numerous examples of
complexes derived from oligomeric phenylene ethynylenes
and their various properties, especially non-linear optical
response and excited state structures have been well
described [12–28], cluster compounds featuring these
‘‘wire-like’’ ligands are particularly scarce [29,30].

Gold(I)phosphine acetylide complexes are efficient
reagents for the transfer of acetylenic fragments to polyme-
tallic clusters, either by addition of the Au–C bond across a
metal–metal bond [31], or via elimination of gold(I)phos-
phine halide complexes upon Pd(0)/Cu(I) catalyzed reac-
tion with halocarbynes [32]. In this work, a series of
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tolan derivatives Me3SiC„CC6H4C„CC6H4X [X = Me
(1a), OMe (1b), CO2Me (1c), NO2 (1d), CN (1e)] have been
prepared, converted to the gold(I) complexes
[Au(C„CC6H4C„CC6H4X)(PPh3)] [2a–e] and subse-
quently reacted with [Ru3(CO)10(l-dppm)] to give the
cluster-substituted tolans [Ru3(l-AuPPh3)(l-g1,g2-
C2C6H4C„CC6H4X)(CO)7(l-dppm)] (3a–e) which feature
the desired cluster-tolan-substituent motif. The molecular
structures, electrochemical and spectroscopic properties,
and IR spectroelectrochemical response of these com-
pounds are described herein.

2. Results and discussion

2.1. Syntheses

The trimethylsilyl-protected tolan Me3SiC„CC6H4C„
CC6H4Me-4 (1a) was prepared by sequential reaction of lith-
ium tolylacetylide and lithium trimethylsilylacetylide with
benzoquinone and reduction of the mixture of diols thus
formed, as described previously [30,33]. The other protected
tolans, Me3SiC„CC6H4C„CC6H4X [X = OMe (1b),
CO2Me (1c), NO2 (1d), CN (1e)] were prepared via Sono-
gashira Pd/Cu cross-coupling protocols, taking advantage
of the availability of 1-trimethylsilylethynyl-4-ethynylben-
zene (Scheme 1) [34]. Alternative synthetic pathways can also
be employed [35], but we favour the approach described here
for its simplicity. Compounds 1a–e were desilylated in con-

ventional fashion (K2CO3/MeOH) to afford terminal alky-
nes (1-H). Reaction of either the Me3Si- or H-terminated
ethynyl tolans with [AuCl(PPh3)] in the presence of NaOMe
gave the gold complexes [Au(C„CC6H4C„CC6H4X)-
(PPh3)] [X = Me (2a), OMe (2b), CO2Me (2c), NO2 (2d),
CN (2e)], the yield being comparable from both routes
(70–84%) (Scheme 1). The complexes were characterized
by the usual spectroscopic methods, which included singlet
phosphorus resonances near d 43 ppm and a single
m(C„C) band slightly above 2200 cm!1, and by single crys-
tal X-ray diffraction in the case of 2a, 2b, 2d and 2e (vide
infra).

Reaction of the gold complexes 2a–e with [Ru3(CO)10(l-
dppm)] in refluxing THF, gave Ru3(l-AuPPh3)(l-
C2C6H4C„CC6H4X)(CO)7(l-dppm) (3a–e) (Scheme 2).
Similar species have been obtained from reactions of gold
acetylides with triangulo triruthenium clusters, [36] or
through the auration of cluster anions obtained by depro-
tonation of the corresponding hydride clusters [37]. Spec-
troscopic parameters consistent with the proposed
structure were obtained, and the characterization com-
pleted in each case by a single crystal X-ray diffraction
study. The 31P NMR spectrum was particularly informa-
tive, with the three chemically distinct phosphorus centres
giving rise to a characteristic pattern in which the reso-
nance arising from P(2) was split into a doublet of doublets
by coupling to both the gold-bound phosphine P(1) and the
dppm phosphorus centre P(3). The electrospray ionization

CCMe3Si C C H

+

XHal

Hal = I, X = OMe
Hal = Br, X = CO2Me, NO2, CN

NEt3

PdCl2(PPh3)2
CuI

CCMe3Si C C X

1

K2CO3 / MeOH

CCH C C X

AuCl(PPh3)

NaOMe
CC(Ph3P)Au C C X

2

Scheme 1. The preparation of 1 and 2.

CC(Ph3P)Au C C X

2

X = Me (a), OMe (b), CO2Me (c), NO2 (d), CN (e)

Ru3(CO)10(dppm)

(OC)2Ru Ru(CO)3

C C

(OC)2Ru

C
C

X

Au(PPh3)
Ph2P

P
Ph2

3

Scheme 2. The preparation of cluster compounds 3a–e.
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mass spectra (ES-MS) of these clusters were characterized
by the observation of the simple protonated species
[M+H]+ or the aggregate ion [M+AuPPh3]+.

Interestingly, the electronic environment of the cluster
core, as measured by the characteristic m(CO) band pat-
terns, is almost the same in each member of the series
3a–e, with no apparent systematic shift in frequency that
could be attributed to variation in p-back-bonding from
the ruthenium centres brought about by the electron-
donating or electron-withdrawing properties of the tolan
substituent.

2.2. Molecular structures

The molecular structure of 2a has been reported
recently, and only pertinent data are included here for pur-
poses of comparison [30]. A molecule of 2d, which is repre-
sentative of the series, is illustrated in Fig. 1 to show to the
atom labelling scheme. Selected bond lengths and angles
are summarized in Table 1. Within the series 2a–e, the
Au–C(1) [1.999(2)–2.023(4) Å] and Au–P(1) [2.2652(14)–
2.2752(5) Å] bond lengths are comparable with those of
related acetylide complexes, such as [Au(C„CPh)(PPh3)]
[Au–C 1.97(2)/2.02(2); Au–P 2.276(5)/2.282(4) Å, for two
independent molecules] [38] and [Au(C„CSiMe3)(PPh3)]
[Au–C 2.000(4); Au–P 2.2786(10) Å] [39]. There is no evi-
dence for significant cumulene/quinoidal character within

the phenylene ethynylene portion of the molecule and the
C(1)–C(2) [1.191(8)–1.204(3) Å] and C(9)–C(10) [1.198(3)–
1.207(7) Å] acetylide bond lengths are the same within
the limits of precision of the structure determination. The
P–Au–C moiety is essentially linear [171.6(2)–176.4(6)!],
but there is a gentle curvature in the molecular backbone,
particularly pronounced at C(1) [Au–C(1)–C(2) 168.2(5)–
175.3(2)!], brought about by crystal packing effects.

The complexes 2a–e offer an opportunity to examine
systems in which Au! ! !Au and p! ! !p interactions, together
with other weak interactions such as CH! ! !p, may work to
influence the solid-state structures. In this work, no auro-
philic interactions were found in the extended solid-state
structures, with p! ! !p interactions between the tolan moie-
ties being more prevalent. In each structure the molecules
lie in an anti-parallel arrangement with a number of
CH(from various phenyl rings)! ! !p(phenyl or acetylene
bond) interactions being evident (Fig. 2). Stacking p! ! !p
interactions between the phenyl rings of the tolan moieties
are observed only in the structures 2d and 2e, which also
carry the most strongly electron-withdrawing terminal sub-
stituents (X = NO2 and CN). Whilst in the case of 2e both
tolan ring systems are stacked, only the more highly polar-
ized terminal phenyl ring in 2d is involved in this motif. Ste-
ric constraints associated with the PPh3 supporting ligand
likely restrict the close approach of the gold centres, and
Au! ! !Au aurophilic interactions are superseded by these
various p-hydrocarbon based interactions [40].

Fig. 1. A plot of a molecule of 2d illustrating the atom numbering scheme.

Table 1
Selected bond lengths (Å) and angles (!) associated with complexes 2a, 2b, 2d and 2e

2a 2b 2d 2e

Au(1)–P(1) 2.2752(5) 2.2652(14) 2.2889(12) 2.2764(5)
Au(1)–C(1) 1.999(2) 2.003(6) 2.023(4) 1.999(2)
C(1)–C(2) 1.204(3) 1.191(8) 1.195(6) 1.204(3)
C(2)–C(3) 1.441(3) 1.447(8) 1.439(6) 1.438(3)
C(9)–C(10) 1.198(3) 1.204(8) 1.207(7) 1.201(3)

P(1)–Au(1)–C(1) 176.4(6) 171.6(2) 176.3(1) 176.0(6)
Au(1)–C(1)–C(2) 170.5(2) 168.2(5) 172.8(4) 175.3(2)
C(1)–C(2)–C(3) 174.6(2) 177.3(6) 178.8(5) 178.0(2)
C(8)–C(9)–C(10) 178.8(2) 178.4(7) 178.8(6) 178.7(3)
C(9)–C(10)–C(11) 177.8(2) 177.3(6) 178.2(6) 179.3(3)
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There are few, if any, differences of note within the
structures of 3a–e. The common cluster core geometry is
illustrated schematically in Fig. 3, with a molecule of 3d
shown in Fig. 4 as a representative example of the series.
Selected bond lengths and angles are summarized in Table
2. The clusters 3a–e feature a triangular Ru3 metal frame-
work, with the Au(PPh3) moiety bridging the RuB–RuC

bond, and the RuA–RuB bond supported by the bridging
dppm ligand. The gold supported metal–metal bond is
the shortest of the three Ru–Ru bonds in the cluster, with
the unsupported RuA–RuC bond generally being the lon-
gest. The C(1)–C(2) acetylide ligand caps the triangular
face in the expected l3-g1,g2,g2 mode. As a consequence
of the interaction with the metal centres, this bond is elon-
gated in comparison to typical acetylenic C„C bond
lengths [1.318(6)–1.324(5) Å]. The tolan C(9)„C(10)
alkyne bond is in the normal range [1.191(5)–1.201(6) Å].

Planar tolan structures are thought to be more conduct-
ing than conformers in which the phenyl ring systems are
twisted with respect to one another [41]. Thus, whilst the
barrier to rotation about the aryl–ethynyl single bond is
small in the gas phase and in solution [42], much of the
interest in the solid-state structures of tolan and related
oligo(phenylene ethynylene) compounds lies in the analysis
of the inter-ring torsion angles. In the case of the clusters
3a–e, the dihedral angles between the planes of the tolan
phenyl rings range from 33.2! to 42.8!.

In much the same way as observed in the structures of
the parent compounds 2, the packing of the molecules
3a–e in the crystalline state is also determined by a number
of relatively weak C–H! ! !X (X = O, Cl, p) interactions.
However, the presence of carbonyl ligands and solvent
molecules in the structures 3 results in a much more com-
plicated 3D-network of these interactions than was
observed in the structures of compounds 2. We note that
there are no obvious stacking p! ! !p interactions between
tolan ligand fragments in the case of the cluster structures.

2.3. UV–Vis spectroscopy

The electronic absorption spectra of the ligand precur-
sors 1a–e, the mononuclear gold complexes 2a–e and the
heterometallic clusters 3a–e were recorded as dilute (1–
10 lmol dm"3) solutions in CH2Cl2 (Table 3). The spectra

Fig. 2. Representative molecular packing diagrams for (a) 2d and (b) 2e.

RuC RuA

C1

P
Ph2

PPh2

(Ph3P)Au

C3

C2

RuB

Fig. 3. A schematic representation of the cluster core in 3a–e.
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of 1a–c and 1e are characteristic of the tolan (1,2-diphenyl-
acetylene) moiety, exhibiting three relatively intense transi-
tions between ca. 280 and 350 nm [30,43]. The spectrum of
nitro-substituted derivative 1d contains a broad absorption
band from the nitrobenzene moiety centred near 340 nm.
Substitution of the SiMe3 group for Au(PPh3) resulted in
little change to these spectroscopic profiles. As noted previ-
ously, the UV–Vis absorption spectra of the cluster deriva-
tives 3a–e exhibit several new features that were not present
in the spectra of the precursors 1a–e and 2a–e. The clusters
all exhibit an absorption band of low intensity near
450 nm, which is associated with charge transfer transitions
from the cluster to the unoccupied orbitals of the tolan
moiety. This assignment is supported by the cyclic voltam-
metric investigations presented below. Two bands between
300 and 400 nm, which were not resolved in all cases (Table
3) and a higher energy absorption band near 280 nm were
also observed. Given their similar energetic positions and

intensities as observed for 1a–e, these absorption bands
likely contain contributions from tolan-centred transitions.

2.4. Electrochemical properties

Transition metal clusters typically offer closely spaced
frontier orbitals with a significant metal character. This
can lead to a rich electrochemical response in these systems,
and has led to the description of cluster compounds as
‘‘electron sinks’’ [44]. This potential for redox activity, cou-
pled with the ready spectroscopic probes offered by both
the carbonyl ligands and several of the remote substituents
(e.g., the ester and nitro groups) prompted us to examine
the heterometallic (Ru3–Au) clusters 3a–d and their mono-
nuclear (phosphine)Au-tolan precursors 2a–d using cyclic
voltammetry and, in selected examples, IR spectroelectro-
chemical methods. Compounds 3e and 2e were not
included in the spectroelectrochemical studies.

Fig. 4. A plot of a molecule of 3d, which is representative of the compounds in the series.

Table 2
Selected bond lengths (Å) and angles (!) for 3a–e

3a 3b 3c 3d 3e

RuA–RuB 2.8345(5) 2.8271(4) 2.8248(6) 2.8140(6) 2.8175(3)
RuA–RuC 2.8330(5) 2.8394(4) 2.8451(7) 2.8321(6) 2.8353(3)
RuB–RuC 2.7994(4) 2.7861(4) 2.7933(6) 2.7987(5) 2.7987(3)
RuA–C(1) 1.939(4) 1.9747(3) 1.944(4) 1.952(4) 1.951(3)
C(1)–C(2) 1.322(6) 1.324(5) 1.318(6) 1.318(6) 1.322(4)
C(2)–C(3) 1.458(5) 1.460(5) 1.460(6) 1.459(6) 1.470(4)
RuB–C(1) 2.198(4) 2.193(3) 2.191(4) 2.186(4) 2.192(3)
RuC–C(1) 2.021(4) 2.210(3) 2.213(4) 2.223(4) 2.218(2)
RuB–C(2) 2.217(4) 2.231(3) 2.238(4) 2.229(4) 2.231(3)
RuC–C(2) 2.273(4) 2.243(3) 2.229(4) 2.242(4) 2.229(3)

RuA–RuB–RuC 60.37(1) 60.77(1) 60.85(2) 60.61(2) 60.64(1)
RuA–RuC–RuB 60.43(1) 60.33(1) 60.12(2) 59.96(2) 60.00(1)
RuB–RuA–RuC 59.20(1) 58.90(1) 59.03(1) 59.43(1) 59.35(1)
RuB–Au–RuC 60.79(1) 59.97(1) 60.11(1) 60.48(1) 60.34(1)
RuA–C(1)–C(2) 154.8(3) 154.0(3) 154.0(3) 153.1(3) 152.8(2)
C(1)–C(2)–C(3) 139.4(4) 140.7(3) 142.2(4) 141.6(4) 141.8(3)
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2.5. Cyclic voltammetry

The cyclic voltammograms of the mononuclear gold
complexes 2a–d in dichloromethane show totally irrevers-
ible anodic [O2, between 0.85 and 1.15 V versus Fc/Fc+]
and cathodic [R2 < !2.20 V versus Fc/Fc+] waves close
to, or beyond, the limits of the solvent potential window
(Table 4). Indeed, for 2a and 2b which feature electron-
donating tolan substituents X = Me and OMe, respec-
tively, the cathodic waves are shifted beyond the limit of
the electrochemical window. These irreversible redox pro-
cesses were not studied in detail. Complex 2d shows an
additional cathodic wave R1 at !1.49 V, which is fully
reversible and apparently belongs to the reduction of the
remote X = NO2 substituent.

The cyclic voltammograms of the heterometallic clusters
3a–d exhibit irreversible redox processes at very similar
electrode potentials to those observed in the precursors

2a–d (Table 4, Fig. 5). The similarity of these electrochem-
ical events point to their localization at the terminal 1,2-
diphenylacetylene moiety, indicating that the tolan chain
is not significantly affected by coordination to the triruthe-
nium cluster core through the acetylide moiety. The anodic
waves O2 partly overlap with higher-lying irreversible
waves O3, which are not observed for 2a–d. The chemically
irreversible nature of R2 is further illustrated by the pres-
ence of a new anodic wave rR2 arising in the course of
the reverse potential scan initiated beyond R2 (Fig. 5). This
wave is shifted some 1.7–1.8 V positively relative to R2,
and arises from oxidation of an unassigned secondary
reduction product.

The nitro group in 3d is reduced at essentially the same
cathodic potential R1 as that in 2d (Table 4). At room tem-
perature, the peak-to-peak separation (DEp = Ep,c ! Ep,a)
for this redox couple (100 mV) is only slightly larger than
the value of 80 mV determined for the Fc/Fc+ internal

Table 3
The principal UV–Vis absorption bands observed from CH2Cl2 solutions
of 1a–e, 2a–e, 3a–e

Compound k, nm (e, M!1 cm!1)

1a 290 (53200) 306 (62300) 326 (59500)
1b a 313 (62700) 332 (58300)
1c 285 (84200) 314 (59300) 335 (50800)
1d 280 (64900) 300sh (41200) 342 (42900)
1e 287 (30000) 315 (47300) 336 (45900)
2a 297 (41700) 315 (69400) 337 (68300)
2b b 320 (65900) 341 (62500)
2c 310 (33500) 327 (44900) 348 (39900)
2d 284 (42200) 299 (37100) 358 (30300)
2e 310 (39500)c 328 (55500) 349 (51400)
3a 324 (41200) 450 (5500)
3b 275 (46600) 329 (22100) 450 (3000)
3c 283 (102000) 336 (43000) 376 (32000) 451 (8000)
3d 283 (65900) 390 (24500) 463 (9000)
3e 285 (84200) 331 (34700) 376 (25600) 440 (5800)

a Several unresolved bands were also observed between 250 and 300 nm
(ca. 43000 M!1 cm!1).

b Several unresolved bands were also observed between 260 and 300 nm
(ca. 28000–48000 M!1 cm!1).

c Several unresolved bands were also observed between 260 and 300 nm
(ca. 24000–34000 M!1 cm!1).

Table 4
Electrochemical properties of the Au-tolan complexes 2a–d and corresponding heterometallic cluster compounds 3a–da

Compound Ep,c (R2, tolan) E1/2 (R1, NO2) Ep,a (O1, Ru3-core) Ep,a (O2/O3, tolan)

2a not observed 0.94
2b not observed 0.88
2c !2.37 1.14
2d !2.23 !1.49 1.13
3a !2.49 0.19 0.93/1.02
3b !2.48 0.18 0.88/0.95
3c !2.35 0.25 1.04/1.16
3db !2.16 !1.47 0.29 1.02/1.15

a Redox potentials (V vs. Fc/Fc+) were determined from cyclic voltammetric scans. Experimental conditions: Pt disk working microelectrode,
v = 100 mV s!1, T = 293 K. Ep denotes peak potential of a chemically irreversible step.

b See Fig. 5.
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Fig. 5. Cyclic voltammogram of heterometallic cluster 3c (Scheme 2;
X = OMe). The asterisks denote two small cathodic peaks observed in
addition to rO1 during the reverse cathodic scan triggered beyond O1.
Experimental conditions: carefully polished Pt disk microelectrode,
dichloromethane containing 10!1 M Bu4NPF6, v = 100 mV s!1 at 293 K.
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standard. At 206 K, however, the DEp value of the nitro
reduction increases to 600 mV while that of the internal
Fc/Fc+ standard does not change. The electrochemically
quasireversible to irreversible nature of the cathodic step
R1 in 3d may reflect some hindered access of the remote
NO2 group to the electrode surface, and in turn sluggish
electron transfer kinetics.

The dominant new feature in the cyclic voltammograms
of clusters 3a–d is the irreversible two-electron anodic wave
O1 (Table 4, Fig. 5) that corresponds to oxidation of the
triruthenium cluster core. The reverse cathodic scan at
room temperature reveals the presence of three small
cathodic peaks due to reduction of secondary oxidation
products, which are shifted significantly more negatively
from O1, for example in the case of 3a by 0.63, 1.13 and
1.81 V, respectively. The minor dependence of the anodic
potentials O1 on the nature of the electron-donating or
electron-withdrawing substituents X (Scheme 2) reflects a
rather limited degree of electronic communication between
the cluster core and the substituted tolan moiety, in agree-
ment with the conclusions drawn from the IR spectra of the
3a–e series (see above).

2.6. IR spectroelectrochemistry

The triruthenium clusters 3a (X = Me), 3c
(X = CO2Me) and 3d (X = NO2) were selected for IR spec-
troelectrochemical investigations aimed at obtaining more
information about the electronic communication between
the cluster core and the remote substituent X on the conju-
gated tolan chain. These experiments were carried out in
dichloromethane solutions containing 10!1 M NBu4PF6

as supporting electrolyte. For reference purposes, the car-
bonyl stretching frequencies of the parent compounds in
dichloromethane are listed in Section 4.

One-electron reduction of the nitro group in compound
3d at the electrode potential R1 (Table 4) led to the
expected disappearance of the absorption bands at 1519
and 1344 cm!1, which can be attributed to the mas(NO2)
and ms(NO2) modes, respectively [45]. A new band arose
at 1367 cm!1, assigned to masðNO2

!!Þ [46]. In addition, an
absorption band at 1589 cm!1 was replaced by a new one
at 1568 cm!1 that may be due to a nitrobenzene ring
m(C@C) mode. This NO2-localized reduction also results
in a low-frequency shift of the m(C„C) band from 2213
to 2186 cm!1. The m(C„O) band pattern of the carbonyl-
triruthenium fragment was almost unchanged by the reduc-
tion, with wavenumbers of individual bands decreasing by
only 1–2 cm!1, in agreement with the weak influence of the
nitro group on the electronic properties of the metal centres
and hence hardly affecting the ruthenium-to-CO p-back-
bonding interactions. Apparently, the NO2 substituent is
relatively strongly conjugated with the uncoordinated acet-
ylene moiety of the cluster-anchored tolan ligand, while
interactions with the cluster core are more limited.

The first oxidation event is clearly cluster centred (Table
4). The mas(NO2) and ms(NO2) bands shifted by 2 and

1 cm!1, respectively, to higher frequencies when the triru-
thenium cluster core in 3d was oxidized at the anodic
potential O1 (Table 4). In addition, the oxidation at poten-
tial O1 was accompanied by a m(C„C) shift to 2217 cm!1

(Fig. 6), which is a significantly smaller absolute shift
(3 cm!1) than that induced by the NO2 reduction
(27 cm!1). Perhaps surprisingly, the irreversible oxidation
of the cluster core largely preserved the m(C„O) band pat-
tern, with the oxidation product exhibiting m(CO) bands at
2100m, 2051s, 2014s, 1997sh, 1977mw, 1962sh and 1947w
cm!1 (Fig. 6). The shift of the m(C„O) bands to higher
wavenumbers by 40–70 cm!1, the greatest shift being asso-
ciated with the fully symmetric all-CO-stretching mode, is
consistent with the two-electron nature of the oxidation
wave O1. Whilst it is beyond the scope of this work to
determine the structure of the oxidation product, we can,
however, state firmly that the irreversible two-electron oxi-
dation of 3d does not induce a rapid CO dissociation reac-
tion and that the geometry of the triruthenium-carbonyl
moiety remains largely preserved after this initial oxidation
event. The initially observed oxidation product is, however,
thermally unstable and slowly converts to another carbonyl
cluster species, as judged from a new absorption at
2081 cm!1 (Fig. 6).

The oxidation products derived from 3a and 3c were sig-
nificantly more chemically reactive, with rapid in situ elec-
trochemical oxidation of either species resulting directly in
a product with a m(C„O) band pattern (2083m, 2074sh,
2049m, 2035s, 2024m, 2008s, 1995m-s, 1983m, 1960m-w,
1946sh and 1917w cm!1) quite different from the parent
clusters being observed in each case. In line with the very
limited electronic communication between the X group
and the cluster core, the m(C@O) band of the ester moiety
in 3c was almost unchanged, shifting from 1720 cm!1 in
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Fig. 6. IR spectral changes in the C„C and C„O stretching region
observed during the irreversible oxidation of complex 3d at the anodic
wave O1 (Table 2) in CH2Cl2 at 293 K, using an OTTLE cell. The asterisk
denotes a product of a slow thermal reaction of the oxidized complex.
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3c to 1722 cm!1 in the oxidized species. Interestingly, oxi-
dation of 3a and 3c caused the m(C„C) band to completely
disappear. This observation is in sharp contrast with the
in situ electrochemical oxidation of cluster 3d, where the
m(C„C) band is initially preserved (Fig. 6). We assume
that the ethynylene moiety in 3a and 3c features in fast
chemical reactions that follow the initial two-electron oxi-
dation. In contrast, the conjugation of the acetylene moiety
to the nitro-phenyl-acetylene unit in 3d appears to stabilize
the initial oxidation product to such an extent that it can be
observed by IR spectroelectrochemical methods at room
temperature.

3. Conclusion

A series of gold(I)-phosphine complexes of ethynyl
tolans has been prepared and structurally characterized.
The solid-state packing of these compounds exhibits vari-
ous intramolecular contacts between the tolan ligands,
but not aurophilic interactions, which are presumably lim-
ited by the steric bulk of the triphenyl phosphine support-
ing ligand. The gold complexes are convenient reagents for
use in the preparation of tolans bearing heterometallic clus-
ter end-caps. The cluster carbonyl bands are insensitive to
the electronic nature of the tolan substituent, including
NO2-centred reduction in the case of 3d. Oxidation is cen-
tred on the cluster core, and in the case of the most stable
system, 3d, IR spectroelectrochemistry reveals the oxida-
tion product to retain the same carbonyl arrangement as
the starting material. The tolan group does not act as a par-
ticularly efficient conduit for passage of the electronic effect
of electron-donating or electron-withdrawing groups to the
cluster core.

4. Experimental

All reactions were carried out under an atmosphere of
nitrogen using standard Schlenk techniques. Reaction sol-
vents were purified and dried using an Innovative Technol-
ogy SPS-400, and degassed before use. No special
precautions were taken to exclude air or moisture during
work-up. Preparative TLC was performed on 20 · 20 cm
glass plates coated with silica gel (0.5 mm thick, Merck
GF-254). The compounds [Ru3(CO)10(l-dppm)] [47],
[AuCl(PPh3)] [48], [PdCl2(PPh3)2] [49], 1-trimethylsilylethy-
nyl-4-ethynylbenzene [34b], 1a, its analogous terminal
alkyne and 3b [30] were prepared by literature methods.
Other reagents were purchased and used as received.
Dichloromethane (Acros Chemicals) for the spectroelectro-
chemical experiments was freshly distilled from P2O5 under
an atmosphere of dry nitrogen. Bu4NPF6 electrolyte
(TBAH; Aldrich) was recrystallized twice from absolute
ethanol and dried overnight under vacuum at 80 !C before
use.

IR spectra of the synthesized complexes were recorded
using a Nicolet Avatar spectrometer from cyclohexane
solutions in a cell fitted with CaF2 windows, or from Nujol

mulls suspended between NaCl plates. NMR spectra were
obtained with Bruker Avance (1H 400.13 MHz, 13C
100.61 MHz, 31P 161.98 MHz) or Varian Mercury (31P
161.91 MHz) spectrometers from CDCl3 solutions and ref-
erenced against solvent resonances (1H, 13C) or external
H3PO4 (31P). Mass spectra were recorded using Thermo
Quest Finnigan Trace MS-Trace GC or Thermo Electron
Finnigan LTQ FT mass spectrometers or Matrix-Assisted
Laser Desorption/Ionization-Time-of-Flight (Mass Spec-
trometry) (MALDI-TOF MS) ABI Voyager STR.

Cyclic voltammograms were recorded at v = 100 mV s!1

from solutions of approximately 10!4 M in analyte in
dichloromethane containing 10!1 M Bu4NPF6, using a gas-
tight single-compartment three-electrode cell equipped
with platinum disk working (apparent surface area of
0.42 mm2), coiled platinum wire auxiliary, and silver wire
pseudo-reference electrodes. The working electrode surface
was polished between scans with a diamond paste contain-
ing 0.25 lm grains (Oberflächentechnologien Ziesmer,
Kempen, Germany). The cell was placed in a Faraday cage
and connected to a computer-controlled PAR Model 283
potentiostat. All redox potentials are reported against the
standard ferrocene/ferrocenium (Fc/Fc+) redox couple
used as an internal reference system [50]. Cyclic voltammet-
ric measurements at ca. 210 K were performed with the
electrochemical cell immersed into a bath of acetone/dry
ice.

IR spectroelectrochemical experiments at room temper-
ature were performed with an air-tight optically transpar-
ent thin-layer electrochemical (OTTLE) cell equipped
with a Pt minigrid working electrode (32 wires cm!1) and
CaF2 windows [51]. The cell was positioned in the sample
compartment of a Bruker Vertex 70 FTIR spectrometer
(1 cm!1 spectral resolution, 16 scans). The controlled-
potential electrolyses were carried out with a PA4 potentio-
stat (EKOM, Polná, Czech Republic).

Diffraction data were collected at 120K on a Bruker
SMART 6000 (2a,e, 3b,e), SMART 1K (2d) and Bruker PROT-

EUM-M (3c,d) three-circle diffractometers, using graphite-
monochromated Mo Ka radiation. The structures were
solved by direct-methods and refined by full matrix least-
squares against F2 of all data using SHELXTL software [52].
All non-hydrogen atoms where refined in anisotropic
approximation except the disordered ones, H atoms were
placed into the calculated positions and refined in ‘‘riding’’
mode. The crystallographic data and parameters of the
refinements are listed in Table 5.

4.1. Preparation of 1b

4.1.1. General procedure
A nitrogen purged, 500 ml Schlenk flask was charged

with 1-iodo-4-methoxybenzene (2.34 g, 10 mmol), 1-trim-
ethylsilylethynyl-4-ethynylbenzene (2.18 g, 11 mmol),
[PdCl2(PPh3)2] (0.70 g, 0.1 mmol) and CuI (0.19 g,
0.1 mmol). Triethylamine (ca. 250 ml) was transferred to
the reaction flask via cannula and the reaction mixture
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Table 5
Crystal data and parameters of refinement of the structures 2b,d,e and 3b–ea

2b 2d 2e 3b 3c 3d 3e

Formula C35H26AuOP C35H25AuCl2NO2P C35H23AuNP C67H48AuO8P3Ru3 C69H48AuCl3O9P3Ru3 C67H46AuCl3NO9P3Ru3 C68H46AuCl3NO7P3Ru3

Formula weight 690.49 790.40 685.48 1574.14 1720.51 1708.48 1688.49
Crystal system triclinic triclinic triclinic monoclinic monoclinic monoclinic monoclinic
Space group P!1 P!1 P!1 P21/n P21/c P21/c P21/n
a (Å) 9.762(1) 11.750(4) 8.7340(8) 11.004(1) 11.095(2) 11.145(2) 11.0569(3)
b (Å) 17.617(3) 11.792(4) 9.8435(9) 27.520(3) 27.417(5) 27.492(4) 27.3570(7)
c (Å) 18.133(3) 13.058(4) 16.4629(15) 20.590(2) 23.226(4) 23.130(3) 20.6694(5)
a (!) 110.01(1) 64.42(3) 86.948(2) 90 90 90 90
b (!) 100.21(1) 76.49(3) 88.443(2) 90.54(3) 115.83(7) 118.25(1) 91.71(1)
c (!) 101.30(1) 68.08(3) 82.302(2) 90 90 90 90
V (Å3) 2770.4(7) 1508.2(9) 1400.3(2) 6235(1) 6359(2) 6242(1) 6249.4(3)
Z 4 2 2 4 4 4 4
Dcalc (Mg/m3) 1.656 1.740 1.626 1.677 1.797 1.818 1.795
Absorption coefficient (mm!1) 5.394 5.141 5.334 3.189 3.258 3.319 3.312
F(000) 1352 772 668 3080 3364 3336 3296
Reflections collected 26767 14640 19102 84736 71159 63851 65628
Independent reflections (Rint) 10880(0.0423) 7531(0.0213) 8473(0.023) 19038(0.038) 17700(0.052) 15492(0.0532) 19840(0.0434)
Number of parameters 652 383 343 578 738 784 655
Absorption correction SADABS SADABS SADABS SADABS

b
SADABS SADABS numerical

Goodness-of-fit 0.980 1.046 1.040 1.106 1.006 1.067 1.055
Final R1 [I > 2r] 0.0331 0.0236 0.0206 0.0350 0.0416 0.0423 0.0298
Final wR2 (all data) 0.0797 0.0552 0.0489 0.0925 0.0991 0.0865 0.0714

a The structures 3b–e are, in fact, isostructural – the P21/n setting is transformed into the standard P21/c one by usual (1,0,0,0,1,0,!1,0,1) operation.
b The disordered solvent (CHCl3) has been taken into account by applying SQUEEZE procedure (PLATON).
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heated to reflux for 2 h. The solvent was removed in vacuo
and the residue passed through a silica pad with hexane
and CH2Cl2. The solvent was removed in vacuo to give a
yellow solid of the title product (1b) which was recrystal-
lized from hexane and CH2Cl2 (1.90 g, 62%). IR (Nujol):
m(C„C) 2215, 2158 cm!1. 1H NMR: d 0.25 (s, 9H; SiMe3),
3.83 (s, 3H; OMe), 6.88 (pseudo-d, JHH = 8.6 Hz, 2H;
C6H4), 7.43 (s, 4H; C6H4), 7.46 (pseudo-d, JHH = 8.6 Hz,
2H; C6H4). 13C NMR: d 0.13 (s, SiMe3), 55.3 (OCH3),
85.7, 91.4, 96.0, 04.76 (4 · s, C„C), 114.04, 115.09,
122.49, 123.70, 131.20, 131.80, 133.08, 159.81 (8 · s, Ar).
EI-MS: m/z 304, M+; 274, [M!OMe]+; 201,
[M!OMe!SiMe3]+. C20H20OSi requires: C, 78.90; H,
7.11. Found: C, 78.24; H, 6.58%.

Compounds 1c–e were prepared in an entirely analogous
fashion, full details of which will be published elsewhere.
Compound 1c (crystallized from hot toluene, yield 49%).
IR (Nujol): m(C„C) 2211, 2155 cm!1; m(C@O)
1715 cm!1. C21H20O2Si requires: C, 75.86; H, 6.05. Found:
C, 75.85; H 5.95%. Compound 1d (purified by column
chromatography, silica, hexane–CH2Cl2 70/30, yield
84%). IR (Nujol): m(C„C) 2209, 2149 cm!1. C19H17NO2Si
requires: C, 71.47; H, 5.33; N, 4.39. Found C, 71.44; H,
4.62; N, 4.94%. Compound 1e (purified by column chroma-
tography, Silica, hexane–CH2Cl2 60/40, yield 91%). IR
(Nujol): m(C„N) 2224 cm!1; m(C„C) 2209, 2149 cm!1.
C20H17NSi requires: C, 80.22; H, 5.72; N, 4.68. Found:
C, 79.90; H, 5.63; N, 4.23%.

4.2. Desilylation of 1b

4.2.1. General procedure
A solution of 1b (150 mg, 0.49 mmol) and potassium

carbonate (273 mg, 1.97 mmol) in MeOH (30 ml) was stir-
red under nitrogen at room temperature overnight (ca.
12 h). The reaction mixture was partitioned between dieth-
ylether (50 ml) and water (50 ml), the organic layer col-
lected, dried over MgSO4, and finally dried in vacuo to
afford HC„CC6H4C„CC6H4OMe-4 (1b-H) as a yellow
solid (102 mg, 89%). IR (Nujol): m(C„C) 2214,
2103 cm!1. 1H NMR: d 3.16 (s, 1H, C„CH); 3.83 (s,
OMe); 6.90 (pseudo-d, JHH = 8.8 Hz, 2H, C6H4); 7.48
(pseudo-d, JHH = 9.6 Hz, 6H, C6H4). 13C NMR: d 55.3
(s, OCH3); 78.7, 83.3, 87.6, 91.5 (4 · s, 4 · C„C); 114.1,
115.1, 121.5, 124.2, 131.3, 132.0, 133.1, 159.9 (8 · s, Ar).
EI-MS: m/z 232, M+; 217, [M!Me]+. C17H12O requires:
C, 87.93; H, 5.17. Found: C, 87.24; H, 5.05%.

Compounds 1c–e were desilylated in a similar fashion,
full details of which will be reported elsewhere. Compound
1c-H (yield 85%). IR (Nujol): m(C„C) 2211, 2101 cm!1;
m(C@O) 1707 cm!1. C18H12O2 requires: C, 83.08; H, 4.62.
Found: C, 81.37; H, 4.59%. Compound 1d-H (yield 89%).
IR (Nujol): m(C„C) 2210, 2101 cm!1. C16H9NO2 requires:
C, 77.73; H, 3.64; N 5.67. Found: C, 77.72; H, 3.89; N,
5.31%. Compound 1e-H (yield 51%). IR (Nujol):
m(C„N) 2227 cm!1; m(C„C) 2209, 2100 cm!1. C17H9N

requires: C, 89.87; H, 3.96; N 6.17. Found: C, 89.43; H,
3.98; N, 5.74%.

4.3. Preparation of 2b

4.3.1. General procedure
A suspension of 1b (135 mg, 0.44 mmol) and NaOH

(162 mg, 4.05 mmol) in MeOH (25 ml) was allowed to stir
for 30 min, to give a clear solution, which was treated with
[AuCl(PPh3)] (200 mg, 0.40 mmol) and allowed to stir for a
further 3 h. The resulting cloudy solution was filtered, the
precipitate washed with MeOH (6 ml), diethylether (6 ml)
and pentane (6 ml) and dried in vacuo to afford 2b
(180 mg, 65%). IR (Nujol): m(C„C) 2204, 2113 cm!1. 1H
NMR: d 3.82 (s, 3H, OMe); 6.88 (pseudo-d, JHH = 8.8 Hz,
2H, C6H4); 7.38–7.58 (m, 21H, Ar). 13C NMR: d 55.6 (s,
OCH3); 88.5, 90.8 (2 · s, 2 · C„C); 104.3 (d, = 27 Hz,
Au–C„C), 129.7 (d, JCP = 56 Hz, Au–C„C); 114.2,
115.7, 122.0, 124.7, 131.3, 132.5, 133.5, 135.1 (8 · s, Ar);
129.4 (d, JCP = 11 Hz), 131.9 (d, JCP = 3 Hz), 134.6 (d,
JCP = 14 Hz), 159.8 (s) (P–Ar). 31P NMR: d 43.4. ES-
MS: m/z 721, [Au(PPh3)2]+; 713, [M+Na]+. C35H26NO-
PAu requires: C, 60.87; H, 3.77. Found: C, 60.43; H,
3.73%.

Compounds 2c–e were prepared in a similar fashion. 2c
(yield 78%). IR (Nujol): m(C„C) 2210, 2111 cm!1; m(C@O)
1776 cm!1. 1H NMR: d 3.92 (s, 3H, OMe); 7.28–7.58 (m,
21H, Ar); 8.02 (pseudo-d, JHH = 8.8 Hz, 2H, C6H4). 13C
NMR: d 52.5 (s, OCH3); 90.00, 92.9 (2 · s, 2 · C„C);
104.2 (d, = 27 Hz, Au–C„C), 130.1 (d, JCP = 56 Hz,
Au–C„C); 121.0, 125.7, 128.3, 129.8, 130.1, 131.6, 132.6,
135.0 (8 · s, Ar); 129.5 (d, JCP = 11 Hz), 131.9 (d,
JCP = 2 Hz), 134.6 (d, JCP = 14 Hz), 136.0 (s) (P–Ar);
166.8(s, C@OCH3). 31P NMR: d 43.3. ES-MS: m/z 1635,
[M+(AuPPh3)2]+; 1177, [M+AuPPh3]+; 721, [Au(PPh3)2]+.
C36H26O2PAu requires: C, 60.17; H, 3.62. Found: C, 60.31;
H, 3.66%. Compound 2d (yield 69%). IR (Nujol): m(C„C)
2214, 2109 cm!1. 1H NMR: d 7.43–7.58 (m, 19H, Ar); 7.65
(pseudo-d, JHH = 8.8 Hz, 2H, C6H4); 8.22 (pseudo-d,
JHH = 9.2 Hz, 2H, C6H4). 13C NMR: d 88.9, 95.3 (2 · s,
2 · C„C); 130.1 (d, JCP = 56 Hz, Au–C„C); 120.3,
123.9, 126.3, 130.6, 131.8, 132.4, 132.7 (7 · s, Ar); 129.5
(d, JCP = 11 Hz), 131.9 (d, JCP = 2 Hz), 134.6 (d,
JCP = 14 Hz); 147.1 (s) (P–Ar). 31P NMR: d 43.3. ES-
MS: m/z 1625, [M+(AuPPh3)2]+; 1164, [M+AuPPh3]+;
721, [Au(PPh3)2]+. C34H23NO2PAu requires: C, 57.87; H,
3.26; N 1.99. Found: C, 57.46; H, 3.23; N, 1.80%. Com-
pound 2e (yield 71%). IR (Nujol): m(C„N) 2217 cm!1;
m(C„C) 2169, 2113 cm!1. 1H NMR: d 7.41–7.63(m, 19H,
Ar). 13C NMR: d 89.1, 94.3 (2 · s, 2 · C„C); 104.0 (d, =
22 Hz, Au–C„C), 130.0 (d, JCP = 55 Hz, Au–C„C);
111.5, 118.8, 126.1, 126.8, 128.5, 131.6, 131.7, 132.6
(8 · s, Ar); 129.5 (d, JCP = 12 Hz), 131.9 (d, JCP = 2 Hz),
134.6 (d, JCP = 14 Hz), 168.4 (s) (P–Ar). 31P NMR: d
43.3. ES-MS: m/z 1144, [M+AuPPh3]+; 721, [Au(PPh3)2]+.
C35H23NPAu requires: C, 61.31; H, 3.36; N 2.04. Found:
C, 61.61; H, 3.33; N, 1.93%.
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4.4. Preparation of 3b

4.4.1. General procedure
A solution of Ru3(CO)10 (l-dppm) (100 mg, 0.10 mmol)

and 2b (71 mg, 0.10 mmol) in THF (15 ml) was heated at
reflux, with the progress of the reaction being monitored
by TLC and IR spectroscopy. When adjudged complete
(ca. 3 h), the solvent was removed and the residue purified
by preparative TLC (hexane–CH2Cl2 60:40) and the yellow
band collected, and recrystallized (CHCl3/hexane) to afford
orange crystals of 3b (67 mg, 41%) suitable for X-ray crys-
tallography. IR (cyclohexane): m(CO) 2038s, 1993s, 1972s,
1956m, 1939m, 1909w cm!1. 1H NMR: d 2.36 (s, 3H,
OMe), 3.35, 4.26 (2 · dt, JHP = 12 Hz, JHH = 11 Hz, 2H,
dppm), 6.39–7.94 (m, 43H, Ar). 31P NMR: d 38.5 (d,
JPP = 62 Hz); 40.8 (dd, JPP = 62 Hz, JPP = 39 Hz); 61.1
(d, JPP = 39 Hz). ES-MS: m/z 1575, [M+H]+; 721,
[Au(PPh3)2]+. C67H48O8P3Ru3Au requires: C, 51.12; H,
3.07. Found: C, 51.33; H, 3.10%.

The clusters 3c–e were prepared in a similar fashion, and
crystallized from CHCl3/MeOH to give single crystals suit-
able for X-ray crystallography. Compound 3c IR (cyclo-
hexane): m(CO) 2034s, 1991s, 1971s, 1959m, 1938m,
1912w cm!1, m(C@O) 1730 cm!1; (CH2Cl2): m(CO) 2029s,
1984s, 1965vs, 1950sh, 1931m-w, 1907w cm!1; m(C„C)
2213 cm!1; m(C@O) 1720 cm!1. 1H NMR: d 2.64 (s, 3H,
OMe), 3.52, 4.26 (2 · dt, JHP = 11 Hz, JHH = 10 Hz, 2H,
dppm), 6.38–8.04 (m, 43H, Ar). 31P NMR: d 38.7 (d,
JPP = 62 Hz); 41.3 (dd, JPP = 62 Hz, JPP = 38 Hz); 61.3
(d, JPP = 39 Hz). ES-MS: m/z 1603, [M+H]+; 721,
[Au(PPh3)2]+. C68H48O9P3Ru3Au requires: C, 50.97; H,
3.00. Found: C, 50.67; H, 3.34%. Compound 3d IR (cyclo-
hexane): m(CO) 2034s, 1992s, 1971s, 1955m, 1940m, 1910w
cm!1; (CH2Cl2): m(CO) 2030s, 1985s, 1966vs, 1953sh,
1931m-w, 1906w cm!1; m(C„C) 2213 cm!1; mas(NO2)
1519 cm!1 and ms(NO2) 1344 cm!1. 1H NMR: d 3.39,
4.30 (2 · dt, JHP = 11 Hz, JHH = 10 Hz, 2H, dppm),
6.38–8.24 (m, 43H, Ar). 31P NMR: d 38.7 (d, JPP = 62 Hz);
40.6 (dd, JPP = 62 Hz, JPP = 38 Hz); 61.3 (d, JPP = 39 Hz).
ES-MS: m/z 1590, [M+H]+; 721 [Au(PPh3)2]+.
C66H45O9NP3Ru3Au requires: C, 49.84; H, 2.83; N, 0.88.
Found: C, 49.54; H, 2.64; N, 0.78%. Compound 3e IR
(cyclohexane): m(C„N) 2212 cm!1, m(CO) 2035s, 1991s,
1973s, 1941m, 1918w cm!1. 1H NMR: d 3.37, 4.28 (2 · dt,
JHP = 11 Hz, JHH = 10 Hz, 2H, dppm), 6.36–8.06 (m,
43H, Ar). 31P NMR: d 38.5 (d, JPP = 62 Hz); 41.0 (dd,
JPP = 62 Hz, JPP = 39 Hz); 61.1 (d, JPP = 39 Hz). ES-MS:
m/z 2028, [M+AuPPh3]+ 1570, [M+H]+.
C67H45O7P3Ru3Au requires: C, 51.24; H, 2.87; N, 0.89.
Found: C, 51.08; H, 2.86; N, 0.93%.

5. Supplementary material

CCDC 632295, 632296, 632297, 632298, 632299, 632300
and 632301 contain the supplementary crystallographic
data for this paper. These data can be obtained free of
charge via http://www.ccdc.cam.ac.uk/conts/retrieving.

html, or from the Cambridge Crystallographic Data Cen-
tre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
(+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk.
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Ruthenium Complexes of C,C′-Bis(ethynyl)carboranes: An
Investigation of Electronic Interactions Mediated by Spherical
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Abstract: The complexes [Ru(1-CtC-1,10-C2B8H9)(dppe)Cp*] (3a), [Ru(1-CtC-1,12-C2B10H11)(dppe)-
Cp*] (3b), [{Ru(dppe)Cp*}2{µ-1,10-(CtC)2-1,10-C2B8H8}] (4a) and [{Ru(dppe)Cp*}2{µ-1,12-(CtC)2-
1,12-C2B10H10}] (4b), which form a representative series of mono- and bimetallic acetylide complexes
featuring 10- and 12-vertex carboranes embedded within the diethynyl bridging ligand, have been prepared
and structurally characterized. In addition, these compounds have been examined spectroscopically (UV-
vis-NIR, IR) in all accessible redox states. The significant separation of the two, one-electron anodic waves
observed in the cyclic voltammograms of the bimetallic complexes 4a and 4b is largely independent of the
nature of the electrolyte and is attributed to stabilization of the intermediate redox products [4a]+ and [4b]+
through interactions between the metal centers across a distance of ca. 12.5 Å. The mono-oxidized bimetallic
complexes [4a]+ and [4b]+ exhibit spectroscopic properties consistent with a description of these species
in terms of valence-localized (class II) mixed-valence compounds, including a unique low-energy electronic
absorption band, attributed to an IVCT-type transition that tails into the IR region. DFT calculations with
model systems [4a-H]+ and [4b-H]+ featuring simplified ligand sets reproduce the observed spectroscopic
data and localized electronic structures for the mixed-valence cations [4a]+ and [4b]+.

Introduction

The study of bridge-mediated electronic interactions between
organic, organometallic and inorganic probe groups has been
spurred by interest in the fundamentals of the electron (or hole)-
transfer process,1 and the prospect of using such systems in the
construction of the highly functionalized molecules necessary
for the realization of molecular electronic devices.2 The ethynyl
moiety, which offers a linear geometry, polarizable π-electron
system and cylindrical symmetry, is often incorporated into the

bridge structures and many bimetallic complexes featuring, for
example, diethynyl aromatic3 and polyyndiyl4 bridging ligands
are now known.
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The intriguing possibilities that arise from combination of
the ethynyl moiety with the interesting and potentially useful
physical and electronic properties offered by the p-carboranyl
moiety, such as high symmetry along the C‚‚‚C axis, high
thermal and chemical stability, and spherical or “three-
dimensional” aromaticity,5 has sparked considerable interest in
the use of diethynylcarborane-based ligands as structural ele-
ments in multimetallic assemblies.6 This interest can only be
expected to increase now that convenient synthetic routes to
10- and 12-vertex diethynyl-p-carboranes 1,10-(Me3SiCtC)2-
1,10-C2B8H8 (2a) and 1,12-(Me3SiCtC)2-1,12-C2B10H10 (2b)
have been reported (Scheme 1).7-12 The rigid geometry of the
diethynyl carboranes together with the potential for the p-
carborane cage to mediate electronic effects between groups
located at the 1 and 10 (2a) or 1 and 12 (2b) positions has
prompted consideration of diethynyl carboranes as conduits for
electronic interactions between remote metal centers.13 Indeed,
on the basis of computational results, it has been suggested that
the degree of electronic communication between the apical
substituents of the 10-vertex carborane cage may be comparable
to that of para-substituted benzenes.11 Hawthorne’s group

reported the first experimental steps in this area and described
the preparation and electrochemical properties of [{Fe(CO)2Cp}2-
(µ-1,12-(CtC)2-1,12-C2B10H10}].14 Unfortunately, the limited
thermodynamic stability of the mono-oxidized derivative [{Fe-
(CO)2Cp}2(µ-1,12-(CtC)2-1,12-C2B10H10}]+ with respect to
disproportionation hampered efforts to probe this interesting
species more thoroughly.
Half-sandwich complexes with supporting phosphine ligands

have proven to be particularly useful probe groups in studies
of bimetallic systems featuring ethynyl-based bridging ligands,
often giving rise to radical derivatives with appreciable chemical
and thermodynamic stability.15 With this in mind, we have
prepared the complexes [Ru(1-CtC-1,10-C2B8H9)(dppe)Cp*]
(3a), [Ru(1-CtC-1,12-C2B10H11)(dppe)Cp*] (3b), [{Ru(dppe)-
Cp*}2{µ-1,10-(CtC)2-1,10-C2B8H8}] (4a) and [{Ru(dppe)-
Cp*}2{µ-1,12-(CtC)2-1,12-C2B10H10}] (4b), which form a
representative series of mono- and bimetallic acetylide com-
plexes featuring 10- and 12-vertex carboranes embedded within
the diethynyl bridging ligand. We have used these systems to
address the role of the polyhedral p-carborane cages in promot-
ing electronic interactions between remote sites, the nature of
the formally mixed-valence compounds that may be derived
from them, and a DFT-based study of the electronic structure
in each of the electrochemically accessible redox states.

Results and Discussion

Syntheses. Acetylide complexes of half-sandwich group 8
bis(phosphine) fragments such as Ru(dppe)Cp* are conveniently
prepared from terminal acetylenes, via intermediate vi-
nylidenes,16,17 or by fluoride-induced desilylmetallation of
trimethylsilyl-protected acetylenes.18,19 The parent mono- and
diethynyl carboranes are highly volatile,7-9 and so for conven-
ience the trimethylsilyl derivatives 1-Me3SiCtC-1,10-C2B8H9
(1a), prepared by copper(I)-mediated cross-coupling of BrCt
CSiMe3 with 1,10-C2B8H10,9 1-Me3SiCtC-1,12-C2B10H11
(1b),9 1,10-(Me3SiCtC)2-1,10-C2B8H8 (2a)7 and 1,12-(Me3-
SiCtC)2-1,12-C2B10H10 (2b)7 were used in the preparation of
complexes 3a, 3b, 4a and 4b, respectively (Scheme 1).
The ruthenium complexes 3a, 3b, 4a and 4b were character-

ized by the usual spectroscopic methods and single-crystal X-ray
diffraction. The phosphine ligands gave rise to singlet resonances
in the 31P NMR spectra near 81.6 ppm, which compare well
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Scheme 1. Preparation of Monoruthenium (3a, 3b) and
Diruthenium Complexes (4a, 4b) via In Situ Metalation/Desilylation
Reactions
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with the values found for other acetylide complexes of this metal
fragment.16 In the 13C NMR spectrum, resonances from the
acetylide carbons were detected near 100 and 120 ppm, attrib-
uted to C(3) and C(2), respectively, on the basis of the JCP
coupling constants (ca. 25 Hz) associated with C(3) (Table 1).
Tables 1 and 2 list additional NMR spectroscopic data

associated with the cage for compounds synthesized here
together with data from related systems previously reported.7-9,20,21
The resonances associated with the cage carbons were sensitive
to the presence of the metal center. In the case of the
monometallic systems, the carbon remote from the ethynyl group
was sensitive to the antipodal effect of the electron-donating
metal acetylide fragment.22 For example, the acetylide carbon
resonances were found at 117.8 (C1) and 82.8 (C10) ppm in
3a, compared with 104.1 (C1) and 98.3 (C10) in the pro-ligand
1a. This effect is also evident in the cage C-H 1H NMR
resonances. The 11B NMR spectra are characterized by two (3a,
3b) or one (4a, 4b) resonance, as expected for the symmetry of
these molecules. Metalation has a notable effect on the electronic

environment of the 11B nuclei, with these characteristic 11B
NMR resonances being found at higher field in the C2B8
complexes than in the appropriate trimethylsilyl-protected pro-
ligands. It can be concluded that the presence of the metal center,
a good electron donor, is reflected in the NMR parameters
associated with the atoms of the carborane cage.
X-ray Crystallographic Studies. Single crystals of the new

compounds reported here (1a, 3a, 3b, 4a, 4b) were obtained
and the compounds structurally characterized (Table 3). The
structures of the ethynyl carborane derivatives 1b,9 2a11 and
2b9,10,12 have been reported on previous occasions, and selected
data are included here for purposes of comparison. Plots of
single molecules of 1a, 3a, 3b, 4a (as the dichloromethane
solvate) and 4b (as a benzene hexasolvate) are shown in Figures
1-5, and selected parameters are summarized in Table 3.
Critical bond parameters associated with the ethynyl carbo-

rane 1a are similar to those found in the closely related diethynyl
analogue 2a; for example, the acetylenic CtC distances are
indistinguishable (Table 3). The C2B8 cage in 1a is distorted
from an idealized decahedron, with the cage C-B distances
being significantly shorter than the various meridional and(20) Turner, A. R.; Robertson, H. E.; Borisenko, K. B.; Rankin, D. W. H.; Fox,

M. A. Dalton Trans. 2005, 1310.
(21) Fox, M. A.; Greatrex, R.; Greenwood, N. N.; Kirk, M. Collect. Czech.

Chem. Commun. 1999, 64, 806. (22) Hermanek, S. Chem. ReV. 1992, 92, 325.

Table 1. Selected NMR Spectroscopic Data for Compounds and Complexes 1,10-R,R′-1,10-C2B8H8

R R′ C1a C10 C10H B2−5 B6−9 B2−5H B6−9H

H H 101.7 7.00 -12.7 2.00
Me3SiCC H 1a 104.1 98.3 6.85 -9.3 -13.3 2.31 2.03
Cp*(dppe)RuCC H 3a 117.8 82.8 6.01 -11.3 -15.7 1.66 1.83
C2B8H9 H 120.5 97.8 7.01 -8.8 -12.8 2.56 2.18
HCC HCC 99.8 -9.8 2.35
Me3SiCC Me3SiCC 2a 100.7 -10.0 2.30
Cp*(dppe)RuCC Cp*(dppe)RuCC 4a 99.3 -13.4 1.70

a See Figures 1-5 for atom labeling schemes used in this and all other tables.

Table 2. Selected NMR Spectroscopic Data for Compounds and Complexes 1,12-R,R′-1,12-C2B10H10

R R′ C1 C12 C12H B2−6 B7−11 B2−6H B7−11H

H H 63.5 2.74 -14.9 2.10
HCC H 67.9 60.4 2.61 -11.6 -15.1 2.41 2.16
Me3SiCC H 1b 69.6 59.9 2.61 -11.5 -15.2 2.44 2.22
Cp*(dppe)RuCC H 3b 78.7 53.4 2.28 -11.1 -16.3 1.82 2.14
HCC HCC 65.3 -11.9 2.49
Me3SiCC Me3SiCC 2b 66.0 -11.9 2.44
Cp*(dppe)RuCC Cp*(dppe)RuCC 4b 69.3 -12.2 1.96

Table 3. Selected Bond Lengths (Å) and Angles (deg) Associated with 1a, 1b, 2a, 2b, 3a, 3b, 4a and 4b
1a 1ba,9 2ac,11 2b9 3a 3bb(A) 3bb (B) 4ad 4bc

Si(1)-C(3) 1.847(2) 1.840(5) 1.848(2), 1.845(2) 1.856(2)
Ru(1)-C(3) 1.999(2) 2.003(2) 2.004(2) 2.000(3) 1.991(4)
Ru(1)-P(1) 2.2745(6) 2.2620(4) 2.2463(4) 2.2548(7) 2.2509(10)
Ru(1)-P(2) 2.2587(7) 2.2602(4) 2.2656(4) 2.2738(7) 2.2638(11)
C(2)-C(3) 1.197(3) 1.227(5) 1.199(2), 1.200(3) 1.204(2) 1.214(3) 1.212(2) 1.217(2) 1.213(4) 1.205(4)
C(1)-C(2) 1.436(3) 1.442(5) 1.439(2), 1.434(2) 1.453(2) 1.443(3) 1.437(2) 1.440(2) 1.427(4) 1.454(5)
C(1)-B(2-5/6) 1.611(3) 1.725(6) 1.614(3) 1.728(2) 1.619(3) 1.721(3) 1.731(4) 1.623(5) 1.726(6)
B(2)-B(3) 1.853(3) 1.789(6) 1.856(3) 1.793(3) 1.846(4) 1.775(6) 1.784(4) 1.846(5) 1.774(6)
B(2)-B(6/7) 1.810(3) 1.765(8) 1.809(3) 1.769(2) 1.808(4) 1.757(6) 1.764(4) 1.802(5) 1.756(6)
B(6/7-7/8) 1.850(4) 1.792(7) 1.854(3) 1.844(4) 1.770(9) 1.779(4) 1.843(5)
C(10/12)-B 1.597(4) 1.708(7) 1.614(3) 1.595(4) 1.696(6) 1.707(4) 1.621(4)
Si(1)/Ru(1)-C(3)-C(2) 176.6(2) 180.0 177.1(2), 175.2(2) 177.9(2) 172.6(2) 176.6(2) 172.6(2) 173.9(3) 172.4(3)
C(1)-C(2)-C(3) 179.4(2) 180.0 178.1(2), 177.1(2) 179.4(2) 169.9(2) 176.0(2) 173.3(2) 175.3(3) 171.8(4)
P(1)-Ru(1)-P(2) 83.61(2) 81.16(2) 82.45(2) 83.30(3) 83.52(4)
Ru(1)‚‚‚Ru(2) 12.643 12.373

a Gas-phase electron diffraction. b Two independent molecules in the unit cell. cMolecule in a special position at the center of symmetry. d Also Ru(2)-
C(5) 1.999(3) Å, Ru(2)-P(3) 2.2732(8) Å, Ru(2)-P(4) 2.2716(7) Å, C(5)-C(4) 1.215(4) Å, C(4)-C(10) 1.435(4) Å, Ru(2)-C(5)-C(4) 172.9(3)°, C(5)-
C(4)-C(10) 174.9(3)°, P(3)-Ru(2)-P(4) 83.12(3)°.
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tropical B-B distances. Within the extended solid-state structure
a C-H‚‚‚π hydrogen-bonding motif is clearly observed (Figure
6).23
The structures of the mono- and bimetallic ruthenium

complexes may be compared with those of the trimethylsilyl-
protected pro-ligands and representative metal arylacetylide
complexes [Ru(CtCAr)(dppe)Cp*].16 The Ru-C(Cp*) dis-
tances vary little, falling in the ranges 2.220(2)-2.266(2) Å (3a),
2.228(2)-2.265(2) Å (3b), 2.213(3)-2.263(3) and 2.215(3)-
2.282(3) Å (4a) and 2.220(4)-2.258(4) Å (4b). Comparisons

of the Ru-P bond lengths reveal average distances of 2.26 Å,
with no statistically significant variation as a function of the
acetylide substituent. The P-Ru-P angles are similar within
the series of complexes reported here, and entirely consistent
with values observed for a range of phenyl acetylide complexes
reported previously [83.01(2)-84.02(5)°].16 The Ru-C(1)
distances are equivalent within error and marginally shorter than
that found in [Ru(CtCC6H4NH2-4)(dppe)Cp*] [2.026(3) Å],
which could be argued as evidence for the electron-withdrawing
nature of the carborane moieties.16 The distances between the
two ruthenium atoms in the bimetallic complexes 4a and 4b
are 12.6 and 12.4 Å, respectively. This arises from the
considerably longer intracage C‚‚‚C distance in the 10-vertex
cage of 4a than the 12-vertex cage of 4b in spite of the shorter
C(ethynyl)-C(cage) bonds found in 4a compared to those in
4b (Table 3).
The C(2)tC(3) bond lengths are worthy of comment, given

the significant discussion of metal-acetylide back-bonding
interactions that has often accompanied reports of this param-
eter.16,24,25 On the basis of the data obtained from single-crystal
X-ray diffraction, replacement of the trimethylsilyl groups in
the trimethylsilylethynyl carborane precursors by the half-
sandwich ruthenium centers is found to be accompanied by a

(23) Fox, M. A.; Hughes, A. K. Coord. Chem. ReV. 2004, 248, 457.

(24) Koentjoro, O. F.; Rousseau, R.; Low, P. J. Organometallics 2001, 20, 4502.
(25) (a) McGrady, J. E.; Lovell, T.; Stranger, R.; Humphrey, M. G. Organo-

metallics 1997, 16, 4004. (b) Delfs, C. D.; Stranger, R.; Humphrey, M.
G.; McDonoagh, A. M. J. Organomet. Chem. 2000, 607, 208.

Figure 1. Molecular structure of 1a showing the atom labeling scheme.
In this and all subsequent Figures, displacement ellipsoids shown at the
50% probability level.

Figure 2. Molecular structure of [Ru(1-CtC-1,10-C2B8H9)(dppe)Cp*]
(3a) showing the atom labeling scheme. Hydrogen atoms are omitted for
clarity.

Figure 3. Molecular structure of [Ru(1-CtC-1,12-C2B10H11)(dppe)Cp*]
(3b) showing the atom labeling scheme. Hydrogen atoms are omitted for
clarity.

Figure 4. Molecular structure of [{Ru(dppe)Cp*}2{µ-1,10-(CtC)2-1,-
10-C2B8H8}] (4a) showing the atom labeling scheme. Hydrogen atoms are
omitted for clarity.

Figure 5. Molecular structure of [{Ru(dppe)Cp*}2{µ-1,12-(CtC)2-
1,12-C2B10H10}] (4b) showing the atom labeling scheme. Hydrogen atoms
are omitted for clarity.

Figure 6. Crystal packing of 1a illustrating the C-H‚‚‚π(CtC) hydrogen-
bonding motif. Selected distances (Å): C10-H10A, 0.89; H10A‚‚‚C2, 2.81;
H10A‚‚‚C3, 2.82; C10A‚‚‚C2, 3.66; C10A‚‚‚C3, 3.71.

Table 4. Electrochemical Data for Complexes 3a, 3b, 4a and 4ba

Eo (ox1) Eo (ox2) ∆Eo Kc
3a 0.35
3b 0.39
4a 0.27 0.39 0.12 116
4b 0.32 0.41 0.09 35

a All E values in V vs SCE. Conditions: 10-1 M NBu4BF4 in CH2Cl2,
glassy carbon working electrode, Pt wire counter and pseudo-reference
electrodes, 20 °C, V ) 0.1 V s-1. The decamethylferrocene/decamethyl-
ferrocenium couple (Fc*/Fc*+ ) -0.08 V vs SCE) was used as an internal
reference. The observed peak-to-peak separations for each couple are
comparable with those from the Fc*/Fc*+ internal standard.
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small elongation of the acetylide bond length, which is on the
borderline of statistical significance (Table 3). Similar structural
variations are observed in comparisons made from DFT-
optimized geometries of both the carborane precursors and
model metal complexes (vide infra).
Electrochemical Studies. The cyclic voltammograms of the

mononuclear complexes 3a and 3b in CH2Cl2/10-1 M NBu4-
BF4 are each characterized by a single, reversible one-elec-
tron anodic wave [Eo ) 0.35 V (3a); 0.39 V (3b)] (Table 4).
These values are close to the oxidation potentials found for
[Ru(CtCC6H4CN)(dppe)Cp*] (0.36 V) and [Ru(CtCC6H4-
NO2)(dppe)Cp*] (0.40 V).16 Equally, the oxidation of 3a and
3b is less thermodynamically favorable than oxidation of [Ru-
(CtCC6H5)(dppe)Cp*] (0.25 V) under the same conditions,
providing a qualitative measure of the electron-withdrawing
ability of the carborane cage. The bimetallic complexes 4a and
4b displayed two sequential reversible waves that were best
resolved by square wave voltammetry at 0.27 and 0.39 V (4a),
and 0.32 and 0.41 V (4b). The difference between the potentials
gives comproportionation constants Kc ) exp(∆EoF/RT) ) 116
and 35 (at 20 °C) associated with [4a]+ and [4b]+, respectively,
which relate to the stability of these compounds with respect
to disproportionation under the conditions of the voltammetry
measurement, but not necessarily to the “electronic interactions”
between the metal centers.26
In an effort to gauge the factors such as ion-pairing in the

electrolyte solution that contribute to the stabilization of [4a]+
and [4b]+, as distinct from inherent electronic factors such as
charge delocalization, the voltammetry measurements with 4b
were also carried out using CH2Cl2 solutions containing 10-1
M NBu4[B(ArF)4] and NBu4Cl, as examples of electrolytes with
weakly and strongly interacting anions, respectively.27 Differ-
ences in the anodic potentials were found to be 70 mV in NBu4-
Cl and 80 mV in NBu4[B(ArF)4]. This small decrease in ∆E
values indicates that ion pairing is not the only factor contribut-
ing to the stability of [4b]+ in solution. To assist in the

characterization of both [4a]+ and [4b]+ we therefore turned to
UV-vis-NIR and IR spectroelectrochemical methods, and
employed 3a and 3b as mononuclear model systems for
comparative purposes.
IR Spectroelectrochemical Studies. The complexes 3a, 3b,

4a and 4b offer ν(CtC) and ν(B-H) bands in the IR region
near 2080 and 2600 cm-1, respectively. These characteristic,
strong absorptions provide suitable spectroscopic probes through
which to study the effect of oxidation on the structure of the
ligand using spectroelectrochemical methods. The IR spectra
of 3a and 3b in CH2Cl2/10-1 M NBu4BF4 are similar, with
ν(CtC) and ν(B-H) bands at 2083 and 2595 cm-1 for 3a, and
2082 and 2605 cm-1 for 3b. Oxidation to the 17-electron
monocations, [3a]+ and [3b]+, caused the ν(CtC) bands to shift
to lower frequency (2008 cm-1, [3a]+; 2014 cm-1, [3b]+),
indicating a significant decrease in the C-C bonding character,
with a large drop in intensity (Figure 7). In contrast, the
ν(B-H) band moved to only slightly higher energy (2605 cm-1,
[3a]+; 2614 cm-1, [3b]+), consistent with only a small reduction
in electron density in the carborane cage.
The bimetallic compounds 4a and 4b behaved in manner

distinct from that of the mononuclear models. Thus, while oxi-
dation to [4a]+/[4b]+ resulted in a small shift in the ν(B-H)
bands [ν(B-H): 4a/[4a]+, 2592/2602 cm-1; 4b/[4b]+, 2602/
2609 cm-1], the single ν(CtC) bands associated with 4a
(2081 cm-1) and 4b (2082 cm-1) were replaced by two new
bands at 2065, 1990 cm-1 ([4a]+) and 2074, 2002 cm-1 ([4b]+)
(Figure 8). These vibrational bands are superimposed on the
low-energy tail of an electronic absorption band (not shown
in Figure 8, see below). Subsequent oxidation to [4a]2+ and
[4b]2+ was accompanied by a collapse in the electronic
absorption band, a further shift of the ν(B-H) band to higher
energy ([4a]2+, 2607 cm-1; [4b]2+, 2617 cm-1), and in each
case the ν(CtC) region exhibited only one weak ν(CtC) band
at 2006 ([4a]+) or 2012 cm-1 ([4b]+) (Figure 8). The changes
in the IR spectra of 3a, 3b, 4a and 4b upon the oxidation are
consistent with the description of [4a]+ and [4b]+ in terms of
a localized mixed-valence model in which the organometallic
ethynyl moieties are distinct, at least on the IR time scale (10-13
s-1) (Table 5).

(26) (a) Richardson, D. E.; Taube, H. Coord. Chem. ReV. 1984, 60, 107. (b)
Arnold, D. P.; Heath, G. A.; James, D. A. J. Porphyrins Phthalocyanines
1999, 3, 5. (c) Barrière, F.; Camire, N.; Geiger, W. E.; Mueller-Westerhoff,
U. T.; Sanders, R. J. Am. Chem. Soc. 2002, 124, 7262.

(27) Barriere, F.; Geiger, W. E. J. Am. Chem. Soc. 2006, 128, 3980.

Figure 7. IR spectra obtained in the ν(B-H) and ν(CtC) regions for the monometallic complexes 3b (solid line [blue]) and [3b]+ (dashed line [red]) in
CH2Cl2/10-1 M NBu4BF4 at 293 K within an OTTLE cell.
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UV-vis-NIR Spectroelectrochemical Studies. The elec-
tronic spectra of the mononuclear complexes 3a and 3b were

characterized by intense transitions in the UV region (ν̃ > 35000
cm-1) that tail into the visible region (Figure 9). A pronounced
lower-energy band was also observed for 3a that proved to be
solvatochromic, being observed at 30000 cm-1 in acetonitrile
and, coincidently, in 10-1 M NBu4BF4/CH2Cl2 but blue-shifted
and obscured by the higher-energy bands in pure CH2Cl2. In
general, the electronic absorption spectra of the 17-electron
monocations [3a]+ and [3b]+ are similar to each other and
characterized by bands near 20000, 15000, and 7000 cm-1

(Figure 9). It is notable, however, that oxidation of 3a to the
17-electron species [3a]+ resulted in the collapse of the
characteristic absorption band present in 3a (Figure 9), consistent
with the assignment as a metal (or metal ethynyl) to the
carborane charge-transfer process. The three absorption features
observed in the spectra of [3a]+ and [3b]+ below 20000 cm-1

are attributable to a dπ-(dπ)* transition and two pseudo-
interconfiguration (IC) bands associated with the formally 17-
electron, d5 Ru(III) centers present in these organometallic
radical cations. However, given the significant shift in ν(CtC)
frequencies that accompany oxidation of 3a and 3b, the
description of transitions in [3a]+ and [3b]+ in “metal-centered”

Figure 8. IR spectra obtained in the ν(B-H) and ν(CtC) regions upon oxidation of (a) 4a and (b) 4b in CH2Cl2/10-1 M NBu4BF4 at 293 K within an
OTTLE cell. For clarity, the low-energy tail from the IVCT band has been subtracted (see Figure 11).

Table 5. Observed and Calculated IR Absorptions for Complexes
[3a]n+, [3b]n+ (n ) 0, 1), [4a]n+ and [4b]n+ (n ) 0, 1, 2)

obs.
ν(CtC)

calc.a
ν(CtC)

∆b

ν(CtC)
obs.

ν(B−H)
calc.a

ν(B−H)
∆b

ν(B−H)

3a 2083 2124 +41 2595 2595 0
[3a]+ 2008 1983 -25 2605 2605 0
3b 2082 2133 +51 2605 2603 -2
[3b]+ 2014 1979 -35 2614 2611 -3
4a 2081 2131 +50 2592 2593 +1
[4a]+ 2065 2055 -10 2602 2605 +3

1990 1987 -3
[4a]2+ 2006 1991(HS) -15 2607 2610(HS) +3

1962(LS) -44 2616(LS) +9
4b 2082 2134 +52 2602 2601 -1
[4b]+ 2074 2091 +17 2609 2611 +2

2002 1987 -15
[4b]2+ 2012 2000(HS) -12 2617 2616(HS) -1

1962(LS) -50 2616(LS) -1

a At MPW1K/3-21G* with frequency correction of 0.92 using the
appropriate model system. b Difference between observed and computed
shifts (calc. - obs.).
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terms is an approximation at best. These electronic spectra are
discussed in more detail below; however, the qualitative
assignments given here are broadly consistent with the results
of time-dependent density functional theory (TD-DFT) calcula-
tions.
In a manner that tracks the trends established from the IR

spectroscopic work, the electronic spectra of [4a]n+ and [4b]n+
(n) 0, 2) were similar to the spectra of the mononuclear models
[3a]n+ and [3b]n+ (n ) 0, 1). Thus, the electronic spectra of
the bimetallic complex 4a exhibited an unresolved band with a
low-energy edge near 25000 cm-1 assigned to a dπ to carborane
cage transition (Figure 10). The experimental spectra of the
dications [4a]2+ and [4b]2+ were similar to those of the related
mononuclear complexes [3a]+ and [3b]+, with bands near
19000, 14000 and 7000 cm-1 clearly observed, and assigned
to dπ-(dπ)* and IC-type transitions. The NIR bands in [4a]2+
and [4b]2+ are well described by a single Gaussian function
and are of approximately the same energy, but twice the
intensity, of the lowest-energy IC band observed in [3a]+ and
[3b]+. Interestingly, the relatively high-energy dπ-to-cage
transitions associated with the d6 metal fragments are not
observed in the spectra of [4a]2+ and [4b]2+, and are likely
shifted deeper into the UV region, as one would expect on the
basis of the lowering of the metal d orbital energies following
oxidation.
The compounds [4a]+ and [4b]+ display spectroscopic

characteristics of the analogous neutral and dicationic com-
pounds, as well as an additional component within the lowest-
energy (NIR) band envelope that extends into the IR region of

the spectrum (Figure 11). These broad absorption bands can be
deconvoluted into the sum of two Gaussian components centered
at 6870 cm-1 (ε ) 590 M-1 cm-1) and 6660 cm-1 (ε ) 250
M-1 cm-1) ([4a]+), and at 5980 cm-1 (ε ) 350 M-1 cm-1) and
6640 (ε ) 200 M-1 cm-1) ([4b]+). On the basis of the assign-
ments made from the mononuclear analogue, they may be
regarded as representing the intervalence charge transfer (IVCT)
transition and a localized Ru(III) IC transition, respectively.
The more intense, presumably IVCT components of the NIR

bands in [4a]+ (νjmax ) 6870 cm-1) and [4b]+ (νjmax ) 5980
cm-1 ([4b]+) offer half-height band widths, ∆νj1/2, ([4a]+ 6400
cm-1, [4b]+ 5040 cm-1) considerably larger than that predicted
from the Hush relationship ∆νj1/2) (2310 νjmax)1/2 ([4a]+ ≈ 4000
cm-1, [4b]+ ≈ 3410 cm-1), consistent with class II behavior.
From these data, and taking the Ru‚‚‚Ru distance obtained from
the optimized geometries as an approximation of the electron-
transfer distance ([4a]+ 12.56 Å, [4b]+ 12.32 Å), coupling

Figure 9. Electronic absorption spectra of 3a and [3a]+ (upper) and 3b
and [3b]+ (lower) in CH2Cl2/10-1 M NBu4BF4 at 293 K, collected within
an OTTLE cell. The insets show an expansion of the lower energy region
of the monocationic species.

Figure 10. Electronic absorption spectra of 4a, [4a]+ and [4a]2+ (upper)
and 4b, [4b]+ and [4b]2+ (lower) in CH2Cl2/10-1 M NBu4BF4 at 293 K,
collected within an OTTLE cell.

Figure 11. Representative plot showing the low-energy electronic and IR
transitions in [4a]+ and [4a]2+.
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parameters Hab of 260 cm-1 ([4a]+) and 140 cm-1 ([4b]+) can
be estimated.1
DFT-Optimized Geometries and Vibrational Spectros-

copy. DFT calculations (MPW1K/3-21G*) have been performed
without symmetry constraints, using models that employ Ru-
(PH3)2Cp fragments rather than the Ru(dppe)Cp* moiety to
reduce computational effort, and are denoted [3a-H]n+, [3b-
H]n+, [4a-H]n+ and [4b-H]n+. The critical geometric features
of 3a-H, 3b-H, 4a-H and 4b-H are similar and are also broadly
in keeping with geometries of other half-sandwich ruthenium
acetylides such as [Ru(CtCR)(PH3)2Cp] (R ) H, Ph)15d,24,25,29
and the crystallographically determined structures of 3a, 3b,
4a and 4b (Tables 6 and 7). Comparisons between the structures
of 3a-H and [3a-H]+, and also between 3b-H and [3b-H]+,
reveal variations in keeping with previous studies on related
systems.29 Thus, there is an elongation of the C(3)tC(2) and
Ru-P bonds and a complementary contraction of the Ru-C(3)
bond as a consequence of the loss of a single electron from the
neutral compounds. Interestingly, the geometric parameters
associated with the carborane cages in each pair of compounds
[3a-H]n+ and [3b-H]n+ (n ) 0, 1) are largely unchanged,
although some small expansion of the cage is evidenced (Table
6).
DFT-based calculations using B3LYP and related functionals

can fail to adequately model “valence-trapped” (i.e., class II)
mixed-valence systems, with geometry optimization affording

structures in which the two metal moieties are in the same
geometric and electronic environment.30 In the present case, the
MPW1K calculations, with a significant HF component,31
optimize an asymmetric geometry for both [4a-H]+ and [4b-
H]+ that resembles the “valence-trapped” model. Thus, one of
the metal-ethynyl moieties in each cation [4a-H]+ and [4b-
H]+ displays elongated C(3)tC(2) and Ru-P bonds and a
contracted Ru-C(3) bond and closely resembles the optimized
geometry of the related mononuclear systems [3a-H]+ or [3b-

(28) (a) Hush, N. S. Prog. Inorg. Chem. 1967, 8, 391. (b) Hush, N. S. Trans.
Faraday Soc. 1961, 57, 557. (c) Hush, N. S. Electrochim. Acta 1968, 13,
1005.

(29) Fox, M. A.; Roberts, R. L.; Khairul, W. M.; Hartl, F.; Low, P. J. J.
Organomet. Chem. 2007, 692, 3277.

(30) Maurer, J.; Sarkar, B.; Schwederski, B.; Kaim, W.; Winter, R. F.; Záliš, S.
Organometallics 2006, 25, 3701.

(31) (a) Lynch, B. J.; Fast, P. L.; Harris, M.; Truhlar, D. G. J. Phys. Chem. A
2000, 104, 4811. (b) Lynch, B. J.; Zhao, Y.; Truhlar, D. G. J. Phys. Chem.
A 2003, 107, 1384.

Table 6. Comparison of Selected Bond Lengths (Å) and Dihedral Angle (deg) of X-ray Structures of 3a and 3b and from the MPW1K/
3-21G* Optimized Structures of [3a-H]n+ and [3b-H]n+ (n ) 0, 1)

3a 3a-H [3a-H]+ 3b 3b-H [3b-H]+

Ru-C(3) 1.999(2) 1.998 1.940 2.003(2) 1.997 1.937
C(3)-C(2) 1.214(3) 1.217 1.230 1.214(2) 1.216 1.233
C(2)-C(1) 1.443(3) 1.409 1.404 1.439(2) 1.419 1.419
C(1)-Ba 1.619(3) 1.629 1.625 1.726(4) 1.734 1.737
B-B′b 1.845(4)/1.808(4) 1.863/1.809 1.875/1.804 1.778(9)/1.760(6) 1.791/1.767 1.808/1.769
C(10/12)-Ba 1.595(4) 1.613 1.613 1.700(6) 1.714 1.720
Ru-P 2.267(1) 2.254 2.300 2.259(1) 2.255 2.305

a Averaged values. b The two values represent the two distinct B-B bonds in the p-carborane geometries; see Table 3.

Table 7. Comparison of Selected Bond Lengths (Å) and Dihedral Angle (deg) of X-ray Structures of 4a and 4b and from the MPW1K/
3-21G* Optimized Structures of [4a-H]n+ and [4b-H]n+ (n ) 0, 1, 2)

4a 4a-H [4a-H]+ [4a-H]2+ (LS) [4a-H]2+ (HS)

Ru-C(3) 2.000(3) 1.999 1.976/1.931 1.920 1.947
C(3)-C(2) 1.214(4) 1.217 1.223/1.232 1.241 1.227
C(2)-C(1) 1.431(4) 1.409 1.396 1.379 1.407
C(1)-Ba 1.622(5) 1.628 1.630 1.640 1.627
B-B′b 1.845(5)/1.802(5) 1.861/1.805 1.871/1.802 1.881/1.800 1.873/1.805
Ru-P 2.268(2) 2.254 2.261/2.294 2.285 2.313
θc 133.5 179.9 167.6 179.2 158.6

4b 4b-H [4b-H]+ [4b-H]2+ (LS) [4b-H]2+ (HS)

Ru-C(3) 1.991(4) 1.998 1.984/1.932 1.926 1.950
C(3)-C(2) 1.205(4) 1.216 1.220/1.230 1.238 1.225
C(2)-C(1) 1.454(5) 1.420 1.412 1.399 1.420
C(1)-Ba 1.726(6) 1.733 1.730 1.738 1.731
B-B′ b 1.774(6)/1.756(6) 1.790/1.766 1.795/1.766 1.801/1.764 1.803/1.765
Ru-P 2.257(2) 2.254 2.260/2.300 2.285 2.314
θc 180.0 179.9 163.6 180.0 160.4

a Averaged values. b The two values represent the two distinct B-B bonds in the p-carborane geometries, see Table 3. c The angle θ is defined as the
dihedral angle C(0)-Ru‚‚‚Ru-C(0), where C(0) represents the centroid of the Cp ring.

Table 8. Energy (ϵ/eV), Occupancy (occ) and Composition (%) of
Selected Frontier Orbitals for 3a-H and 3b-H

HOMO−2 HOMO−1 HOMO LUMO LUMO+1 LUMO+2 LUMO+3
3a-H

ϵ -7.14 -6.70 -6.42 -0.35 -0.35 0.21 0.56
occ 2 2 2 0 0 0 0
Cp 29 7 11 0 0 24 1
PH3 11 4 5 1 1 27 12
Ru 31 51 40 2 2 49 86
C(3) 12 10 10 4 4 0 1
C(2) 12 22 27 0 0 0 0
C2B8 4 6 7 93 92 0 1

3b-H
ϵ -7.22 -6.78 -6.51 0.17 0.52 0.64 0.67
occ 2 2 2 0 0 0 0
Cp 27 10 12 23 1 1 1
PH3 10 5 6 28 10 2 4
Ru 30 54 41 49 79 7 12
C(3) 13 8 9 0 1 7 7
C(2) 10 19 27 0 0 2 1
C2B10 4 4 6 0 10 81 76
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H]+. The other is more or less unchanged from the precursor
4a-H or 4b-H and the mononuclear model 3a-H or 3b-H as
appropriate (Table 7). Vibrational frequency calculations based
on these asymmetric geometries are in excellent agreement with
the IR spectroelectrochemical results (Table 5). Two ν(CtC)
bands are calculated, falling within 20 cm-1 of the observed
bands. The ν(B-H) band is largely unaffected by the number
of electrons in the model system and is calculated at ∼2600
cm-1 in agreement with the experimental observations.
The dications [4a-H]2+ and [4b-H]2+ offer two potential spin

states, namely a singlet, low-spin (LS) configuration and a
triplet, high-spin (HS) configuration. In contrast to the polyyndiyl-
bridged analogues [{Ru(PR3)2Cp}2{µ-(CtC)n}]2+,15c,d the triplet
(high spin, HS) configurations of [4a-H]2+ and [4b-H]2+ are
computed to be more stable ([4a-H]2+, 34 kcal mol-1;
[4b-H]2+, 37 kcal mol-1) than the singlet (low-spin, LS) states.
While the calculated IR spectra of the HS and LS states are
similar, the HS model (θ ) 160°) provides the best agreement
with the experimental data (Table 5). Within the geometry-
optimized (HS) models [4a-H]2+ and [4b-H]2+ the environments
at both metal centers are indistinguishable, and similar to those
of the mononuclear systems [3a]+ and [3b-H]+, respectively.
The preference for the HS diradical species is perhaps an
indication that the carboranes act more effectively as physical
spacers than as strong electronic coupling elements in the
dications. Given the lower energy of the HS systems and the
better match between the calculated and observed IR data, we
will only refer to the triplet states in the following discussions.
Electronic Structures and TD-DFT Studies. An analysis

of the energies and composition of the MOs derived from
3a-H, 3b-H, 4a-H and 4b-H reveals the same general electronic
structure as has been found in previous studies of [Ru(Ct
CAryl)(PR3)2Cp′]-based systems.16,24,25,29 In all cases the two
highest-lying occupied MOs are largely centered on the Ru-

ethynyl groups of the molecules, being π-type in character,
nearly orthogonal to each other, antibonding with respect to
Ru-C(3), and bonding with respect to C(3)-C(2) (Table 8,
Table 9, Figure 12).
There are negligible contributions from the cage to the

HOMOs. In general, the lowest-lying unoccupied orbitals of
[Ru(CtCAryl)(PH3)2Cp] systems are metal and metal-Cp in
character, although the introduction of strongly electron-
withdrawing groups can lower an acetylide ligand-based orbital

Figure 12. Frontier orbitals of 3a-H, 3b-H, 4a-H and 4b-H. Contour values are plotted at (0.04 (e/bohr3)1/2.

Table 9. Energy (ϵ/eV), Occupancy (occ) and Composition (%) of
Selected Frontier Orbitals for 4a-H and 4b-H

HOMO−2 HOMO−1 HOMO LUMO LUMO+1 LUMO+2 LUMO+3
4a-H

ϵ -6.43 -6.33 -6.04 -0.17 -0.17 0.35 0.37
occ 2 2 2 0 0 0 0
Cp(1) 7 1 4 0 0 23 0
PH3(1) 3 1 2 1 1 28 0
Ru(1) 22 19 17 2 2 49 0
C3(1) 4 9 7 4 4 0 0
C2(1) 13 13 14 0 0 0 0
C2B8 5 11 9 86 86 0 0
C2(2) 12 14 15 0 0 0 0
C3(2) 3 9 7 4 4 0 0
Ru(2) 21 21 18 2 2 0 49
PH3(2) 3 1 2 1 0 0 28
Cp(2) 6 2 5 0 0 0 23

4b-H
ϵ -6.49 -6.48 -6.18 0.33 0.33 0.64 0.69
occ 2 2 2 0 0 0 0
Cp(1) 7 2 5 23 1 0 0
PH3(1) 3 1 2 27 1 3 6
Ru(1) 23 24 19 48 1 30 44
C3(1) 3 7 6 0 0 2 0
C2(1) 12 13 14 0 0 1 0
C2B10 4 7 7 0 0 28 0
C2(2) 12 13 14 0 0 1 0
C3(2) 3 7 6 0 0 2 0
Ru(2) 22 24 19 1 48 30 44
PH3(2) 3 1 2 1 27 3 6
Cp(2) 7 3 5 1 23 0 0
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into this region.16,29,32 In the context of the present examples,
the complexes 3a-H and 4a-H, which feature the smaller
carborane cage, also offer low-lying, largely cage-centered
unoccupied orbitals, which are similar in energy to the metal-
based LUMOs. The energy of the various frontier MOs of 3a-
H, 3b-H, 4a-H and 4b-H together with the orbital composition
are summarized in Tables 8 and 9, and represented graphically
in Figure 12. Although Koopmans’ theorem ignores electron
correlation and similar effects, it is interesting to note that the
solution-phase oxidation potentials obtained from the cyclic
voltammetry data (Table 4) track the calculated HOMO energies
and show the similar trends, i.e., the ease of the first oxidation
being

Electronic spectroscopy coupled with TD-DFT calculations
provides a convenient method through which to link the results
of electronic structure calculations with experiment. Detailed
TD-DFT results are included in the Supporting Information, and
important results are summarized in Table 10, to both aid in
the assignment of the electronic spectra and support the results
of the electronic structure calculations. The lowest-energy
absorption bands of any appreciable intensity in the mononuclear
model 3a-H, calculated to fall near 36000 cm-1, corresponds
to a (dπ)* f cage charge-transfer band, which correlates with

the solvatochromic behavior of the experimentally observed
band at 30000 cm-1 in 3a. The analogous transitions in 3b-H
are calculated at significantly higher energy, near 45000 cm-1,
accounting for the blue shift of this band in 3b. In the case of
the models [3a-H]+ and [3b-H]+ the highest occupied R-spin
orbitals (R-HOSO) and lowest unoccupied "-spin orbitals ("-
LUSO) offer considerable metal and ethynyl character and
have similar nodal properties and atomic composition as the
HOMOs in the 18-electron precursors. The calculated spin
densities are summarized in Table 11. The ruthenium center
and the C(2) carbon carry the largest positive spin density, the
proportions of which are largely insensitive to the nature of the
cage. These electronic structure calculations are in agreement
with the spectroelectrochemical results and indicate that the
oxidation of the mononuclear complexes is largely associated
with the removal of an electron from a metal-ethynyl-based
MO.
TD-DFT calculations involving the oxidized model species

[3a-H]+ or [3b-H]+ give good agreement with the experimen-
tally observed absorption bands. These bands may be ap-
proximately described as the dπ-(dπ)* and IC transitions
associated with the formally d5 Ru(III) center, although the
mixing of the metal orbitals with the ethynyl and other

(32) Powell, C. E.; Cifuentes, M. P.; McDonagh, A. M.; Hurst, S. K.; Lucas,
N. T.; Delfs, C. D.; Stranger, R.; Humphrey, M. G.; Houbrechts, S.;
Asselberghs, I.; Persoons, A.; Hockless, D. C. R. Inorg. Chim. Acta 2003,
352, 9.

Table 10. Comparison of Electronic Transitions on Model Geometries [3a-H]n+, [3b-H]n+ (n ) 0, 1), [4a-H] and [4b-H]n+ (n ) 0, 1, 2) based
on TD-DFT Calculations (MPW1K/3-21G*) with Experimental UV-Vis-NIR Data for Complexes [3a]n+, [3b]n+ (n ) 0, 1), [4a]n+ and [4b]n+
(n ) 0, 1, 2)

a IC ) interconfigurational transition, IVCT ) inter-valence charge-transfer transition.

4a (4a-H) (Eox1 (0/+) ) 0.27 V; -ϵHOMO ) 6.04 eV) >
4b (4b-H) (Eox1 (0/+) ) 0.32 V; -ϵHOMO ) 6.18 eV) >
3a (3a-H) (Eox1 (0/+) ) 0.35 V; -ϵHOMO ) 6.42 eV) >

3b (3b-H) (Eox1 (0/+) ) 0.39 V; -ϵHOMO ) 6.51 eV)

Table 11. Calculated Spin Densities (MPW1K/3-21G*) for Cations
[3a-H]+, [3b-H]+, [4a-H]+ and [4b-H]+ and Triplet States of
[4a-H]2+ and [4b-H]2+

Ru(1) C3(1) C2(1) C1(1) Ru(2) C3(2) C2(2) C1(2)

[3a-H]+ 0.683 -0.187 0.457 -0.050 0.012
[3b-H]+ 0.647 -0.155 0.445 -0.042 0.006
[4a-H]+ 0.517 -0.097 0.390 -0.033 0.060 0.033 0.037 0.018
[4b-H]+ 0.607 -0.152 0.435 -0.041 0.029 0.017 0.018 0.008
(HS)-[4a-H]2+ 0.734 -0.211 0.428 -0.041
(HS)-[4b-H]2+ 0.749 -0.221 0.428 -0.041
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supporting ligands should be noted (Table 10). The R-HOSO
f R-LUSO transition is also apparent.
For each bimetallic carborane-bridged complex 4a-H and 4b-

H, the HOMO is composed of contributions from the pseudo-
linear Ru-CtC-cage-CtC-Ru assembly, with significant Ru
d and CtC π character, and is removed in energy from the
other frontier orbitals. In the case of 4a-H the lowest unoccupied
orbitals are degenerate and localized on the carborane cage, with
an almost degenerate pair of unoccupied metal-based orbitals
somewhat higher in energy. The lowest energy unoccupied
orbitals of 4b-H are more Cp-metallic in character (Table 10,
Figure 12).
The electronic spectrum of 4a exhibited an unresolved band

with a low-energy edge near 25000 cm-1, while only the tail
of this band was apparent in the spectrum of 4b. The TD-DFT
calculations on the model 4a-H indicate this band is likely due
to excitations between the largely metal-ethynyl-localized
HOMO (Figure 12) to the cage-based LUMOs. Electronic
structure calculations performed on the larger-cage model 4b-H
suggest that the analogous transitions between metal-ethynyl
HOMOs and the unoccupied orbitals on the C2B10 cage are
significantly higher in energy. In addition to this approximately
metal-ethynyl to cage charge-transfer band, the intermediate
oxidation states ([4a]+ or [4b]+) also feature bands in the visible
region near 20000 and 15000 cm-1, and a relatively broad
absorption band in the NIR region (Figure 11). These new bands
are similar in energy and intensity to the dπ-(dπ)* and IC
transitions observed for the mononuclear complexes and can
be identified as such from the TD-DFT calculations, although
the transitions do involve a considerable degree of mixing of
character from both metal moieties (Table 10).
Perhaps of most interest are the transitions that comprise the

NIR band envelopes in the mixed-valence cations [4a]+ and
[4b]+. These bands are considerably broader and more intense
than the IC transitions associated with [3a]+ and [3b]+ and, as
indicated above, can be deconvoluted into a sum of two
Gaussian curves, which are associated with the IC style
transitions localized on the formally d5 Ru(III) component of
the mixed-valence compound, and the other, more intense and
broader component which is the true IVCT portion of the band
envelope (Table 10). These assignments are also supported by
the TD-DFT calculations, which predict a lower-intensity
component with a “dd” character from the “d5” site, albeit
admixed with similar orbitals on the “d6” metal fragment,
together with a transition largely composed of the "-HOSO and
"-LUSO orbitals (Figure 13) and which corresponds to the IVCT
transition.
The experimental spectra of the dications [4a]2+ and [4b]2+

were similar to those of the related mononuclear complexes
[3a]+ and [3b]+, with bands near 19000, 14000 and 7000 cm-1

clearly observed, and also reproduced in the computational
models (Table 10). Interestingly, the relatively high-energy dπ-
to-cage transitions associated with the complexes featuring
formally d6 metal fragments are not observed in the spectra of
[4a]2+ and [4b]2+, and according to the TD-DFT results should
be shifted deeper into the UV region, as one would expect on
the basis of the lowering of the metal d orbital energies following
oxidation.

Conclusions
Trimethylsilyl-protected ethynyl 10- and 12-vertex p-carbo-

ranes are convenient reagents for use in the preparation of mono-
and bimetallic acetylide complexes containing p-carborane
cages. These four ruthenium complexes undergo one or two
sequential oxidation events at moderate potentials, which can
be observed voltammetrically, and the resulting oxidation
products are characterized by UV-vis-NIR and IR spectro-
electrochemical methods. A combination of spectroscopic data
and computational studies reveals that the carborane orbitals
do not mix significantly with the metal-ethynyl-based orbitals.
The stabilization of the mixed-valence states arises not entirely
from ion pairing with the electrolyte but also from an inherent
electronic effect. Both 10- and 12-vertex cages appear to permit
electronic communication between the two metal centers over
a distance of ca. 12.5 Å with the 10-vertex cage leading to a
slightly higher coupling parameter, based on treatment of the
data according to the Hush model. The LUMOs in the 10-vertex
cage complexes have cage character and metal-to-cage transfer
bands were observed in the UV spectra of these compounds.
The carborane cages, particularly the better-known 12-vertex
analogue, are perhaps best described as pseudo-aromatic spheri-
cal spacers, that in the cases described here permit a degree of
interaction between two metal centers. Geometries of the
“valence-localized” mixed-valence compounds [4a]+ and [4b]+,
and the other compounds reported here, were satisfactorily
modeled using the MPW1K/3-21G* level of theory, and the
spectroscopic transitions observed, including the “IVCT” band,
were successfully modelled with TD-DFT methods.
Terminology such as “intervalence charge transfer” was

developed from studies of classical mixed-valence coordination
complexes and presupposes metal-centered redox processes and
assignment of well-defined metal d-electron counts. In many
organometallic complexes the mixing of metal, supporting and
bridging ligand orbitals arguably makes such terms less ap-
propriate. With the optimization of suitable geometries that
satisfactorily model the “valence-localized” case, TD-DFT
methods may be used to provide an alternative, molecular

Figure 13. "-LUSO and "-HOSO of [4b]+. Contour values are plotted at
(0.04 (e/bohr3)1/2.
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orbital-based description of the fascinating spectroscopic proper-
ties of “valence-localized mixed-valence” organometallic com-
pounds.

Experimental Section

All reactions were carried out under an atmosphere of dry nitrogen,
using standard Schlenk techniques. Reaction solvents were purified and
dried using an Innovative Technology SPS-400, and degassed before
use. No special precautions were taken to exclude air or moisture during
workup. The compounds [RuCl(dppe)Cp*],33 1a, 1b,9 2a7 and 2b7 were
prepared by the literature methods or minor variations as described in
the Supporting Information. Other reagents were purchased and used
as received.
Cyclic voltammograms were recorded from solutions of approxi-

mately 10-4 M in analyte in dichloromethane containing 10-1 M NBu4-
BF4 (recrystallized twice from absolute ethanol and dried overnight
under vacuum at 80 °C before use) at ν ) 100 mV s-1 in a gas-tight
single-compartment three-electrode cell equipped with glassy carbon
disk working (apparent surface area of 0.42 mm2), coiled platinum wire
auxiliary, and platinum wire pseudo-reference electrodes. All redox
potentials are reported against the SCE scale, with the decamethylfer-
rocene/decamethylferrocenium (Fc*/Fc*+) redox couple used as an
internal reference system: -0.08 V vs SCE.34 Data were collected using
a computer-interfaced EcoChemie PGSTAT-30 potentiostat.
Spectroelectrochemical experiments at room temperature were

performed with an airtight optically transparent thin-layer electrochemi-
cal (OTTLE) cell equipped with a Pt minigrid working electrode (32
wires cm-1) and CaF2 windows.35 The cell was positioned in the sample
compartment of a Nicolet Avatar FT-IR spectrometer (1 cm-1 spectral
resolution, 16 scans) or a Perkin-Elmer Lambda-900 spectrophotometer.
The controlled-potential electrolyses were carried out with a potentiostat
constructed in-house.
General Procedure: Preparation of [Ru(1-CtC-1,10-C2B8H9)-

(dppe)Cp*] (3a). A suspended mixture of [RuCl(dppe)Cp*] (100 mg,
0.15 mmol), 1a (35 mg, 0.165 mmol), and KF (15 mg, 0.25 mmol) in
methanol (20 mL) was refluxed for 6 h. The yellow precipitate formed
was filtered and washed with ice-cold methanol to give 3a as a yellow
solid (75 mg, 69%). Recrystallization of the solid from dichloromethane/
methanol gave yellow crystals suitable for X-ray crystallography. IR
(KBr disc, cm-1): 3100w cage CH, 3076, 3054w phenyl CH, 2962w,
2908w, 2856w aliphatic CH, 2591s BH, 2074s CtC, 1433 m, 1095
m, 697s, 533s. 1H{11B} NMR (CDCl3): δ 1.58 (s, 15H, Me), 1.66 (s,
4H, B2-5H), 1.83 (s, 4H, B6-9H), 2.12 (m, 2H, CH2), 2.75 (m, 2H,
CH2), 6.01 (s, 1H, C10H), 7.30 (m, 16H, Ph), 7.81 (m, 4H, Ph).
31P{1H} NMR (CDCl3): δ 81.6 (s). 11B NMR (CDCl3): δ -11.3 (d,
4B, JBH ) 164 Hz, B2-5), -15.7 (d, 4B, JBH ) 162 Hz, B6-9).
13C{1H} NMR: δ 10.0 (Me), 29.5 (m, CH2), 82.8 (C10), 92.8
(C5Me5), 107.1 (RuCC), 117.8 (C1), 126.6 (t, 23 Hz, RuC), the
following peaks correspond to the phenyl groups 127.3 (m), 127.4 (m),
128.9 (p), 128.7 (p), 133.3 (o), 133.5 (o), 137.0 (d, 48 Hz, i), 138.8
(m, i). Found: C, 58.1; H, 6.2%. RuC40H48P2B8 requires: C, 61.7; H,
6.2%. Accurate Mass, ES(+)-MS (m/z): 779.31600 Calculated for
[{Ru(CtCC2B8H9)(dppe)Cp*} + H], 779.31684.
Preparation of [Ru(1-CtC-1,12-C2B10H11(dppe)Cp*] (3b). From

[RuCl(dppe)Cp*] (160 mg, 0.224 mmol), 1b (60 mg, 0.249 mmol),
and KF (25 mg, 0.431 mmol) (2 h reflux), 3b was obtained as yellow
crystals (117 mg, 67%). IR (KBr disc, cm-1): 3080w cage CH, 3058w
phenyl CH, 2970w, 2912w, 2856w aliphatic CH, 2605s BH, 2081s
CtC, 1433 m, 1093 m, 699s, 533s. 1H{11B} NMR (CDCl3): δ 1.48
(s, 15H, Me), 1.82 (s, 5H, B2-6H), 2.08 (m, 2H, CH2), 2.14 (s, 5H,

B7-11H), 2.28 (s, 1H, C12H), 2.53 (m, 2H, CH2), 7.10 (m, 4H, Ph),
7.24 (m, 6H, Ph), 7.40 (m, 6H, Ph), 7.59 (m, 4H, Ph). 31P{1H} NMR
(CDCl3): δ 81.3 (s). 11B NMR (CDCl3): δ -11.1 (d, 5B, JBH ) 164
Hz, B2-6), -16.3 (d, 5B, JBH ) 164 Hz, B7-11). 13C{1H} NMR: δ
9.8 (Me), 29.1 (m, CH2), 53.4 (C12), 78.7 (C1), 92.6 (C5Me5), 103.7
(RuCC), 119.1 (t, 24 Hz, RuC), the following peaks correspond to the
phenyl groups 127.3 (m), 127.4 (m), 128.8 (p), 133.1 (o), 133.3 (o),
136.9 (d, 47 Hz, i), 138.5 (m, i). Found: C, 56.5; H, 6.1%.
RuC40H50P2B10 requires: C, 59.9; H, 6.3%. Accurate Mass, ES(+)-
MS (m/z): 803.35103 Calculated for [{Ru(CtCC2B10H11)(dppe)Cp*}
+ H], 803.35214.
Preparation of [{Ru(dppe)Cp*}2(µ-1,10-(CtC)2-1,10-C2B8H8}]

(4a). From [RuCl(dppe)Cp*] (200 mg, 0.3 mmol), 2a (51 mg, 0.16
mmol), and KF (30 mg, 0.5 mmol) (6 h reflux), 4b was obtained (139
mg, 65%). IR (KBr disc, cm-1): 3054w phenyl CH, 2962w, 2912w,
2860w aliphatic CH, 2592s BH, 2082s CtC, 1432 m, 1095 m, 697s,
532s. 1H{11B} NMR (CDCl3): δ 1.51 (s, 30H, Me), 1.70 (s, 8H, BH),
2.03 (m, 4H, CH2), 2.68 (m, 4H, CH2), 7.14, 7.17, 7.21 (m, 32H, Ph),
7.73 (m, 8H, Ph). 31P{1H} NMR (CDCl3): δ 80.6 (s). 11B NMR
(CDCl3): δ -13.4 (d, 163 Hz). 13C{1H} NMR (CDCl3): δ 10.0 (Me),
29.5 (m, CH2), 92.7 (C5Me5), 99.3 (C1), 106.8 (RuCC), 122.0 (t, 26
Hz, RuC), the following peaks correspond to the phenyl groups 127.2
(m), 127.3 (m), 128.7 (p), 128.8 (p), 133.3 (o), 133.6 (o), 137.1 (d, 47
Hz, i), 138.7 (m, i). Found: C, 62.0; H, 5.9%. Ru2C78H86P4B8
requires: C, 65.2; H, 6.0%. Accurate Mass, ES(+)-MS (m/z): 1437.47037
Calculated for [{Ru(dppe)Cp*}2(µ-1,10-(CtC)2-1,10-C2B8H8}]+ H],
1437.46796.
Preparation of [{Ru(dppe)Cp*}2(µ-1,12-(CtC)2-1,12-C2B10H10}]

(4b). From [RuCl(dppe)Cp*] (100 mg, 0.149 mmol), 2b (25 mg, 0.075
mmol), and KF (35 mg, 0.603 mmol) (3 h reflux) 4b was obtained and
crystallized from benzene (84 mg, 77%). IR (KBr disc, cm-1): 3051w
phenyl CH, 2962w, 2898w, 2856w aliphatic CH, 2597s BH, 2077s
CtC, 1433 m, 1094 m, 695s, 531s, 419s. 1H{11B} NMR (CDCl3): δ
1.43 (s, 30H, Me), 1.96 (s, 10H, BH), 2.04 (m, 4H, CH2), 2.51 (m, 4H,
CH2), 7.05 (m, 8H, Ph), 7.22 (m, 12H, Ph), 7.36 (m, 12H, Ph), 7.54
(m, 8H, Ph). 31P{1H} NMR (CDCl3): δ 80.4 (s). 11B NMR (CDCl3):
δ -12.2 (d, 160 Hz). 13C{1H} NMR (C6D6): δ 10.1 (Me), 29.5 (m,
CH2), 69.3 (C1), 92.7 (C5Me5), 104.5 (RuCC), 114.2 (t, 25 Hz, RuC),
the following peaks correspond to the phenyl groups 127.6 (m), 129.2
(p), 133.5 (o), 133.8 (o), 137.5 (m, i), 139.2 (m, i). Found: C, 60.7; H,
6.0%. Ru2C78H88P4B10 requires: C, 64.2; H, 6.1%. Accurate Mass, ES-
(+)-MS (m/z): 1461.50611 Calculated for [{Ru(dppe)Cp*}2(µ-1,12-
(CtC)2-1,12-C2B10H10}] + H], 1461.50401.
Crystallography. Diffraction data were collected at 120K on a

Bruker SMART 6000 (3b, 4a,b), SMART 1K (3a) and Bruker
Proteum-M (1a) diffractometers, using graphite-monochromated Mo-
KR radiation. The structures were solved by direct-methods and refined
by full matrix least-squares against F2 of all data using SHELXTL
software.36 All non-hydrogen atoms where refined in anisotropic
approximation except the disordered ones, H atoms were placed into
the calculated positions and refined in “riding” mode. Molecule 4b is
located in the special position at the center of symmetry. Crystal of 4b
contains three independent solvent molecules of benzene; two of them
are severely disordered. Crystallographic data for the structural analyses
have been deposited with the Cambridge Crystallographic Data Centre,
CCDC Nos. 637465-637469 for compounds 1a, 3a, 3b, 4a and 4b,
respectively. Copies of this information may be obtained free of charge
from The Director, CCDC 12 Union Rd, Cambridge, CB2 1EZ, UK.
Computational Details. All computations were carried out with the

Gaussian 03 package,37 at the MPW1K/3-21G* level of theory.31
Frequency calculations on the resulting optimized geometries showed

(33) Bruce, M. I.; Ellis, B. G.; Low, P. J.; Skelton, B. W.; White, A. H.
Organometallics 2003, 22, 3184.

(34) (a) Connelly, N. G.; Geiger, W. E. Chem. ReV. 1996, 96, 877. (b) Rigaut,
S.; Perruchon, J.; Guesmi, S.; Fave, C.; Touchard, D.; Dixneuf, P. H. Eur.
J. Inorg. Chem. 2005, 447.

(35) Krejčı́k, M.; Daněk, M.; Hartl, F. J. Electroanal. Chem. 1991, 317, 179.

(36) (a) SAINT, v. 6.45; Bruker-AXS Inc.: Madison, Wisconsin, U.S.A., 2001.
(b) SADABS, v.2006/1; Bruker-AXS Inc.: Madison, Wisconsin, U.S.A.,
2006. (c) SHELXTL, v. 6.14; Bruker-AXS Inc.: Madison, Wisconsin,
U.S.A. 2000.

(37) Frisch, M. J.; et al. Gaussian 03, Revision C.02; Gaussian, Inc.: Walling-
ford, CT, 2004.
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no imaginary frequencies. A scaling factor of 0.92 was applied to the
calculated IR frequencies.29 Electronic structure calculations and TD-
DFT calculations were also carried out at the same level of theory.
The rotation barriers between the two Ru(PH3)2Cp groups in 4a-H,
[4a-H]+, [4a-H]2+(LS) and [4a-H]2+(HS) were estimated by fixing the
dihedral angles P1-Ru1-Ru2-P3 (Figure 4) at 15° intervals.
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a b s t r a c t

Langmuir and Langmuir–Blodgett (LB) films of two ‘‘wire-like” oligo(phenylene–ethynylene) methyl
ester derivatives, namely methyl-4-[(400-(nonyloxyphenylethynyl)-40-(phenylethynyl)]-benzoate and
methyl-4-[(400-hexadecyloxyphenylethynyl)-40-(phenylethynyl]-benzoate (abbreviated as C9BPEB and
C16BPEB), have been prepared and characterized. Surface pressure isotherms for both materials have
been obtained, with C9BPEB showing more expanded monolayers. An analysis of the reflection spectra
of monolayer films at the air–water interface suggests the formation of H-aggregates, and supports an
organizational model in which tilt angles of C16BPEB and C9BPEB molecules with respect to the water
surface are approximately 70! and 60!, respectively. The sequential transfer of monolayers of these BPEB
ester derivatives onto solid substrates results in a Z-type deposition in the case of C9BPEB and Y-type for
C16BPEB. The current–voltage (I–V) characteristics of LB monolayers are relatively symmetrical for both
films, with the asymmetric contacts more evident in the I–V C16BPEB characteristics.

" 2008 Elsevier B.V. All rights reserved.

1. Introduction

The use of molecular components as critical functional ele-
ments within electronic circuits has attracted a great deal of atten-
tion from researchers in many fields due to the growing social
demand for smaller, lighter, quicker, and more efficient devices.
The realisation of a hybrid electronics technology will require con-
trol of not only the chemical and physical properties of molecular
materials, but also an ability to tailor the architecture of molecular
assemblies on surfaces and at interfaces. The understanding that
permits such levels of control to be achieved can only be arrived
at through careful experimentation [1–4] and parameterization
of detailed theoretical models [5–7]. In this context, a comprehen-
sive knowledge of the interactions between molecules and surfaces
is critical [8,9].

The fabrication of molecular assemblies on surfaces to produce
well-defined nanoscale structures or molecularly well-ordered
thin films can be carried out by any one of a number of different
techniques, including self-assembly (SA), casting and spin-coating,
and layer by layer procedures [10–13]. Within these various meth-

ods, the Langmuir–Blodgett (LB) technique offers a robust protocol
for the assembly of functionalized organic compounds into well-
ordered films, providing an exquisite level of control of the film
architecture and thickness (i.e., number of molecular layers in a
multi-layer assembly) [14–18].

One of the most fascinating subsets of materials at the forefront
of the chemistry related to molecular electronics are oligomeric
compounds derived from the phenylene ethynylene motif, OPEs
which offer wire-like properties [1,19–33]. The rigid rod-like struc-
ture of these compounds and the ready decoration of the periphery
by polar groups and aliphatic tails [34] have led to the develop-
ment of different methods of molecular assembly for this type of
material in both solution and condensed phases [35–38]. With re-
spect to the preparation of thin films, the SA method has been the
most widely used, although the LB technique has been recently
proved to be an excellent alternative tool with which to prepare
mono- and multi-layered films containing OPE derivatives [39–
44]. One of the main advantages of the LB method over SA methods
is the compatibility of the LB technique with a wide variety of me-
tal-organic interfaces through the large number of different polar
functional groups that can be physically or chemically adsorbed
onto an equally wide array of substrates.

Within a generic OPE-based LB film, factors such as the nature
of the functional, surface binding polar groups, the length of any
aliphatic tails, and molecular conformation are all expected to play
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a role in moderating intermolecular interactions, aggregation ef-
fects and local molecular environment within the film, as well as
the orientation of the molecules in the film [41–43]. In turn, each
of these solid state effects are expected to play a key role in mod-
erating the electronic and optical properties of the film. We have
recently explored the liquid crystalline phase behaviour of a series
of alkoxy-substituted OPE derivatives both with and without a po-
lar methyl ester head group [45]. The combination of an alkoxy tail
and a methyl ester head group leads to an stronger molecular di-
pole along the mesogenic core, which in turn results in stronger di-
pole–dipole interactions and stable mesomorphic behaviour even
at temperatures >250 !C. The length of the tail was also found to
play an important role in the molecular ordering within these
anisotropic assemblies, with shorter alkoxy tails favouring nematic
phases, and the longer examples leading to stabilisation of the
more ordered smectic phases, presumably through enhanced inter-
actions between the longer tails.

Given the diverse mesomorphic behaviour as a function of alk-
oxy chain length, it was of interest to also examine the influence of
aliphatic chain length on the interactions between OPE molecules
within self-organised mono- and multi-layer films, and to investi-
gate the influence of these interactions on the properties of the
film. Guided by the results of the liquid crystal study [45], two
methyl ester-substituted oligo(phenylene ethynylene) derivatives
containing alkoxy chains of 9 (nonyloxy) and 16 (hexadecyloxy)
atoms of carbon, namely methyl-4-[4-(4-nonyloxyphenylethy-
nyl)-phenylethynyl]-benzoate (C9BPEB) and methyl-4-[4-(4-hex-
adecyloxyphenylethynyl)-phenylethynyl]-benzoate (C16BPEB),
were chosen for further investigation (Fig. 1). The Langmuir and
Langmuir–Blodgett films of these compounds have been character-
ized by a range of optical and spectroscopic methods, in addition to
I–V curves which were obtained from monolayers of C9BPEB and
C16BPEB on gold-coated HOPG substrates. These systematic stud-
ies are hoped to provide some insight into the influence of different
metal-organic interfaces, periphery groups, and alkyl chains on the
final properties of the films and potential applications in molecular
electronics.

2. Experimental section

Materials: Methyl-4-[(400-nonyloxyphenylethynyl)-40-(phenyl-
ethynyl]-benzoate and methyl-4-[(400-hexadecyloxyphenylethy-
nyl)-40-(phenylethynyl]-benzoate (abbreviated C9BPEB and
C16BPEB, respectively) were prepared by literature methods [45].

Film formation: The films were prepared on a Nima Teflon
trough with dimensions 720 ! 100 mm2, which was housed in a
constant temperature (20 ± 1 !C) clean room. The surface pressure
(p) of the monolayers was measured by a Wilhelmy paper plate
pressure sensor. Solutions of the BPEB esters were prepared in
HPLC grade (>99.9%) chloroform (Aldrich, used as received). The
water used for the subphase was Millipore Milli-Q with resistivity
18.2 MX cm. To prepare the Langmuir films the spreading solution
was delivered from a syringe held very close to the surface allow-
ing the surface pressure to return to a value as close as possible to

zero between each addition. The solvent was allowed to com-
pletely evaporate over a period of at least 15 min before compres-
sion of the monolayer commenced at a constant sweeping speed of
0.02 nm2/molecule min. In order to guarantee the reproducibility
of the results, each isotherm was registered at least three times.
The Langmuir films were deposited at a rate of 6 mm min"1 and
surface pressure of 18 mN m"1.

The UV–vis reflection experiments were recorded with a spec-
trophotometer provided by Nanofilm Technologie GmbH, for
which the fundamentals [46] and experimental details [47,48]
have been described elsewhere. The UV–vis absorption spectra of
the films transferred to solid substrates were acquired on a Varian
Cary 50 spectrophotometer, and recorded using a normal incident
angle with respect to the film plane. Highly oriented pyrolytic
graphite (HOPG) substrates were freshly coated with gold overlays
using a BOC Edwards evaporator and LB films deposited on these.
Ambient temperature current–voltage (I–V) studies were per-
formed using a Digital Instruments STM (Nanoscope IV), the probe
being a gold tip which was plasma cleaned to remove organic con-
tamination prior to measurement.

3. Results and discussion

Surface pressure vs. area per molecule (p–A) isotherms of
C9BPEB and C16BPEB are illustrated in Fig. 2. In comparison with
the isotherm obtained from C16BPEB, the shorter chain compound
C9BPEB gives films that exhibit a more expanded isotherm for the
whole compression process and which reaches higher surface pres-
sures before the collapse of the monolayer. Since the only chemical
difference in the molecular systems is the length of the alkoxy tail,
the differences observed in the p–A isotherm are attributable to a
different orientation of the two materials at the air–water inter-
face, with the C16BPEB molecules adopting a more closely packed,
vertically oriented structure within the film to yield lower areas
per molecule at the same surface pressure.

Fig. 3 shows the normalized UV–vis reflection spectra, DRn, re-
corded at the air–water interface during the compression of the
Langmuir films of C9BPEB and C16BPEB, where the normalized
reflection is defined as DRn = DR ! Area per molecule, where DR is
the experimental UV–vis reflection. For the purpose of comparison,
the solution state absorption spectra are also shown.

The reflection spectra from the films are blue shifted with re-
spect to the solution spectra by 60 and 64 nm for C9BPEB and

CCCCO C
O
O-CH3

C9H19

CCCCO C
O
O-CH3

C16H33

Fig. 1. Chemical structure of methyl-4-[4-(4-nonyloxyphenylethynyl)-phenyleth-
ynyl]-benzoate abbreviated as C9BPEB (top) and methyl-4-[4-(4-hexadecyloxy-
phenylethynyl)-phenylethynyl]-benzoate coded as C16BPEB (bottom).
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Fig. 2. Surface pressure–area isotherms recorded at 20 !C for C9BPEB (dotted line)
and C16BPEB (solid line) upon the compression process.
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C16BPEB, respectively, which is consistent with the formation of
H-aggregates. H-aggregates are often found in LB films incorporat-
ing amphiphilic derivatives in which the chromophore has the
main dipole transition moment arranged more or less along the
amphiphile backbone. Examples of molecular structure which
form H-aggregates in LB films include trans-stilbenes [49–51],
trans-azobenzenes [52,53], hemicyanine derivatives [54], squa-
raines [55], tolans [41], as well as OPE derivatives [42,43]. It is also
noteworthy that the hypsochromic shift of the Langmuir films is
persistent and independent on the applied surface pressure. These
observations indicate that the arrangement observed in the mono-
layers must represent a minimum free energy conformation for the

system and suggests that the formation of the H-aggregates is not
an artefact imposed by the Langmuir technique.

Unsurprisingly, C9BPEB and C16BPEB, show practically the
same molar absorptivity in solution (ca. 16,000 L mol!1 cm!1).
However, the normalized reflection values are considerably lower
in the C16BPEB Langmuir films, which can be explained in terms
of a different orientation of the two chromophores at the air–water
interface. Thus, a quantitative analysis of the reflection spectra of
the molecules in the Langmuir films and their comparison with
the UV–vis spectrum obtained in dilute solution permits calcula-
tion of the tilt angle of the molecules with respect to the water sur-
face. In solution the orientation of the chromophore units is
random and, therefore, the absorption must be proportional to a
factor of 2/3 given that only two out of the three components of
the transition moment of the BPEB chromophore are interacting
with the incident unpolarized light [52]. However, at the air–water
interface, there is a preferential orientation of the chromophore,
which may change under compression. For a general case, assum-
ing a homogeneous distribution of the BPEB transition moment
around the surface normal, the orientation factor is defined by
[52]:

forient ¼
3
2

sin2 h ð1Þ

where h is the angle formed by the normal to the surface and the
dipole transition moment of the chromophore. An integration of
the absorption band of the molecules in chloroform yields an oscil-
lator strength of f = 0.66 and f = 0.65 for the C9BPEB and C16BEPB,
respectively, according to the equation [56]:

f ¼
4e02:303mec0

NAe2

Z

band
e dm ¼ 1:44% 10!19

Z

band
e dm ð2Þ

where e0 is the permittivity of vacuum, me is the electron mass, e is
the electron charge, c0 is the light speed in vacuum, NA is the Avo-
gadro constant, e is the molar absorptivity and m is the frequency.
The factor 1.44 % 10!19 is expressed in mol L!1 cm s.

The comparison of the oscillator strength obtained in solution
with the apparent oscillator strength, fapp, calculated from the
measured reflection spectra, allows the determination of the orien-
tation factor using the expression:

forient ¼
fapp

f
ð3Þ

where fapp is given by [52]

fapp ¼ 2:6% 10!12
Z

band
DRn dm ð4Þ

The numeric factor 2.6 % 10!12 is expressed in nm!2 s. Substitu-
tion of the values obtained in Eq. (2) (oscillator strength) and Eq.
(4) (apparent oscillator strength) in Eq. (3) give the orientation fac-
tor, that substituted in Eq. (1) yields the angle, h, formed by the
normal to the surface and the dipole transition moment of the
BPEB molecules. Table 1 gathers the tilt angles for the two mole-
cules at different stages of the compression process. The tilt angle
in the table, u, is defined as the angle between the water surface
and the transition moment of the molecule, i.e., u = 90 ! h.

It should be noted that spectra recorded in the gas phase of the
monolayers are non-reproducible which consequently yield a high
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Fig. 3. Left: normalized reflection spectra of the ester Langmuir monolayers
recorded upon the compression process. Right: absorption spectra for the molecules
in solution (2 % 10!5 M).

Table 1
Tilt angles between the water surface and the transition dipole moment of C9BPEB
and C16BPEB.

A (nm2/molecule) 0.74 0.57 0.37 0.27 0.24 0.21
uC9BPEB (degrees) 45 56 61 61 61 61
uC16BPEB (degrees) – – 70 71 71 72
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dispersion in the tilt angles, probably due to the presence of non-
uniform domains in the monolayer underneath the fibre-optic
detector, that produce significant fluctuations in the signal from
one measurement to another. However, as soon as the isotherms
take off, all the spectra follow a logical evolution, with a certain de-
crease in DRn upon compression. Specifically, monolayers of
C9BPEB show a decrease in DRn values in the 0.75–0.37 nm2 range,
indicating a progressive tilt of the chromophore with decreasing
area per molecule from a value of ca. 45! to 61!. Further compres-
sion does not result in any change in DRn, obtaining reflection
spectra that overlay the spectrum recorded at 0.37 nm2. C16BPEB
molecules show a tilt angle significantly higher than C9BPEB (ca.
10!), which is also in good agreement with the data provided by
the p–A and DV–A isotherms.

Stable Langmuir monolayers of C9BPEB and C16BPEB at the air–
water interface were transferred onto solid substrates at a surface
pressure of 18 mN/m. The multilayer deposition processes were
monitored via UV–vis spectroscopy. In the case of C9BPEB the
transference is Z-type, i.e., takes place during the upstroke of the
substrate. In contrast, the C16BPEB molecules show a Y-type depo-
sition, i.e., the molecules are transferred both during the up and
down cycles. The origin of these variations is probably related to
the same van der Waals forces that lead to enhanced stability of
the smectic phase in C16BPEB [56]. After the fifth transference cy-
cle (downstroke and upstroke of the substrate), the deposition was
not very effective and the absorbance of the multi-layered film did
not increase with the number of attempted deposition cycles. Fig. 4
shows the UV–vis spectra for C9BPEB and C16BPEB multi-layered

films, with the representation of the absorbance vs. the number
of layers plotted in the inset graphs.

In both cases, the UV spectra of the transferred films show two
main bands at ca. 240 and 280 nm. The significant blue shift of the
reflection spectra of these transferred films in comparison with the
spectra of C9BPEB and C16BPEB in solution indicates that the H-
aggregates formed at the air–water interface are transferred onto
the quartz substrates, although the shoulder at 320 nm suggests
a different arrangement of the transferred films compared to Lang-
muir films at the air–water interface. Redisolution of C9BPEB and
C16BPEB LB films in chloroform yields identical spectra to those
of the pristine compounds dissolved in chloroform, which clearly
indicates that no reactions upon the film fabrication process occur,
with the H-aggregation being reversible. This observation also ex-
cludes the possibility of the hydrolization of the esters to produce
the acid at the air–water interface, whose UV–vis spectra shows a
maximum at 350 nm vs. the 337 nm peak for the esters.

I–V characteristics for C9BPEB and C16BPEB monolayer LB films
deposited on gold-coated HOPG were measured using a Nanoscope
IV MultiMode scanning tunneling microscope after landing the
gold probe on targeted features distant from grain boundaries.
The operating conditions were varied to ensure that the set point
current and voltage had minimal effect on the shapes of the curves
and, in each case, the I–V data (Fig. 5) were collected by averaging
multiple scans on the same spot. The conjugated OPE moiety in the
films is linked to the gold substrate via the ester group and is sep-
arated from the STM gold tip by the alkoxy tail. The effect of asym-
metric coupling is hardly noticeable in the I–V plot for C9BPEB,
although C16BPEB shows a slightly less symmetric I–V profile, as
might be expected for a compound featuring a longer ‘‘insulating”
connection to one electrode. Indeed, extensive studies have shown
that alkyl substituents have minimal effect on the I–V profiles [57]
and, to induce significant electrical asymmetry, it is necessary to
introduce donor-bridge-acceptor units (molecular diodes) [58,59]
or donor/acceptor bilayer structures (organic rectifying junctions)
[59,60].

4. Conclusions

In this contribution, we have presented the synthesis and fabri-
cation of Langmuir and Langmuir–Blodgett films from two OPE
derivatives substituted by both a methyl ester and either a nonyl-
oxy (C9BPEB) or hexadecyloxy (C16BPEB) chain. We have thor-
oughly studied the influence of the alkyl chains length on the
surface behaviour of these compounds, with p–A, DV–A isotherms
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at 18 mN/m, containing the indicated number of layers. The inset graphs show the
absorbance vs. the number of deposited layers.
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onto gold-coated HOPG substrates at the indicated surface pressures of 18 mN/m
and obtained for set point current of 500 pA at a sample bias of 850 mV.

3686 A. Villares et al. / Surface Science 602 (2008) 3683–3687



and UV–vis reflection spectroscopy revealing that the molecule
containing the longest alkyl chain is more tilted with respect to
the water surface. In addition, H-aggregates are formed as soon
as the OPE derivatives are spread onto the water surface and they
represent a minimum free energy conformation for the system.
These aggregates are transferred undisturbed onto the solid sub-
strates. The length of the alkyl chain has also a marked influence
on the transference mode of the films, with a Z-type deposition
for the molecule with nine carbon atoms in the alkyl chain, whilst
Y-type deposition is obtained for C16BPEB, which indicates that
longer alkyl chains in the molecular structure yield stronger van
der Waals interactions and a more hydrophobic film. This proposal
is consistent with the LC phase behaviour of alkoxy-substituted
BPEB esters, for which longer alkoxy tails lead to more thermally
robust smectic phases [45]. These wire-like molecules deposited
as LB films exhibit symmetrical I–V characteristics, less apparent
in the films incorporating the molecule with sixteen carbon atoms
in the alkyl chain.
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Transition metal alkynyl complexes containing perfluoroaryl groups have been prepared directly from
trimethylsilyl-protected mono- and di-ethynyl perfluoroarenes by simple desilylation/metallation
reaction sequences. Reactions between Me3SiC∫CC6F5 and RuCl(dppe)Cp¢ [Cp¢ = Cp, Cp*] in the
presence of KF in MeOH give the monoruthenium complexes Ru(C∫CC6F5)(dppe)Cp¢ [Cp¢ = Cp (2);
Cp* (3)], which are related to the known compound Ru(C∫CC6F5)(PPh3)2Cp (1). Treatment of
Me3SiC∫CC6F5 with Pt2(m-dppm)2Cl2 in the presence of NaOMe in MeOH gave the bis(alkynyl)
complex Pt2(m-dppm)2(C∫CC6F5)2 (4). The Pd(0)/Cu(I)-catalysed reactions between
Au(C∫CC6F5)(PPh3) and Mo(∫CBr)(CO)2Tp* [Tp* = hydridotris(3.5-dimethylpyrazoyl)borate],
Co3(m3-CBr)(m-dppm)(CO)7 or IC∫CFc [Fc = (h5-C5H4)FeCp] afford Mo(∫CC∫CC6F5)(CO)2Tp* (5),
Co3(m3-CC∫CC6F5)(m-dppm)(CO)7 (6) and FcC∫CC∫CC6F5 (7), respectively. The diruthenium
complexes 1,4-{Cp¢(PP)RuC∫C}2C6F4 [(PP)Cp¢ = (PPh3)2Cp (8); (dppe)Cp (9); (dppe)Cp* (10)] are
prepared from 1,4-(Me3SiC∫C)2C6F4 in a manner similar to that described for the monoruthenium
complexes 1–3. The non-fluorinated complexes 1,4-{Cp¢(PP)RuC∫C}2C6H4 [(PP)Cp¢ = (PPh3)2Cp (11);
(dppe)Cp (12); (dppe)Cp* (13)], prepared for comparison, are obtained from 1,4-(Me3SiC∫C)2C6H4.
Spectro-electrochemical studies of the ruthenium aryl and arylene alkynyl complexes 2–3 and 8–13,
together with DFT-based computational studies on suitable model systems, indicate that
perfluorination of the aromatic ring has little effect on the electronic structures of these compounds,
and that the frontier orbitals have appreciable diethynylphenylene character. Molecular structure
determinations are reported for the fluoroaromatic complexes 1, 2, 3, 6 and 10.

Introduction

Substitution of ring hydrogens by fluorines in aromatic com-
pounds results in dramatic differences in properties,1 such as the
marked increase in acidity of C6F5CO2H when compared with
benzoic acid (Ka = 4.2 ¥ 10-4 vs. 6.2 ¥ 10-5),2 and the tendency
of the polyfluoroaromatics to undergo nucleophilic substitution.3

In addition, the introduction of strongly electron-withdrawing
fluorine atoms at strategic points in a molecular structure might be
expected to fine-tune electronic properties through stabilisation of

aSchool of Chemistry and Physics, University of Adelaide, Adelaide, South
Australia, 5005
bChemistry M313, SBBCS, University of Western Australia, Crawley,
Western Australia, 6009
cLaboratoire des Sciences Chimiques de Rennes, UMR 6226 CNRS-
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dLaboratoire de Chimie, UMR CNRS 5182, École Normale Supérieure de
Lyon, 46 allée d’Italie, 69364, Lyon cedex 07, France
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fVan’t Hoff Institute for Molecular Sciences, University of Amsterdam,
Nieuwe Achtergracht 166, 1018WV, Amsterdam, The Netherlands
† CCDC reference numbers 656421, 660619–660621, 660624. For
crystallographic data in CIF or other electronic format see DOI:
10.1039/b808798a
‡ Current address: Department of Chemistry, The University of Reading,
Whiteknights, Reading, RG6 6AD UK.

the occupied frontier orbitals or destabilisation of the unoccupied
frontier orbitals. Our interest in organometallic fluorine chem-
istry stems from early work concerning the displacement of an
aromatic F atom by carbonylmetal anions.4 Later, the synthesis
of the s-alkynyl complex Ru(C∫CC6F5)(PPh3)2Cp (1)5 from the
corresponding chloride and pentafluorophenylacetylene, and its
conversion to [Ru{=C=CX(C6F5)}(PPh3)2Cp]+ (X = H, alkyl, Br,
I, N2Ar [Ar = aryl], C7H7),6 were reported.

Recent studies of the redox properties of the alkynyl systems
M(C∫CAr)(PP)Cp¢ [M = Fe, Ru, Os; PP = (PPh3)2, dppe;
Cp¢ = Cp, Cp*] groups,7–9 together with the growing spectrum of
synthetic methods available for the preparation of organometal-
lic compounds featuring alkynyl-based ligands, including
in situ desilylation/metalation10,11 and palladium and/or copper-
catalysed cross-couplings within the metal–ligand sphere,8,12–15

have led us to reconsider the synthetic chemistry of some
fluorinated analogues. Below we describe the syntheses of a
variety of complexes containing perfluorinated phenyl and pheny-
lene ring systems that illustrate the use of in situ desilyla-
tion/metallation protocols and gold-enhanced cross-coupling
reactions in the preparation of organometallic derivatives of
pentafluorophenylacetylene and 1,4-diethynyltetrafluorobenzene.
Computational studies indicate that the electronic struc-
tures of ruthenium alkynyl complexes featuring pentaflu-
orobenzene substituents and bimetallic complexes featuring

This journal is © The Royal Society of Chemistry 2008 Dalton Trans., 2008, 6763–6775 | 6763
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1,4-diethynyltetrafluorobenzene-based bridging ligands are com-
parable with the analogous aromatic hydrocarbon compounds.
UV-Vis-NIR spectroelectrochemical studies are consistent with
the conclusions drawn from the computational work, and indicate
that the ethynylaromatic ligands are redox non-innocent.

Results and discussion

Complexes derived from Me3SiC∫CC6F5

An earlier report has described the synthesis of Ru(C∫CC6F5)-
(PPh3)2Cp (1) in 76% yield by treatment of pentafluorophenyl-
acetylene with RuCl(PPh3)2Cp in the presence of sodium
methoxide.5 Here, the new analogues Ru(C∫CC6F5)(dppe)Cp¢
(Cp¢ = Cp 2, Cp* 3) were synthesised by reacting Me3SiC∫CC6F5

with RuCl(dppe)Cp¢ in the presence of potassium fluoride in 63%
and 54% yields, respectively (Scheme 1). The latter route does
not require prior deprotection of the alkyne and therefore avoids
the additional desilylation/purification steps associated with the
isolation of the terminal acetylene from the silylated precursor.16

Elemental analyses supported by spectroscopic data confirmed the
formulations of these complexes. Thus, in the 19F NMR spectra,
the five fluorine nuclei resonate as three signals with relative
intensities 2/1/2 from AA¢MXX¢ systems.17,18 The ortho and meta
fluorines of 1 and 2 are found as multiplets at dF -142.9, -145.6 and
-166.3, -168.8, respectively, and the para-fluorines are observed
as triplets at dF -165.7, -168.3, due to coupling with the meta
fluorine nuclei [J(FF) = 21 Hz]. This coupling is also observed in
the central parts of the AA’XX’ resonance assigned to the meta-
fluorines. Replacing the Cp group by Cp* in 3 has little effect
on the resonance from the ortho-fluorine atoms which is found
at dF -145.8, although unusually, the para-fluorine resonance (dF

-169.1) is observed upfield of that from the meta-fluorine atoms
(dF -168.9). Comparison of the 19F chemical shifts for HC∫CC6F5

[d -134.2 (o-F), -149.9 (p-F), -159.6 (m-F)] with those of 2 shows
that replacement of H by the Ru(dppe)Cp moiety results in shifts
of -11.4, -18.4 and -9.2 ppm, reflecting the electron-donating
properties of the Ru centre.

In the 31P NMR spectra, characteristic resonances at dP 87.0
(2) or 81.7 (3) were found. The electrospray-mass spectra (ES-
MS) of these complexes contained M+ at m/z 756 (2) and 826 (3),

which fragmented by loss of F to give ions at m/z 738 (2) and
808 (3), respectively. The structures of 2 and 3 were confirmed by
X-ray studies of crystals grown from dichloromethane/hexane (see
below).

Two equivalents of Me3SiC∫CC6F5 react with Pt2(m-
dppm)2Cl2

19 in the presence of sodium methoxide to give Pt2(m-
dppm)2(C∫CC6F5)2 (4). The non-fluorinated analogue has been
made in a similar fashion on a previous occasion.20 The IR
spectrum of 4 contains a single n(CC) band at 2079 cm-1. In
the 1H NMR spectrum, characteristic resonances are found for
the dppm ligand at d 4.62 (CH2) and between d 6.96 and 7.90
(Ph). In the 31P NMR spectrum the phosphine ligands give rise
to a resonance at d 2.13, with evident coupling to 195Pt [J(PPt) =
2816 Hz]. In the 19F NMR spectrum the usual three multiplets
are found at dF -143.1, -165.7 and -168.2 for the ortho-, para-
and meta-fluorines, respectively. The ES-MS contains [M + H]+ at
m/z 1541. As with the synthesis of 1, no evidence was found to
suggest that the para-fluorine of 4 underwent nucleophilic attack
by the methoxide present in the reaction mixture. This may be for
kinetic reasons, with the metallation reaction and precipitation
of the product taking place prior to fluoride substitution, but
could also be due to electron-donation from the metal-acetylide
fragment increasing the electron density at the para-carbon of the
fluoroaromatic substituent.

Complexes derived from Au(C∫CC6F5)PPh3

The Pd(0)/Cu(I)-catalysed reaction between phosphine-gold(I)
alkynyls and C(sp2 or sp3)–X (X = Br, I) bonds has re-
cently been developed as a base-free analogue of the Sono-
gashira reaction, which is useful in the preparation of novel
metal-containing alkynyl and poly-ynyl derivatives.16 Using
this methodology, reaction between Au(C∫CC6F5)(PPh3) and
Mo(∫CBr)(CO)2Tp* [Tp* = hydridotris(3.5-dimethylpyrazoyl)-
borate] gave the pentafluorophenyl-terminated C3 complex,
Mo(∫CC∫CC6F5)(CO)2Tp* (5) (18%) (Scheme 2). Complex 5 was
characterised by the usual array of spectroscopic methods, with
ES-MS containing [M + Na]+ at m/z 677. The IR spectrum of 5
displays two n(CC) bands at 2110 and 2061 cm-1 and two terminal
n(CO) bands at 2006 and 1926 cm-1. In the 19F NMR spectrum the
ortho- and meta-fluorines are found at dF -136.8 and -163.9, with

Scheme 1
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Scheme 2

the para-fluorine giving a triplet dF -153.7 [J(FF) = 20 Hz]. The
broadening of each line within this triplet suggests that there is
also an unresolved coupling between the para- and ortho-fluorine
nuclei.

The Pd(0)/Cu(I)-catalysed reaction between Co3(m3-CBr)(m-
dppm)(CO)7 and Au(C∫CC6F5)(PPh3) afforded dark red Co3(m3-
CC∫CC6F5)(m-dppm)(CO)7 (6) (36%) (Scheme 2), characterised
by IR [n(CC) at 2122 cm-1, terminal n(CO) between 2062 and
1976 cm-1] and multinuclear NMR [CH2 at dH 3.49, 4.24, dC 29.60,
one C(sp) at dC 72.17, Ph between dH 7.18–7.73, dC 128.73–132.43,
dppm (dP 34.7) and C6F5 [dF -139.8, -158.4, -165.5 (o-, p-, m-F)]
spectroscopies, and ES-MS, with [M + Na]+ and [M + H]+ at
m/z 983 and 961, respectively, being observed. In the negative ion
ES-MS, [M - H]- at m/z 959 was observed. The structure of the
complex was also established by a single crystal X-ray diffraction
study.

The Cadiot–Chodkiewicz reaction, in which a terminal alkyne
RC∫CH and a haloalkyne XC∫CR¢ are cross-coupled in the pres-
ence of a copper catalyst, is a well-known route to the preparation
of differentially substituted 1,4-buta-1,3-diynes, RC∫CC∫CR¢.21

The reaction between Au(C∫CC6F5)(PPh3) and iodoethynylfer-
rocene, IC∫CFc, gives 1-ferrocenyl-4-pentafluorophenylbuta-1,3-
diyne, FcC∫CC∫CC6F5 (7), accompanied by some FcC∫CC∫CFc.
The composition of the former compound was readily established
from elemental analysis and the usual spectroscopic data. Thus in
the IR spectrum a single n(CC) band was observed at 2220 cm-1. In
the 13C NMR spectrum, resonances at dC 62.10, 69.53, 86.86 and
99.55 are assigned to the carbon nuclei of the butadiyne fragment.
In the 19F NMR two multiplets at dF -137.7 and -163.8 and
a triplet at dF -153.9 are found for the o-, m- and p-fluorines,
respectively. The ES-MS contains M+ at m/z 400.

Ruthenium complexes derived from 1,4-(Me3SiC∫C)2C6F4

The pentafluorophenyl ring systems in complexes such as 1–3 are
inert toward substitution reactions with common nucleophiles,

and our attempts to synthesise bis-metalla-1,4-diethynyltetra-
fluorobenzenes by reacting monometallic (pentafluorophenyl)-
ethynyl complexes 1–3 with alkynyl anions have been so
far unsuccessful. Hence 1,4-bis[(trimethylsilyl)ethynyl]tetrafluoro-
benzene16,22 was treated with RuCl(PP)Cp¢ [where PP = (PPh3)2,
dppe; Cp¢ = Cp, Cp*] in the presence of KF to give the diruthenium
complexes 1,4-{Cp¢(PP)Ru(C∫C)}2C6F4 [PP = (PPh3)2, Cp¢ = Cp
(8), PP = dppe, Cp¢ = Cp (9), Cp* (10)] in 60, 26 and 63% yields,
respectively (Scheme 3). Elemental analyses and ES-MS confirmed
the formulations of these complexes with M+ found at m/z 1578
(for 8) and 1326 (9), with [M + H]+ being obtained as the highest
molecular weight ion in the MS of the most electron-rich example,
10. For each compound 8–10 the IR spectra contain two n(CC)
bands, which were closely spaced, between 2072 and 2032 cm-1. In
the 1H NMR spectra, the usual resonances for the Cp ligands are
found at dH 4.86 (8) and 4.71 (9), and for Cp* at d 1.68 (10). The
13C NMR of 10 contains resonances at dC 10.7 and 93.7 (Cp*). In
the 31P NMR spectra, characteristic resonances at dP 51.7 (8), 86.7
(9) and 80.9 (10) were found. The 19F NMR spectra each contain
only one resonance at dF -147.0 (8), -147.8 (9) and -148.0 (10),
as expected for a symmetrically disubstituted C6F4 group.

Ruthenium complexes derived from 1,4-(Me3SiC∫C)2C6H4

For purposes of comparison with the fluorinated complexes
here, it was desirable to examine the hydrocarbon analogues
Ru(C∫CPh)(PP)Cp¢ and 1,4-{Cp¢(PP)RuC∫C}2C6H4. All three
monoruthenium complexes Ru(C∫CPh)(PP)Cp¢ have been re-
ported elsewhere.8,23,24 Of the diruthenium complexes only the
very insoluble compound 1,4-{Cp(PPh3)2RuC∫C}2C6H4 (11) has
been prepared previously.25 The more soluble systems 1,4-
{Cp(dppe)RuC∫C}2C6H4 (12) and 1,4-{Cp*(dppe)RuC∫C}2C6H4

(13) were readily prepared from reactions of 1,4-(Me3SiC∫C)2C6H4

and two molar equivalents of the appropriate chloride precursor
RuCl(PP)Cp¢ in the presence of KF (Scheme 3). The character-
isation of these compounds was straightforward, and details of
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Scheme 3

the elemental analytical and spectroscopic results are given in the
Experimental section.

Molecular structures

The structures of 1, 2, 3, 6 and 10 have been determined by
single-crystal X-ray diffraction studies† and molecules of these
complexes are depicted in Fig. 1–5. Table 1 contains selected
structural parameters for all but 6, for which selected data are given
in the caption to the associated Figure, whilst Table 2 summarises

Fig. 1 Projection of a single molecule of Ru(C∫CC6F5)(PPh3)2Cp (1). In
this, and subsequent plots, hydrogen atoms have been omitted for clarity.

Fig. 2 Projection of a single molecule of Ru(C∫CC6F5)(dppe)Cp (2).

Fig. 3 Projection of a single molecule of Ru(C∫CC6F5)(dppe)Cp* (3).

details of the data collection. The Ru(dppe)Cp¢ fragments have the
expected near-octahedral geometry, with Ru–P bond distances of
2.238(2)–2.2694(8) Å and Ru–C(Cp) 2.215(7)–2.269(3) Å. Along
the carbon chain of 2 C(1)–C(2) is 1.205(9) Å and C(2)–C(21) is
1.432(9) Å, while in 3 C(1)–C(2) is 1.217(5) Å and C(2)–C(21)
is 1.442(5) Å. The Ru–C(1) distance in 2 is 1.982(7) Å, similar
to that reported for Ru(C∫CC∫CSiMe3)(dppe)Cp* [1.983(2) Å];26

in 3 the Ru–C(1) distance is 2.000(3) Å. The carbon chain of
2 is significantly less distorted than that of 3, with angles at
C(1,2) of 178.7(6) and 177.2(7)◦ (for 2) compared with values of
168.9(3) and 170.2(3)◦ for 3. In 10 the Ru(dppe)Cp fragment has
the expected geometry, with Ru–P(1,2) 2.2542(7) and 2.2607(7) Å
and Ru–C(Cp) 2.223(3)–2.264(3) Å; the C(1)–C(2), C(2)–C(3)
separations are 1.221(3), 1.427(3) Å and the Ru–C(1) distance
is 1.996(2) Å. The carbon chain is again somewhat distorted,
with angles at C(1,2) of 172.6(2) and 172.2(3)◦, respectively.
Surprisingly, compound 10 appears to represent the first bimetallic
ruthenium complex of general type LnRuC∫CArC∫CRuLn to be
structurally characterised.

Comparison of closely related complexes containing Ph and
C6F5 groups shows that there are few significant structural
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Fig. 4 Projection of molecule 1 of Co3(m3-CC∫CC6F5)(m-dppm)(CO)7

(6). Selected structural data: Bond distances (Å) Co(1)–Co(2,3) 2.4781(5),
2.4810(4), Co(2)–Co(3) 2.4805(4), Co(n)–P(n) (n = 1,2) 2.2014(5),
2.2035(4), Co(1)–C(1) 1.900(1), Co(2)–C(1) 1.914(2), Co(3)–C(1)
1.947(1), C(1)–C(2) 1.403(2), C(2)–C(3) 1.213(2), C(3)–C(131) 1.428(2),
C(13n)–C(13n + 1) (av.) 1.385(9), C(13n)–F(13n) (av.) 1.343(3) Å.
Bond angles (◦) Co(1)–C(1)–C(2) 136.3(1), Co(2)–C(1)–C(2) 131.4(1),
Co(3)–C(1)–C(2) 127.2(1), C(1)–C(2)–C(3) 179.1(2), C(2)–C(3)–C(131)
175.8(2), C(3)–C(131)–C(132) 121.9(1), C(3)–C(131)–C(136) 121.8(1)◦.
Molecule 2 is similar, differing only in the aromatic ring orientations.

differences. Considering the three pairs: Ru(C∫CC6X5)(PP)Cp¢
[X = H, F; (PP)Cp¢ = (PPh3)2Cp and (dppe)Cp, (dppe)Cp*,
the Ru–P distances are experimentally the same in each pair,
although they may differ with ligand set.8,23,24 The Ru–C(1)
distance is longer in the phenylethynyl derivatives than in the

Fig. 5 Projection of a molecule of 1,4-{Cp*(dppe)Ru(C∫C)}2C6F4 (10).

C6F5 analogues [2.017(5), 2.009(3), 2.011(4) (X = H) vs. 1.991(6),
1.982(7), 2.000(3) Å (X = F)], while the C(2)–C(21) distances are
also shorter in two of the C6F5 compounds, but longer in the
Cp* complex [1.463(8), 1.444(5), 1.431(5) (X = H) vs. 1.421(9),
1.432(9), 1.442(5) Å (X = F)]. However, the differences are
only marginally significant. Within the C6X5 ring, average C–C
separations are 1.395(8), 1.396(5), 1.373(9) (X = H) vs. 1.380(6),
1.373(10), 1.383(11) Å (X = F).

In 6 (Fig. 4), the carbon chains of the two independent molecules
are essentially linear [C(2)–C(3)–C(131) 175.8(2), 173.5(2)◦] with
C(1)–C(2) [1.403(2), 1.404(2) Å] consistent with a carbon–carbon
single bond and C(2)–C(3) [1.213(2), 1.208(2) Å] with C(1)–C(2)
triple bond. The Co3(m-dppm)(CO)7 clusters are similar to those
found in many related examples,15,27–30 with Co–Co 2.4763(4)–
2.4938(4), Co–P 2.2014(5)–2.2108(4) and Co–C(1) 1.893(2)–
1.914(2) and 1.940(1), 1.947(1) Å, the latter involving Co(3), which
is not attached to the dppm ligand.

Electrochemistry

Extensive studies of the redox properties of arylalkynyl complexes
containing M(PP)Cp¢ [M = Fe, Ru; PP = (PPh3)2, dppe; Cp¢ =
Cp, Cp* (not all combinations)] fragments have been made, with
complementary spectroscopic and computational work used to
analyse the physical and electronic structure of the redox-related
species.7–9 In the case of arylalkynyl compounds of the Group 8
metals, the extensive mixing of the metal and alkynyl frontier
orbitals leads to a significant degree of carbon ligand character in

Table 1 Selected bond parameters for 1–3 and 10

Complex 1 2 3 10

Bond distances/Å
Ru–P(1) 2.295(2) 2.238(2) 2.2694(8) 2.2542(7)
Ru–P(2) 2.282(2) 2.260(2) 2.2592(8) 2.2607(7)
Ru–C(Cp) 2.232(5)–2.261(6) 2.215(7)–2.250(8) 2.224(3)–2.269(3) 2.223(3)–2.264(3)
(Av.) 2.244(11) 2.234(14) 2.25(2) 2.250(16)
Ru–C(1) 1.991(6) 1.982(7) 2.000(3) 1.996(2)
C(1)–C(2) 1.225(9) 1.205(9) 1.217(5) 1.221(3)
C(2)–C(21) 1.421(9) 1.432(9) 1.442(5) 1.427(3)
C(2n)–F(2n) 1.329(8)–1.362(12) 1.329(9)–1.353(10) 1.338(5)–1.352(5) 1.342(3), 1.356(3)
(Av.) 1.344(14) 1.340(10) 1.344(6) 1.349(10)
Bond angles/◦

P(1)–Ru–P(2) 100.31(5) 83.48(6) 82.44(3) 82.62(3)
P(1)–Ru–C(1) 92.3(2) 87.2(2) 89.12(9) 86.38(7)
P(2)–Ru–C(1) 87.4(2) 81.6(2) 87.62(9) 85.45(7)
Ru–C(1)–C(2) 173.0(5) 178.7(6) 168.9(3) 172.6(2)
C(1)–C(2)–C(21) 169.2(6) 177.2(7) 170.2(3) 172.2(3)
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Table 2 Crystal data and refinement details†

Complex 1 2 3 6 10

Formula C49H35F5P2Ru·0.5C6H6 C39H29F5P2Ru C44H39F5P2Ru C41H22Co3F5O7P2 C82H78F4P4Ru2

MW 920.88 755.67 825.8 960.32 1465.55
Crystal system Monoclinic Orthorhombic Monoclinic Triclinic Monoclinic
Space group P21/n P212121 P21/c P1̄ P21/n
a/Å 10.1626(7) 8.988(1) 8.605(1) 11.617(1) 10.982(1)
b/Å 24.5128(2) 15.065(2) 25.438(3) 17.643(2) 18.486(2)
c/Å 17.0993(8) 23.420(3) 17.212(2) 19.108(3) 17.193(2)
a/◦ — — — 97.855(9) —
b/◦ 96.323(5) — 100.864(2) 91.445(11) 93.839(2)
g /◦ — — — 93.438(7) —
V/Å3 4233.8(4) 3171.2(7) 3700.1(7) 3870.4(8) 3482.6(6)
Z 4 4 4 4 2
rc/g cm-3 1.445 1.583 1.482 1.648 1.398

2qmax/◦ 58 58 58 68 62
m(Mo-Ka)/mm-1 0.50 0.65 0.57 1.43 0.58
Tmin/max 0.92 0.91 0.91 0.92 0.92
Crystal dimensions/mm 0.26 ¥ 0.21 ¥ 0.05 0.23 ¥ 0.15 ¥ 0.09 0.36 ¥ 0.13 ¥ 0.07 0.38 ¥ 0.28 ¥ 0.24 0.48 ¥ 0.32 ¥ 0.12
N tot 92469 30061 33123 76417 38966
N(Rint) 11272 (0.067) 4570 (0.048) 9336 (0.043) 29976 (0.024) 11272 (0.033)
No 11272 4127 7506 20530 8907
R 0.068 0.048 0.044 0.032 (R1) 0.036
Rw 0.085 0.067 0.080 0.083 (wR2) 0.077
T/K 100 170 170 100 150

the HOMOs of the resulting radical cations.8,9 Table 3 collects elec-
trochemical data for the ruthenium s-alkynyl complexes 2–3, 8–13
and the monoruthenium complexes Ru(C∫CPh)(PP)Cp¢ described
above, referenced against the ferrocene/ferrocenium couple. Given
the contribution from the aryl ring to the redox-active orbital
in these systems, it is unsurprising that perfluorination of the
arylalkynyl ligand leads to less thermodynamically favourable
oxidation (e.g., 2 +0.10 V, 3 -0.04 V) than found in the hydro-
carbon analogues such as Ru(C∫CPh)(dppe)Cp (-0.08 V) and
Ru(C∫CPh)(dppe)Cp* (-0.26 V).9,31,32 The fluorinated bimetallic
complexes 8–10 and the hydrocarbon analogues 11–13 each
undergo two reversible oxidation events, E1 and E2 with DEp =
|E2 - E1| ca. 200–300 mV. The larger DEp values are generally
associated with the complexes featuring perfluorinated bridges,
and indicate the greater stability of the mono-oxidised species with
respect to disproportionation. This is likely a consequence of the
higher thermodynamic barrier to the second oxidation brought

Table 3 Electrochemical data from 2–3, 8–13 and related systemsa

Compound E1 E2 DEp

2 0.10 — —
3 -0.04 — —
Ru(C∫CPh)(PPh3)2Cpb 0.11 — —
Ru(C∫CPh)(dppe)Cp -0.08 — —
Ru(C∫CPh)(dppe)Cp* -0.26 — —
8 -0.09 0.21 0.30
9 -0.17 0.11 0.28
10 -0.35 -0.03 0.32
11 -0.30 -0.01 0.29
12 -0.32 -0.09 0.23
13 -0.50 -0.22 0.28

a CH2Cl2/0.1 M [NBu4]BF4, Pt microdisk working, Pt wire counter, Pt
wire pseudoreference electrodes, potentials in Volts vs. FeCp2/[FeCp2]+,
via reference to FeCp2, FeCp*2 or CoCp2

+ internal standards. b Data from
ref. 9.

about by the electron-withdrawing fluoro substituents. The first
oxidation potentials follow the same trends as observed for the
monometallic complexes, with oxidation of the fluorinated species
being less thermodynamically favourable when compared with the
hydrocarbon analogues.

Electronic structure calculations

In order to more fully probe the influence of perfluorination on the
electronic structure of compounds such as Ru(C∫CC6X5)(PP)Cp¢
and 1,4-{Cp¢(PP)RuC∫C}2C6X4 (X = H, F), a series of density
functional theory (DFT) calculations (B3LYP/3–21G*) were
carried out on the model systems Ru(C∫CC6F5)(PH3)2Cp (1-
F), Ru(C∫CPh)(PH3)2Cp (1-H),9 1,4-{Cp(PH3)2RuC∫C}2C6F4 (8-
F) and 1,4-{Cp(PH3)2RuC∫C}2C6H4 (11-H). Results from the
structural optimisations are summarised in Table 4, with relevant
data from single crystal X-ray diffraction experiments of suitable
compounds for comparison. Details of the orbital energies and
compositions are summarised in Tables 5 and 6, and important
orbitals are illustrated in Fig. 6–9. Whilst the basis set employed
is relatively small, it has proven to be entirely satisfactory
against other, larger, basis sets for Ru(C∫CC6X5)(PP)Cp¢ type
compounds.9

The electronic structures of pseudo-octahedral d6 metal alkynyl
complexes such as 1-H have been studied on previous occasions
at various levels of theory,7–9 and only pertinent details are sum-
marised here for completeness. The highest occupied molecular
orbitals of the monometallic systems 1-H and 1-F essentially com-
prise the antibonding combinations of the orthogonal acetylene
p-system with metal d-orbitals of appropriate symmetry (Fig. 6
and 7). The acetylide phenyl substituent is oriented either orthog-
onally (1-H) or co-planar (1-F) with a plane bisecting the P–Ru–P
angle. However, the barrier to rotation around the C(2)–C(21)
bond is small (estimated at 0.3 and 0.4 kcal mol-1 for 1-H and 1-F,
respectively, at B3LYP/3–21G*) and the preferential orientation
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Table 4 Optimised structural data from 1-H, 1-F, 8-F and 11-H, with crystallographic data from related systems

1-H Ru(C∫CPh)(PPh3)2Cpa 1-F 1 8-F 8 11-H

Ru–C(1) 2.018 2.016(3) 2.001 1.991(6) 2.005 1.996(2) 2.018
Ru–P 2.278 2.285(1), 2.303(1) 2.284 2.295(2), 2.282(2) 2.282 2.2542(7), 2.2607(7) 2.277
C(1)–C(2) 1.228 1.215(4) 1.226 1.225(9) 1.226 1.221(3) 1.228
C(2)–C(21) 1.426 1.456(4) 1.406 1.421(9) 1.407 1.427(3) 1.423
qb — — — — 180.0 180 158.9

a Ref. 23a b q = P(1)–Ru(1) ◊ ◊ ◊ Ru¢–P(1)¢.

Table 5 The energy (E/eV) and composition of selected frontier molec-
ular orbitals in 1-F and 1-H

1-F MO E Cp PH3 Ru Ca Cb C6F5

109 L + 4 -0.02 0 0 0 0 0 100
108 L + 3 -0.19 3 21 76 0 0 0
107 L + 2 -0.43 17 14 59 8 1 1
106 L + 1 -0.66 2 2 4 15 1 76
105 LUMO -1.05 24 27 49 0 0 0
104 HOMO -5.18 7 3 34 10 23 23
103 H - 1 -5.68 8 5 60 6 19 1
102 H - 2 -6.20 22 11 43 10 14 1

1-H MO E Cp PH3 Ru Ca Cb C6H5

89 L + 4 0.57 0 2 6 0 0 92
88 L + 3 0.09 2 12 27 10 1 48
87 L + 2 -0.03 3 11 54 6 2 26
86 L + 1 -0.15 16 13 62 8 0 0
85 LUMO -0.78 24 27 50 0 0 0
84 HOMO -4.91 2 1 30 16 22 29
83 H - 1 -5.09 8 4 46 10 28 4
82 H - 2 -5.72 26 14 46 6 1 6

seems to depend more upon the level of theory employed or the
starting point for the geometry optimisation than any significant
electronic factor. In either case, the repulsive interactions between
the filled M–C∫C and phenyl fragment orbitals destabilise the
more delocalised orbital, and therefore it is this that comprises the
HOMO. The contribution from the arylalkynyl fragment to the
HOMO is not negligible (ca. 56–67%),9 with fluorination of the

Fig. 6 Frontier orbitals of 1-H. Contour values are plotted at ±0.04
(e bohr-3)1/2.

ligand resulting in only a small decrease in the ligand character.
Thus, for either system descriptions of the redox chemistry in
terms of metal-localised behaviour is likely an oversimplification.
In contrast to the delocalised nature of the HOMO, in both 1-H
and 1-F the LUMO is centred on the metal fragment, without any
significant contribution from the arylalkynyl moiety (Fig. 6 and 7).
The aryl/alkynyl p* systems lie above these empty metal orbitals,
and, as would be expected, the p*-system of the fluorinated ring is
somewhat lower in energy than that of the analogous orbital from
the aromatic hydrocarbon (Table 6).

Table 6 The energy (E/eV) and composition of selected frontier molecular orbitals in 8-F and 11-H

8-F MO E Cp(1) PH3(1) Ru(1) Ca(1) Cb(1) C6F4 Cb(2) Ca(2) Ru(2) PH3(2) Cp(2)

168 L + 4 -0.16 9 7 30 4 0 0 0 4 29 7 9
167 L + 3 -0.17 8 7 29 4 1 1 1 4 30 7 9
166 L + 2 -0.48 1 1 3 12 1 63 1 12 3 1 1
165 L + 1 -0.79 24 27 49 0 0 0 0 0 0 0 0
164 LUMO -0.79 0 0 0 0 0 0 0 0 49 27 24
163 HOMO -4.49 3 1 14 9 11 25 11 9 14 1 3
162 H-1 -5.33 5 2 24 2 12 10 12 2 24 2 5
161 H-2 -5.37 3 2 30 4 11 2 10 4 28 2 3

11-H MO E Cp(1) PH3(1) Ru(1) Ca(1) Cb(1) C6H4 Cb(2) Ca(2) Ru(2) PH3(2) Cp(2)

152 L + 4 -0.02 1 2 4 11 2 59 2 11 4 2 1
151 L + 3 -0.03 9 7 36 4 0 0 0 4 28 6 7
150 L + 2 -0.04 7 5 28 3 0 0 0 4 36 7 9
149 L + 1 -0.66 0 0 0 0 0 0 0 0 50 27 24
148 LUMO -0.67 24 27 50 0 0 0 0 0 0 0 0
147 HOMO -4.17 2 1 12 11 9 30 9 11 12 1 2
146 H-1 -5.11 5 2 23 3 13 8 13 3 23 2 5
145 H-2 -5.14 2 2 30 6 14 2 11 5 23 1 2
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Fig. 7 Frontier orbitals of 1-F. Contour values are plotted at ±0.04
(e bohr-3)1/2.

Fig. 8 Frontier orbitals of 8-F. Contour values are plotted at ±0.04
(e bohr-3)1/2.

Fig. 9 Frontier orbitals of 11-H. Contour values are plotted at ±0.04
(e bohr-3)1/2.

In general, perfluorination has little effect on the gross descrip-
tion of the electronic structure of the arylalkynyl complexes of
ruthenium described here, save to stabilise the orbital manifold
to some extent. A small elongation of the calculated Ru–P
bond lengths is not reproduced within the level of precision of
the structure determinations of Ru(C∫CPh)(PPh3)2Cp23 and 1.
However, the contraction of the Ru–C(1) bond length observed
upon comparison of the optimised geometries of 1-H and 1-F is
reflected at the limit of precision in the experimentally determined
structures, and likely arises from the greater electrostatic attraction
of the Ru and C(1) centres in the case of the fluorinated compound.

The calculated electronic structures of the bimetallic systems
11-H and 8-F, which are similar to each other, merit consideration
and discussion. Geometry optimisations for 11-H and 8-F show
minima (type A) with the phenyl ring of the bridging ligand
orthogonal to the plane bisecting the P–Ru–P angles and minima
(type B) with the phenyl ring of the bridging ligand co-planar with
the plane bisecting the P–Ru–P angle. Both minima A and B have
the same energies at B3LYP/3–21G* for 11-H and 8-F. Similar
behaviour for related systems has been noted elsewhere.33 Here
we focus on type A minima in detail for 11-H and 8-F, although
similar conclusions for structure type B may also be made.

The HOMOs of 11-H and 8-F are, in each case, of comparable
composition to those of the mononuclear models (Fig. 8 and
9), being delocalised over the metal centres, alkynyl fragment
and aromatic ring system. Interestingly, the HOMO in 11-H
and 8-F is 65–70% diethynyl aromatic ligand in character, and
consequently the compounds are best described in terms of an
organic diethynylarylene featuring strong p-donating substituents
[the Ru(PP)Cp¢ fragments]. In each case, the HOMO is well-
separated in energy from the other occupied orbitals, in agreement
with the electrochemical observation of two anodic events. The
HOMO-1 can be described in terms of the various other in-
and out-of-phase combinations of the metal (d) and acetylide (p)
orbitals, and being lower in energy in the case of the fluorinated
derivative (Fig. 8 and 9, Table 6). Within the unoccupied orbital
manifold the diethynylbenzene p* system is interleaved within
the unoccupied metal d orbitals, with the fluorinated system
naturally lying lower in energy than the hydrocarbon analogue
(Table 6). Interestingly, although Koopmans’ theorem has no
direct correlation with DFT-based methods of electronic structure
calculation, the HOMO in 11-H is higher in energy than the
HOMO in 8-F. This energy order maps with the differences in
redox properties of 11 and 8, and supports the fairly intuitive
observation than the introduction of the perfluoroaryl group
leads to less thermodynamically favourable oxidation processes
(vide supra).

UV-Vis-NIR spectroelectrochemistry

To provide an experimental check of the key conclusions drawn
from the computational work (i.e. that the electronic structures of
the bimetallic ruthenium complexes 1,4-{Cp¢(PP)RuC∫C}2C6X4

(X = H, F) are largely insensitive to fluorination of the alkynylaryl
ring system, and that the HOMOs contain a very large amount
of alkynylaryl character), UV-Vis-NIR spectroelectrochemical
studies were conducted on complexes 10 and 13 (Fig. 10), chosen
as samples representative of the series 8–13. The spectra of the
neutral complexes 10 and 13 are similar, each being dominated by
an intense band at 27100 (13) or 24900 (10) cm-1. The red-shift of
this band on fluorination of the phenylene ring is consistent with
the assignment of the band to an MLCT transition, or perhaps
more accurately to a bridge-based p–p* transition, albeit with
the p-orbitals of the bridge admixed with some metal character
(ML-LCT). In each case, this characteristic band collapses upon
one-electron oxidation and is replaced by structured bands or
composite band envelopes in the region 20000–17000 cm-1 and
8000–5000 cm-1.

Both [10]+ and [13]+ feature structured bands in the visible
region that are similar to those observed in related radical
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Fig. 10 The UV-Vis-NIR spectra of [10]n+ (top) and [13]n+ (bottom)
(CH2Cl2/0.1M NBu4BF4).

complexes34 and compounds35 in which the phenylene ring systems
are intimately involved in supporting the unpaired electron. When
this experimental observation is considered alongside the DFT
results, it is reasonable to describe oxidation of the ruthenium
complexes 1,4-{Cp¢(PP)RuC∫C}2C6X4 in terms of depopulation
of the HOMO to give a SOMO of comparable character to those
depicted in Fig. 8 and 9. The band envelope in the NIR region is
similar in each of [10]+ and [13]+, and can be deconvoluted into
the sum of two Gaussian-shaped components (Fig. 11), which
contrasts with more complex deconvolutions associated with the
NIR spectrum of the strongly coupled mixed valence complex
1,4-[{Cp*(dppe)FeC∫C}2C6H4]+ due to the pronounced “cut-off”
on the high energy side, and potential complications arising from
multiple IVCT transitions.36 The almost identical band-shapes of

Fig. 11 The NIR region of [10]+ (top) and [13]+ (bottom) showing the
deconvolution of the absorption envelope into a sum of two Gaussian
shaped components ([10]+ : n̄max = 5352 cm-1, Dn̄ 1

2
= 1114 cm-1,

e = 6875 dm3 mol-1 cm-1; n̄max= 6584 cm-1, Dn̄ 1
2

= 2834 cm-1, e =
6432 dm3 mol-1 cm-1. [13]+ n̄max= 5630 cm-1, Dn̄ 1

2
= 1102 cm-1, e =

12410 dm3 mol-1 cm-1; n̄max= 6874 cm-1, Dn̄ 1
2

= 2700 cm-1, e =
16553 dm3 mol-1 cm-1).

the components in the NIR band envelopes of [10]+ and [13]+

provides yet more evidence for the electronic similarity of these
compounds. The absorption profile is red-shifted in the case of the
fluorinated ring system, consistent with transfer of electron density
to the phenylene-based orbitals in the transitions responsible for
these bands, providing further evidence for the involvement of
the phenylene ring in the redox active orbital. The deconvoluted
NIR bands are also considerably narrower than predicted from
the Hush model for weakly-coupled mixed-valence compounds,37

and too intense to be simple dd bands associated with a d5 metal
centre. Therefore, the lower energy component is assigned to the
[HOMO-1] to SOMO transition, which has metal-ethynyl (d-p) to
aryl (p) character. The higher energy component can be attributed
to a transition from a lower-lying, more metal based orbital (or
orbitals) to the SOMO (i.e. an M-MLCT transition).

Although an electrogenerated sample of the dication [10]2+

decomposed before a reliable spectrum could be obtained, the UV-
Vis-NIR spectrum of the dication [13]2+ was satisfactorily obtained
by controlled potential electrolysis in a spectroelectrochemical
cell, as evidenced by the sequential re-reduction through [13]+

to [13]. The spectrum of [13]2+ (Fig. 10) is similar in profile to that
of [Ru(C∫CC6H4Me-4)(dppe)Cp*]+, and by analogy the major
visible band in [13]2+ can be assigned to a metal-to-metal/ligand
(M-MLCT) transition.9 A weaker band is also present in the
NIR region of [13]2+, which is similar to that observed for the
analogous mononuclear system [3]+ and may therefore be assigned
to a similar transition between approximately orthogonal orbitals
with significant metal d/ethynyl p character.9

Taken as a whole, these UV-Vis-NIR spectroscopic data support
the conclusions drawn from the DFT work, and indicate that
the frontier/redox active orbitals in 1,4-{Cp¢(PP)RuC∫C}2C6X4

systems are heavily centred on the bridging ligand. It is therefore
not appropriate to discuss the properties of these compounds in
terms of mixed-valence models, but rather they should be regarded
as further examples of bimetallic compounds featuring redox
“non-innocent” bridging ligands.38

Conclusions

This work has demonstrated the efficient syntheses of several com-
plexes featuring mono- and di-ethynyl derivatives of perfluoro-
inated phenyl and phenylene ring systems, by treating the readily
available SiMe3-protected alkyne with equivalent amounts of the
metal-halide precursor either in a fluoride- or NaOMe-initiated
desilylation/metallation reaction sequence. Whilst nucleophilic
substitution reactions are common in the chemistry of perflu-
oroaromatics, the introduction of a strong inductive electron-
donating metal alkynyl fragment effectively turns off this reaction
pathway. Gold-modified Sonogashira and Cadiot–Chodkiewicz
coupling protocols are also effective as chain extension reactions
involving perfluorophenyl rings. In the case of the monometal-
lic (1–3) and bimetallic (8–13) ruthenium alkynyl complexes,
perfluorination of the alkynyl-based ligand does not greatly
affect the overall electronic structure of the compounds. Rather,
perfluorination leads to a small stabilisation of the orbital mani-
fold, and consequently less thermodynamically favourable oxida-
tion. Interestingly, calculations reveal a significant (ca. 60–70%)
contribution from the ethynyl aromatic moiety to the HOMOs
in the ruthenium systems. This prediction is supported by
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UV-Vis-NIR spectroscopy, and raises questions about the nature
of the oxidation events (metal- vs. ligand- centred) and “mixed
valence” character of many similar ruthenium/alkynyl based
systems. Further experiments directed at probing this point are
in progress and will be reported elsewhere.

Experimental

General

All reactions were carried out under dry nitrogen, although
normally no special precautions to exclude air were taken during
subsequent work-up. Common solvents were dried, distilled under
nitrogen and degassed before use. Separations were carried out
by preparative thin-layer chromatography on glass plates (20 ¥
20 cm2) coated with silica gel (Merck, 0.5 mm thick).

Instruments

IR spectra were obtained on a Bruker IFS28 FT-IR spectrometer
from samples mounted between NaCl windows. NMR spectra
were recorded on a Varian 2000 instrument (1H at 300.13 MHz,
13C at 75.47 MHz, 31P at 121.503, 19F at 282.39 MHz). Unless
otherwise stated, samples were dissolved in CDCl3 or C6D6

contained in 5 mm sample tubes. Chemical shifts are given in
ppm relative to internal SiMe4 for 1H and 13C NMR spectra
and external H3PO4 for 31P NMR spectra. 19F NMR spectra
were referenced to CFCl3, with internal C6F6 (dF -164.9) as the
standard. Electrospray mass spectra (ES-MS) were obtained from
samples dissolved in MeOH unless otherwise indicated. Solutions
were injected into a Fisons VG Platform II spectrometer via
a 10 ml injection loop. Nitrogen was used as the drying and
nebulising gas. NaOMe was used as an aid to ionisation when
required.39 Peaks listed are the highest intensity ions in the isotopic
envelopes. Electrochemical samples (1 mM) were dissolved in
CH2Cl2 containing 0.1 M [NBu4]BF4 as the supporting electrolyte.
Cyclic voltammograms were recorded using a PAR Model 263
potentiostat and a cell with all Pt electrodes, and reported
against ferrocene (FeCp2/[FeCp2]+ = +0.00 V). Under these con-
ditions, the decamethylferrocene/decamethylferrocenium couple
is -0.53 V, and cobaltocene/cobaltocenium -1.34 V. Elemental
analyses were by CMAS, Belmont, Vic., Australia. Details of the
spectroelectrochemical cell and conditions have been published
elsewhere.9

Reagents

The compounds RuCl(dppe)Cp*,10d Me3SiC∫CC6F5,16 1,4-(Me3-
SiC∫C)2C6F4,16a,22 Pt2(m-dppm)2Cl2,19 Ru(C∫CC6F5)(PPh3)2Cp,5

1,4-{Cp(PPh3)2Ru(C∫C)}2C6H4 (11),40 RuCl(dppe)Cp,41 RuCl-
(PPh3)2Cp,42 Mo(∫CBr)(CO)2Tp*,43 Pd(PPh3)4,44 Co3(m3-CBr)(m-
dppm)(CO)7,30a IC∫CFc,45 Au(C∫CC6F5)(PPh3)46 and Ru(C∫
CPh)(dppe)Cp¢ (Cp¢ = Cp, Cp*)31 were all prepared as described
previously.

Ru(C∫CC6F5)(PPh3)2Cp (1)

A sample of this complex was obtained as previously described,5

and recrystallised from dichloromethane/hexanes for the crystal-
lographic study.

Derivatives of Me3SiC∫CC6F5

(a) Ru(C∫CC6F5)(dppe)Cp (2). A mixture of Me3SiC∫CC6F5

(300 mg, 1.13 mmol), RuCl(dppe)Cp (456 mg, 0.76 mmol) and
KF (44 mg, 0.15 mmol) in MeOH (20 ml) was heated under reflux
for 5 h. The resulting yellow precipitate was collected and washed
with MeOH followed by hexane to give Ru(C∫CC6F5)(dppe)Cp
(2) (575 mg, 63%). Anal. Calcd (C39H29F5P2Ru): C, 61.99; H, 3.87;
M, 755. Found: C, 61.93; H, 3.83. IR (Nujol, cm-1): n(CC) 2097
m, 2070 w. 1H NMR (C6D6): d 2.16, 2.71 (2 m, 2 ¥ 2H, CH2CH2),
4.73 (s, 5H, Cp), 6.95–7.99 (m, 24H, Ph). 13C NMR: d 27.8 [t,
J(CP) 23 Hz, CH2CH2], 83.0 (s, Cp), 126.1–142.5 (m, Ph). 19F
NMR: d -145.6 (m, 2F, o-F), -168.3 [t, J(FF) = 21 Hz, 1F, p-F],
-168.8 (m, 2F, m-F). 31P NMR: d 87.0 (s, dppe). ES-MS (MeOH +
NaOMe, m/z): 779, [M + Na]+; 756, [M + H]+; 738, [M - F]+; 593,
[Ru(CO)(dppe)Cp]+; 565, [Ru(dppe)Cp]+.

(b) Ru(C∫CC6F5)(dppe)Cp* (3). In a procedure similar to that
used for 2, Me3SiC∫CC6F5 (200 mg, 0.76 mmol), RuCl(dppe)Cp*
(508 mg, 0.76 mmol) and KF (44 mg, 0.76 mmol) and MeOH
(20 ml) gave a pale green precipitate of Ru(C∫CC6F5)(dppe)Cp*
(3) (339 mg, 54%). Anal. Calcd (C44H39F5P2Ru): C, 64.00; H, 4.76;
M, 826. Found: C, 63.98; H, 4.80. IR (Nujol, cm-1): n(CC) 2078
m, 2033 s. 1H NMR (C6D6): d 1.66 (s, 15H, Cp*), 2.01, 2.81 (2 m,
2 ¥ 2H, CH2CH2), 7.02–7.87 (m, 20H, Ph). 13C NMR: d 10.6 (s,
C5Me5), 29.9 [t, J(CP) = 23 Hz, CH2CH2], 92.7 (s, C∫C), 93.84
(s, C5Me5), 127.1–144.7 (m, Ph). 19F NMR: d -169.1 [t, J(FF) =
21 Hz, 1F, p-F], -168.9 (m, 2F, p-F), -145.8 (m, 2F, o-F). 31P NMR:
d 81.7 (s, dppe). ES-MS (MeOH + NaOMe, m/z): 848, [M + Na]+;
827, [M + H]+; 808, [M - F]+; 662, [Ru(CO)(dppe)Cp*]+; 635,
[Ru(dppe)Cp*]+.

(c) Pt2(l-dppm)2(C∫CC6F5)2 (4). To a stirred suspension of
Pt2(m-dppm)2Cl2 (100 mg, 0.08 mmol) in NaOMe [from Na (50 mg)
in MeOH (10 ml)] was added an excess of Me3SiC∫CC6F5 (50 mg).
This mixture was stirred at r.t. for 6 h before the resulting
precipitate was collected and washed with MeOH followed by
hexane to give Pt2(m-dppm)2(C∫CC6F5)2 (6) (33 mg, 26%). Anal.
Calcd (C66H44F10P4Pt2): C, 51.44; H, 2.88; M, 1540. Found: C,
51.39; H, 2.80. IR (Nujol, cm-1): n(CC) 2079 m. 1H NMR (C6D6):
d 4.62 (m, 4H, 2 ¥ CH2), 6.96–7.90 (m, 40H, Ph). 19F NMR: d
-168.2 (m, 2F, m-F), -165.7 [t, J(FF) = 21 Hz, 1F, p-F], -143.1
(m, 2F, o-F). 31P NMR: d 2.1 [s, dppm, J(PtP) = 2816 Hz]. ES-MS
(MeOH, m/z): 1541, [M + H]+.

Derivatives of Au(C∫CC6F5)(PPh3)

(a) Mo(∫CC∫CC6F5)(CO)2Tp* (5)

A mixture of Au(C∫CC6F5)(PPh3) (60 mg, 0.09 mmol),
Mo(∫CBr)(CO)2Tp* (50 mg, 0.09 mmol), Pd(PPh3)4 (15 mg,
0.01 mmol) and CuI (5 mg, 0.02 mmol) in thf (10 ml) was stirred at
r.t. for 2 h. The solvent was then removed and the residue purified
by preparative t.l.c. using acetone–hexane (3 : 7, v/v) as eluent.
The major fraction was collected as a green band which contained
Mo(∫CC∫CC6F5)(CO)2Tp* (5) (11 mg, 18%). IR (Nujol, cm-1):
n(CC) 2110 w, 2061 w, n(CO) 2006 s, 1926 s. 1H NMR (CDCl3):
d 2.33(s, 6H, pz-Me), 2.38 (s, 6H, pz-Me), 2.56 (s, 6H, pz-Me),
5.73 (s, 1H, H4), 5.89 (s, 2H, H4). 13C NMR: d 12.8, 14.8, 15.9
(3 ¥ s, pz-CMe), 94.1, 108.9 (2 s, C∫C), 106.7/107.5, 144.9/145.6,
151.55/151.60 (6 ¥ s, pz-ring C), 227.4 (s, CO), 248.8 (s, Mo∫C).
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19F NMR: d -136.8 (m, 2F, o-F), -153.7 [t, J(FF) = 21 Hz, 1F,
p-F], -163.9 (m, 2F, m-F). ES-MS (MeOH + NaOMe, m/z): 677,
[M + Na]+; 487, [MC6F5]+.

(b) Co3(l3-CC∫CC6F5)(l-dppm)(CO)7 (6). A mixture of
Au(C∫CC6F5)(PPh3) (60 mg, 0.09 mmol), Co3(m3-CBr)(m-
dppm)(CO)7 (30 mg, 0.09 mmol), Pd(PPh3)4 (15 mg, 0.01 mmol)
and CuI (5 mg, 0.02 mmol) in thf (10 ml) was stirred at r.t.
for 2 h. Solvent was removed and the residue was purified
by preparative t.l.c. (acetone–hexane, 3 : 7, v/v). The major
fraction was collected as a brown-green band (Rf = 0.52) to give
Co3(m3-CC∫CC6F5)(m-dppm)(CO)7 (6) (10 mg, 36%) as dark red
crystals (CH2Cl2/pentane). Anal. Found: C, 51.30; H, 2.25. Calcd
(C41H22Co3F5O7P2): C, 51.28; H, 2.31; M, 960. IR (Nujol, cm-1):
n(CC) 2122 w, n(CO) 2062 s, 2015 s, 1976 (sh). 1H NMR (CDCl3):
d 3.49, 4.24 (2 m, 2 ¥ 1H, CH2), 7.18–7.73 (m, 20H, Ph). 13C
NMR: d 29.6 (s, CH2), 72.2 (s, C∫C), 128.7–132.4 (m, Ph + C6F5).
19F NMR: d -139.8 (m, 2F, o-F), -158.4 [t, J(FF) = 21 Hz, 1F,
p-F], -165.5 (m, 2F, m-F). 31P NMR: d 34.7 (s, br, dppm). ES-MS
(MeOH + NaOMe, m/z): 982, [M + Na]+; 960, M+.

(c) FcC∫CC∫CC6F5 (7). A mixture of Au(C∫CC6F5)(PPh3)
(60 mg, 0.09 mmol), IC∫CFc (30 mg, 0.09 mmol), Pd(PPh3)4

(15 mg, 0.01 mmol) and CuI (5 mg, 0.02 mmol) in thf (10 ml)
was stirred at r.t. for 2 h. The solvent was then removed and
the residue purified by preparative t.l.c. using acetone-hexane
(3:7, v/v) as eluent. The major fraction was collected as a bright
orange band containing FcC∫CC∫CC6F5 (7) (19 mg, 50%). Anal.
Calcd (C20H9F5Fe): C, 60.04; H, 2.27; M, 400. Found: C, 59.96; H,
2.15. IR (Nujol, cm-1): n(CC) 2220 m. 1H NMR (C6D6): d 4.29,
4.58 (2 ¥ m, 9H, Cp + C5H4). 13C NMR: d 62.1, 69.5, 86.9, 99.6
(4 s, C∫C), 70.4, 70.8, 72.9 (3 s, C5H4), 132.3–137.5 (m, Ph). 19F
NMR: d -137.7 (m, 2F, o-F), -153.9 [t, J(FF) = 21 Hz, 1F, p-F],
-163.8 (m, 2F, m-F). ES-MS (MeOH, m/z): 400, M+. A minor
band containing FcC∫CC∫CFc (7 mg, 20%) was also obtained
and identified by comparison with an authentic sample and from
the ES-MS (m/z 418).

Derivatives of 1,4-(Me3SiC∫C)2C6F4

(a) 1,4-{Cp(Ph3P)2Ru(C∫C)}2C6F4 (8). A mixture of 1,4-
(Me3SiC∫C)2C6F4 (24 mg, 0.07 mmol), RuCl(PPh3)2Cp (100 mg,
0.14 mol) and KF (8 mg, 0.15 mmol) in thf (5 ml) and MeOH
(20 ml) was heated under reflux for 5 h. The resulting yellow
precipitate was collected and washed with MeOH followed by
hexane to give 1,4-{CpRu(PPh3)2(C∫C)}2C6F4 (8) (66 mg, 60%).
Anal. Calcd (C92H70P4Ru2F4): C, 70.04; H, 4.47; M, 1578. Found:
C, 70.09; H, 4.47. IR (Nujol, cm-1): n(CC) 2073 m, 2039 m. 1H
NMR (C6D6): d 4.86 (s, 5H, Cp), 6.94–7.75 (m, 30H, Ph). 13C
NMR (CDCl3): d 93.5 (s, Cp), 127.6–137.3 (m, Ph). 19F NMR
(C6D6): d–147.0 (s, C6F4). 31P NMR (C6D6): d 51.7 (s, PPh3). ES-
MS (MeCN, m/z): 1578, M+; 731, [Ru(NCMe)(PPh3)2Cp]+; 691,
[Ru(PPh3)2Cp]+.

(b) 1,4-{Cp(dppe)Ru(C∫C)}2C6F4 (9). As for 8, 1,4-
(Me3SiC∫C)2C6F4 (28 mg, 0.08 mmol), RuCl(dppe)Cp (100 mg,
0.17 mmol) and KF (9 mg, 0.16 mmol) in thf (5 ml) and MeOH
(20 ml) gave yellow 1,4-{Cp(dppe)Ru(C∫C)}2C6F4 (9) (28 mg,
26%). Anal. Calcd (C72H58P4Ru2F4.CHCl3): C, 60.69; H, 4.12; M
(unsolvated), 1326. Found: C, 60.92; H, 4.11. IR (Nujol, cm-1):
n(CC) 2072 m, 2037 m. 1H NMR (C6D6): d 2.07, 2.70 (2 m,

2 ¥ 2H, CH2CH2), 4.71 (s, 5H, Cp), 6.91–7.99 (m, 20H, Ph).
13C NMR (CDCl3): d 32.2 (m, CH2CH2), 88.4 (s, Cp), 126.0–
133.8 (m, Ph). 19F NMR (C6D6): d -147.8 (s, C6F4). 31P NMR
(C6D6): d 86.7 (s, dppe). ES-MS (MeCN, m/z): 1326, M+; 605,
[Ru(NCMe)(dppe)Cp]+; 565, [Ru(dppe)Cp]+.

(c) 1,4-{Cp*(dppe)Ru(C∫C)}2C6F4 (10). Similarly, from 1,4-
(Me3SiC∫C)2C6F4 (26 mg, 0.07 mmol), RuCl(dppe)Cp* (100 mg,
0.15 mmol) and KF (8 mg, 0.15 mmol) in thf (5 ml) and MeOH
(20 ml) was obtained yellow 1,4-{Cp*(dppe)Ru(C∫C)}2C6F4 (10)
(65 mg, 63%). Anal. Calcd (C82H78F4P4Ru2): C, 67.20; H, 5.36; M,
1466. Found: C, 67.21; H, 5.40. IR (Nujol, cm-1): n(CC) 2063 m,
2032 m. 1H NMR (C6D6): d 1.68 (s, 15H, Cp*), 1.99, 2.88 (2 m,
2 ¥ 2H, CH2CH2), 7.03–7.95 (m, 20H, Ph). 13C NMR (CDCl3): d
10.7 (s, C5Me5), 30.1 (m, CH2CH2), 93.7 (s, C5Me5), 95.9 (s, br,
RuC), 127.9–147.8 (m, Ph). 19F NMR (C6D6): d -148.0 (s, C6F4).
31P NMR (C6D6): d 80.9 (s, dppe). ES-MS (MeCN, m/z): 1467,
[M + H]+; 675, [Ru(NCMe)(dppe)RuCp*]+; 635, [Ru(dppe)Cp*]+.

Derivatives of 1,4-(Me3SiC∫C)2C6H4

(a) 1,4-{Cp(dppe)Ru(C∫C)}2C6H4 (12). A mixture of 1,4-
(Me3SiC∫C)2C6H4 (50 mg, 0.19 mmol), RuCl(dppe)Cp (222 mg,
0.37 mol) and KF (21 mg, 0.37 mmol) in MeOH (30 ml)
was heated under reflux for 16 h. The yellow precipitate was
collected and washed with MeOH, Et2O and hexane to give
1,4-{Cp(dppe)Ru(C∫C)}2C6H4 (12) (69 mg, 30%). Anal. Calcd
(C72H62P4Ru2): C, 69.00; H, 4.99; M, 1254. Found: C, 68.98; H,
5.06. IR (Nujol, cm-1): n(CC) 2072 m, 2044 (sh). 1H NMR (C6D6):
d 1.96, 2.54 (2 m, 2 ¥ 2H, CH2CH2), 4.26 (s, 10H, Cp), 6.75–
7.97 (m, 44H, Ph and C6H4). 31P NMR: d 87.0 (s, dppe). ES-MS
(MeOH + NaOMe, m/z): 1277, [M + Na]+; 1255, [M + H]+.

(b) 1,4-{Cp*(dppe)Ru(C∫C)}2C6H4 (13). A suspension of
RuCl(dppe)Cp* (500 mg, 0.747 mmol), 1,4-(Me3SiC∫C)2C6H4

(99 mg, 0.374 mmol), and KF (100 mg, 1.72 mmol) in methanol
(40 ml) was heated at reflux for 1 h under a nitrogen atmosphere.
The yellow precipitate formed was collected and washed with
MeOH and hexane and dried to give 13 as a yellow powder
(390 mg, 0.280 mmol, 75%). Anal. Calcd (C78H82P4Ru2): C, 69.53;
H, 6.09; M, 1346. Found: C, 69.17; H, 5.84. IR (Nujol, cm-1):
n(C∫C) 2067 m, 2046(sh). 1H NMR (C6D6): d 1.63 (s, 30H, Cp*);
1.85 (m, 4H, CH2); 2.66 (m, 4H, CH2); 7.02 (m, 16H, meta and para
CH dppe), 7.10 (s, 4H, CH C6H4), 7.12 (m, 8H, meta CH dppe),
7.19 (m, 8H, ortho CH dppe), 7.89 (m, 8H, ortho CH dppe). 1H
NMR (CDCl3): d 1.54 (s, 30H, Cp*); 2.05 (m, 4H, CH2); 2.70 (m,
4H, CH2); 6.55 (s, 4H, C6H4), 7.19 (m, 8H, CH dppe), 7.26 (m,
8H, CH dppe), 7.33 (m, 16H, CH dppe), 7.89 (m, 8H, ortho CH
dppe). 31P NMR (C6D6): d 82.1 (s, dppe). 31P NMR (CDCl3): d
82.0 (s, dppe). 13C NMR (C6D6): 10.4 (s, C5Me5), 29.8 (m, CH2),
92.6 (s, C5Me5), 111.5 (s, C∫CC6H4), 129.1, 128.9 (Cp,p¢); 130.4
(CH in C6H4); 133.7, 134.2 (dds, JCP/CCP ~ 5 Hz, Co,o¢); 137.6, 139.7
(m, Ci,i¢). The Cm,m¢ dppe peak is assumed to be hidden by the
C6D6 peak. The low intensity resonances corresponding to Ru–C
and one unique C of C6H4 were not observed. ES-MS (MeOH +
NaOMe, m/z): 1369, [M + Na]+.

Structure determinations

Full spheres of CCD area-detector diffraction data were measured.
N tot reflections were merged to N unique (Rint cited) after
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“empirical”/multiscan absorption correction (proprietary soft-
ware), No with F > 4s(F) being used in the full matrix least squares
refinements on F 2. All data were measured using monochromatic
Mo-Ka radiation, l = 0.71073 Å. Anisotropic displacement
parameter forms were refined for the non-hydrogen atoms, (x,
y, z, U iso)H being included following a riding model. Residuals R,
Rw on F 2 are quoted. Neutral atom complex scattering factors
were used; computation used the XTAL 3.7 program system.47

Pertinent results are given in the figures (which show non-hydrogen
atoms with 50% probability amplitude displacement ellipsoids and
hydrogen atoms with arbitrary radii of 0.1 Å) and in Tables 1
and 2.

Variata

1. The solvent molecule (benzene) was modelled as disordered
over two sets of sites, occupancy 0.5.

2. xabs refined to -0.07(5); refinement on |F|.

6. Refinement was carried out using the SHELXL 97
program.48

Computations

All DFT computations were carried out with the Gaussian 03
package.49 The model geometries 1-H, 1-F, 8-F and 11-H discussed
here were optimised at the B3LYP/3–21G* level of theory,50

to reduce computational effort, with no symmetry constraints.
Test calculations carried out with a larger basis set gave similar
results, in a manner similar to that reported elsewhere.9 MOs and
frequencies were computed on these optimised geometries at the
same level of theory. All geometries were identified as minima
(no imaginary frequencies). The barriers in the rotations between
the aryl group and the Ru(PH3)2Cp groups in 1-H and 1-F were
estimated by fixing the dihedral angles P1–Ru–C1–C2 at 15◦

intervals (see Fig. 1 for numbering scheme).
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Facile photoinduced charge separation through a cyanoacetylide bridge
in a heterobimetallic Fe(II)–Re(I) complexw
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Photoinduced Fe-to-bpy charge transfer in [{Cp(dppe)Fe}-
(l-CRCCRN){Re(CO)3(bpy)}]PF6 has been observed by
ps-TRIR spectroscopy, supported by UV-Vis/IR spectroelectro-
chemistry and DFT calculations.

Polynuclear systems in which some bridging ligand permits
control over the spatial arrangement of the constituent metal
centres and electronic interactions between them are of immense
contemporary interest with a view to the construction of func-
tional molecular structures.1 In this regard, the ubiquitous
cyanide ligand, [CN]!, offers many useful structural and electro-
nic properties, including cylindrical symmetry and a strong
s-bonding framework complemented by p and p* orbitals of
appropriate symmetry to interact with metal d orbitals. Cyanide
also has a permanent dipole moment suited for promotion of
directional electron transfer. The electronic and physical structure
of the ligand can be monitored readily through the n(CRN) IR
signature.2 When employed as a bridging ligand in the assembly
of polymetallic systems, the structural and electronic properties of
the cyanide ligand give rise to compounds with a wealth of
interesting electronic, photochemical or magnetic properties.3 In
turn, this leads to a considerable interest in new cyanometallate
building blocks.4

Convenient synthetic routes to metal complexes featuring
the cyanoacetylide ligand, [CRCCRN]!, including bridging
examples, have been developed,5 and studies of the electronic
characteristics of metal compounds featuring this ‘‘extended’’
cyanide-like ligand are now possible. Given the numerous
interesting physical properties associated with cyanide
complexes,3 the introduction of a new cyanide-like ligand
offers a wealth of possibilities for study. The iso-electronic

relationship between {MLn}CRCCRN{M0Ln}
+ and

‘‘all-carbon’’ buta-1,3-diyndiyl complexes {MLn}CRCCR
C{M0Ln} is also worthy of mention.6

With a view to exploring the capacity of the cyanoacetylide
fragment to mediate electronic effects between remote metal
centres we have prepared the heterometallic complex
[{Cp(dppe)Fe}(m-CRCCRN){Re(CO)3(bpy)}]PF6 ([3]PF6).
By correlating the shift in n(CO)7 and n(CRCCRN)5 bands
with changes in oxidation state, important evidence for the
contribution of the metal dp-system to the frontier orbitals of
these fascinating materials is obtained. Furthermore, the
rhenium fragment Re(CO)3(bpy) offers the potential for direct
monitoring of the excited state behaviour of [3]+, as photo-
excitation into charge transfer excited states associated with
the bpy ligand results in well-characterised shifts in the n(CO)
pattern. The photochemistry and excited state properties of
rhenium complexes of general form [ReX(CO)3(NN)] have
been studied in extensive detail, with the ligands X (halide,
pseudo halide, or other donor) and NN (chelating a-diimine
ligand) both playing a significant role in tuning the excited
state nature (MLCT and/or XLCT), energy and luminescent
properties of the complex.8

Reaction of [Fe(CRCCRN)(dppe)Cp] (1) with [Re(NCMe)-
(CO)3(bpy)]PF6 ([2]PF6) gave the yellow heterobimetallic complex
[3]PF6 (Scheme 1). In the ground state, [3]PF6 offers a rich series of
n(CRC), n(CRN) and n(CO) bands between 1900–2250 cm!1,
which can readily be assigned by comparison with the IR spectra
of related mononuclear reference systems and DFT calculations
(see below). Thus, the broad band near 1930 cm!1 is assigned to
the unresolved out-of-phase A0(2) and equatorial A00 n(CO)
vibrations, whilst the sharper n(CO) band near 2035 cm!1 is

Scheme 1
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cVan’t Hoff Institute for Molecular Sciences, University of
Amsterdam, Nieuwe Achtergracht 166, Amsterdam, 1018 WV,
The Netherlands
w Electronic supplementary information (ESI) available: Synthetic
procedures for [3]PF6 and [3]BF4, and representative CV plot, ob-
served and calculated vibrational frequencies, computational details,
including TD-DFT results and tables of bond lengths, orbital energies
and orbital composition for [3-H]+, and brief description of the
disorder model used in the refinement of the structure [3]BF4. CCDC
reference number 693768. For ESI and crystallographic data in CIF or
other electronic format see DOI: 10.1039/b811357b
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assigned to the in-phase A0(1) vibration. The bands at 1970 and
2190 cm!1 are attributed to the coupled n(CRC) and n(C"N)
modes of the cyanoacetylide ligand, respectively (cf. 1
n(CRC/CRN) 1991/2174 cm!1).
Compound [3]PF6 undergoes reversible one-electron oxida-

tion (E1/2 = +0.23 V vs. ferrocene/ferrocenium; Ic/Ia = 1)
and irreversible one-electron reduction (E1/2 = !1.67 V;
Ic/Ia o 0.37 at n r 100 mV s!1) on a cyclic voltammetric
scan at a platinum microelectrode in tetrahydrofuran (thf) at
293 K, which on the basis of IR spectroelectrochemical
experiments can be assigned to a largely Fe centred oxidation
and a p*(bpy) localized reduction (see below). The reduction
becomes more chemically reversible below 270 K.
The oxidation of [3]PF6 results in a small (5–10 cm!1)

increase in the n(CO) wavenumbers, pointing to only a minor
decrease in electron density at the rhenium centre (Fig. 1).
The n(CRC) and n(CRN) bands also show relatively

small shifts (ca. 30 cm!1) to higher wavenumbers. The limited
positive shifts in the ligand stretching frequencies clearly
indicate that the electron density removed on oxidation origi-
nates largely from the iron centre, with a minor contribution
from the cyanoacetylide ligand and Re based orbitals. At
293 K the bpy-localised reduction of [3]PF6 in CH2Cl2 results
in cleavage of the axial Re–NCCC bond, affording
1 (n(CRC/CRN) at 1994/2175 cm!1) and two unidentified
[ReL(CO)3(bpy)] species (A

0(1) n(CO) at 2024 and 2007 cm!1).
The UV-Vis absorption spectrum of [3]PF6 is characterized

by broad, overlapping features centred near 27 000 cm!1

(e = 7700 M!1cm!1) and 22 200 cm!1 (e = 1600 M!1cm!1).
The oxidation of [3]PF6 gives rise to a new absorption band
from [3]2+ at 15 000 cm!1 (e = 2000 M!1cm!1), assigned to a
Re- Fe charge transfer band (Fig. 2). With a view to probing
the low energy excitation processes in more detail, ps-TRIR
spectroscopy was employed.9 The ps-TRIR spectra of [3]PF6

measured after excitation at 490 nm are shown in Fig. 3. In the
transient, the n(CO) bands shift to smaller wavenumbers by
ca. 20 cm!1, consistent with one-electron reduction of the bpy
ligand. In contrast, the n(CRC) and n(CRN) bands in the
ground and excited states are almost coincident. Analysis of
the ps-TRIR spectra yields a transient decay lifetime of
B30 ps, consistent with the lifetime of 30 # 4 ps determined

from transient absorption (TA) spectroscopy (lex = 460 nm).
The initial TA spectrum shows a prominent band at ca.
500 nm and a weak broad absorption rising between
650–800 nm, which can safely be assigned to IL transitions
of the bpy radical anion.10 These observations indicate a net
increase in the electron density at the rhenium-bpy centre
and are not consistent with the 460–490 nm excitation into a
Re(d)-to-bpy(p*) MLCT transition. Instead, the lowest energy
excited state can be attributed charge-separated (CS) charac-
ter, involving fast electron transfer from the donor CpFe(d)
moiety to the acceptor bpy(p*)Re site, mediated by the
conjugated cyanoacetylide ligand.
Electronic structure calculations were also undertaken to

support these observations using the simplified model
[{Cp(dHpe)Fe}(CRCCRN){Re(CO)3bpy}]

+ [3-H]+ (dHpe
= 1,2-diphosphinoethane). The geometry of [3-H]+ is in good
agreement with the structure of the cation in [3]BF4 (Fig. 4),z
and vibrational frequency calculations based on the optimized
geometry of [3-H]+ are in good agreement with the IR
spectrum of [3]PF6, which gives confidence in the accuracy
of the models (calculated values: [3-H]+ n(CRN) 2204,
n(CRC) 1980, n(CO) 2016, 1941, 1934 cm!1).
The HOMO in [3-H]+ has the same general composition as

d6/d6 bimetallic butadiyndiyl bridged complexes,6 and is
derived from the out-of-phase mixing of the Fe(d), CRC
and CRN (p) and Re(d) orbitals (Fig. 5). The HOMO is
largely (40%) Fe in character, admixed with appreciable

Fig. 1 The IR spectra of [{Cp(dppe)Fe}(CRCCRN){Re(CO)3-

(bpy)}]n+ (n = 1, 2) collected spectroelectrochemically in an OTTLE cell

(CH2Cl2/0.1 M NBu4PF6). The arrows the trends on the anodic cycle.

Fig. 2 The UV-Vis spectroelectrochemical conversion of [3]n+

(n = 1, 2) in an OTTLE cell (CH2Cl2/0.1 M NBu4PF6). The arrows

show the trends on the anodic cycle.

Fig. 3 Difference ps-TRIR spectra of [Cp(dppe)Fe}(CRCCRN)-

{Re(CO)3(bpy)}]PF6 in CH2Cl2 measured after 490 nm excitation. The

legend shows the delay times (ps) for each spectral acquisition.
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contributions from the CRCCRN (27%) and Re (15%)
fragments. The HOMO-1, which is approximately orthogonal
to the HOMO, is similarly comprised. The bpy p* system
makes up the LUMO, and is well separated from the other
frontier orbitals.
TD-DFT calculations support the interpretation of the photo-

chemical results. In [3-H]+, a band with significant (HOMO-1)
- LUMO (Fe-to-bpy p*) character and reasonable intensity
(f = 0.0492) is calculated at 461 nm (21 700 cm!1). A predomi-
nantly Re-to-bpy MLCT is calculated at shorter wavelengths
409 nm (24 400 cm!1, f = 0.0016). At shorter wavelengths, a
series of transitions associated with the Fe(dHpe)Cp fragment
can be identified.
In conclusion, mixing of Fe, CRCCRN and Re character

in the high lying occupied orbitals allows a new low energy
dpd-p*(bpy) transition, which has been characterized by

ps-TRIR spectroscopy. Given the appreciable Fe character
in these high lying orbitals, the photoproduct can be described
as a {CpFe"+}(CRCCRN)Re(bpy"!) CS state. This
description is consistent with the spectroscopic properties of
the complex upon one-electron electrochemical oxidation and
reduction. The cyanoacetylide ligand offers a p-orbital struc-
ture similar to that of both cyanide and buta-1,3-diyndiyl, and
is therefore appropriate for use as a p-donating bridging
ligand. With the development of convenient synthetic routes
to complexes featuring this fragment, there is considerable
scope for the development of the ‘‘cyanide-like’’ cyanoacety-
lide ligand as a bridging ligand in inorganic systems. The
fascinating potential of cyanoacetylide ligand to act as a
mediating unit for magnetic effects is high on a long list of
future studies.
We gratefully acknowledge the EPSRC, LSF and Royal

Society for financial support of this work.
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Fig. 4 A plot (50% ellipsoids) of the cation [{Cp(dppe)Fe}-

(CRCCRN){Re(CO)3(bpy)}]
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Dipole m om en ts were m easu red for a series of subst itu ted ben zen es, biph en yls, terph en yls,
C-monoaryl- and C,C′-diaryl-p-carboran es. For th e donor–bridge–acceptor system s, Me2N–X–NO2,
wh ere X is 1,4-ph en ylen e, biph en yl-4,4 ′-d iyl, terph en yl an d 1,4-C6H4-p-CB10H10C-1,4-C6H4,
th e m easu red in teract ion d ipole m om en ts are 1.36, 0.74, 0.51 an d 0.00 D, respect ively. Th e
m agn itude of th e d ipole m om en t reflects th e ability of th e bridge to t ran sm it elect ron ic
effects between don or an d accep tor groups. Th us, wh ilst th e 1,4-ph en ylen e bridges allow
m oderate elect ron ic in teract ion s between th e rem ote groups, th e p-carboran ed iyl un it is less
efficien t as a con du it for elect ron ic effects. Averaged d ipole m om en ts com pu ted at th e DFT
(B3LYP/6-31G*) level of th eory from two dist in ct m olecu lar con form ers are in good agree-
m en t with th e experim en tal values. Exam in at ion of th e calcu lated elect ron ic st ructu res p ro-
vides in sigh t in to th e n atu re of th e in teract ion s between th e don or an d accep tor m oiet ies
th rough th ese 2D an d 3D arom at ic bridges. Th e m ost sign ifican t cooperat ive effect of th e
bridge on th e d ipole m om en t occu rs in system s wh ere th ere is som e overlap between th e
HOMO an d LUMO orbitals. Th is orbital overlap criterion m ay h elp to defin e th e d ifferen ce
between “push -pu ll” system s in wh ich elect ron ic effects are m ediated by th e bridgin g m oi-
ety, an d sim pler system s in wh ich th e bridge acts as an elect ron ically in n ocen t spacer un it
an d th rough -space ch arge t ran sfer/ separat ion is dom in an t .
Keywords: Don or–bridge–accep tor system s; Terph en yls; p-Carboran ylen es; Dipole m om en ts;
HOMO-LUMO; Elect ron ic t ran sm ission ; Carboran es; Subst ituen t effects, DFT calcu lat ion s.
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Curren t in terest in don or–bridge–accep tor system s in wh ich th e don or an d
accep tor m oiet ies are lin ked by a bridge m ediat in g in teract ion between
th em stem s from th e large excited-state d ipole m om en ts th at can arise by
ph oto in duced in t ram olecu lar ch arge t ran sfer. Large d ifferen ces between
th e groun d an d excited state d ipole m om en ts can lead to a sign ifican t n on -
lin ear op t ical respon se1. Weakly coup led don or–bridge–accep tor system s
are also of in terest as poten t ial can didates for m olecu lar scale rect ifiers2. We
are cu rren t ly in terested in su rveyin g various bridgin g elem en ts for th eir
ability to act as efficien t con du its of electron ic effects in don or–bridge–
accep tor system s; h ere we report d ipole m om en t m easurem en ts on system s
wh ere th e bridge con sists of on e, two or th ree 1,4-ph en ylen e un its, 1–3
(Ch art 1). Sim ilar data from a related system con tain in g a p-carboran ediyl
un it , -CB10H10C-, 4 , perm its a com parison of th e relat ive efficacy of th e
p-carboran ediyl an d 1,4-ph en ylen e m oiet ies as con du its for electron ic ef-
fects between 4-(d im eth ylam in o)ph en yl an d 4-n it roph en yl m oiet ies.

Dipole m om en t m easurem en ts h ave been used to est im ate th e electron
dist ribu t ion , an d h en ce in teract ion s between don or an d accep tor groups, in
m olecu les sin ce th e early 1930s. In th e case of a typ ical lin ear don or–
bridge–accep tor com poun d D–X–A, assum in g th e con st ituen t d ipole m o-
m en ts to be colin ear, th e d ifferen ce between th e vector sum of th e d ipole
m om en ts of m on ofun ct ion al m odel system s, H–X–A (µA) an d D–X–H (µD),
an d th at of th e bifun ct ion al com poun d D–X–A (µDA) represen ts an in terac-
t ion (or m esom eric) m om en t µin t (ref.3).

µin t = µDA – (µD + µA) (1)
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From values of µDA 6.93 D for 1, µA 4.00 D for n itrobenzene (5) and µD 1.57 D
for N ,N -d im eth ylan ilin e (6 ) (Ch art 1), Eq . (1) gives µin t = 1.36 D for th e sim -
p le 1,4-ph en ylen e com poun d 1 . Th is large µin t value, wh ich is on e of th e
h igh est in teract ion m om en ts m easured , is in d icat ive of th e ability of th e
1,4-ph en ylen e bridge to perm it in teract ion s between th e rem ote groups4.
Here we report th e d ipole m om en ts of 4-(d im eth ylam in o)-4 ′′-n it robiph en yl
(2 ) an d 4-(d im eth ylam in o)-4 ′′-n it ro-p-terph en yl (3 ) an d discuss th e effect of
in sert in g addit ion al 1,4-ph en ylen e un its in to th e bridgin g m oiety on th e
in teract ion m om en t in com parison with th at of 1 . Sin ce th e p-C···C dis-
tan ces in ben zen e an d closo-1,12-C2B10H12, p-carboran e, are sim ilar (2.77
an d 3.04 Å, respect ively5), we h ave also m easu red d ipo le m om en t s o f
selected aryl-p-carboran es. Th is is, to th e best of our kn owledge, th e first
report of experim en tally determ in ed dipole m om en ts of aryl-p-carboran es.
In add it ion , th e don or–accep to r-subst it u t ed carbo ran e syst em 1-[4-(d i-
m eth ylam in o)ph en yl-12-(4-n it roph en yl)-p-carboran e6 (4 ) h as been com -
pared with 4-(d im eth ylam in o)-4 ′′-n it ro-p-terph en yl (3 ) to assess th e relat ive
ability of th e cage an d 1,4-ph en ylen e to act as a tran sm it ter of electron ic
in teract ion s, as determ in ed by dipole m om en t m easurem en ts. Th e ability
of th e p-carboran ediyl un it as a tran sm it ter of electron ic in teract ion s h as
been in vest igated by oth er tech n iques an d th e gen eral con sen sus so far h as
been th at th e cage can tran sm it electron den sity7.
Th e experim en tal d ipole m om en ts m easured for arom atic an d carboran e

com poun ds with th e widely used NMe2 don or an d NO2 accep tor groups
were com pared with com puted dipole m om en ts. Th e dipole m om en ts cal-
cu lated for a weigh ted average of th e rotat ion al con form ers are in good
agreem en t with th e experim en tal data. Th e experim en tal in teract ion (or
m esom eric) m om en ts µin t are also reproduced well by com putat ion s.

EXPERIMENTAL

Syn th eses
Th e biph en yls an d arylcarboran es used in th is work an d listed in Table I were pu rch ased
from comm erical sou rces an d used as received , or p repared accord in g to th e literatu re p roce-
du res6,8. Com poun d 3 was prepared from p-terph en yl as detailed below. 1H an d 13C NMR
spectra (δ, ppm ; J, Hz) were m easu red on a Varian In ova 400 in st rum en t with TMS as an in -
tern al stan dard , IR spect ra (νm ax, cm

–1) were m easu red on a Perkin –Elm er 684 FTIR in st ru -
m en t .

Syn th esis of 4-(Dim eth ylam in o)-4 ′′-n it ro-p-terph en yl (3 )

a) 4,4 ′′-Dinitro-p-terphenyl9. A sam ple of p-terph en yl (2.76 g, 12 mm ol) was d issolved in a
h ot m ixtu re of acet ic acid (100 m l, 98%) an d acet ic an h ydride (2 m l). Fum in g HNO3 (15 m l)
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was added dropwise to th e st irred solu t ion over 2 h . Th e resu lt in g m ixtu re was cooled , th e
p recip it at ed 4,4 ′′-d in it ro -p-t erph en yl co llect ed by filt rat ion an d wash ed with water. Re-
cryst allizat ion from pyrid in e gave yellow n eed les. Yield 0.95 g (25%), m .p . 273–274 °C
(ref.9 gives 272–274.5 °C). 1H NMR (pyrid in e-d5, 60 °C): 7.86 (4 H, s); 7.87 (4 H, m ); 8.35
(4 H, m ). 13C NMR (pyrid in e-d5, 60 °C): 124.5, 128.19, 128.55, 139.38, 146.65, 147.91.
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TABLE I
Measu red groun d-state d ipole m om en ts an d m easu red in teract ion m om en ts (wh ere avail-
ab le) in debye (D) for don or–bridge–accep tor (D–X–A) an d m on ofun ct ion al (H–X–A an d
D–X–H) system s in ben zen e

Com pd D/H X A/H µexp
a (µD + µA)

b µin t
c

1 Me2N C6H4 NO2 6.93 5.57 1.36

2 Me2N C6H4–C6H4 NO2 6.91 6.17 0.74

3 Me2N C6H4–C6H4–C6H4 NO2 6.75 6.24 0.51

4 Me2N C6H4–CB10H10C–C6H4 NO2 6.20 6.20d 0.00

5 H C6H4 NO2 4.00

H2N C6H4 H 1.56e

6 Me2N C6H4 H 1.57e

H2N C6H4 NO2 6.27 5.56 0.71

9 H C6H4–C6H4 NO2 4.32

10 Me2N C6H4–C6H4 H 1.85

H2N C6H4–C6H4 NO2 6.42 6.17 0.25

H C6H4–C6H4–C6H4 NO2 4.40

Me2N C6H4–C6H4–C6H4 H 1.84

H2N C6H4–C6H4–C6H4 NO2 6.18

7 H C6H4–CB10H10C NO2 3.88

H C6H4–CB10H10C CF3 2.36

8 Me2N C6H4–CB10H10C H 2.32

MeO C6H4–CB10H10C H 1.62

HO C6H4–CB10H10C H 1.73

MeO C6H4–CB10H10C–C6H4 NO2 4.85

HO C6H4–CB10H10C–C6H4 NO2 4.77

a µexp , m easu red d ipole m om en t .
b From µexp values of m on ofun ct ion al system s D–X–H an d

H–X–A defin ed as µD an d µA, respect ively.
c µin t , values based on Eq . (1).

d From µin t values
of 7 an d 8 for µA an d µD, respect ively.

e Taken from ref.19



b) 4-Am ino-4 ′′-nitro-p-terphenyl10. A solu tion of 4,4 ′′-d in itro-p-terph en yl (0.45 g, 1.40 mmol)
in pyrid in e (11.5 m l) was refluxed for 1 h before a solu t ion of Na2S·9H2O (0.5 g, 2.11 mm ol)
in water (22 m l) satu rated with H2S was added over 1 h . After 30 m in , th e m ixtu re was
cooled an d an oran ge precip itate was separated by filt rat ion . Th e crude p roduct was d is-
solved in DMF (5 m l), silica gel (2 g) was added an d th e solven t was rem oved in vacuo.
Flash ch rom atograph y on silica (ben zen e–d ich lorom eth an e–DMF 60:30:1) gave an oran ge
powder iden t ified as 4-am in o-4 ′′-n it ro-p-terph en yl. Yield 186 m g (46%), m .p . 302–303 °C
(ref.10 gives 300–301 °C). IR (Fluoro lube): 3489 (N–H), 3388 (N–H), 1499 (NO2), 1337
(NO2).

1H NMR (DMSO-d6): 5.33 (2 H, s); 6.66 (2 H, m ); 7.46 (2 H, m ); 7.7 (2 H, m ); 7.79
(2 H, m ); 7.99 (2 H, m ); 8.30 (2 H, m ). 13C NMR (DMSO-d6): 114.2, 124.1, 125.8, 126.0,
127.2, 127.3, 127.6, 134.6, 141.3, 146.29, 146.32, 148.9.

c) 4-(Dimethylam ino)-4 ′′-nitro-p-terphenyl (3 )11. A m ixtu re of 4-am in o-4 ′′-n it ro-p-terph en yl
(150 m g, 0.516 mm ol) an d d im eth yl su lfate (0.4 m l, 4.2 mm ol) was h eated un t il all th e
solid d issolved . Powdered K2CO3 (600 m g, 4.26 mm ol) an d DMF (2 m l) were added . Th is
paste was h eated in a m icrowave oven (800 W outpu t) for 5 s, st irred an d again h eated for
12 s. Th e cooled m ixtu re was extracted with warm DMF (4 × 4 m l), th e extract was con cen -
t rated to 6 m l usin g a rotary evaporator an d silica gel (4 g) was added . Th e resu lt in g paste
was dried in vacuo (0.01 mm Hg at 100 °C). Flash ch rom atograph y on silica (ben zen e–eth yl
acetate 2:1) gave 4-(d im eth ylam in o)-4 ′′-n it ro-p-terph en yl as an oran ge powder. Yield 52 m g
(46%), m .p . 320–321 °C (ref.11 gives 319–320 °C). 1H NMR (DMSO-d6): 2.96 (6 H, s); 6.17
(2 H, d , m ); 7.44 (2 H, m ); 7.80 (2 H, m ); 7.81 (2 H, m ); 7.98 (2 H, m ); 8.30 (2 H, m ).
13C NMR (DMSO-d6): 41.4, 107.2, 122.1, 125.2, 126.0, 127.2, 127.3, 127.6, 134.6, 141.3,
146.29, 146.32, 148.9.

Dipole Mom en ts

Dipole m om en ts were determ in ed at 25 °C in ben zen e (usually with five solu t ion s, weigh t
fract ion s (%) from 2.0 × 10–4 to 1.2 × 10–3; for subst itu ted p-terph en yls, due to th eir very
lim ited solubility in ben zen e, con cen trat ion s were in th e ran ge from 3.2 × 10–5 to 1.1 × 10–4

m ol l–1); relat ive perm it t ivit ies were m easu red at 6 MHz in h om e-m ade equ ipm en t12 with d i-
rect frequen cy read in g. Refract ive in d ices were m easu red on an Aerograph Refract ive In dex
Detector (Varian ). Th e d ipole m om en ts were obtain ed by extrapolat ion to in fin ite d ilu t ion
by th e m eth ods of Guggen h eim 12 an d Sm ith 13.

Com putat ion al Details

All com pu tat ion s were carried ou t with th e Gaussian 03 package14. Geom etry op t im izat ion s
were carried ou t at th e B3LYP/6-31G* level of th eory15,16, with ou t symm etry con st rain ts.
Frequen cy com pu tat ion s with th e op t im ized geom etries gave n o im agin ary frequen cies, in d i-
cat in g th e geom etries are t rue m in im a. Th e use of th e HF/6-31G* an d MP2/6-31G* levels
gave sim ilar geom etries excep t for th e d im eth ylam in o group th at can be pyram idal or p la-
n ar. Th e com pu ted d ipole m om en ts at th ese th ree levels of th eory are sim ilar an d , th us,
on ly resu lts obtain ed at th e B3LYP/6-31G* level of th eory are d iscussed h ere. Geom etries
with con st rain ed torsion an gles were also op t im ized an d foun d from frequen cy calcu lat ion s
to h ave im agin ary frequen cies (u sually on e for every torsion an gle con st rain ed). Th ere is a
good agreem en t between th e geom etrical param eters for geom etries com pu ted h ere an d ex-
perim en tal X-ray data of related com poun ds17,18, wh ich gives a fu rth er degree of con fiden ce
in th e accu racy of th e calcu lat ion s.
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RESULTS AND DISCUSSION

Dipole Moment Measurements

Dipole m om en ts (µexp) were m easu red for a series of arom atic com poun ds
in ben zen e (Table I). Th e “push -pu ll” terph en yl 3 was syn th esized in th ree
steps from p-terph en yl as detailed in Experim en tal.
Th e in teract ion (or m esom eric) m om en ts µin t 1.36, 0.74 an d 0.51 D for 1 ,

2 an d 3 , respect ively, can be calcu lated from Eq. (1), u sin g th e m easured di-
po le m om en ts o f th e relat ed m on osubst itu t ed derivat ives, D–X–H an d
H–X–A (Table I). Th e in teract ion m om en ts decrease with th e in creasin g
n um ber of 1,4-ph en ylen e un its an d , h en ce, th e in creasin g don or–accep tor
N···N distan ce (N···N (in Å): 5.4 (1 ), 9.9 (2 ) an d 14.3 (3 )). Neverth eless, th e
variat ion of µin t is n on lin ear with d istan ce, an d th e in teract ion m om en t
for 3 rem ain s substan t ial, in d icat in g th at th e p-terph en yl-4,4 ′′-d iyl bridge
can tran sm it lon g-ran ge electron ic in teract ion s.
Th e d ipo le m om en t s o f th e m on oaryl-p-carbo ran es con tain in g NO2

(1-(4-n itroph en yl)-p-carboran e (7)) an d NMe2 (1-[4-(dim eth ylam in o)ph en yl-
p-carboran e (8 )) groups in th e para posit ion s of th e ben zen e rin g (Ch art 2)
are 3.88 an d 2.32 D, respect ively. A com parison of th ese data with th e
d ipole m om en ts of 4.32 an d 1.85 D in biph en yls, 4-n it robiph en yl (9 ) an d
4-(d im eth ylam in o)b iph en yl (10 ) (Ch art 2) sh ows th at th e p-carboran e-
1,12-d iyl is a st ron ger electron accep tor th an th e ph en yl group , m an ifested
by th e ch an ge in d ipole m om en t by ±0.4 D. Th e o-carboran e an alogue of 7 ,
wh ere th e cage carbon s occupy adjacen t vert ices, h as a d ipole m om en t of
4.50 D 20 an d , th us, is an even stron ger accep tor th an th e p-carboran e cage.

Th e m easured dipole m om en t of th e don or–bridge–accep tor carboran e-
d iyl system diph en yl-p-carboran e 4 (6.20 D) is th e sum of d ipole m om en ts
of th e part ial m odel system s 7 an d 8 . Th e N···N distan ce is sim ilar in both 3
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(14.3 Å) an d 4 (14.6 Å), yet th e d ipole m om en t of 4 is som e 0.55 D sm aller
th an th at of terph en yl 3 . Clearly, th e in troduct ion of th e bet ter electron
accep tor carboran e cage decreases th e overall m olecu lar d ipole m om en t .
Th ere is lit t le eviden ce for a “cooperat ive” effect lead in g to an in creased
dipole m om en t in com parison with th e sum of th e com pon en ts.

Dipole Moment Computations

Th e low-en ergy barriers to som e rotat ion s of th e rin gs, cages, NMe2 an d
NO2 groups aroun d th e various N–C an d C–C bon ds leads to a popu lat ion
of a ran ge of m olecu lar con form ation s in solu t ion , an d , th erefore, th e m ea-
su red dipole m om en ts in Table I correspon d to th e weigh ted average of ro-
tat ion al con form ers. Th is n on -un iform set of m olecu lar geom etries leads to
fun dam en tal d ifficu lt ies wh en com parin g experim en tal data with th ose cal-
cu lated from a sin gle stat ic op t im ized geom etry21.

Rotation Effects on Calculated Dipole Moments

Full geom etry op t im izat ion of n it roben zen e at th e B3LYP/6-31G* level of
th eory gave a calcu lated d ipole m om en t of 4.58 D with th e cop lan ar n it ro
group in (5A in Ch art 3). Wh en th e n it ro group is con strain ed to be per-
p en d icu lar (5B) to th e rin g, th e calcu lat ed d ipo le m om en t is 4 .02 D.
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Clearly, th e orien tat ion of th e rin g an d NO2 groups an d , h en ce, th e con ju -
gat ion between th e two π-system s, p lays a role in determ in in g th e calcu-
lat ed d ipo le m om en t . A m odel fo r th e popu lat ion d ist ribu t ion can be
con structed by con siderin g a set of con form ation ally con strain ed m olecu les
in wh ich th e C–C–N–O torsion an gle (ω1) between th e p lan e of th e aro-
m atic rin g an d th e n it ro group is varied between 0 an d 90° in 10° steps. Th e
n um erical average of th e resu lt in g ten calcu lated d ipole m om en ts is 4.35 D.
Th e en ergy barrier between th e pyram idal an d p lan ar geom etries of NMe2

is kn own to be sm all, an d , con sequen t ly, th e preferen ce of on e form over
th e oth er depen ds on th e level of th eory used22. A fu ll geom etry op t im iza-
t ion of N ,N -d im eth ylan ilin e gave a geom etry (6C, C is defin ed h ere an d
elsewh ere as a true m in im um if d ifferen t from th e p lan ar geom etry A (see
Ch art 3)) with a pyram idal NMe2 group at th e B3LYP/6-31G* level of th e-
ory. With th e degree of pyram idalizat ion of th e NMe2 group un con strain ed ,
th e calcu lated d ipole m om en t of th e geom etry with th e C–C–N–C torsion
an gle (ω2) at 0° (6A: a p lan ar NMe2 group is obtain ed) is 2.02 D wh ereas at
ω2 = 90° (6D wh ere a pyram idal NMe2 group is preferred) is 0.68 D an d th e
n um erical average of th e ten m odel geom etries derived from stepwise rota-
t ion of th e torsion an gle ω2 is 1.33 D. However, wh en th e NMe2 group
is con strain ed to be p lan ar, th e calcu lated d ipole m om en t at ω2 = 90° is
0.03 D (6B) an d , th erefore, th e average of ten calcu lated dipole m om en ts
with p lan ar NMe2 groups is lower th an 1.08 D. Th e very large variat ion in
th e calcu lated d ipole m om en t as a fun ct ion of both th e geom etry at n it ro-
gen (p lan ar/pyram idal) an d th e relat ive orien tat ion of th e NMe2 group with
respect to th e p lan e of th e aryl rin g is rem arkable.
Th e in fluen ce of rotat ion of two ben zen e rin gs on th e d ipole m om en t of

th e biph en yl com poun ds was also exam in ed , usin g 2 as a typ ical exam ple.
Th e dipole m om en t was calcu lated for a series of m odels with on ly th e
in ter-rin g C–C–C–C torsion an gle (ω3) bein g con strain ed at 10° in tervals.
Th e com puted d ipole m om en ts vary between 9.50 D (ω3 = 0°, 2D ) an d
7.64 D (ω3 = 90°, 2E) with a n um ber weigh ted average of 8.64 D.
In th e case of th e m on oaryl carboran es 7 an d 8 , ro tat ion of th e carboran e

group , wh ich h as a very sm all un ique rotat ion ran ge of 18° com pared with
90° for a ph en yl group , h as lit t le in fluen ce on th e com puted dipole m o-
m en ts th at vary by on ly 0.06 D for 7 an d 0.10 D for 8 . Given th e n egligible
effect of th e rotat ion of th e cage on dipole m om en ts, th e p-carboran e cage
can be con sidered cylin drically symm etrical in m uch th e sam e fash ion as
an eth yn yl (or d iyn yl) group .
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Comparison of Measured and Computed Dipole Moments

Th e preced in g stud ies in d icate th at , in regard to th e calcu lated d ipole m o-
m en ts, th e m ost sign ifican t con form at ion al ch an ges in com poun ds 1–6
con cern th e an gles ω2 an d ω3. Th e posit ion of th e n it ro group , expressed by
ω1, is less sign ifican t , bu t st ill worth y of in clusion in th e overall assessm en t
of th e m olecu lar d ipole m om en t . However, th e carboran ediyl cage in 4 can
be regarded as offerin g effect ively cylin drical symm etry an d , h en ce, rota-
t ion effects aroun d th e Caryl–Ccage bon ds can be n eglected . In addit ion , th e
average dipole m om en t calcu lated from sim ply two values of 0 an d 90°
for both ω1 an d ω2 is sim ilar to th at obtain ed by averagin g th e calcu lated
d ipole m om en ts from ten con form ation al m odels in wh ich ω1 an d ω2 are
stepped in 10° in crem en ts. To sim plify th e treatm en t , average dipole m o-
m en ts were calcu lated for th e series in Table II from models with torsion
an gles con strain ed to ω1 = ω2 = ω3 = 0° for µ0 an d ω1 = ω2 = ω3 = 90° for µ90.
Th ese m odels are labeled A an d B, respect ively, to represen t th ese specific
con strain ts for all th e system s discussed h ere. Th e NMe2 group was con -
st rain ed to be p lan ar in all cases. Th e dipole m om en ts (µfu ll) calcu lated from
th e m ost stable fu lly op t im ized geom etries (wh ich were foun d to be n on -
p lan ar for th ose con tain in g NMe2 an d biph en yl groups) an d th e experi-
m en tally determ in ed dipole m om en ts (µexp) are also in cluded in Table II for
th e purpose of com parison . Th ere is good gen eral agreem en t between th e
observed an d average com pu ted d ipole m om en ts for all com poun ds in
Table II, desp ite th e fact th at th e averaged dipole m om en ts are com puted
from on ly two con form ers. A m ore accurate com puted dipole m om en t on a
m olecu le wou ld be expected from a tim e-con sum in g an d com putat ion ally-
in ten sive an alysis of all possible con form ers, weigh ted again st th e con form -
at ion al popu lat ion d ist ribu t ion in so lu t ion at room tem peratu re wh ich
m igh t be est im ated from th e relat ive en ergies of th e con form ers. However,
such est im ates are extrem ely com plex as th e in fluen ce of th e su rroun din g
solven t m olecu les on th e con form at ion al d ist ribu t ion an d local d ipoles
sh ou ld also be con sidered .
Table III sh ows th e com puted in teract ion m om en ts calcu lated for com -

poun ds 1–4 , with ω1 = ω2 = ω3 = 0° (A) an d ω1 = ω2 = ω3 = 90° (B), togeth er
with th e in teract ion m om en ts (µin t ) calcu lated from experim en tal data
wh ere available. Th e com puted in teract ion m om en ts (µin t (0)) for th e p lan ar
geom etries agree very well with th e observed in teract ion m om en ts for 1–4 .
Th e com pu ted in t eract ion m om en t s fo r th e perp en d icu lar geom et ries
(µin t (90)) are n egat ive an d gen erally sm all. Th e averaged in teract ion m o-
m en ts com puted are based on two extrem e con form ation s th at are assum ed
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to be equally popu lated in solu t ion for con ven ien ce. Wh ile th e averaged
in teract ion m om en ts com pu ted are clearly un derest im ated com pared to
observed in teract ion m om en ts, th e tren ds of th e averaged in teract ion m o-
m en ts are in agreem en t with th e observed tren ds.

Electronic Structure Computations

Molecu lar orbital calcu lat ion s were carried ou t on th e th ree 1,4-ph en ylen e
system s 1–3 wh ere th e geom etries are fu lly p lan ar (A, ω1, ω2 an d ω3 = 0°) or
fu lly perpen dicu lar (B, ω1, ω2 an d ω3 = 90°) with th e NMe2 group con -
st rain ed to be p lan ar. In addit ion , Table IV sh ows orbital en ergies an d per-
cen tage orbital group com posit ion s for th e geom etry 1A, con tain in g all
groups (NO2, NMe2, C6H4) in p lan e, an d for th e geom etry 1B with each
group perpen dicu lar to each oth er. Th e HOMO an d LUMO for th e p lan ar
(A) an d perpen dicu lar (B) geom etries of 1–3 in volve all th ree groups bu t th e
perpen dicu lar geom etries con tain HOMOs largely localized at th e am in o
group s an d LUMOs largely localized at th e n it ro group s. Clearly, t h e
orien tat ion al depen den ce of th e π-orbitals in th e 1,4-ph en ylen e un it re-
flects th e ability of th e 1,4-ph en ylen e un it to t ran sm it elect ron ic in ter-
act ion s between don or an d accep tor groups (i.e., to m ix th e don or- an d
accep tor-localized wavefun ct ion s).
Th e 1,12-carboran e-1,12-d iyl system 4 , in wh ich th e orien tat ion of th e

cage h as a sm all effect on th e com puted dipole m om en t , was com pared
with th e structu rally sim ilar all-1,4-ph en ylen e system 3 . Two geom etries
of p-terph en yl 3 were con sidered in wh ich th e cen tral 1,4-ph en ylen e un it
is eith er sim ply con strain ed to be p lan ar (ω3 = 0°, 3D) or perpen dicu lar
(ω3 = 0°, 3E) to th e n eigh borin g ph en ylen e un its. Th e com puted dipole m o-

Collect. Czech. Chem. Commun. 2009, Vol. 74, No. 1, pp. 131–146

Dipole Moments in Donor–Bridge–Acceptor Systems 141

TABLE III
Com parison of m easu red an d com pu ted in teract ion m om en ts in debye (D)

Com pd µin t
a µin t (0)

b µin t (90)
c (µin t (0) + µin t (90))/ 2

d

1 1.36 1.47 –0.04 0.72

2 0.74 0.93 –0.21 0.36

3 0.51 0.58 –0.10 0.24

4 0.04 0.19 –0.16 0.02

a Measu red in teract ion m om en t . b Com pu ted in teract ion m om en t from µ0 values in Table II.
c Com pu ted in teract ion m om en t from µ90 values in Table II.

d Average com pu ted in teract ion
m om en t .



men ts for 3D , 3E an d th e fu lly op t im ized geom etry 4C are 10.14, 7.79 an d
8.62 D, respect ively. Th e fron t ier orbitals (HOMO an d LUMO) for th e th ree
geom etries are sh own in Fig. 1. Th e orbital en ergies an d group orbital con -
t ribu t ion s are listed in Table V.
It is clear from th e com puted data th at geom etries 3E an d 4C h ave sim i-

lar electron ic st ructu res, wh ich is also reflected in th e sim ilar values of th e
calcu lat ed d ipo le m om en ts. In each case, 3E an d 4C, t h e HOMO an d
LUMO, respect ively, are localized on th e NMe2C6H4- an d NO2C6H4- groups,
with lit t le in volvem en t of th e cen t ral cage or 1,4-ph en ylen e un it . Th e
p-carboran ediyl p lays a sim ilar role as a 1,4-ph en ylen e; th e lat ter is forced
to adop t a perpen d icu lar orien tat ion to th e NO2C6H4- an d NMe2C6H4-
groups an d both act as spacers or weak tran sm it ters of electron ic in ter-
act ion s between don or an d accep tor groups. In con trast , both HOMO an d
LUMO for th e p lan ar geom etry 3D in volve sign ifican t con tribu t ion s from
th e cen tral part of th e bridgin g m oiety.
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TABLE IV
Orbital en ergies an d percen tage orbital com posit ion s for p lan ar an d perpen d icu lar geom e-
t ries 1A an d 1B, respect ively

MO eV NO2 C6H4 NMe2

1A (0°), total en ergy E = –570.72352 h art ree

47 L+2 0.71 25 67 8

46 L+1 –0.38 0 99 1

45 LUMO –1.83 65 30 5

44 HOMO –5.82 6 50 44

43 H-1 –7.27 5 95 0

42 H-2 –7.33 97 3 0

1B (90°), total en ergy E = –570.70099 h art ree

47 L+2 –0.62 3 92 5

46 L+1 –0.67 0 99 1

45 LUMO –1.89 96 4 0

44 HOMO –6.13 3 26 72

43 H-1 –7.25 29 51 20

42 H-2 –7.46 1 98 0
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TABLE V
Orbital en ergies an d percen tage orbital com posit ion s for 3D , 3E an d 4C

MO eV NO2 C6H4(NO2) C6H4 C6H4(NMe2) NMe2

p-Terph en yl 3D , E = –1032.82992 h art ree

88 L+3 –0.21 0 27 23 50 1

87 L+2 –0.62 0 66 28 6 0

86 L+1 –1.01 24 11 40 22 3

85 LUMO –2.32 49 35 12 3 1

84 HOMO –5.14 1 5 19 45 31

83 H-1 –6.46 3 29 38 11 19

82 H-2 –6.86 0 1 22 78 0

81 H-3 –7.03 0 4 74 22 0

p-Terph en yl 3E, E = –1032.82470 h art ree

88 L+3 –0.19 0 17 50 32 0

87 L+2 –0.22 0 3 94 3 0

86 L+1 –0.74 0 80 18 2 0

85 LUMO –2.31 64 34 1 0 0

84 HOMO –5.21 0 0 2 53 45

83 H-1 –6.68 0 0 6 93 0

82 H-2 –6.77 0 4 91 5 0

81 H-3 –6.96 0 2 92 6 0

Carboran e 4C, E = –1132.67788 h art ree

104 L+3 –0.24 0 3 10 86 1

103 L+2 –0.73 15 18 47 17 2

102 L+1 –0.89 0 90 8 1 0

101 LUMO –2.51 59 36 4 0 0

100 HOMO –5.43 0 0 4 51 45

99 H-1 –6.94 0 0 1 99 0

98 H-2 –7.54 5 69 12 7 7

97 H-3 –7.63 3 96 1 0 0



CONCLUSIONS

Dipole m om en ts were m easured for th e th ree system s 1–3 wh ere on e, two
or th ree 1,4-ph en ylen e un it (s) are lin ked to don or NO2 group an d accep tor
NMe2 group . Th e in teract ion m om en ts in ben zen e (1 ), biph en yl (2 ) an d
terph en yl (3 ) decrease as th e n um ber of 1,4-ph en ylen e un its in th e bridge
in creases. Neverth eless, th e substan t ial in teract ion m om en ts sh ow th at th e
ph en ylen e bridges are m oderate con du its of electron in teract ion s in th ese
“push -pu ll” system s. By con trast , th e in teract ion m om en t for th e system 4
wh ere a p-carboran e-1,12-d iyl un it rep laces th e cen tral 1,4-ph en ylen e un it
in terph en yl 3 , is very sm all. Th e p-carboran ylen e un it con tribu tes lit t le to
prom otin g don or–acceptor electron in teraction s in th ese “push -pull” system s
an d can be described as a spacer.
The dipole momen ts for th ese system s, computed at th e DFT (B3LYP/6-31G*)

level of th eory, depen d on th e con form ation of th eir m olecu lar geom etries
wh ere p lan ar an d perpen dicu lar geom etries offer th e h igh est an d lowest
com puted dipole m om en ts, respect ively. Th e agreem en t between m easured
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FIG. 1
Fron tier orbitals for computed geom etries of p-terph en yl 3D , p-terph en yl 3E an d carboran e 4C



an d average calcu lated d ipole an d in teract ion m om en ts for arom atics an d
arylcarboran es are accep table. Dipole m om en t com pu tat ion s at th e DFT
level of th eory m ay th erefore be used for pred ict ion of th e ability of th e
bridge to t ran sm it elect ron ic in teract ion s between don or an d accep to r
groups wh en m an y con form ers expected in solu t ion are taken in to accoun t .
Based on electron ic st ructu re com putat ion s, th e orien tat ion depen den ce of
th e π-orbitals in th e 1,4-ph en ylen e un it reflects its ability to tran sm it elec-
t ron ic in t eract ion s between don or an d accep to r group s. If th e cen t ral
1,4-ph en ylen e un it in 3 is con strain ed to be perpen dicu lar to its n eigh bor-
in g rin gs, th e fron t ier orbitals for 3 rem arkably resem ble th ose for th e re-
lated carboran e 4 .
Th erefore, it can be con cluded th at th e m ost sign ifican t cooperat ive ef-

fect of th e bridge on th e d ipole m om en t occurs in system s wh ere th ere is
som e overlap between th e HOMO an d LUMO orbitals. Th is orbital overlap
criterion m ay h elp defin e th e d ifferen ce between “push -pu ll” system s, in
wh ich electron ic effects are m ediated by th e bridgin g m oiety, an d sim pler
system s in wh ich th e bridge acts as an electron ically in n ocen t spacer-un it
an d th rough space ch arge tran sfer/ separat ion is dom in an t .
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Facile acetylide transfer reactions take place between gold(I) complexes Au(C∫CAr)(PPh3) (Ar = C6H5

or C6H4Me-4) and a variety of representative inorganic and organometallic complexes MXLn

(M = metal, X = halide, Ln = supporting ligands) featuring metals from groups 8–11, to afford the
corresponding metal–alkynyl complexes M(C∫CR)Ln in modest to good yield. Reaction products have
been characterised by spectroscopic methods, and molecular structure determinations are reported for
Fe(C∫CC6H4Me-4)(dppe)Cp, Ru(C∫CC6H4Me-4)(dppe)Cp*, Ru(C∫CC6F5)(h2-O2)(PPh3)Cp*,
Ir(C∫CC6H4Me-4)(h2-O2)(CO)(PPh3)2, Ni(C∫CC6H4Me-4)(PPh3)Cp and trans-Pt(C∫CAr)2L2

(Ar = C6H5, L = PPh3; Ar = C6H4Me-4, L = PPh3, PMe3).

Introduction

Transmetallation, defined as the exchange of ligands between
two metal centres,1 is one of the essential reaction steps in
numerous organometallic catalytic cycles, illustrated effectively
by the development of metal-catalysed procedures for the simple
synthesis of C–C, C–N and C–O bonds.2 On a preparative scale,
transmetallation reactions from Sn,3,4 Hg,5,6 Cu7–10 and Ag11

have long been known. However, new aspects of this chemistry
continue to be developed. For example, despite the prevalence of
transmetallation reactions involving alkynyl–copper(I) complexes,
and the growing awareness of gold catalysis in which the transfer
of ligands from gold to other species is involved,12 transmetallation
reactions involving aryl–gold(I) complexes have only recently been
carried out on a variety of transition metal complexes by van
Koten and co-workers.13

Transmetallation reactions involving alkynyl–gold(I) com-
plexes are also scarce. Yam and co-workers have prepared
the tetranuclear copper(I)–alkynyl complexes [Cu4(m3-h1,h1,h2-
C∫CAr¢)3(PAr3)4]PF6 from the room temperature transmetallation
reaction between [Cu(MeCN)4]PF6 and the appropriate alkynyl–
gold(I) polymer [Au(C∫CAr¢)]• in the presence of phosphines
(PAr3).14 Ferrer and colleagues have observed the ready transfer of
4-pyridylethynyl from [Au(C∫Cpy)2]- salts to rhenium following
reaction with [Re(THF)(CO)3(bpy)]OTf.15 The Bruce group has
recently found that cross-coupling reactions of Au(C∫CR)(PPh3)
with halo-carbynes and halo-acetylenes can be promoted by
Pd(0)/Cu(I) catalyst.16,17 These catalytic reactions, which are
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carried out at room temperature in ethereal solvents, impli-
cate Au(I)–Pd(II) transmetallation processes, and the AuX(PPh3)
by-product can be isolated from the reaction mixture and
recycled.

Examples of transmetallation involving the readily pre-
pared gold(I) species Au(C∫CR)(PR3)18 directly in the prepa-
ration of metal alkynyl complexes have been limited to NMR
scale experiments. Shaw and co-workers used 31P NMR spec-
troscopy to follow the acetylide group transfer from Au(I)
to Ni(II) during the facile reaction of NiCl2(dppm-P)2 with
Au(C∫CC6H5)(PPh3) (CH2Cl2, ca 20 ◦C), which resulted in
the formation of complexes formulated as [Ni(C∫CC6H5)2(m-
dppm)2Au]Cl (dppm = Ph2PCH2PPh2).19 Cross and Davidson
have used 31P NMR spectroscopy to demonstrate that reac-
tions of cis-PtCl2(PMePh2)2 with Au(C∫CC6H5)(PPh3) give cis-
and/or trans-Pt(C∫CC6H5)2(PMePh2)2, depending on the condi-
tions used.20 The same authors reported that reactions of cis-
PtCl2(CO)(PMePh2) with Au(C∫CR)(PPh3) (R = Me, C6H5) gave
cis-Pt(C∫CR)2(CO)(PMePh2) as the final product via cis- or trans-
Pt(C∫CR)Cl(CO)(PMePh2).

Our long-standing interest in the preparative chemistry of
metal acetylide complexes prompted us to consider the potential
application of alkynyl-gold(I) complexes as reagents for the
preparation of metal acetylides. Gold(I) phosphine complexes
featuring highly conjugated carbon-rich and all-carbon ligands
are known,16,21,22 and are generally easier and safer to handle than
their analogous protio, lithio, tin, copper, mercury or Grignard
derivatives. Convenient transfer of the carbon ligand from gold
to other metals would represent a useful addition to the range of
available synthetic methods for the preparation of metal complexes
containing carbon-rich and all-carbon ligands.16,23

Here, we report transmetallation reactions using the readily
available gold complexes Au(C∫CAr)(PPh3) [Ar = C6H5 (1a),
C6H4Me-4 (1b)] and representative inorganic and organometallic
compounds MXLn [M = metal, X = halide, Ln = supporting
ligands] featuring metals from groups 8–11 (Scheme 1). The cor-
responding metal–alkynyl complexes M(C∫CAr)Ln are isolated in
their pure form in modest to good yields.
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Scheme 1

Results and discussion

Syntheses

Group 8 metal–alkynyl complexes M(C∫CR)(L2)Cp¢ (M = Fe,
Ru, Os; L = PR3; Cp¢ = Cp, Cp*) have been prepared on
many previous occasions.24–26 The synthesis of such species
usually takes advantage of the ready isomerisation of 1-alkynes
to vinylidenes that takes place in the coordination sphere of
the group 8 metal centre.27 The resulting cationic vinylidene
complexes [M{C=C(H)R}(L2)Cp¢]+ are acidic, and deprotonation
occurs readily to give the corresponding acetylide. Whilst the 1-
alkyne–vinylidene–alkynyl conversion has proven to be immensely
useful in the preparation of metal alkynyl complexes of the
type M(C∫CR)(L2)Cp¢, it is limited to the use of stable 1-
alkynes. Alternative synthetic routes to metal alkynyl and poly-
ynyl complexes from trimethylsilyl-protected alkynes and poly-
ynes based on desilylation/metallation routes have also been
developed.28

The complexes Fe(C∫CAr)(dppe)Cp [Ar = C6H5 (2a) and
C6H4Me-4 (2b)] were prepared from the reaction between

FeCl(dppe)Cp and Au(C∫CAr)(PPh3) [Ar = C6H5 (1a), C6H4Me-
4 (1b)] in the presence of NH4PF6 in refluxing MeOH (see
Scheme 2 for a diagrammatic representation of all reactions
reported in this work). Although the solvent and salt combi-
nation was chosen to promote labilisation of the Fe–Cl bond,
the protic conditions also led to formation of the vinylidenes
[Fe{=C=C(H)Ar}(dppe)Cp]PF6. Thus, after reaction, the result-
ing red solution was treated with DBU and purified by extraction
into benzene and preparative TLC to give the iron–alkynyl
complexes 2a (43%) or 2b (53%). In addition, a colourless band
containing AuCl(PPh3) was also collected (dP 34.2 ppm).29 In the
13C NMR spectra for 2a and 2b, the alkynyl Cb carbons were
identified as broad peaks at 120.7 and 120.3 ppm, respectively.
The alkynyl Ca carbon resonances were very broad (unresolved
JCP coupling) peaks at 125.3 and 122.0 for 2a and 2b, respectively,
with ~150 Hz width at half height. For a series of related
Fe(C∫CC6H4X-4)(dppe)Cp* (X = NO2, CN, CF, Br, F, H, Me,
tBu, OMe, NH2, NMe2) compounds, the Ca and Cb resonances
were reported as triplets with ca. 40 and 3 Hz coupling constants,
respectively.30

The reactions between 1a or 1b and RuCl(PPh3)2Cp, in the pres-
ence of NH4PF6 or NaPF6 in refluxing methanol, resulted in the
formation of a red solution, also presumed to contain a vinylidene
intermediate, the deprotonation of which by DBU resulted in the
precipitation of the target compounds Ru(C∫CC6H5)(PPh3)2Cp
(3a)24 and Ru(C∫CC6H4Me-4)(PPh3)2Cp (3b)31 as yellow solids in
81 and 73% yields, respectively. As might be reasonably expected,

Scheme 2
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the filtrate recovered from these reactions contained AuCl(PPh3)
(dP 34.2 ppm).29 The compounds Ru(C∫CC6H5)(dppe)Cp* (4a)25

and Ru(C∫CC6H4Me-4)(dppe)Cp* (4b)31 were obtained from
similar reactions of 1a and 1b with RuCl(dppe)Cp*.

The alkynyl–gold transmetallation reaction appears to be
sensitive to the nature of the alkynyl moiety, and a reaction
between RuCl(PPh3)2Cp* and Au(C∫CC6F5)(PPh3) (1c) afforded
a multitude of products as indicated by separation into several
bands upon preparative TLC. One of these bands gave crystals
from hexane suitable for a single-crystal X-ray diffraction study
(see below) from which the compound was identified as the
dioxygen complex Ru(C∫CC6F5)(h-O2)(PPh3)Cp* (4c). The anal-
ogous hydrocarbon complex Ru(C∫CC6H5)(h-O2)(PPh3)Cp* is
known.32

Although complete mechanistic details of the transmetallation
reaction have not been elucidated, it is important to note that 1a or
1b can be recovered unchanged after treatment for 1 h in refluxing
methanol containing one equivalent of NH4PF6. This observation
would appear to discount the possible solvolysis of 1a or 1b to give
the free alkyne, followed by the usual vinylidene formation, and
supports the intermediacy of the gold reagents in the formation of
the new metal–carbon bonds.

In the case of group 9 metals, alkynyl complexes such
as Ir(C∫CR)(CO)(PPh3)2 have been prepared by reactions of
Vaska’s complex, IrCl(CO)(PPh3)2, or its NCMe derivative,
with lithium acetylides or trialkylstannyl acetylenes,3,33 and
also from copper-catalysed reactions between IrCl(CO)(PPh3)2

and 1-alkynes carried out in amine solvents or in the pres-
ence of NaOMe.8 The complexes Ir(C∫CR)(CO)(PR¢3)2 read-
ily take up oxygen to form the h2-O2 adducts Ir(C∫CR)(h2-
O2)(CO)(PR¢3). For example, the CuI-catalysed reaction be-
tween W(C∫CC∫CH)(CO)3Cp and Vaska’s complex in NHEt2

gave {Cp(CO)3W}(m-C∫CC∫C){Ir(CO)(PPh3)2}, which on aero-
bic work-up gave the h2-O2 adduct.34

In the present work, the complexes Ir(C∫CAr)(h2-O2)(CO)-
(PPh3)2 [Ar = C6H5 (5a),33,35 C6H4Me-4 (5b)] were prepared
by treating IrCl(CO)(PPh3)2 with 1a or 1b in MeOH at room
temperature. The gold by-product AuCl(PPh3) was removed from
the crude product by extraction with acetone. Recrystallisation
(chloroform/hexane) of the yellow solid that remained after
extraction under aerobic conditions afforded yellow crystals of
5a (40%) or 5b (52%). In order to resolve some inconsisten-
cies in literature values relating to the 31P NMR spectra and
hence potentially the n(CO) band positions associated with
16 e acetylide complexes Ir(C∫CAr)(CO)(PPh3)2,36,37 and also
to clarify the sequence of reactions leading to the dioxygen
adducts Ir(C∫CAr)(h2-O2)(CO)(PPh3)2 obtained here, the trans-
metallation/oxidation reaction sequence was followed by 31P
NMR and IR spectroscopy. Under anaerobic conditions, reaction
solutions of 1a and Vaska’s complex rapidly developed new 31P
resonances at 34.2 and 25.2 ppm corresponding to AuCl(PPh3)29

and Ir(C∫CC6H5)(CO)(PPh3)2, respectively. The n(CO) band of
the acetylide complex (1962 cm-1) is almost coincident with
that of Vaska’s complex, although the n(C∫C) band is distinct
(2128 cm-1). Exposure of the reaction solution to air resulted
in the rapid disappearance of the dP 25.2 ppm peak and the
appearance of a peak at 8.3 ppm corresponding to Ir(C∫CPh)(h2-
O2)(CO)(PPh3)2 5a, consistent with spectroscopic analysis of the
crystallographically characterised sample of 5b. The IR spectrum

of 5a is characterised by n(CO) and n(C∫C) bands at 2005 and
2134 cm-1, respectively.

These spectroscopic data from Ir(C∫CC6H5)(CO)(PPh3)2 ob-
served in situ and authentic samples of 5a can be compared
with those reported for Ir(C∫CC6H5)(CO)(PPh3)2 (dP < 10 ppm,
n(CO) ca. 1960 cm-1) by two independent research groups,38,39 and
Ir{C∫CC(CH2CH2Ph)2Me}(CO)(PPh3)2 (dP ca. 22 ppm, n(CO)
1970 cm-1).40 It appears that the 31P NMR spectra reported
previously for Ir(C∫CC6H5)(CO)(PPh3)2 are actually that of the h2-
O2 containing species 5a, although the IR data in the earlier reports
are consistent with the proposed 16 e species. It can be concluded
that the characteristic 31P resonances for Ir(C∫CR)(CO)(PPh3)2

and Ir(C∫CR)(h2-O2)(CO)(PPh3)2 compounds are found at ca.
25 ppm and ca. 5 ppm, respectively. These parameters are
consistent with those found for other Ir(R)(CO)(PPh3)2 and
Ir(R)(h2-O2)(CO)(PPh3)2 systems.41

Group 10 alkynyl complexes have been prepared on numerous
occasions, being among the earliest metal–alkynyl complexes
characterised.42 Whilst early synthetic routes took advantage of
nucleophilic reactions between alkynyl anions (as lithium salts
or Grignard reagents), later developments have given rise to
more convenient preparations involving CuI-catalysed reactions
between, for example, MCl2(PR3)2 and 1-alkynes.8

The reaction of 1a or 1b with NiBr(PPh3)Cp in THF
resulted in the formation of a green solution, from
which Ni(C∫CC6H5)(PPh3)Cp (6a)42 or the new complex
Ni(C∫CC6H4Me-4)(PPh3)Cp (6b) were obtained in 53 and 42%
yields, respectively, after preparative TLC and recrystallisation. In
addition, a colourless band from preparative TLC that contained
the expected by-product AuBr(PPh3) was also collected (dP

36.3 ppm).29

The complexes trans-Pt(C∫CAr)2(PPh3)2 [Ar = C6H5 (7a),
C6H4Me-4 (7b)8] were prepared from room temperature reactions
between cis-PtCl2(PPh3)2 and 1a or 1b in methanol, which gave the
products as pale cream coloured precipitates, whilst AuCl(PPh3)
was recovered from the filtrate.‡ The 31P NMR spectra contain
singlet phosphine resonances, each accompanied by platinum
satellites, confirming the trans geometry in each case. The com-
plexes trans-Pt(C∫CAr)2(PMe3)2 [Ar = C6H5 (8a), C6H4Me-4 (8b)]
were isolated from similar reactions between cis-PtCl2(PMe3)2 and
1a or 1b in methanol, which gave the products as pale green
precipitates. Single crystals of 8b suitable for X-ray diffraction
were obtained by recrystallisation (CHCl3/MeOH).

The room temperature reaction of 1a with a large excess of cis-
PtCl2(PMe3)2 in the presence of NH4PF6 in methanol resulted
in a myriad of products. The solids obtained after removal
of the solvent included trans-PtCl(C∫CC6H5)(PMe3)2 and trans-
PtCl(C∫CC6H5)(PMe3)(PPh3), which were identified by NMR
spectrocopy and MS spectrometry. Crystallisation of the solids
from MeCN/MeOH gave crystals of a Au(I) salt [Au(PMe3)2]PF6

(9).43 Thus, it appears that phosphine exchange, competitive with
the acetylide–halide exchange processes noted above, may also
take place under certain conditions.

Given the established utility of copper acetylides in the prepa-
ration of many transition metal acetylide complexes, we were

‡ In the process of crystallization of the complex 7b, crystals of previously
unknown chloroform di-solvate of trans-PtCl2(PPh3)2 were isolated and
structurally studied.†
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Table 1 Crystallographic and refinement details†

Complex 2b 4b 4c 5b 6b 7a 7b 8b

Formula C40H36FeP2·
CH2Cl2

C45H46P2Ru C36H30F5O2PRu·
0.25C6H14

C46H37IrO3P2·
CHCl3

C32H27NiP C52H40P2Pt C54H44P2Pt C24H32P2Pt

MW 676.94 749.83 743.2 1011.3 501.22 921.9 949.9 577.5
Crystal system Triclinic Monoclinic Triclinic Monoclinic Monoclinic Orthorhombic Monoclinic Monoclinic
Space group P1̄ P21/c P1̄ P21/c P21/n Pbca P21/n P21/c
T/K 120(2) 120(2) 100(2) 120(2) 120(2) 120(2) 120(2) 120(2)
a/Å 9.5283(2) 15.4106(3) 13.027(4) 9.7735(3) 14.1937 17.9771(3) 13.5550(2) 12.3805(5)
b/Å 18.2097(4) 11.2059(2) 16.959(5) 19.5550(4) 12.6191(4) 9.5527(1) 8.5121(1) 5.7372(2)
c/Å 19.3123(4) 22.1850(4) 17.133(6) 22.3273(6) 14.9549(4) 22.9326(3) 18.0271(3) 17.1229(7)
a/◦ 93.20(2) 90 111.86(3) 90 90 90 90 90
b/◦ 93.13(2) 108.33(1) 106.93(3) 99.18(2) 110.05(1) 90 90.30(1) 105.86(1)
g /◦ 97.83(2) 90 93.67(2) 90 90 90 90 90
V/Å3 3307.85(12) 3636.75(12) 3297(2) 4212.6(2) 2516.19(13) 3938.2(1) 2079.97(5) 1169.92(8)
Z 4 4 4 4 4 4 2 2
rc/g cm-3 1.359 1.369 1.497 1.595 1.323 1.555 1.517 1.639
m(MoKa)/mm-1 0.662 0.551 0.59 3.5 0.853 3.7 3.5 6.1
N t 71 399 48 050 27 359 37 675 34 844 51 715 25 528 10 382
N (Rint) 18 098 (0.041) 10 598 (0.045) 11 685 (0.089) 9167 (0.116) 7062 (0.029) 5741 (0.045) 5541 (0.035) 3307 (0.025)
R1 [I > 2s(I)] 0.040 0.033 0.063 0.070 0.029 0.018 0.017 0.018
wR2 (all data) 0.097 0.093 0.076 0.120 0.079 0.051 0.041 0.041
GOF 1.088 1.063 0.953 1.087 1.017 1.053 1.095 1.098

interested in the interplay between acetylide ligands and Cu(I)
and Au(I) centres. The reaction between 1a or 1b and CuI in THF
afforded striking, bright yellow-coloured precipitates of the copper
acetylides {Cu(C∫CAr)}n [Ar = C6H5 (10a), C6H4Me-4 (10b)] in
very good yields with AuI(PPh3) recovered from the filtrate as a
cream-coloured solid (dP 40.0 ppm).29

Molecular structures

The molecular structures of a number of the compounds prepared
in this work (2b, 4b, 4c, 5b, 6b, 7a, 7b and 8b) have been determined
by single-crystal X-ray diffraction studies. The crystallographic
data are summarised in Table 1.

Crystals of Fe(C∫CC6H4Me-4)(dppe)Cp (2b), obtained from
CH2Cl2/hexane solutions, contain two independent molecules,
which differ by the relative orientation of the phenyl rings on
the dppe ligand, together with a molecule of CH2Cl2. There are
no differences of chemical significance in the two independent
molecules, and the geometrical parameters of only one molecule
will be used in further discussion here. Although there are
many examples of crystallographically characterized arylacetylide
complexes of the Fe(dppe)Cp* fragment in both formal Fe(II)
and Fe(III) oxidation states,30,44–48 polymetallic compounds45,49 and
mixed valence examples,44,50 there are surprisingly few struc-
tures of similar compounds containing the Fe(dppe)Cp51,52 or
Fe(dppm)Cp53 fragments reported to date.

Complex 2b (Fig. 1) offers a pseudo-octahedral environment
at the metal centre, typical of three-legged piano-stool com-
plexes. The Fe(1)–C(1) [1.907(2) Å], C(1)∫C(2) [1.220(2) Å] and
C(2)–C(3) [1.439(2) Å] bond lengths in 2b are indistinguishable
from those found in Fe(C∫CC6H4-Me)(dppe)Cp* [Fe–Ca 1.896(3),
Ca∫Cb 1.220(4), Cb-Cipso 1.440(4) Å],47 but somewhat surprisingly
the Fe–P bonds in 2b [2.1687(6) and 2.1714(7) Å], and related
compounds,51 are shorter than in the Cp* analogue [2.1829(8)
and 2.1924(7) Å]. Since the more electron-rich, Cp*-substituted
metal fragment might be expected to induce more effective
Fe–P back-bonding, the relatively elongated Fe–P bonds in

Fig. 1 A plot of one molecule of Fe(C∫CC6H4Me-4)(dppe)Cp (2b), show-
ing the atom labelling scheme. Hydrogen atoms in this and other figures are
removed for clarity. Selected bond lengths (Å) and angles (◦): Fe(1)–C(1)
1.907(2); Fe(1)–P(1) 2.1687(6); Fe(1)–P(2) 2.1714(7); C(1)–C(2) 1.220(2);
C(2)–C(3) 1.439(2); P(1)–Fe(1)–P(2) 85.95(2); C(1)–Fe(1)–P(1) 90.19(5);
C(1)–Fe(1)–P(2) 84.28(5); Fe(1)–C(1)–C(2) 174.93(15); C(1)–C(2)–C(3)
174.84(17).

Fe(C∫CC6H4-Me)(dppe)Cp* might be taken as an indication of
steric interactions between the bulky Cp* and dppe ligands. The
Fe(1)–C(1)–C(2)–C(3) fragment in 2b is essentially linear, with
small deviations likely to be due to packing effects rather than any
profound electronic phenomenon. The plane containing the C(3)–
C(8) aromatic ring forms a dihedral angle of 38.6(1)◦ with the
plane of the Cp ring; the significance of the aryl group orientation
on the electronic structure of iron aryl acetylide complexes has
been discussed elsewhere.48

The disposition of the tolyl ring with respect to the metal
fragment in the ruthenium complex 4b (Fig. 2) is similar to
that found in 2b. The Ru(1)–C(1) bond length [2.0205(19) Å] is
somewhat longer than in 2b, reflecting the difference in the covalent
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Fig. 2 A plot of one molecule of Ru(C∫CC6H4Me-4)(dppe)Cp* (4b),
showing the atom labelling scheme. Selected bond lengths (Å) and angles
(◦): Ru(1)–C(1) 2.0205(19); Ru(1)–P(1) 2.2621(5); Ru(1)–P(2) 2.2622(5);
C(1)–C(2) 1.211(3); C(2)–C(3) 1.437(3); P(1)–Ru(1)–P(2) 83.15(2);
C(1)–Ru(1)–P(1) 79.22(5); C(1)–Ru(1)–P(2) 85.20(6); Ru(1)–C(1)–C(2)
175.5(2); C(1)–C(2)–C(3) 171.9(2).

radii of the two metals,54 but within the range noted for similar
compounds, including 4a, noted here and elsewhere.55 Other metric
parameters are unremarkable (Fig. 2).

The molecular structure of Ru(C∫CC6F5)(h2-O2)(PPh3)Cp*
(4c) (Fig. 3) is formally related to that of Ru(C∫CC6H5)(h-
O2)(PPh3)Cp* by replacement of the C6H5 group on the acetylide
ligand by C6F5. Two molecules of the complex 4c, devoid of
crystallographic symmetry, together with one half of a centrosym-
metric hexane solvent molecule, comprise the asymmetric unit of
the structure. The two independent molecules differ slightly by
orientations of one of the phenyl rings and C6F5 group. Structural
parameters are similar to those found for many other examples
of half-sandwich ruthenium alkynyl complexes characterised here

Fig. 3 A projection of one molecule of Ru(C∫CC6F5)(h2-O2)(PPh3)Cp
(4c). Selected bond lengths (Å) and angles (◦) for two indepen-
dent molecules: Ru–P(1) 2.328(2), 2.313(2); Ru–C(Cp) 2.214–2.273(6),
2.202–2.289(6) [<av.> 2.24(3), 2.25(4)]; Ru–C(1) 1.997(6), 2.006(7);
C(1)–C(2) 1.187(7), 1.198(7); C(2)–C(3) 1.429(8), 1.455(8); P(1)–Ru–C(1)
85.0(2), 82.2(2); Ru–C(1)–C(2) 178.7(6), 178.8(6); C(1)–C(2)–C(3)
176.0(7), 177.6(7).

and elsewhere. The dioxygen molecule is unsymmetrically attached
to Ru [Ru–O(1;2) 2.042(4), 2.039(4); 1.998(4), 2.019(4) Å], prob-
ably as a result of differing trans influences of the P and C(1)
atoms. The O(1)–O(2) separations are 1.404(4) and 1.400(4) Å.
These values are similar to those found in the related non-
fluorinated complex Ru(C∫CC6H5)(h2-O2)(PPh3)Cp*, which has
Ru–P 2.327(1), Ru–C(cp) 2.25 (av.), Ru–C(1) 2.022(4), C(1)–C(2)
1.158(5), C(2)–C(21) 1.467(5) and Ru–O 2.032(3), 2.048(3), O–
O 1.364(4) Å.32 In both complexes, the Ru–O distances are
longer, and the O–O distances shorter, than those found in
related cations, such as [Ru(h2-O2)(dppm)Cp*]+, which has Ru–
O 2.003(9), 2.002(9), O–O 1.37(1) Å.56

Although dioxygen adducts of Vaska’s complex and derivatives
are well known, crystallographically characterised examples are
surprisingly rare,41,57,58 and to the best of our knowledge, the diyn-
diyl complex {(PPh3)(CO)(h2-O2)Ir}(m-C∫CC∫C){W(CO)3Cp} is
the only example of a dioxygen adduct of a Vaska-type acetylide
derivative that has been structurally characterised to date.34 How-
ever, given the relatively low precision of the diyndiyl structure,
5b is most conveniently compared with IrCl(h2-O2)(CO)(PPh3)2

59

and Ir(C∫CC6H5)(CO)(PPh3)2.39

The structure of the complex 5b (Fig. 4) can be described in
terms of a five-coordinate, trigonal bipyramid, if the O2 ligand
is assumed to occupy a single coordination site, with C(1), C(4)
and the midpoint of the O2 ligand defining the equatorial plane
[C(1)–Ir(1)–C(4) 94.5(4), C(1)–Ir(1)–O(0) 137, C(4)–Ir(1)–O(0)
128◦ (O(0) is the midpoint of the O–O bond)]. Alternatively, the
structure may be viewed as a highly distorted octahedron58–60 in
keeping with a formal description of the complex in terms of
an Ir(III)-peroxo complex. The O–O bond is long [1.492(9) Å]
and the Ir–P bonds [Ir(1)–P(1,2) 2.351(2) and 2.350(2) Å] are
slightly elongated in comparison with those in the well defined Ir(I)
acetylide complex Ir(C∫CC6H5)(CO)(PPh3)2 [2.286(7)–2.313(9) Å

Fig. 4 Molecular structure of Ir(C∫CC6H4Me)(h2-O2)(CO)(PPh3)2 (5b).
Selected bond lengths (Å) and angles (◦): Ir–P(1) 2.351(2); Ir–P(2) 2.350(2);
Ir–C(1) 1.844(10); Ir–C(4) 2.011(10); C(4)–C(5) 1.186(12); C(5)–C(6A)
1.466(16); C(5)–C(6B) 1.484(18); Ir–O(2) 2.030(7); Ir–O(3) 2.036(7);
O(2)–O(3) 1.492(9); P(1)–Ir–P(2) 175.58(8); C(1)–Ir–C(4) 94.5(4);
C(4)–Ir–O(2) 106.9(3); C(4)–Ir–O(3) 149.8(3); C(1)–Ir–O(3) 115.7(4);
Ir–C(4)–C(5) 177.4(7); C(4)–C(5)–C(6A)172.5(12); C(4)–C(5)–C(6B)
178.3(12).
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over two independent molecules], and similar to those in IrCl(h2-
O2)(CO)(PPh3)2 [2.38(1), 2.36(1) Å]. Thus, whilst formalised
descriptions of metal oxidation states in organometallic chemistry
are not always especially useful, it seems appropriate to consider 5b
and compounds of this type as Ir(III), with a significant distortion
from the trigonal bipyramidal geometry towards an octahedral
structure.

The molecular structures of nickel(II) complexes Ni(C∫CR)-
(PPh3)Cp have been studied on previous occasions, with data
often interrogated for evidence of the nature of the metal–
acetylide bond.61,62 The structure of 6a has been reported by the
Humphrey group,61 and unsurprisingly, the structure of 6b (Fig. 5)
is similar. The Ni(1)–C(1) bond lengths in 6a [1.856(3), 1.850(3) Å]
and 6b [1.8537(14) Å] are indistinguishable, and whilst there is
greater variation in the lengths of the Ni(1)–P(1) [6a 2.1350(9),
2.1378(9); 6b 2.1456(3) Å] and C(1)∫C(2) [6a 1.191(4), 1.193(4);
6b 1.2150(19) Å] bonds, the parameters associated with 6b fall
within the ranges defined by many other similar compounds. The
Ni(1)–C(1)–C(2)–C(3) moiety is essentially linear with angles at
C(1) and C(2) being 175.1(1) and 172.2(1)◦, respectively.

Fig. 5 A plot of a molecule of Ni(C∫CC6H4Me-4)(PPh3)Cp (6b).
Selected bond lengths (Å) and angles (◦): Ni(1)–P(1) 2.1456(3); Ni(1)–C(1)
1.8537(14); C(1)–C(2) 1.2150(19); C(2)–C(3) 1.4416(18); C(1)–Ni(1)–P(1)
89.10(4); Ni(1)–C(1)–C(2) 175.1(1); C(1)–C(2)–C(3) 172.2(1).

In each of the Pt(II) complexes 7a (Fig. 6) and 7b (Fig. 7), the
metal atoms of the molecules are located in special positions at
the crystallographic inversion centre, the platinum centres being
in square-planar arrangements, with bond lengths comparable to
those in many other similar platinum bis(acetylide) complexes.63

The ethynyl moieties are essentially linear [Pt(1)–C(1)–C(2)
172.78(15) (7a); 175.9(2) (7b)◦, C(1)–C(2)–C(3) 173.27(18) (7a);
177.32(18) (7b)◦] and the acetylenic (C∫C) and Pt(1)–C(1) bond
lengths fall in a narrow range [1.188(2)–1.207(2) and 2.0017(17)–
2.0252(17) Å, respectively] typical for these systems.

While there are examples of platinum bis(acetylide) complexes
known, there is only one previous example of the structurally
characterised trans-Pt(C∫CR)2(PMe3)2 system.64 A comparison
of the structural parameters of 8b (Fig. 8) and the Pt moiety
in the cyclic heteronuclear complex [{Au{Pt(PMe3)2}2}{1,2-m-
C6H4(C∫C)2}3] reveals little differences and indicates that the
constraining effect at the Pt atom in the cyclic complex is negligible.
The change of the phosphine ligand in 7b and 8b has little effect
on the overall molecular structure.

Considering the intermolecular interactions in these three
platinum complexes, stacking-type p ◊ ◊ ◊ p interactions between
tolyl groups were observed only in the structure 7b (Fig. 9)
(interplanar distance is equal to 3.64 Å) where they are combined

Fig. 6 A projection of the molecular structure of centrosymmetric
trans-Pt(C∫CC6H5)2(PPh3)2 (7a). Selected bond lengths (Å) and angles
(◦): Pt–P(1) 2.3121(4); Pt–C(1) 2.0017(17); C(1)–C(2) 1.207(2); C(2)–C(3)
1.441(2); P(1)–Pt–C(1) 93.27(5); Pt–C(1)–C(2) 172.78(15); C(1)–C(2)–C(3)
173.27(18). [symmetry operations (-x, 1 - y, -z)].

Fig. 7 The molecular structure of centrosymmetric trans-
Pt(C∫CC6H4Me)2(PPh3)2 (7b). Selected bond lengths (Å) and angles (◦):
Pt–P(1) 2.2887(4); Pt–C(1) 2.0252(17); C(1)–C(2) 1.188(2); C(2)–C(3)
1.445(2); P(1)–Pt–C(1) 85.90(5); Pt–C(1)–C(2) 175.88(15); C(1)–C(2)–C(3)
177.32(18). [symmetry operations (1 - x, -y, -z)].

Fig. 8 A plot of a molecule of centrosymmetric trans-
Pt(C∫CC6H4Me)2(PMe3)2 (8b). Selected bond lengths (Å) and angles
(◦): Pt–P(1) 2.2929(6); Pt–C(1) 2.0001(3); C(1)–C(2) 1.214(4); C(2)–C(3)
1.437(3); P(1)–Pt–C(1) 89.55(7); Pt–C(1)–C(2) 178.7(2); C(1)–C(2)–C(3)
175.3(3). [symmetry operations (1 - x, 2 - y, -z)].

with additional CH(Me) ◊ ◊ ◊ C(sp) close intermolecular contacts
(C ◊ ◊ ◊ H 2.83 Å). In molecule 7a, no methyl groups are present
while in the structure 8b, trimethylphosphine groups take part in
intermolecular CH ◊ ◊ ◊ p contacts and impede parallel arrangement
of tolyl groups. It seems that in the case of these Pt complexes,
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Fig. 9 A fragment of the crystal structure of (7b) showing the stacking
interactions between tolyl groups.

stacking interactions alone are insufficient to determine the
packing of molecules in the crystal.

The series of acetylide complexes reported here all feature small
deviations from linearity along the M–C∫C–CAr chain, which are
consequently gently curved or bowed. In a comprehensive review
of polyyne conformation and structure, Szafert and Gladysz have
noted a lack of systematic variation in structure within the solid
state within a large array of yne-based compounds.65 Given the
low bending force constants associated with M–C∫C and C∫C–C,
crystal packing effects are thought likely to be responsible for the
specific conformation adopted by any one compound.

Finally, we note that while our work was in progress, the
structure of 9 was independently reported by Horvarth and
Raubenheimer.43 The conclusions drawn by these authors are
consistent with our own observations from an essentially identical
structure determination, and no further comment is necessary.

Conclusions

A series of preparative scale, stoichiometric transmetallation
reactions involving alkynyl–gold(I) complexes, Au(C∫CR)(PPh3)
(R = Ph, C6H4Me-4), and inorganic or organometallic compounds
MXLn (M = metal, X = halide, Ln = supporting ligands), have
afforded the corresponding metal alkynyl complexes M(C∫CR)Ln,
(35–90% yields), with representative examples featuring metals
from groups 8–11 being described for the first time. The alkynyl
products were fully characterised by the usual spectroscopic meth-
ods and molecular structural analyses in several cases. Looking
ahead, we note that easily prepared phosphine–gold(I) complexes
featuring highly conjugated carbon-rich and all-carbon ligands
are known, and which are usually easier and safer to handle than
their analogous protio, lithio, tin, copper, mercury or Grignard
derivatives. The AuX(PPh3) by-products can be isolated from the
reaction mixture and recycled. The transmetallation process has
not been as successful with Au(C∫CC6F5)(PPh3) based on one
exploratory reaction here. Further investigations are desirable with
other Au(C∫CAr)(PR3) complexes to assess the generality of the
alkynyl–gold transmetallation process and also to understand the
alkynyl–gold transmetallation mechanism.

Experimental

All reactions were carried out under an atmosphere of nitro-
gen using standard Schlenk techniques. Reaction solvents were
purified and dried using an Innovative Technology SPS-400
system, and degassed before use. No special precautions were
taken to exclude air or moisture during work-up. Preparative
TLC was performed on 20 ¥ 20 cm glass plates coated

with silica gel (0.5 mm thick, Merck GF-254). The reagents
FeCl(dppe)Cp,66 RuCl(PPh3)2Cp,67 RuCl(PPh3)2Cp*,32 RuCl-
(dppe)Cp*,68 NiBr(PPh3)Cp,69 cis-PtCl2(PPh3)2,70 cis-PtCl2-
(PMe3)2,71 IrCl(CO)(PPh3),72 Au(C∫CC6H5)(PPh3) (1a),18 Au(C∫
CC6H4Me-4)(PPh3) (1b)18 and Au(C∫CC6F5)(PPh3) (1c)18 were
prepared by literature methods. Other reagents were purchased
and used as received.

IR spectra were recorded from dichloromethane solutions in
a cell fitted with CaF2 windows, from KBr discs, or from Nujol
mulls between NaCl plates using a Nicolet Avatar spectrometer.
NMR spectra were obtained with Bruker Avance and Varian
Mercury spectrometers from CDCl3 solutions and referenced
against solvent resonances (1H, 13C) or external H3PO4 (31P). The
31P chemical shift values for the gold starting materials 1a and 1b
are at 43.4 ppm. Mass spectra were recorded using Thermo Quest
Finnigan Trace MS-Trace GC or Thermo Electron Finnigan LTQ
FT mass spectrometers.

Preparation of Fe(C∫CC6H5)(dppe)Cp (2a)

A suspension of FeCl(dppe)Cp (50 mg, 0.09 mmol), 1a (51 mg,
0.09 mmol) and NH4PF6 (15 mg, 0.09 mmol) in MeOH (10 ml)
was heated at reflux for ca. 1 h, the progress of the reaction
being monitored by TLC (hexane–acetone = 7 : 3). The resulting
clear orange solution was treated with 2–3 drops of DBU and
the reaction mixture was taken to dryness. The crude solid was
extracted with benzene, and the extracts purified by preparative
TLC (hexane–acetone = 7 : 3). The red band was collected and
afforded 2a (24 mg, 43%). IR (CH2Cl2) n/cm-1: (C∫C) 2060. 1H
NMR d/ppm: 2.23 (m, 2H, dppe), 2.63 (m, 2H, dppe); 4.25 (s, 5H,
Cp), 6.49 (2H, d, phenyl C2H of C∫CC6H5), 6.81 (1H, t, C4H),
6.92 (2H, dd, C3H), 7.26 (m, 10H, dppe), 7.41 (m, 6H, dppe), 7.94
(m, 4H, dppe). 31P{1H} NMR d/ppm: 107.5 (s, dppe). 13C{1H}
NMR d/ppm: 28.6 (m, dppe CH2); 79.3 (Cp); 120.7 (Cb); 123.1
(C4), 125.3 (br, Ca), 127.5 (C3); 127.8, 128.1 (dd, 3JCP,5JCCP~5 Hz,
Cm,m¢); 129.0, 129.4 (Cp,p¢); 130.1 (C1); 130.5 (C2); 132.0, 134.0 (dd,
2JCP,4JCCP~5, Co,o¢); 138.2, 142.5 (m, Ci,i¢). Found: C 75.2, H 5.6%.
C39H34P2Fe requires: C 75.5, H 5.5%. ES-MS: m/z 621 [M + H]+,
519 [M - C∫CPh]+. High resolution calculated for FeC39H34P2:
[M]+: 620.14797; found: 620.14757.

Preparation of Fe(C∫CC6H4Me-4)(dppe)Cp (2b)

Complex 2b (62 mg, 54%) was formed from FeCl(dppe)Cp
(100 mg, 0.18 mmol), 1b (103 mg, 0.18 mmol) and NH4PF6

(30 mg, 0.18 mmol) in MeOH (20 mL) using a similar procedure as
described for 2a. Crystals of 2b suitable for X-ray crystallography
were grown from slow diffusion of hexane into a CH2Cl2 solution.
IR (CH2Cl2) n/cm-1: (C∫C) 2067. 1H NMR d/ppm: 2.16 (s, 3H,
CH3), 2.21 (m, 2H, dppe), 2.60 (m, 2H, dppe), 4.23 (s, 5H, Cp),
6.38 (2H, d, tolyl C2H), 6.72 (2H, dd, C3H), 7.26 (m, 10H, dppe),
7.40 (m, 6H, dppe), 7.93 (m, 4H, dppe). 31P{1H} NMR d/ppm:
107.3 (s, dppe). 13C{1H} NMR d/ppm: 21.0 (s, CH3), 28.3 (m,
dppe CH2), 78.9 (Cp), 120.3 (Cb), 122.0 (br, Ca), 126.9 (C1), 127.5,
127.8 (dd, 3JCP,5JCCP~5 Hz, Cm,m¢), 128.0 (C3), 128.6, 129.0 (Cp,p¢),
130.0 (C2), 132.3 (C4), 131.7, 133.7 (dd, 2JCP,4JCCP~5, Co,o¢), 138.1,
142.3 (m, Ci,i¢). Found: C 75.6, H 5.7%. C40H36P2Fe requires: C
75.7, H 5.7%. ES-MS(+): m/z 635 [M + H]+.
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Preparation of Ru(C∫CC6H5)(PPh3)2Cp (3a)

A suspension of RuCl(PPh3)2Cp (100 mg, 0.14 mmol), 1a (77 mg,
0.14 mmol) and NH4PF6 (22 mg, 0.14 mmol) in MeOH (10 mL)
was heated at reflux point for 30 min to form a bright red solution.
Addition of 2–3 drops of DBU caused a yellow precipitate to
form, which was collected by filtration, washed with cold MeOH
(3 mL), and air-dried to afford 3a as a yellow solid (88 mg, 81%)
and characterised by comparison of spectroscopic data with those
reported elsewhere.24,31

Preparation of Ru(C∫CC6H4Me-4)(PPh3)2Cp (3b)

Complex 3b (84 mg, 74%) was formed from 1b and
RuCl(PPh3)2Cp, using a similar procedure to that described for
3a, and identified by comparison with an authentic sample.31

Preparation of Ru(C∫CC6H5)(dppe)Cp* (4a)

A suspension of RuCl(dppe)Cp* (100 mg, 0.15 mmol), 1a (84 mg,
0.15 mmol) and NH4PF6 (24 mg, 0.15 mmol) in MeOH (10 mL)
was heated at reflux point for 1 h to form a bright red solution,
which was treated with 2–3 drops of DBU and allowed to stir for a
further 1 h. The yellow precipitate that formed over this time was
collected by filtration, washed with cold MeOH (3 mL), and air-
dried to afford 4a as a yellow solid (56 mg, 51%). Characterisation
data for 4a were identical to that reported elsewhere.31,55

Preparation of Ru(C∫CC6H4Me-4)(dppe)Cp* (4b)

Complex 4b was prepared (63 mg, 56%) from 1b and
RuCl(dppe)Cp* in a manner identical to that described for 4a,
and characterised by comparison of spectroscopic data with that
reported elsewhere.31

Formation of Ru(C∫CC6F5)(g2-O2)(PPh3)Cp* (4c)

A mixture of RuCl(PPh3)2Cp* (50 mg, 0.063 mmol) and 1c
(86.6 mg, 0.127 mmol) was heated in refluxing benzene (13 mL)
for 2.5 h to give a red-brown solution. Conventional work-up
gave numerous unidentified products, appearing as multi-coloured
bands on preparative TLC plates, together with AuCl(PPh3)
(5 mg). One yellow band afforded yellow crystals (from hexane)
(1.1 mg, 2.4%), identified by a single-crystal X-ray diffraction
structure determination as Ru(C∫CC6F5)(h2-O2)(PPh3)Cp* (4c).
The small amount obtained precluded further characterisation.

Preparation of Ir(C∫CC6H5)(g2-O2)(CO)(PPh3)2 (5a)

A suspension of IrCl(CO)(PPh3)2 (100 mg, 0.13 mmol) and 1a
(73 mg, 0.13 mmol) were stirred at room temperature in THF
(12 mL) for ca. 6 h to give an orange-brown solution. The progress
of the reaction was monitored by TLC and 31P NMR [26.0 for
IrCl(CO)(PPh3)2 and 25.2 ppm for Ir(C∫CC6H5)(CO)(PPh3)2].
When the reaction was adjudged complete, 7 mL of the solvent
was removed to give a cloudy brown solution. Acetone (5 mL)
was added to the solution and the mixture stirred for 10 min
followed by filtration to give a yellow solid that was recrystallised
(CHCl3/hexane) to afford small pale yellow crystals of 5a (71 mg,
62%). IR (CH2Cl2) n/cm-1: (C∫C) 2134; (C∫O) 2005, (O–O) 883.
1H NMR d/cm-1: 2.23 (s, 3H, Me), 6.24 (d, 2H, JHH = 8 Hz,

C6H4), 6.81 (d, 2H, JHH = 8 Hz, C6H4), 7.39 (m, 12H, PPh3), 7.45
(m, 6H, PPh3), 7.59 (m, 12H, PPh3). 31P{1H} NMR d/ppm: 8.3
(s). 13C{1H} NMR d/ppm: 67.8 (t, 2JCP 11 Hz, Ca), 108.5 (s, Cb),
125.1 (C4), 127.3 (C3), 128.1 (dd, 3JCP, 5JCP~5 Hz, Cm), 128.1 (m,
Ci), 128.2 (C1), 130.8 (Cp), 131.3 (C2), 134.7 (dd, 2JCP, 4JCP~5 Hz,
Co), 167.1 (s, C∫O). ES-MS: m/z 879 [M + H]+, 920 [M + H +
MeCN]+.

Preparation of Ir(C∫CC6H4Me-4)(g2-O2)(CO)(PPh3)2 (5b)

A suspension of IrCl(CO)(PPh3)2 (100 mg, 0.13 mmol) and 1b
(74 mg, 0.13 mmol) were stirred at room temperature in THF
(12 mL) for ca. 6 h to give an orange solution. After the same work-
up as described above for 5a, the yellow solid was recrystallised
from CHCl3/hexane to yield yellow crystals of 5b (46 mg, 40%)
suitable for X-ray crystallography. IR (CH2Cl2) n/cm-1: (C∫C)
2128; (C∫O) 2008, (O–O) 834. 1H NMR d/ppm: 2.23 (s, 3H, Me),
6.24 (d, 2H, JHH = 8 Hz, C6H4), 6.81 (d, 2H, JHH = 8 Hz, C6H4),
7.39 (m, 12H, PPh3), 7.45 (m, 6H, PPh3), 7.59 (m, 12H, PPh3).
31P{1H} NMR d/ppm: 8.2 (s). 13C{1H} NMR d/ppm: 21.1 (s,
Me), 66.0 (t, 2JCP 11 Hz, Ca), 109.1 (s, Cb), 125.0 (C1), 128.1
(C3), 131.1 (C2), 134.8 (C4), 128.1 (dd, 3JCP, 5JCP~5 Hz, Cm),
128.1 (m, Ci), 130.7 (Cp), 134.6 (dd, 2JCP, 4JCP~5 Hz, Co), 167.1
(s, C∫O). Found: C 61.5, H 4.1%. C46H37P2O3Ir requires: C 62.0,
H 4.2%. ES-MS: m/z 893 [M + H]+, 934 [M + H + MeCN]+.
High resolution calculated for IrC46H38O3P2: [M + H]+ 893.19199,
found 893.19242.

Preparation of Ni(C∫CC6H5)(PPh3)Cp (6a)

A solution of NiBr(PPh3)Cp (100 mg, 0.21 mmol) in THF (10 mL),
was treated with 1a (120 mg, 0.21 mmol) and the mixture allowed
to stir at ambient temperature in the dark, the progress of the
reaction being monitored by TLC (hexane–acetone, 8 : 2) and
by 31P NMR [34.2 ppm for AuBr(PPh3)]. The solution colour
became pale brown after 1 h. After 4 h, the solution was distinctly
green. After stirring for 6 h, the reaction was adjudged complete
and the mixture was taken to dryness, followed by purification
by preparative TLC. A green band was isolated, which was
recrystallised (chloroform/MeOH) to afford green crystals of 6a
(55 mg, 53%). IR (CH2Cl2) n/cm-1: (C∫C) 2097 cm-1. 1H NMR
d/ppm: 5.25 (s, 5H, Cp), 6.64 (d, 2H, phenyl C2H at ∫CPh), 6.91
(t, 1H, C4H), 6.93 (m, 2H, C3H), 7.38 (m, 9H, PPh3), 7.74 (m, 6H,
PPh3). 31P NMR d/ppm: 41.8 (s, PPh3). 13C NMR d/ppm: 85.8 (d,
2JPC = 50 Hz, Ca), 92.5 (d, 3JPC = 2 Hz, Cp), 119.7 (d, 3JPC = 2 Hz,
Cb), 124.5 (C4), 127.2 (C3), 128.0 (C1), 128.1 (d, 3JPC = 10 Hz,
Cm), 130.1 (d, 4JPC = 2 Hz, Cp), 130.9 (C2), 133.8 (d, 2JPC = 10 Hz,
Co), 134.0 (d, 2JPC = 49 Hz, Ci). ES-MS: m/z 995 [2M + Na]+, 509
[M + Na]+, 486 [M]+, 385 [M - C∫CPh]+.

Preparation of Ni(C∫CC6H4Me)(PPh3)Cp (6b)

The modestly air- and light-sensitive green complex 6b was
prepared (44 mg, 42%) from 1b and NiBr(PPh3)Cp using the
method described for 6a. IR (CH2Cl2) n/cm-1: (C∫C) 2100. 1H
NMR d/ppm: 2.17 (s, 3H, CH3), 5.25 (s, 5H, Cp), 6.56 (d, 2H,
tolyl C2H), 6.74 (d, 2H, C3H), 7.40 (m, 9H, PPh3), 7.76 (m, 6H,
PPh3). 31P NMR d/ppm: 41.7 (s, PPh3). 13C NMR d/ppm: 21.2
(CH3), 83.5 (d, 2JPC = 50 Hz, Ca), 92.6 (d, 3JPC = 2 Hz, Cp), 119.7
(d, 3JPC = 2 Hz, Cb), 125.2 (C1), 128.0 (C3), 128.1 (d, 3JPC = 10 Hz,
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Cm), 130.1 (d, 4JPC = 2 Hz, Cp), 130.7 (C2), 133.9 (d, 2JPC = 10 Hz,
Co), 134.0 (d, 2JPC = 47 Hz, Ci), 134.1 (C4). ES-MS: m/z 501
[M + 1]+. Found: C 76.7, H 5.5%. C32H27PNi requires: C 76.7,
H 5.5%.

Preparation of trans-Pt(C∫CC6H5)2(PPh3)2 (7a)

To a stirred aliquot of MeOH (15 mL), cis-PtCl2(PPh3)2 (141 mg,
0.18 mmol) and 1a (200 mg, 0.36 mmol) were added to form
a pale yellow suspension. The reaction mixture was allowed
to stir for ca. 15 h, after which time it was filtered and the
precipitate collected and washed with acetone to give a yellow
solid, which was recrystallised (CH2Cl2/hexane) to afford pale
yellow crystals of 7a (86 mg, 59%). IR (nujol) n/cm-1: (C∫C)
2107. 1H NMR d/ppm: 6.28 (m, 4H, phenyl C2H at CCPh), 6.89
(m, 2H, C4H), 6.91 (m, 4H, C3H), 7.37 (m, 18H, PPh3), 7.81
(m, 12H, PPh3). 1P{1H} NMR (CDCl3, 80.96 MHz) d/ppm: 19.7
(s + d, 1JPtP = 2640 Hz, PPh3). 13C{1H} NMR d/ppm: 109.7 (t,
2JCP~16 Hz, Ca), 113.2 (Cb), 124.5 (C4), 127.0 (C3), 127.8 (dd,
3JCP/

5JCP~5 Hz, Cm), 128.5 (C1), 130.8 (C2), 130.1 (Cp), 131.4
(dd, 1JCP/

3JCP~29 Hz Ci), 135.1 (dd, 2JCP/
4JCP~5 Hz, Co). Found:

C 68.0, H 4.4%. C52H40P2Pt requires: C 67.8, H 4.4%. ES-MS:
m/z 922 [M + H]+, 944 [M + Na]+. High resolution calculated for
PtC52H41P2: [M + H]+ 922.23257, found 922.23318, calculated for
PtC52H40P2Na: [M + Na]+ 944.21452, found 944.21662.

Preparation of trans-Pt(C∫CC6H4Me)2(PPh3)2 (7b)

A reaction similar to that described for 7a between cis-
PtCl2(PPh3)2 (200 mg, 0.25 mmol) and 1b (291 mg, 0.51 mmol)
gave 7b as a pale yellow precipitate, which was recrystallised
(CH2Cl2/MeOH) to afford pale yellow crystals (83 mg, 35%). IR
(nujol) n/cm-1: (C∫C) 2106. 1H NMR d/ppm: 2.17 (s, 6H, Me),
6.16 (d, JHH~7 Hz, C6H4), 6.70 (d, JHH~7 Hz, C6H4), 7.36 (m, 18H,
PPh3), 7.80 (m, 12H, PPh3). 1P{1H} NMR d/ppm: 19.7 (s + d,
1JPtP = 2660 Hz, PPh3). 13C{1H} NMR d/ppm: 21.2 (Me), 127.7
(dd, 3JCP, 5JCP~5 Hz, Cm), 127.9 (C3), 130.1 (C2), 130.8 (Cp), 131.9
(dd, 1JCP, 3JCP~29 Hz, Ci), 135.1 (dd, 2JCP, 4JCP~5 Hz Co), other
13C peaks were not observed due to poor solubility. Found: C 68.8,
H 4.6%. C54H44P2Pt requires: C 68.3, H 4.7%. ES-MS: m/z 950
[M + H]+, 972 [M + Na]+, 982 [M + H + MeOH]+. High resolution
calculated for 194PtC54H45P2: [M]+ 949.256611, found 949.26387.

Preparation of trans-Pt(C∫CC6H5)2(PMe3)2 (8a)

To a stirred aliquot of MeOH (15 mL), trans-PtCl2(PMe3)2

(100 mg, 0.24 mmol) and 1a (269 mg, 0.48 mmol) were added
under nitrogen to afford a pale green suspension, which was stirred
at rt for ca. 15 h, filtered and washed with cold MeOH (3 mL)
and hexane (3 mL), and recrystallised (CHCl3/MeOH) to afford
pale yellow crystals of 8a (99 mg, 73%). IR (nujol) n/cm-1: (C∫C)
2108. 1H NMR d/ppm: 1.77 (dd, 2JPH, 4JPH~4 Hz, and Pt satellites,
3JPt–H~30 Hz, PMe3), 1.80 (dd, 3JPt–H~30 Hz), 2.29 (s, 6H, Me), 7.03
(d, JHH = 8 Hz, C2H of tolyl), 7.23 (d, JHH = 8 Hz, C3H). 31P{1H}
NMR d/ppm: -19.4 (s + d, 1JPtP = 2300 Hz, PMe3). 13C{1H}NMR
d/ppm: 15.3 (dd, 2JCP,4JCP~20 Hz, and Pt satellites, 2JPt–C~81 Hz,
PMe3), 107.2 (t, 2JCP = 15 Hz, Ca), 108.5 (Cb), 125.3 (C4), 127.9
(C3), 128.2 (C1), 130.9 (C2). Found: C 47.1, H 5.1%. C24H32P2Pt
requires: C 48.1, H 5.1%. ES-MS: m/z 1162 [2M + Na]+;
550 [M + H]+.

Preparation of trans-Pt(C∫CC6H4Me-4)2(PMe3)2 (8b)

Complex 8b was prepared from 1b (275 mg, 0.48 mmol) and
PtCl2(PMe3)2 and isolated as pale yellow-green crystals (93 mg,
67%). IR (nujol) n/cm-1: (C∫C) 2108. 1H NMR d/ppm: 1.77 (dd,
2JPH, 4JPH~4 Hz, and Pt satellites, 3JPt–H~30 Hz, PMe3), 1.80 (dd,
3JPt–H~30 Hz), 2.29 (s, 6H, Me), 7.03 (d, JHH = 8 Hz, C2H of
tolyl), 7.23 (d, JHH = 8 Hz, C3H). 31P{1H} NMR d/ppm: -19.4
(s + d, 1JPtP = 2310 Hz, PMe3). 13C{1H} NMR d/ppm: 15.4 (dd,
2JCP,4JCP~20 Hz, and Pt satellites, 2JPt–C~83 Hz, PMe3), 21.3 (s,
Me), 106.0 (t, 2JCP = 15 Hz, Ca), 108.4 (Cb), 125.2 (C1), 128.6
(C3), 130.9 (C2), 135.0 (C4). Found: C 49.3, H 5.6%. C24H32P2Pt
requires: C 49.9, H 5.6%. ES-MS: m/z 1177 [2M + Na]+, 632
[M + Na + MeOH]+, 578 [M + H]+. High resolution calculated
for PtP2C24H33: [M + H]+ 578.16997, found 578.17067.

Isolation of Au(PMe3)2[PF6] (9)

A suspension of PtCl2(PMe3)2 (200 mg, 0.48 mmol), 1a (130 mg,
0.23 mmol) and NH4PF6 (78 mg, 0.48 mmol) in MeOH (15 mL)
was allowed to stir at rt for ca. 8 h to give a white precipitate,
which was collected by filtration, washed with a small quantity
of cold MeOH (3 mL) followed by hexane (3 mL) and dried
in vacuo. Crystallisation of the precipitate from MeCN/MeOH
gave white crystals of 9 (14 mg, 0.028 mmol, 12%) suitable for
X-ray crystallography. 1H NMR d/ppm: 1.70. 31P{1H} NMR
d/ppm: 5.0 (s), -144.1 (septet, JPF = 710 Hz). 13C{1H} NMR
d/ppm: 16.4 (br). ES-MS: m/z 721 [2M + Na]+, 349 [M]+

C6H18AuP2 = [M]+. High resolution calculated for C6H18AuP2:
[M]+ 349.05439, found 349.05424.

Preparation of {Cu(C∫CC6H5)}n (10a)

An aliquot of THF (25 mL) was rapidly stirred and treated with
CuI (100 mg, 0.50 mmol) and 1a (280 mg, 0.50 mmol) to form a
white suspension, which gradually changed to yellow after ca. 2 h.
The reaction was allowed to stir for ca. 24 h to ensure complete
reaction. The yellow suspension was filtered and the solid was
washed with hexane (5 mL) to give a bright yellow solid (71 mg,
86%) identified as {Cu(C∫CC6H5)}n 10a. IR (KBr) n/cm-1: (C∫C)
1940 (vw), 1481 (m), 742 (s), 679 (s), 520 (m), 511 (m).73 Found: C
58.1, H 3.1%. C8H5Cu requires: C 58.4, H 3.0%.

Preparation of {Cu(C∫CC6H4Me-4)}n (10b)

A stirred suspension of CuI (200 mg, 1.05 mmol) in THF (60 mL)
was treated with 1b (600 mg, 1.05 mmol) to form a white
suspension, which gradually changed to yellow after ca. 2 h. Using
a similar work-up procedure as described for 10a, a yellow solid
(175 mg, 94%) was isolated and identified as {Cu(C∫CC6H4Me-
4)}n (10b). IR (KBr) n/cm-1: (C∫C) 1937 (w), 1504 (s), 808 (s),
526 (m), 520 (m). Found: C 63.6, H 4.1%. C9H7Cu requires: C
60.5, H 3.9%.

Structure determinations†

Single-crystal X-ray data were collected using an Oxford Diffrac-
tion Xcalibur CCD (11), Rigaku R-AXIS Spider IP (2b and 5b),
Bruker Smart CCD 1 K (6b and 8b) and 6 K (4b, 7a, 7b and
9) diffractometers at low temperature and using monochromatic
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MoKa radiation, l = 0.71073 Å. All structures were solved by
direct methods and refined by full matrix least squares refinement
on F 2. Anisotropic displacement parameters were refined for
the non-hydrogen atoms, excepting the disordered ones in the
structures 5b and 9; hydrogen atom treatment followed a riding
model. The C∫CC6H4Me-4 fragment of molecule 5b is disordered
over two equally occupied positions, which correspond to two
different directions of the flexing in the alkyne moiety. The
inclinations of the planar aryl rings are also slightly different.
The disorder does not affect the geometry of rest of the molecule.
Neutral atom complex scattering factors were employed within
the SHELXL-97 program.74 Pertinent results are given in the
tables and figures, the latter showing non-hydrogen atoms with
50% probability amplitude displacement ellipsoids.
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Abstract The influence of aryl ring substituents X (F,
OMe, NMe2, NH2, OH and O−) on the physical and
electronic structure of the ortho-carborane cage in a series
of C,C′-diaryl-ortho-carboranes, 1-(4-XC6H4)-2-Ph-1,2-
C2B10H10 has been investigated by crystallographic, spec-
troscopic [nuclear magnetic resonance (NMR), UV–vis],
electrochemical and computational methods. The cage C1–
C2 bond lengths in this carborane series show small
variations with the electron-donating strength of the
substituent X, but there is no evidence of a fully evolved
quinoid form within the aryl substituents in the ground
state. In the 11B and 13C NMR spectra, the ‘antipodal’ shift
at B12, and the C1 shift correlates with the Hammett σp
value of the substituent X. The UV–visible absorption
spectra of the cluster compounds show marked differences
when compared with the spectra of the analogous substi-
tuted benzenes. These spectroscopic differences are attrib-
uted to variation in contributions from the cage orbitals to

the unoccupied/virtual orbitals involved in the transitions
responsible for the observed absorption bands. Electro-
chemical studies (cyclic and square-wave voltammetry)
carried out on the diarylcarborane series reveal that one-
electron reduction takes place at the cage in every case with
the voltage required for reduction of the cage influenced by
the electron-donating strength of the substituent X, affording a
series of carborane radicals with formal [2n+3] electron
counts.

Keywords Carborane . Electrochemistry . Radical anion .

DFT

Introduction

The chemistry of carborane cluster compounds has been
extensively investigated over many years, and yet explora-
tion of the synthetic, structural and electronic properties of
these compounds continues to provide new insights and
opportunities for further development. For example, it has
long been known that despite their remarkable thermal and
oxidative stability, the closo-icosahedral carboranes
C2B10H12 (most notably the 1,2-ortho isomers) are suscep-
tible to attack by Lewis bases which remove BH units [1–
5]. The nido-icosahedral fragment dianions [C2B9H11]

2−

that result from these “decapitation” reactions feature
pentagonal open faces, which can coordinate to metal
centres and regenerate 12-vertex metallacarbaborane delta-
hedra, which have fascinating analogies with both borane
clusters and half-sandwich metal complexes [6–13].

The 12-vertex closo-ortho-carborane C2B10 cage is also
remarkably structurally flexible in its own right. The cage
C1–C2 bond is sensitive to the nature of the groups bonded
to the carbon centres and can be elongated by the
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attachment of π-donor substituents to one or both of the
cage carbon atoms [14–21]. In extreme cases, the cage
acquires a tetragonal open face. For example, our work on
substituted derivatives of phenyl-ortho-carborane, PhCbX
(where PhCb = 2-Ph-1,2-C2B10H10 and X = H, F, NH2, NH

−,
OH, O−, bonded at cage carbon C1) has shown that the cage
C(1)–C(2) distance increases in relation to the π-donor prop-
erties of the substituent, from 1.649(2) Å (X = H) to 2.001
(3) Å (X = O−) [22]. Structural changes of this magnitude
and precision make the ortho-carborane residue a very
sensitive probe of the π-donor properties of substituents.

It has long been known that two-electron reduction of
icosahedral carboranes generates nido-dianions [C2B10H12]

2−

[23, 24], which can be used as precursors to 13-vertex
metallacarbaboranes [25–29], with electrochemical studies of
diphenyl-ortho-carborane PhCbPh (1) in acetonitrile or
DMSO revealing two sequential quasi-reversible 1e reduc-
tion processes [30, 31]. Based on computational (B3LYP/6-
31G*) studies, the geometry of the thermodynamically stable
radical anion [1]− is thought to contain a long cage C1–C2
bond (2.38 Å) arising from the contribution of the additional
electron to the cluster skeletal electron count [32].

We were interested in further exploring the influence of
π-donor substituent effects on the physical and electronic
structure of the closo-ortho-carborane cage. To this end, a
series of ortho-carborane derivatives PhCbC6H4X, contain-
ing a para-located ring substituent X = H, F, OMe, NMe2,
NH2 and OH, were prepared and structurally characterised.
The phenyl group at the carbon centre C2 helps resolve
possible CH/BH disorder problems [22, 33, 34–40] and
provides an internal structural and spectroscopic reference.
Electrochemical measurements have been used to demon-
strate that [2n+3] cluster radical anions can be generated
throughout the series. In this contribution, we report
structural, spectroscopic, electrochemical and computation-
al work that reveals a degree of interaction between the
carborane cage and the remote substituent, X, mediated by
the intervening phenylene ring.

Results and discussion

The parent diphenyl-ortho-carborane 1 and the C,C′-diaryl-
ortho-carboranes, PhCbC6H4X [X = F(2), OMe (3), NMe2

(4), NH2 (5)] were prepared from reactions of the
appropriate diarylethynes with decaborane (Scheme 1)
[41–43]. The hydroxy derivative PhCbC6H4OH 6 was
obtained by demethylation of 3. The sodium salt Na
[PhCbC6H4O] 7 was formed as yellow crystals from 6 and
NaOH in acetonitrile.

Structural aspects

The derivatives PhCbC6H4X 1–6 were structurally character-
ised by single crystal X-ray studies, and relevant molecular
parameters are listed in Table 1. The molecular geome-
tries of 2–6 resemble that of diphenyl-ortho-carborane
PhCbPh 1 reported earlier at room temperature [33] and
re-determined in this work at low temperature for con-
sistency. It is remarkable that the structures of 1 and all its
derivatives contain more than one independent molecule,
viz. two in 1, 2, 4 and 5, four in 3 and six in 6, the
asymmetric unit of the latter also containing a half molecule
of hexane, which is located at an inversion centre and
partially disordered. Generally, only about 8% of molecular
crystals have Z′>1 [44], although the proportion is much
higher for certain chemical classes, notably monoalcohols
(cf. 6) [45, 46]. Persistence of Z′>1 in the present case can
be attributed to the shape of the diphenylcarborane moiety,
which is awkward for packing yet has some conformational
flexibility brought about by rotation of the phenyl groups.

In each independent molecule of 2, the p-fluorine
substituent is disordered over both phenyl rings (Fig. 1).
The occupancies of these positions, F(1) and F(2), in
molecule A were refined to 93.3(3) and 6.7(3)%, in
molecule B to 61.8(3) and 38.2(3)%.

In 3, the methoxy groups are almost coplanar with the
phenyl rings to which they are attached; the torsion angle C
(15)–C(16)–O–C(Me) being −0.5(2), 6.0(2), 6.6(2) and
−5.6(2)° in molecules A, B, C and D, respectively. In 4,
the amino group is planar, the sum of C–N–C angles being
359.8(2)° in molecule A and 359.0(4)° in B. The dihedral
angle between the C(19)N(1)C(20) [NMe2] plane and the
benzene ring is 6.1° (A) and 10.4° (B). In 5, the amino
group is less planar than in 4, the sum of bond angles at N
(1) being 349(3)° in both molecules. Thus, the NH2 plane
makes a dihedral angle of 26° (A) or 34° (B) with the
benzene ring, whilst the pπ orbital of C(16) and the lone

H
C C

X
X

B10H12(NCMe)2

H
NCMe

MeCN - 2 MeCN, -H2

Toluene, reflux+

X = H

X = F

X = OMe

X = NMe2

X = NH2

72%  1
47%  2
40%  3
41%  4
28%  5

Scheme 1 The synthesis
of compounds 1–5
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electron pair of N(1) are eclipsed in molecule A and twisted
by approximately 7° in B. Surprisingly, there is no strong
N–H…N hydrogen bonding in 5. The NH2 group of
molecule B has one H atom pointing toward the N(1)–C
(16) bond rather than the N(1) lone pair of molecule A and
another toward the C(13)–C(14) bond of its equivalent by
the transformation (i) x−1/2, y, 3/2−z (Fig. 2). For the
idealised N–H bond lengths of 1.01 Å, the calculated dis-
tances H(2B)…N(1A) 2.48, H(2B)…C(16A) 2.61, H(1B′)
…C(13A) 2.68 and H(1B’)…C(14A) 2.75 Å are somewhat
shorter than the sums of van der Waals radii, H…N 2.74
and H…C 2.88 Å. The amino hydrogens of molecule A
form only H…H contacts with carborane hydrogens and
those not significantly shorter (2.20–2.26 Å) than twice the
van der Waals radius of H (2.2 Å).

The molecules of 6 are hydrogen-bonded into two non-
equivalent centrosymmetric hexamers, viz. ABCAiBiCi and
DEFDiiEiiFii, where symmetry operations are (i) 1−x, −y,
−z and (ii) −x, 1−y, −z. In the ABCAiBiCi cycle, all
hydroxyl hydrogens are disordered so that hydrogen bonds
can run along the ring in either direction with equal

Fig. 1 The molecular structure
of 2 (unique molecule A,
thermal ellipsoids are drawn
at the 50% probability level,
disorder is omitted) showing the
atomic numbering scheme used
for compounds 1 to 6

Fig. 2 Intermolecular interactions in the crystal of 5

Table 1 Bond distances (Å) and torsion angles (°)

C(1)–C(2) θ1 θ2 θav C(1)–C(13) C(2)–C(21) C(16)–X C(13)–C(14)c C(14)–C(15)c C(15)–C(16)c

1a (H) A 1.733(4) 2.4 2.3 2 1.500(4) 1.508(5) – 1.384(5) 1.385(6) 1.363(7)
B 1.720(4) 9.2 8.0 9 1.494(4) 1.508(4) – 1.378(5) 1.383(6) 1.364(7)

1 (H) A 1.730(2) 1.9 4.7 3 1.505(2) 1.509(2) – 1.392(2) 1.388(2) 1.380(3)
B 1.722(2) 10.6 8.8 10 1.505(2) 1.505(2) – 1.389(2) 1.389(2) 1.375(3)

2 (F) A 1.731(2) 11.6 8.2 10 1.500(2) 1.509(2) 1.359(2)b 1.395(3) 1.391(3) 1.371(3)
B 1.722(2) 15.3 14.3 15 1.502(2) 1.500(2) 1.338(3)b 1.397(2) 1.389(3) 1.376(3)

3 (OMe) A 1.728(2) 14.1 6.0 10 1.498(2) 1.503(2) 1.366(2) 1.395(2) 1.382(2) 1.385(2)
B 1.730(2) 6.5 4.1 5 1.502(2) 1.508(2) 1.365(2) 1.393(2) 1.382(2) 1.387(2)
C 1.732(2) 14.5 1.8 8 1.502(2) 1.507(2) 1.368(2) 1.394(2) 1.384(2) 1.388(2)
D 1.734(2) 8.1 1.6 5 1.499(2) 1.506(2) 1.367(2) 1.396(2) 1.382(2) 1.388(2)

4 (NMe2) A 1.744(3) 6.7 22.3 14.5 1.492(4) 1.502(4) 1.371(3) 1.393(4) 1.382(4) 1.404(4)
B 1.752(3) 8.6 7.6 8 1.495(3) 1.500(3) 1.376(3) 1.395(2) 1.383(2) 1.393(2)

5 (NH2) A 1.735(2) 22.9 15.9 19 1.498(2) 1.498(2) 1.383(2) 1.395(2) 1.385(2) 1.398(2)
B 1.748(2) 2.7 11.1 7 1.496(2) 1.505(2) 1.379(2) 1.395(2) 1.383(2) 1.393(2)

6 (OH) A 1.716(2) 20.3 23.1 22 1.504(2) 1.505(2) 1.373(2) 1.383(2) 1.380(2) 1.373(2)
B 1.729(2) 4.3 11.7 8 1.503(2) 1.500(2) 1.368(2) 1.382(2) 1.383(3) 1.370(2)
C 1.718(2) 2.5 9.7 6 1.502(2) 1.501(2) 1.371(2) 1.391(2) 1.387(2) 1.385(2)
D 1.716(2) 31.3 30.6 31 1.502(2) 1.505(2) 1.370(2) 1.394(2) 1.387(2) 1.387(2)
E 1.720(2) 23.4 34.1 28.5 1.500(2) 1.506(2) 1.372(2) 1.393(2) 1.388(2) 1.388(2)
F 1.725(2) 2.3 9.0 6 1.499(2) 1.503(2) 1.369(2) 1.397(2) 1.387(2) 1.390(2)

θ is the average difference between 90° and the moduli of Ccage–Ccage–CPh–CPh torsion angles, i.e. C(2)-C(1)–C(13)–C(14) and C(2)-C(1)–C(13)–
C(18) for θ1, C(1)–C(2)–C(21)–C(22) and C(1)–C(2)–C(21)–C(26) for θ2
a Room temperature [9]
bMajor disordered position
c Average of the two chemically equivalent bonds
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probability, whereas in the latter hexamer, the hydroxyl H
atoms are ordered and the hydrogen bonds are donated in
the succession F→ E→D→Fii, etc. (Fig. 3).

Throughout the series 2–6, both phenyl rings are orientated
roughly perpendicular to the C(phenylene)–C(1)–C(2)–C
(phenyl) plane, slightly rotated in the same sense (propeller-
like conformation). It is helpful to the discussion to define θ
as the average difference between 90° and the moduli of
Ccage–Ccage–CPh–CPh torsion angles, i.e. C(2)–C(1)–C(13)–
C(14) and C(2)–C(1)–C(13)–C(18) for θ1, C(1)–C(2)–C(21)–
C(22) and C(1)–C(2)–C(21)–C(26) for θ2 [33]. The range of
angles θ is rather small, and generally less than 15°, save for
some members of the hydrogen-bonded networks of 6.
Nevertheless, the cage C(1)–C(2) bond is sensitive to aryl
group orientations [47, 48–51], and the C(1)–C(2) bond
length is generally longest when both aryl groups are
orientated perpendicular to the C1–C2 vector (θ=0°, Table 1)
and thereby maximising the interaction between the aryl
π-system and the tangential cage carbon p-orbital [33, 47].

A more significant though still modest variation in the C
(1)–C(2) bond length is observed as a function of the
electronic character of the substituent X (Table 2). For
example, the length in the parent compound 1 [1.726(2) Å]
is shorter than in the NMe2 derivative 4 [1.744(3), 1.752
(3) Å]. The less strongly π-donating groups have more
limited influence on the structure of the cage (Table 1), and
in any event, the structural variations in response to the
substituent are small compared to the changes in C(1)–C(2)
bond distances observed when the substituent X is directly
bonded to the cage carbon C(1). The C(1)–C(13) and C(2)–
C(21) bond lengths in compounds 1–6 are largely insensi-
tive to both the orientation of the phenyl groups and the
substituent, being approximately 1.50 Å in each case.

Very good agreements between the MP2/6-31G*
optimised geometry and crystallographically determined
structures of 1 have been noted elsewhere [47]. The MP2-
optimised geometries of 2–6 reveal the same trends in the
cage C1–C2 bond lengths as observed crystallographically,
i.e. the cage C1–C2 bond length increases with increasing
electron-donating effect of X. The optimised geometry of
the salt [PhCbC6H4O]

− Na+ 7 contains a C1–C2 bond
length of 1.732 Å, which is approximately 0.02 Å longer
than those of MP2-optimised geometries of 1–6 but much
shorter than the C1–C2 bond length of 1.913 Å in the MP2-
optimised geometry of [PhCbO]− Na+ reported previously
[22]. There is no significant quinonoidal character in the
substituted ring systems in either the experimental or
computational models, and in general, the bond lengths
within the C(13)–C(18) ring are comparable with those of
the analogous substituted benzenes determined experimen-
tally [52, 53] or by computation at the MP2/6-31G* level of
theory.

Fig. 3 (a) A hydrogen-bonded
hexamer in the crystal of 6,
(b) the pattern of disorder
in the symmetrically
non-equivalent hexamer
(see text for the symmetry
notation)

Table 2 Comparison between observed and calculated (in italics)
bond distances (Å) and θav angles (°)

C(1)–C(2) θav C1–C2a θav
a C1–C2b θav

b

1 (H) 1.726(2) 7 1.705 17.4 1.718 3.5
2 (F) 1.727(2) 12 1.707 17.0 1.719 3.5
6 (OH) 1.721(2) 17 1.711 16.7 1.723 3.5
3 (OMe) 1.731(2) 7 1.710 17.1 1.723 3.5
5 (NH2) 1.741(2) 13 1.714 16.3 1.729 3.5
4 (NMe2) 1.748(3) 11 1.715 16.4 1.731 3.5
7 (ONa) 1.732 18.0 1.770 3.5

a Fully optimized
b Optimised with fixed aryl orientations
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Spectroscopic aspects

NMR spectroscopy

Within the PhCbC6H4X series, the increasing electron-
donating effect of X causes a relative decrease in the
shielding of the C1 nuclei (Table 3) [54]. In the 11B NMR
data for the series, the boron atom B12 antipodal to C1 is
most influenced, becoming more shielded when X = NH2

and NMe2. These variations in the B12 chemical shift are
examples of the ‘antipodal’ effect [55] where the substitu-
ent at one vertex atom of a cage has a remarkable influence
on the chemical shift of the vertex atom directly opposite.
In contrast, the chemical shifts of C2 and B9 are relatively
insensitive to the nature of X.

Calculated boron and carbon NMR shifts at the B3LYP/
6-311G* level of theory on these MP2-optimised systems
also show the same trends as the observed chemical shifts
where X influences the frequency of the C1 and B12
resonances but leaves C2 and B9 shifts largely unaffected.
Calculated NMR values generated from the optimised
geometry of the salt Na+ [PhCbC6H4O]

− 7 gave very good
agreement with observed data for the sodium salt. An
approximately linear relationship exists between the Ham-
mett σp values of the substituents and both the 13C chemical
shifts of C1 and the 11B NMR chemical shift of B12. This
observation lends additional support to the idea that the
variation in the observed chemical shifts of these nuclei is
attributable to the electronic character of the substituent [56].

Electronic structure calculations

Electronic structure calculations were carried out on the
MP2-optimised geometries of PhCbC6H4X 1–6 and the
benzene analogues, PhX, at the B3LYP/6-311G* level of
theory. Whilst the HOMO in 1 is essentially composed of
the phenyl ring π orbitals, the LUMO features an important
contribution from the atoms of the cage (29%) in addition
to the phenyl π* system. These frontier orbitals are

stabilised relative to the analogous orbitals in benzene, as
expected following the introduction of the electron-with-
drawing carborane group (Fig. 4). The stabilising effect of
the orbital contribution of the cage to the LUMO results in
smaller HOMO-LUMO gaps in the cluster systems than in
the benzene derivatives (Fig. 5).

The N,N-dimethylamino substituted compound 4 pro-
vides an example with which to discuss the influence of the
substituents on the electronic structure of 1,2-diphenyl ortho
carboranes relative to the parent system 1. The introduction
of the electron-donating NMe2 group in 4 results in a
separation of the HOMO which has appreciable N,N-
dimethylamino character from the other occupied orbitals.
In contrast, the HOMO of 1 lies closer to the other occupied
orbitals. As indicated above, the LUMO and other closely
lying unoccupied orbitals have appreciable cage carbon and
phenyl ring character (Fig. 5). However, whilst the LUMO is
evenly distributed over both phenyl rings in 1, it is more
heavily localised on the unsubstituted ring in 4, as might be
expected following the introduction of the strongly electron
donating NMe2 group. The orbitals in the other donor
substituted carboranes (3, 5 and 6) are similar to those of 4

Table 3 Observed (in ppm, CDCl3) and calculated values (in italics) of 13C NMR shifts for the cage carbons C1 and C2 and 11B NMR shifts for
the antipodal borons B9 and B12 in the PhCbC6H4X series

X C1 C1 C2 C2 ΔC ΔC B12 B12 B9 B9 ΔB ΔB σp

F (2) 84.3 84.3 85.3 85.7 −1.0 −1.4 −2.3 −1.5 −2.3 −1.5 0.0 0.0 +0.06
H (1) 85.2 85.7 85.2 85.7 0.0 0.0 −2.4 −1.6 −2.4 −1.6 0.0 0.0 0.00
OMe (3) 85.7 85.1 85.4 86.1 +0.3 +1.0 −2.6 −2.0 −2.6 −1.5 0.0 −0.5 −0.27
OH (6) 85.4 85.5 85.4 85.6 0.0 −0.1 −2.6 −2.0 −2.6 −1.5 0.0 −0.5 −0.37
NH2 (5) 86.8 86.7 85.6 85.4 +1.2 +1.3 −3.1 −2.4 −2.6 −1.6 −0.5 −0.8 −0.66
NMe2 (4) 87.7 87.5 85.8 85.4 +2.9 +2.1 −3.3 −2.5 −2.6 −1.5 −0.7 −1.0 −0.83
O−Na+ (7) 89.9 91.5 85.7 85.2 +4.2 +6.3 −4.1 −4.1 −2.5 −1.8 −1.6 −2.4

Hammett σp values are listed in order for comparison

Fig. 4 MO diagram for PhCbC6H4X and PhX (X = H, NMe2)
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(Fig. 4). In contrast, the inductively electron withdrawing F
group in 2 has little effect on the electronic structure, and the
frontier orbitals of this species are similar to those of 1.

UV–visible spectroscopy

The influence of the carborane cage contribution to the low-
lying unoccupied orbitals in 1–6 should be apparent in the
electronic absorption spectra of these compounds in
comparison with the spectra of the analogous substituted
benzenes. Electronic absorption spectra were recorded for
the carborane series 1–6 from tetrahydrofuran solutions
(Fig. 6, Table 4). To aid in the assignment of the observed
transitions, TD-DFT computations were carried out on
MP2-optimised geometries of these systems at the B3LYP/
6-311G* level of theory. UV–visible spectra from the
substituted benzenes PhX, also recorded as tetrahydrofuran
solutions, are depicted for comparison (Fig. 6).

The parent compound 1 shows a strong band at 220 nm
and very weak, vibrationally structured bands at 261, 267
and 274 nm [57], similar to those found in benzene [58].
On the basis of the TD-DFT calculations, the HOMO-n (n=
0–3) and LUMO (Fig. 5) are most heavily involved in the
most intense absorption band, which approximates
the phenyl-localised π–π* transitions. The spectrum of the
fluoro compound 2 displayed a similar spectroscopic
profile, confirming that the electron withdrawing F group
has little effect on the electronic structure.

The UV–visible spectra of compounds 3–6 with elec-
tron-donating substituents are generally red-shifted and of
greater intensities than the benzene analogues PhX (Fig. 6).
TD-DFT computations on these compounds 3–6 show that
the bands correspond to transitions from the π-orbitals
localised on the rings with electron-donating substituent X
(donor) to the π* orbitals localised on the unsubstituted
phenyl rings (acceptor).

Electrochemical studies

The electrochemical behaviours of the diaryl-ortho-carbor-
anes (1–6) were studied by cyclic voltammetry (CV) and
square wave voltammetry (SWV) on a glassy carbon (GC)
electrode in acetonitrile with 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPF6) as supporting electrolyte.
Table 5 reports the half-wave potentials (E1/2), calculated as
the mean between cathodic and anodic peak potentials, and
the cathodic to anodic peak separation, ΔEp, in MeCN at
0.2 V/s for the diaryl carboranes 1–6. The CV and SWV
data of compounds 1–6 show two sequential quasi-
reversible 1e reduction processes. As the scan rate is
increased, the cathodic-to-anodic peak separation (ΔEp) of
the first redox process (0/−1) increases more than the ΔEp

of the second reduction (−1/−2), as shown in Fig. 7 for
compounds 1 and 5 for illustrative purposes. It is therefore
likely that the heterogeneous electron transfer rate of the
second reduction is faster than the first.

Fig. 5 Selected frontier molec-
ular orbitals for PhCbPh 1 and
PhCbC6H4NMe2 4. Numbers
without parentheses represent
orbital contributions from phe-
nyl groups and cage
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Unsurprisingly, the reduction potentials of 1–6 shift to
more negative values as the substituent X becomes more
electron donating, for example, the E1/2 value of 4 (X =
NMe2) is approximately 100 mV more negative than that of
1 (X = H). Digital simulations of the experimental
voltammograms were successfully achieved using a simple
EE electrochemical mechanism; thermodynamic and kinetic
parameters are summarised in Table 6, and illustrated, for
example, for compound 1 (Fig. 8). Crucially, the observa-
tion of two distinct reduction processes for each member of
the series 1–6 indicates that the thermodynamically stable

radical anions, which possess [2n+3] skeletal electron
counts, are a general feature of C,C′-diaryl-ortho-carboranes
[32]. However, isolated examples of carborane radicals with
a [2n+3] skeletal electron count are extremely rare with only
one structurally characterised to date [59].

Conclusions

X-ray crystallographic studies for six derivatives
PhCbC6H4X (X = H, F, OH, OMe, NH2, NMe2) 1–6 show

Fig. 6 UV–vis spectra for carboranes 1–6 and their benzene analogues in THF
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small variations in the intra-cage C(1)–C(2) bond lengths
with the electronic nature of X, elongating when X is
electron-releasing. These variations are much less pro-
nounced than variations in compounds 1-X-2-Ph-1,2-
C2B10H10 studied earlier [22]. It is remarkable that all
crystals of the six carboranes studied here have Z′>1, i.e.
more than one independent molecule. Boron-11 NMR data
on seven derivatives, 1-(4-XC6H4)-2-Ph-1,2-C2B10H10

(X = H, F, OMe, NMe2, NH2, OH, O
−) show variations

in the antipodal boron (B12) chemical shift which correlate
well with the electron-donating ability (Hammett σp values)
of the substituent. The major bands observed in the UV–vis
spectra of the PhCbC6H4X series 1–6 (X = H, F, OMe,
NMe2, NH2 and OH) are red-shifted by the cluster when
compared to PhX ring systems; although the electron-
withdrawing properties of the carborane cage contribute
somewhat to the stabilisation of the HOMO, the carborane

contribution to the low-lying unoccupied orbitals involved
in these transitions is more significant.

These structural and spectroscopic studies on com-
pounds 1-(4-XC6H4)-2-Ph-1,2-C2B10H10 have thus pro-
vided evidence of electronic communication between the
substituent X and the carborane cage through the interven-
ing phenylene link. Cyclic voltammetric studies also
support the notion of interaction between the cage and
the group X, with the reduction potentials of the cage
tracking the electronic nature of X. These electrochemical
studies also provide experimental evidence for the gener-
ality of cluster radical anions with [2n+3] skeletal electron
counts.

Experimental section

All reactions were conducted under dry nitrogen unless
otherwise stated. Toluene was dried over sodium metal and
distilled prior to use. Pyridine was dried and purified by
distillation after standing over KOH. Elemental carbon,
hydrogen and nitrogen analyses were performed using
Exeter Analytical CE-440 or Carlo Erba Strumentazione
EA model 1106 instruments. Mass spectra (MS) were
recorded on a VG Micromass 7070E instrument under E.I
conditions (EI) at 70 eV. Values of M show the isotope
range 10Bn to 11Bn, including a 13C contribution if
observed. NMR spectra were measured using Varian
Unity-300 (1H, 11B, 13C), Bruker AM250 (1H, 13C), Bruker
Avance 400 (1H, 11B, 13C) and/or Varian Inova 500 (1H,
11B) instruments. All chemical shifts are reported in δ
(ppm) and coupling constants in Hertz. 1H NMR spectra
were referenced to residual protio impurity in the solvent
(CDCl3, 7.26 ppm; CD3CN, 1.95 ppm). 13C NMR spectra
were referenced to the solvent resonance (CDCl3,

Table 4 UV–visible data [λmax/nm (ɛmax/M
−1 cm−1)] for PhCbC6H4X 1–6 in THF with assignments based on TD-DFT computations

λ(ɛ) Assignment λ(ɛ) Assignment λ(ɛ) Assignment

1 (X = H) 2 (X = F) 3 (X = OMe)
225 (15000) HOMO-n→LUMO (n=0–3) 226 (24800) HOMO-n→LUMO (n=0–3) 228 (25500) HOMO-1→LUMO
261 (2100) 261 (3500) 248 (22500) HOMO→LUMO+1
267 (2100) 267 (2900) 272 (10000, sh)
274 (1800) 274 (2400) 276 (8300)

284 (4300)
4 (X = NMe2) 5 (X = NH2) 6 (X = OH)
223 (21200) HOMO-2→LUMO 223 (25300) HOMO-2→LUMO 227 (20400) HOMO-1→LUMO
291 (18300) HOMO→LUMO+1

HOMO→LUMO+3
273 (20800) HOMO→LUMO+1

HOMO→LUMO+3
244 (16500) HOMO→LUMO+1

305 (12000, sh) HOMO→LUMO 293 (16500, sh) HOMO→LUMO 273 (9100, sh)
279 (6600)
288 (4200)

Table 5 The electrochemical response of 1–6 in MeCN at 0.2 V/s,
listed in order of the electron-donating ability of the substituent X in
1-(4-XC6H4)-2-Ph-1,2-C2B10H10

X Ep
c (V) Ep

a (V) E1/2 V) ΔEp (mV)

F 2 −1.61 −1.48 −1.53 125
−1.72 −1.65 −1.69 71

H 1 −1.63 −1.50 −1.56 123
−1.76 −1.68 −1.73 75

OH 6 −1.66 −1.57 −1.61 90
−1.78 −1.71 −1.75 70

OMe 3 −1.65 −1.55 −1.60 98
−1.78 −1.71 −1.75 72

NH2 5 −1.71 −1.61 −1.65 95
−1.82 −1.75 −1.79 74

NMe2 4 −1.70 −1.62 −1.66 84
−1.82 −1.75 −1.79 72
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77.0 ppm; CD3CN, 118.3 ppm). 11B NMR spectra were
referenced to external Et2O.BF3, δ=0.0 ppm. UV–visible
spectra were recorded in THF solutions with 2 mm path
length UV cells on a Perkin Elmer Lambda 900 UV–vis–
NIR spectrometer.

Phenylethynylcopper, PhC≡CCu, and 6,9-bis(acetoni-
trile)decaborane, B10H12(NCMe)2, were prepared as
previously described [60]. The diarylacetylenes, 4-
XC6H4C≡CPh, were synthesised from phenylethynylcopper
and the appropriate aryl iodide in pyridine using the
literature method described for methyl 4-phenylethynylben-
zoate [60]. The isolated yields obtained for the diary-
lethynes where X = F, OMe, NMe2 and NO2 were 64, 67,
40 and 70%, respectively. Compound 1 was synthesised
from diphenylethyne and B10H12(NCMe)2 in 72% yield
using the literature method described for a related diaryl
carborane PhCbC6H4CO2Me [60].

For cyclovoltammetric studies, acetonitrile was distilled
over calcium hydride just before use. Tetrabutylammonium
hexafluorophosphate (Bu4NPF6) was obtained as metathe-
sis reaction between KPF6 (Fluka) and tetrabutylammo-
nium iodide (Aldrich), re-crystallised three times from 95%
ethanol and dried in vacuum oven at 110 °C overnight.
Electrochemistry was performed in a three-electrode cell
using a potentiostat AMEL 7050 and an EG&G PAR 273
electrochemical analyser, both connected to a PC. The
reference electrode was 3M KCl calomel electrode, the

auxiliary electrode a platinum wire and the working
electrode a GC. Positive feedback iR compensation was
applied routinely. All measurements were carried out
under Ar in anhydrous deoxygenated solvents. Ferrocene
(Fc) was used as internal standard, and potentials are
reported against the Fc(0/+1) redox couple, that in our
conditions is E(0/+1)=0.395 V.

Syntheses

Synthesis of 1-(4-FC6H4)-2-Ph-1,2-C2B10H10, 2

A stirred slurry of B10H12(NCMe)2 (1.58 g, 7.8 mmol) in
toluene (25 ml) was treated dropwise with a solution of 4-
FC6H4C≡CPh (1.35 g, 7.8 mmol) in toluene (20 ml). The
mixture was heated at reflux for 18 h, giving an orange-red
solution. Removal of the solvent in vacuo afforded an
orange solid. The solid was treated with MeOH (30 ml) and
left to stir overnight to destroy any unreacted decaborane.
The solvent was removed and the residue extracted with
hexane. The hexane extracts were filtered and the filtrate
cooled (−30 °C) to afford large colourless crystals (1.15 g,
47%) of the fluoro compound 2. M.p. 136–7 °C. Found: C,
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Fig. 8 Experimental (green) and simulated (red) CV at 0.1 V/s of 1,2-
diphenyl-ortho-carborane (1) in acetonitrile

Table 6 Thermodynamic and kinetic parameters for 1-(4-XC6H4)-2-
Ph-1,2-C2B10H10 1–6 in acetonitrile based on the simple EE
mechanism

X k0(0/−1) (cm/s) k0(−1/−2) (cm/s) α(0/−1) α(−1/−2)

H 1 4.0×10−3 3.8×10−2 0.4 0.35
F 2 6.0×10−3 4.0×10−2 0.35 0.3
OMe 3 1.2×10−2 5.0×10−2 0.4 0.4
NMe2 4 2.0×10−2 1.0×10−1 0.4 0.3
NH2 5 1.2×10−2 1.1×10−1 0.4 0.4
OH 6 2.2×10−2 1.6×10−1 0.7 0.4
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Fig. 7 Cyclic voltammograms
of 1,2-diphenyl-ortho-carborane
(1) (left) and 1-(4-aminophenyl)-
2-phenyl-ortho-carborane (5)
(right) in acetonitrile at GC
electrode with various scan rates
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52.9, H, 6.6% C14H19B10F requires C, 53.5, H, 6.1%. MS
(EI+, m/z): [M]+ 309–316; observed 314 (100). IR (KBr
disc, cm−1): 3060 w (aryl CH); 2643–2547 s (BH); 1608 s,
1510 s, 1247 s, 1168 s, 840 s, 687 s. 1H{11B} NMR
(CDCl3): δ 7.41 (m, 4H, ortho and ortho’ CH); 7.24 (t, 1H,
JHH 7.1, para’ CH); 7.16 (dd, 2H, JHH ~7.5, meta’ CH);
6.82 (dd, 2H, JHH 8.8, JHF 8.4, meta CH); 3.22 (s, 2H, H3,
6); 2.55 (s, 6H, H4,5,7,11,9,12); 2.36 (s, 2H, H8,10). 11B
{1H} NMR (CDCl3): δ −2.3 (s, 2B, B9,12); −9.1 (s, 4B,
B4,5,7,11); −10.3 (s, 2B, B8,10); −11.0 (s, 2B, B3,6). 13C
{1H} NMR (CDCl3): δ 163.0 (d, JCF 255, para-CF); 132.9
(d, JCF 9, ortho-CH); 130.8 (s, ortho’-CH); 130.7 (s, ipso’-
CH); 130.6 (s, para’-CH); 128.6 (s, meta’-CH); 127.0 (d,
JCF 3, ipso-CH); 115.3 (d, JCF 22, meta-CH); 85.3 (s,
carborane C2); 84.3 (s, carborane C1).

Synthesis of 1-(4-MeOC6H4)-2-Ph-1,2-C2B10H10, 3

A solution of 4-MeOC6H4C≡CPh (10.3 g, 0.05 mol) in
toluene (60 ml) was added to a stirred slurry of
B10H12(NCMe)2 (10.1 g, 0.05 mol) in toluene (60 ml).
The mixture was heated at reflux point for 24 h, during
which time hydrogen was evolved and the solution became
dark red in colour. After allowing the reaction mixture to
cool to 20 °C, the solution was diluted with MeOH (60 ml)
MeOH to destroy any unreacted decaborane. The solvents
were removed in vacuo and the solid residue which was
obtained crushed into a powder. This solid was subjected to
Soxhlet extraction with hexane (80 ml) for 24 h. The
crystals (6.4 g, 40%), formed after cooling and slow
evaporation of the hexane extract, were identified as
compound 3 [43]. M.p. 101–2 °C. Found: C, 55.4, H,
6.6% C15H22B10O requires C, 55.2, H, 6.8%. MS (EI+, m/
z):[M]+ 320–329; observed 326 (100). IR (KBr disc, cm−1):
3058w (aryl CH); 2933w (methyl CH); 2632–2579s (BH);
1602m, 1508m, 1257s, 1182s, 838m, 687m. 1H{11B} NMR
(CDCl3) δ 7.41 (d, 2H, JHH 8.4, ortho’ CH), 7.33 (d, 2H,
JHH 9.0, ortho CH), 7.24 (t, 1H, JHH 7.2, para’ CH), 7.15
(dd, 2H, JHH ~7.6, meta’ CH), 6.62 (d, 2H, JHH 9.2, meta
CH), 3.71 (s, 3H, CH3), 3.22 (s, 2H, H3, 6), 2.52 (s, 6H,
H4,5,7,11,9,12), 2.33 (s, 2H, H8,10). 11B{1H} NMR
(CDCl3): δ −2.6 (s, 2B, B9,12), −9.1 (s, 4B, B4,5,7,11),
−10.6 (s, 2B, B8,10), −11.4 (s, 2B, B3,6). 13C{1H} NMR
(CDCl3): δ 160.8 (s, para-CO), 132.0 (s, ortho-CH), 130.7
(s, ortho’-CH and ipso’-CH), 130.1 (s, para’-CH), 128.3 (s,
meta’-CH), 123.0 (s, ipso-CH), 113.5 (s, meta-CH), 85.7 (s,
carborane C1), 85.4 (s, carborane C2).

Synthesis of 1-(4-Me2NC6H4)-2-Ph-1,2-C2B10H10, 4

A solution of 4-Me2NC6H4C≡CPh (3.32 g, 0.015 mol) in
toluene (40 ml) was added to a stirred slurry of
B10H12(NCMe)2 (3.03 g, 0.015 mol) in toluene (50 ml).

The mixture was slowly heated to reflux point, during
which time hydrogen gas was evolved and the solution
turned red. After heating at reflux point for 26 h, the dark
red solution was cooled and diluted with MeOH (40 ml).
The solvents were removed in vacuo, the solid residue
crushed into a powder and extracted with boiling hexane.
The combined extracts were allowed to cool and the yellow
crystals (2.08 g, 41%) that formed were identified as the
desired dimethylamino compound 4. M.p. 158–9°C. Found:
C, 57.0, H, 7.1, N, 3.8% C14H25B10N requires C, 56.6, H,
7.4, N, 4.1% MS (EI+, m/z): [M]+ 333–341; observed 339
(100). IR (KBr disc, cm−1): 3074 w (aryl CH); 2920 w
(methyl CH); 2625–2559 s (BH); 1614 s, 1530 m, 1373 m,
1203 s, 759 m, 690 m. 1H{11B} NMR (CDCl3): δ 7.45 (d,
2H, JHH 8.4, ortho’ CH), 7.24 (d, 2H, JHH 8.8, ortho CH),
7.23 (t, 1H, JHH 7.2, para’ CH), 7.15 (dd, 2H, JHH ~8.0,
meta’ CH), 6.36 (d, 2H, JHH 8.8, meta CH), 2.87 (s, 6H,
CH3), 3.22 (s, 2H, H3,6), 2.50 (s, 5H, H4,5,7,11,9), 2.39(s,
1H, H12), 2.27 (s, 2H, H8,10). 11B{1H} NMR (CDCl3): δ
−2.6 (s, 1B, B9), −3.3 (s, 1B, B12), −9.2 (s, 4B, B4,5,7,11),
−10.8 (s, 2B, B8,10), −11.4 (s, 2B, B3,6). 13C{1H} NMR
(CDCl3) δ 151.1 (s, para-CN), 131.6 (s, ortho-CH), 130.7
(s, ortho’-CH and ipso’-CH), 129.9 (s, para’-CH), 128.1 (s,
meta’-CH), 119.2 (s, ipso-CH), 110.0 (s, meta-CH), 87.7 (s,
carborane C1), 85.8 (s, carborane C2).

Synthesis of 1-(4-H2NC6H4)-2-Ph-1,2-C2B10H10, 5

A suspension of B10H12(NCMe)2 (4.04 g, 0.02 mol) in
toluene (50 ml) was treated with a solution of 4-
H2NC6H4C≡CPh (2.90 g, 0.015 mol) in toluene (40 ml).
On heating the solution to reflux point, gas evolution was
apparent, which quickly ceased. The green solution was
heated at reflux point for 24 h then cooled, diluted with
MeOH (30 ml) and stirred for 12 h. The solvents were
removed in vacuo and the residue extracted with hexane in
a Soxhlet apparatus. The extracts were cooled and allowed
to slowly evaporate to give crystals of the amino carborane
5 (1.31 g, 28%) [61]. M.p.165–6°C. Found: C, 53.9, H, 6.6,
N, 3.9% C14H21B10N requires C, 54.0, H, 6.8, N, 4.5% MS
(EI+, m/z): [M]+ 305–313; observed 311 (100). IR (KBr
disc, cm−1): 3465 m(br), 3379 m(br) (N–H stretch); 3074 w
(aryl CH); 2920 w (methyl CH); 2625–2559 s (BH);
1614 s, 1530 m, 1373 m, 1203 s, 759 m, 690 m. 1H{11B}
NMR (CDCl3): δ 7.45 (d, 2H, JHH 8.4, ortho’ CH), 7.24 (d,
2H, JHH 8.8, ortho CH), 7.23 (t, 1H, JHH 7.2, para’ CH),
7.15 (dd, 2H, JHH ~8.0, meta’ CH), 6.36 (d, 2H, JHH 8.8,
meta CH), 3.71 (s, 2H, NH2), 3.21 (s, 2H, H3,6), 2.54 (s,
6H, H4,5,7,11,9,12), 2.32 (s, 2H, H8,10). 11B{1H} NMR
(CDCl3): δ −2.6 (s, 1B, B9), −3.1 (s, 1B, B12), −9.3 (s, 4B,
B4,5,7,11), −10.8 (s, 2B, B8,10), −11.5 (s, 2B, B3,6); 13C
{1H} NMR (CDCl3): δ 148.0 (s, para-CN), 131.8 (s, ortho-
CH), 130.9 (s, ipso’-CH), 130.7 (s, ortho’-CH), 130.0 (s,
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para’-CH), 128.5 (s, meta’-CH), 120.3 (s, ipso-CH), 114.0
(s, meta-CH), 86.8 (s, carborane C1), 85.5 (s, carborane
C2).

Synthesis of 1-(4-HOC6H4)-2-Ph-1,2-C2B10H10, 6

Dry hydrogen chloride was bubbled through pyridine
(8 ml) and the resulting solid heated to 170 °C. After 2 h
and with the temperature still at 170 °C, 1-(4-MeOC6H4)-2-
Ph-1,2-C2B10H10 3 (1.96 g, 6 mmol) of was added and the
temperature raised to 200 °C for 3 h. The reaction mix was
left to cool to give a white solid, of which a large part was
dissolved in water to leave a gum-like solid. The undis-
solved solid was collected by filtration and dried in vacuo
before being dissolved in diethyl ether, dried over MgSO4

and filtered. The ether was removed in vacuo to yield a
white solid which was re-crystallised from hexane to
give large colourless crystals (1.24 g, 66%) of the
hydroxy compound 6 [43, 62]. M.p. 136–7°C. Found: C,
54.0, H, 6.6% C14H20B10O requires C, 53.9, H, 6.4%. MS
(EI+, m/z): [M]+ 309–314; observed 312 (100). IR (KBr
disc, cm−1): 3563 s (OH stretch); 3066 w (aryl CH); 2642–
2552 s (BH); 1612 s, 1515 s, 1279 s, 1180 s, 1173 s,
840 m, 693 m; 1H{11B} NMR (CDCl3): δ 7.42 (d, 2H, JHH
8.4, ortho’ CH), 7.28 (d, 2H, JHH 9.0, ortho CH), 7.24 (t,

1H, JHH 7.2, para’ CH), 7.14 (dd, 2H, JHH ~7.6, meta’
CH), 6.56 (d, 2H, JHH 9.2, meta CH), 5.82 (s, 1H, OH),
3.23 (s, 2H, H3, 6), 2.54 (s, 6H, H4,5,7,11,9,12), 2.34 (s,
2H, H8,10); 11B{1H} NMR (CDCl3): δ −2.6 (s, 2B,
B9,12), −9.1 (s, 4B, B4,5,7,11), −10.6 (s, 2B, B8,10),
−11.4 (s, 2B, B3,6); 13C{1H} NMR (CDCl3): δ 156.8 (s,
para-CO), 132.2 (s, ortho-CH), 130.6 (s, ortho’-CH and
ipso’-CH), 130.0 (s, para’-CH), 128.1 (s, meta’-CH),
122.9 (s, ipso-CH), 115.0 (s, meta-CH), 85.4 (s, carborane
C1 and C2).

Deprotonation of 1-(4-HOC6H4)-2-Ph-1,2-C2B10H10 6
to give the sodium salt 7

A cloudy solution of 6 (100 mg, 0.32 mmol) in acetonitrile
(5 ml) was treated with a solution of NaOH (100 mg,
2.5 mmol) in water (1 ml). The solution clarified and turned
yellow, and after 2 h, yellow crystals appeared, which were
isolated by filtration and identified as the pentahydrate of
the sodium salt 7. Found: C, 40.0, H, 6.6% C14H19B10O-
Na.5H2O requires C, 39.6, H, 6.8%. MS (ES−, m/z):
[C14H19B10O]

− 309–313; observed 311 (100). IR (KBr
disc, cm−1): 3414 m(br) (OH stretch), 3066 w (aryl CH);
2640–2550 s (BH); 1560 s, 1499 s, 1407 s, 1261 s, 1178 s,
844 m, 804 m, 691 m. 1H{11B} NMR (CD3CN): δ 7.56 (d,

Table 7 Crystal data and experimental parameters

Compound 1 2 3 4 5 6

CCDC dep. no. 698306 698307 698308 698309 698311 698310
Empirical formula C14H20B10 C14H19B10F C15H22B10O C16H25B10N C14H21B10N C14H20B10O·1/2C6H14

Formula weight 296.40 314.39 326.43 339.47 311.42 319.58
T (K) 150 120 120 150 120 120
Crystal system Monoclinic Orthorhombic Monoclinic Orthorhombic Orthorhombic Triclinic
Space group (no.) P21/c (#14)a P212121 (#19) P21/n (#14) Pbca (#61) Pbca (#61) P1 (#2)

a (Å) 10.783(2) 10.808(1) 11.133(1) 11.840(1) 13.554(2) 12.758(1)
b (Å) 24.676(5) 11.249(1) 39.613(4) 25.207(3) 19.953(3) 15.545(2)
c (Å) 14.062(3) 28.296(3) 17.004(2) 26.306(3) 25.966(4) 27.808(3)
a (°) 90 90 90 90 90 87.14(1)
b (°) 113.99(3) 90 98.36(1) 90 90 88.04(1)
g (°) 90 90 90 90 90 82.34(1)
V (Å3) 3418.4(12) 3440.2(6) 7419(1) 7851(2) 7022(2) 5456.8(9)
Z 8 8 16 16 16 12
ρ (calc.; g/cm3) 1.152 1.214 1.169 1.149 1.178 1.167
μ (Mo-Kα; mm−1) 0.06 0.07 0.06 0.06 0.06 0.06
Reflections collected 22483 40941 79498 26973 80043 77737
Independent reflections 7885, 5849b 5104, 4595b 17045, 10284b 5614, 4872b 9324, 7095b 28869, 22311b

Rint 0.040 0.041 0.061 0.058 0.056 0.035
Parameters 433 466 945 576 467 1400
R(F)b 0.053 0.038 0.053 0.068 0.054 0.061
wR(F2) 0.139 0.097 0.140 0.147 0.146 0.154

a Chosen for consistency with [11]; the reduced cell corresponds to the P21/n setting with c=13.810(3) Å and β=111.52(3)°
b Reflections with I>2σ (I)
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2H, JHH 8.0, ortho’ CH); 7.31 (t, 1H, JHH 7.2, para’ CH);
7.22 (dd, 2H, JHH ~7.6, meta’ CH); 7.06 (d, 2H, JHH 9.2,
ortho CH); 6.06 (d, 2H, JHH 8.8, meta CH); 3.26 (s, 2H,
H3, 6); 2.47 (s, 5H, H4,5,7,11,9); 2.32 (s, 1H, H12); 2.17
(s, 2H, H8,10), 1.65 (s, 10H, H2O).

11B{1H} NMR
(CD3CN) δ −3.0 (s, 1B, B9), −4.6 (s, 1B, B12), −9.4 (s,
4B, B4,5,7,11), −11.7 (s, 4B, B3,6,8,10). 13C{1H} NMR
(CD3CN): δ 171.2 (s, para-CO); 132.1 (s, ortho-CH); 131.3
(s, ipso’-CH); 130.9 (s, ortho’-CH); 130.2 (s, para’-CH),
128.3 (s, meta’-CH); 118.6 (s, meta-CH); 113.3 (s, ipso-
CH); 91.2 (s, carborane C1); 87.0 (s, carborane C2).

For comparison, NMR data for 6 in CD3CN follow: 1H
{11B} NMR: δ 7.54 (d, 2H, ortho’ CH); 7.33 (m, 3H, ortho
CH and para’ CH); 7.23 (dd, 2H, meta’ CH); 6.59 (d, 2H,
meta CH); 3.31 (s, 2H, H3, 6); 2.47 (s, 6H, H4,5,7,11,9,12);
2.25 (s, 2H, H8,10). 11B{1H} NMR: δ −3.1 (s, 2B, B9,12);
−9.3 (s, 4B, B4,5,7,11); −11.2 (s, 4B, B3,6,8,10). 13C{1H}
NMR: δ 158.9 (s, para-CO); 132.5 (s, ortho-CH); 130.9
(s, ortho’-CH); 130.5 (s, para’-CH and ipso’-CH); 128.5 (s,
meta’-CH); 121.8 (s, ipso-CH); 115.0 (s, meta-CH); 86.7 (s,
carborane C1 and C2).

Crystallography

X-ray diffraction experiments were carried out on three-
circle Bruker diffractometres with a SMART 1K or (for
1 and 3) SMART 6K CCD (for 2 and 4–6) area detectors
using graphite-monochromated Mo-Kα radiation
(l=0.71073Å) and a Cryostream open-flow N2 cryostat
(Oxford Cryosystems). Full sphere of reciprocal space (for
4, a hemisphere) was covered by three to four sets of
narrow-frame (0.3°) ω scans, each set with different ϕ
angle. The structures were solved by direct methods and
refined by full-matrix least squares against F2 of all data
using SHELXTL software [63]. Non-hydrogen atoms
were refined in anisotropic approximation. The ordered
hydroxyl H atoms in 6 and amino H atoms in 5 were
refined in isotropic approximation; the remaining H atoms
were included as riding in idealised positions. Crystal data
and experimental details are listed in Table 7. Full
crystallographic data, excluding structure factors, have
been deposited at the Cambridge Crystallographic Data
Centre.

Computations

All ab initio computations were carried out with the
Gaussian 03 package [64]. The geometries discussed here
were optimised at the HF/6-31G* and B3LYP/6-31G*
levels of theory with no symmetry constraints. Frequency
calculations were computed on these optimised geometries

at the corresponding levels and shown to have no imaginary
frequencies. Optimisation of these geometries were then
carried out at the MP2/6-31G* level of theory.

Calculated NMR shifts at the GIAO-B3LYP/6-311G*
level were obtained from these MP2-optimised geometries.
Theoretical 11B chemical shifts at the GIAO-B3LYP/6-
311G*//HF-B3LYP-MP2/6-31G* level were referenced to
B2H6 (16.6 ppm [65]) and converted to the usual BF3.OEt2
scale: δ (11B)=102.83−σ (11B). The 13C and 1H chemical
shifts were referenced to TMS: δ (13C)=179.81−σ (13C); δ
(1H)=32.28−σ (1H). Electronic structure and TD-DFT
computations at the B3LYP/6-311G* level of theory were
carried out on these MP2-optimised geometries.
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Organometallic Complexes for Nonlinear Optics. 45.
Dispersion of the Third-Order Nonlinear Optical
Properties of Triphenylamine-Cored Alkynylruthenium
Dendrimers

By Rachel L. Roberts, Torsten Schwich, T. Christopher Corkery, Marie
P. Cifuentes, Katy A. Green, Julian D. Farmer, Paul J. Low, Todd B. Marder,
Marek Samoc,* and Mark G. Humphrey*

Dedicated to Professor Michael I. Bruce in the year of his retirement from
the Angas Professorship of Chemistry at the University of Adelaide

Third- and higher-order nonlinear optical (NLO) properties of
organic chromophores have been of significant recent interest,[1,2]

possible applications of two- and three-photon absorption, such as
optical limiting, imaging and microscopy, and 3D data storage
and microfabrication, commanding particular attention.[3] Spec-
tral dependencies of two-photon absorption (2PA) cross-sections
(related to the imaginary component of the third-order non-
linearity) have been examined to help in developing structure–
property relationships for this parameter,[4] but wavelength
dependencies of nonlinear refraction (related to the real component
of the nonlinearity, and of interest for optical computing
applications) or higher-order absorption (three-photon absorption
(3PA), a fifth-order NLO process of interest for the same reasons
as 2PA, but with the added benefit that the higher-order intensity
dependence provides tighter spatial control) are scarce.[5]

The 2PA properties of triarylamine-containing compounds
have attracted interest recently, in particular 4-phenyl-substituted
derivatives of triphenylamine;[6] studies exploiting two-photon
excited fluorescence (TPEF) with either nanosecond or femto-
second pulses[6,7] or employing single wavelength femtosecond
open-aperture Z-scan[8] have highlighted the potential of N-cored
compounds. Triarylamine-based dendrimers are a logical exten-
sion,[9] one reason being that the main group atom core may
facilitate electronic interaction between the constituent dendrons,
and thereby influence NLO behavior, but thus far the third-order
nonlinearities of main group atom-cored dendrimers remain
little explored.[9a,c,f ]

Although organic molecules have been the major focus of
studies concerned with multiphoton phenomena, inorganic
complexes and organometallic species are also worthy of
investigation. The introduction of ligated metal centers into an
organic p-delocalizable framework may result in intense
charge-transfer transitions in the linear optical spectrum and
enhanced nonlinearity. In addition, metal-based systems often
feature reversible redox processes, which afford the possibility of
‘‘switching’’ the molecular nonlinearity.[10] We recently reported
the first examples of wavelength dependence of both refractive
and absorptive nonlinearity for inorganic complexes, specifically
two peripherally nitro-functionalized ruthenium alkynyl dendri-
mers, a ruthenium alkynyl cruciform complex, and a series of
platinum-terminated polyynediyl complexes.[11] We report herein
a further such study; the three systematically varied triphenyl-
amine-cored alkynylruthenium dendrimers in the present work
permit the impact of p-system lengthening through the metal
center, as well as the effect of generation increase, to be assessed.
Our results highlight several further features such as a
‘‘dendrimer effect’’, enhancing NLO properties in a nonlinear
fashion, three-photon absorption-induced photochemistry, and
dramatic enhancement of 2PA merit upon embedding metal
centers through a dendritic architecture.

The dendrimers employed in the present study are depicted in
Figure 1. The syntheses of dendrimers 1 and 2 have been reported
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recently.[12] The synthesis of 3 proceeded from reaction of 1 with
the new organometallic dendron 1,3-{trans-[(dppe)2(PhC!C)
RuC!C]}2-5-(HC!C-4-C6H4C!C-4-C6H4C!C)C6H3, itself pre-
pared by Sonogashira coupling of {4-(4-bromophenylethynyl)
phenylethynyl}triisopropylsilane[13] with 1,3-{trans-[(dppe)2(PhC!C)
RuC!C]}2-5-(HC!C)C6H3

[14] and subsequent desilylation; com-
plete synthetic details and spectroscopic characterization data are
provided in the Supporting Information.

We evaluated the nonlinear absorption and refraction proper-
ties of 1–3 by Z-scan experiments in the spectral range
532–1600 nm, and employing femtosecond pulses. Both closed-
aperture and open-aperture Z-scan measurements were under-
taken, permitting simultaneous evaluation of the spectral
dependencies of absorptive and refractive components of the
hyperpolarizability. During these measurements, it was noted
that some open- and closed-aperture scans of 1–3 could be fitted
with theoretical curves calculated assuming a standard third-
order nonlinear behavior, while others showed distortions that
could only be explained by contributions from additional effects.
For 1–3, there appear to be two distinct wavelength ranges in
which the nonlinear absorption, as detected by open-aperture
Z-scan, shows different behavior. Figure 2 shows the results of
the measurements from the wavelength range in which we have
interpreted the results as dominated by 2PA. In all three
compounds, there appears to be a major 2PA band at "620 nm

and a minor band or shoulder at "810 nm,
which are seen as maxima or inflection points
in the imaginary part of the hyperpolarizability
g (g imag is related to the 2PA cross-section s2).
Table 1 compares the values of the 2PA
cross-sections corresponding to the major
band. Notably, the first-generation dendrimer
3 shows a ‘‘dendrimer enhancement’’ effect
when compared to the zeroth generation
compounds 1 and 2. Normalizing the data
for molecular-weight variations by comparing
s2/M values reveals an approximately two-fold
enhancement of the cross-section at the 2PA
peak.

The real part of g is negative across the
entire wavelength range, as shown in Figure 2,
for all three compounds. The extremal negative
values of greal are #1$ 10#32, #3.5$ 10#33, or
#3.7$ 10#32 esu for 1, 2, or 3, respectively, and
are reached for all three complexes at"600 nm.
This trend is consistent with the nonlinear
absorption data. We note that there is only a
small difference (a factor of 1.2) in the
magnitude of the main (620 nm) 2PA peak
for 1 and 2, but a significant difference (a factor
of five) in the strength of the longer wavelength
(810 nm) peak. Because the real part of g
depends on all nonlinear absorption processes
through a nonlinear Kramers–Kronig relation-
ship,[15] it is not surprising that the increase in
its magnitude ismidway between the two ratios
of the nonlinear absorption bands.

It is apparent from Figure 2 that g imag does
not tend to near-zero values at two-photon

wavenumbers near 20000 cm#1 (500 nm). Extension of the
Z-scan measurements to lower energies (corresponding to laser
wavelengths 1.0–1.6mm) afforded results that could not be
interpreted as due to a simple nonlinear absorption process. Due
to its use of a single beam, which results in a lack of temporal
resolution, simple Z-scan is unable to distinguish between
different nonlinear phenomena contributing to changes in
absorption and refraction (pump-probe techniques are preferred
to resolve specific nonlinear absorption mechanisms). Never-
theless, in the present study the Z-scans alone provide ample
evidence of the complex characters of nonlinear absorptions in
1–3 at wavelengths greater than 1000 nm. Figure 3 shows an
example of an open-aperture Z-scan obtained in that range,
compared with a Z-scan obtained at a shorter wavelength. The
lack of agreement of the experimental data with the theoretically
predicted values indicates the presence of additional processes
that are most likely due to photochemical changes in 1–3 initiated
by and occurring upon 3PA. The pronounced asymmetry of the
open-aperture scan at 1240 nm is likely due to the presence of
absorption of light by photochemical products that are produced
at the positions of the cell close to z¼ 0, and that persist in
solution long enough (tens of seconds) to give an increased
absorption effect for positions of sample at z> 0.

The magnitude of the nonlinear absorption in the
1000–1600 nm range is not easy to quantify rigorously, because

Figure 1. Structures of the N-cored zero- and first-generation dendrimers.
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of the obvious deviations from the 2PA or 3PA behavior and the
numerous factors influencing the induced absorption seen in the
experiment. Figure 4 shows the data (one should only use this for
a qualitative comparison of the effects seen in 1–3). Although the
results in Figure 4 are presented as effective 2PA cross-sections,
they do not derive from two-photon processes, but rather from a
combination of several processes that may include 3PA,
excited-state absorption, photochemical transformations, and
absorption by photochemical intermediates and products.
Although the effects observed for 1–3 at wavelengths greater
than 1000 nm originate in multistage absorption processes, these
compounds could prove useful in applications requiring an
efficient multiphoton absorber in the mid-infrared region.

Table 1 also contains data for the related organic dendrimers
shown in Figure 5, for which a similar dendrimer effect is seen
for the s2 values in proceeding from G0 to G1. Many researchers
have scaled NLO data by molecular weight to permit comparison
of NLO efficiency; such a procedure is generally unfavorable for
inorganic complexes, and arguably scaling by molecular volume
is more appropriate, but molecular volumes are not as readily
accessible. Kuzyk has defined the ‘‘effective number of electrons’’,
Ne, which permits comparison of the 2PA merit of structurally
and compositionally diverse molecules as s2/Ne ratios.

[16] Table 1
contains s2/M and s2/Ne values for 1–3 and G0–G2. Notably, the
values for the metal-containing dendrimers are an order of

Figure 2. Dispersion of the complex hyperpolarizability g for 1, 2, and 3. g
is plotted against twice the wavenumber of the photon to aid comparison
with the one-photon absorption spectra. Dotted lines are the decompo-
sition of the imaginary part of g into the sum of two Gaussians.

Table 1. Two-photon absorption cross-section maxima.

Compound s2 [GM] (lmax [nm]) s2/M Ne s2/Ne

1[a] 1720 (606) 0.556 13.9 125

2[a] 1250 (605) 0.432 19.6 73

3[a] 10600 (582) 1.13 51.9 220

G0[b] 32 0.029 24.3 1.3

G1[b] 370 0.135 42 8.8

G2[b] 840 0.139 64.2 13.1

[a] Values from curve fits in Figure 2. [b] Ref. [9f ]; values at 740 nm.

Figure 3. Examples of open-aperture Z-scan plots for 3 at a) 680 nm and
b) 1240 nm. The solid line denotes a theoretical plot for the case of
two-photon absorption and the dashed line for the case of three-photon
absorption. Note that the scan proceeds from negative values of z towards
positive values.
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magnitude larger than those of the organic compounds. The
contribution of the metal center to this significantly enhanced
performance is clearly crucial. Kuzyk has speculated that
attaching molecules to metallic local-electric-field intensifiers
could effectively increase the number of electrons in the
molecular system, and thereby generate enhanced NLO
performance.[16] The present work provides an organometallic
variant to the same idea, one in which the metal atoms are
dispersed through the p-delocalizable dendrimer, but in which
their highly polarizable electron-rich nature is critical for
increased 2PA merit.

In conclusion, the first wavelength-dependence study of
refractive nonlinearity of N-cored dendrimers has revealed a
trend in nonlinear refractivemaxima that can be understood from
a comparison of the complexes’ nonlinear absorptive behavior.
These N-cored alkynylruthenium dendrimers exhibit 2PA
behavior at wavelengths below 1000 nm, with maxima corre-
sponding to a positive dendrimer effect, that is, a nonlinear
increase in nonlinearity upon dendrimer growth. Beyond

1000 nm, the dendrimers seem to undergo
3PA-induced photochemistry. The perfor-
mance of these inorganic dendrimers is an
order of magnitude greater than that of similar
organic dendrimers, even when scaled for
molecular weight, demonstrating the signifi-
cant enhancement in performance that is
possible upon incorporation of metal centers
at appropriate sites in a molecular architecture.

Experimental

Detailed experimental procedures for the synthesis
of 3 and its precursors, characterization data, and the
nonlinear optical studies of 1–3 are reported in the
Supporting Information.
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a b s t r a c t

The five-coordinate complex [RuCl(dppe)2]OTf ([2]OTf) is obtained in high yield by the sequential reduc-
tion of RuCl3 ! nH2O to RuCl2(PPh3)3, subsequent phosphine substitution to give trans-RuCl2(dppe)2

(trans-1) and finally chloride abstraction (AgOTf, CH2Cl2). The use of [2]OTf as an entry point to mono-
acetylide complexes trans-RuCl(C„CC6H4R-4)(dppe)2 (3) is described, and represents an alternative
route to the long-standing methods based on cis-RuCl2(dppe)2 (cis-1), which is always prepared as a mix-
ture with the more thermodynamically stable trans isomer when prepared by phosphine substitution
reactions of RuCl2(dmso)4. The molecular structures of [2]OTf, trans-RuCl(C„CC6H4OMe-4)(dppe)2

(3b), trans-RuCl(C„CC6H4Me-4)(dppe)2 (3c) and trans-RuCl(C„CC6H4CO2Me-4)(dppe)2 (3e) are
described. A facile and reproducible synthesis of cis-1 is also reported.

! 2009 Elsevier B.V. All rights reserved.

1. Introduction

The chemistry of transition metal complexes trans-
RuCl(C„CR)(dppe)2 is very well established [1–10], with a
considerable body of recent research demonstrating the utility
of these moieties in the construction of multimetallic com-
plexes [11–15], optical materials [16–18], including those that
exhibit pH or redox-switchable NLO response [19–25], color-
metric [26] and fluorescent [27] sensing behaviour, the
‘‘wire-like” behaviour that arises from extensive d-p mixing
along the Ru–C„C fragment [28–37], and other characteristics
that make these compounds potentially useful molecular elec-
tronic components [5,33,34,38–41]. The facile replacement of
the chloride ligand in complexes trans-RuCl(C„CR)(dppe)2

either directly or from related vinylidenes with a second alky-
nyl ligand is well documented [1,2,4,17,34,42–44] leading to
the preparation of monometallic, oligomeric, polymeric and
dendritic compounds featuring trans-Ru(C„CR)2(dppe)2 frag-
ments [11,33,40,45–52]. The complexes trans-[Ru(NH3)(C„
CR)(dppe)2]PF6 are also useful reagents in the preparation of
trans-bis acetylides [53].

Complexes of the type trans-RuCl(C„CR)(dppe)2 are most often
prepared from cis-RuCl2(dppe)2 (cis-1) using the method first re-
ported by Dixneuf and colleagues (Scheme 1) [1]. Initial reaction
between cis-1 and NaPF6 or similar salt in dichloromethane affords
the five-coordinate species [RuCl(dppe)2]+ ([2]+), which in turn re-

acts with terminal alkynes HC„CR to give the mono-chloro, mono-
vinylidene species trans-[RuCl{C@C(H)R}(dppe)2]PF6. Subsequent
deprotonation of the vinylidene affords the corresponding neutral
acetylide trans-RuCl(C„CR)(dppe)2 (3) which can be isolated, or, in
the presence of excess terminal alkyne, triethylamine and NaPF6,
undergo further reaction to give the trans-bis(acetylide) complexes
trans-Ru(C„CR)2(dppe)2 (4).

Conversion of the thermodynamically stable isomer trans-1 to
acetylide complexes trans-RuCl(C„CR)(dppe)2 has been achieved
following reaction of trans-1 with trialkylstannyl alkynes, some-
times in the presence of a CuI catalyst [6,54]. Prolonged (5–
7 day) reaction of the trans-1 with terminal alkynes in the presence
of NaPF6 followed by deprotonation of the resulting vinylidene has
also been shown to afford mono-acetylide complexes trans-
RuCl(C„CR)(dppe)2 [55], the conversion of trans-1 to the active
16-electron species [RuCl(dppe)2]+ under these conditions being
rather slow [10,56].

The use of isolated [RuCl(dppe)2]+ ([2]+) salts as an entry to
acetylide complexes trans-RuCl(C„CR)(dppe)2 and related com-
pounds has recently begun to attract attention [12,14,27,
34,35,57,58]. In this contribution, we detail a convenient prep-
aration of acetylide complexes 3 from trans-1 that takes advan-
tage of the ready abstraction of a chloride ligand from trans-1
by AgOTf in dichloromethane to give the key reagent [2]OTf.
A facile synthesis of cis-1 from [2]OTf is also described for com-
pleteness. The molecular structures of [2]OTf and three aryl
acetylide complexes featuring representative electron donating
(OMe, Me) and withdrawing (CO2Me) groups are also
reported.
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2. Results and discussion

2.1. Synthesis

As part of a larger study concerned with the electronic structure
of transition metal acetylide complexes [28,59,60] we desired con-
venient access to complexes trans-RuCl(C„CR)(dppe)2. However,
although cis-1 is often cited as being prepared by the method orig-
inally described by Chaudret et al. [61] for the preparation of cis-
RuCl2(dppm)2, in our hands reaction of RuCl2(dmso)4 [62] with
two equivalents of the bis(phosphine) in toluene at 80 !C produced
only pure trans-1 [10]. At ambient temperature in dichlorometh-
ane under normal laboratory lighting conditions, mixtures of cis-
1 and trans-1 are obtained in ca. 3:1 ratio (estimated here from
integration of 31P NMR resonances) over the course of approxi-
mately 1 h [6,10,39,55,63,64]. By lowering the temperature to
0 !C, the ratio of cis-1:trans-1 can be increased as high as 10:1,
although the reaction becomes very slow, taking well over 24 h
for complete conversion. Careful fractional crystallisation, best car-
ried out in the dark, results in separation of cis-1 and trans-1 from
these mixtures.

The conversion of cis-1 to the active five-coordinate species
[RuCl(dppe)2]+ ([2]+) takes place readily upon reaction with alkali
metal salts including NaPF6 [3] and KPF6 [11], and salts of [2]+

can be isolated from reaction of cis-1 with NaPF6 [42,65], NaOTf
or NaBPh4 [66]. The conversion of trans-1 to salts of [2]+ has been
implicated under similar conditions, although the reaction is con-
siderably slower [10,65]. In contrast, far more facile conversion
of trans-1 to [2]+ is achieved by halide abstraction with Ag(I) salts
[67,68]. Treatment of trans-1 with two equivalents of AgOTf
(dichloroethane, 50 !C) [67] or AgBF4 (THF, room temperature or
dichloromethane [68]) have been reported to yield [2]OTf or
[2]BF4, respectively. The complex [2]OTf has also been isolated
from reaction of mixtures of cis- and trans-1 with the rather carcin-
ogenic reagent MeOTf [69].

The formation of cis-1 from the reaction of [2]BF4 with LiCl has
been noted previously, although experimental conditions and iso-
meric purity were not reported [65]. The reaction of [2]OTf with
LiCl in methanol at ambient temperature results in the formation
of a yellow precipitate within a few minutes, which was collected
by filtration and identified by 31P and 1H NMR spectroscopy to be
pure cis-1 (ca. 84% isolated yield). Whilst solutions of cis-1 are sta-
ble in the dark, cis-1 converts to trans-1 under both normal labora-
tory and natural lighting. The conversion of cis-1 to equilibrium
mixtures of cis-1 and trans-1 was followed by 31P NMR spectros-
copy in both CDCl3 (1:1, 24 h) and dichloromethane (3:1, 48 h).
This facile conversion of cis-1 to trans-1 in solution at room
temperature under ambient lighting conditions must be taken into

account when trying to separate mixtures of cis-1 and trans-1 by
fractional crystallisation.

With these precedents in mind, a simple, high-yielding, step-
wise sequence of reactions can be constructed that results in con-
version of RuCl3 ! nH2O to the acetylide complexes 3 in good over-
all yield, via the readily prepared complexes trans-1 and [2]OTf
(Scheme 2). The syntheses of trans-1 [70] from RuCl3 ! nH2O is most
conveniently achieved by sequential reaction with PPh3 in metha-
nol to give RuCl2(PPh3)3 [71], followed by ligand exchange with
dppe [72]. Treatment of trans-1 with 1 equiv. AgOTf in CH2Cl2 re-
sulted in immediate colour change from yellow to red, with the
precipitation of AgCl. Complete reaction was achieved within 1 h
at room temperature. The product can be isolated as an air-stable
solid by simple filtration and precipitation. With both the work-
up and crystallisation of [2]OTf carried out in the open laboratory
environment, no evidence of a yellow N2 adduct was found [73].

The five-coordinate complex [2]OTf reacts rapidly with
1-alkynes in small volumes of CH2Cl2 at room temperature to give
the corresponding vinylidene complexes. Simple washing of the
crude vinylidene salts with further aliquots of hexane serves to
remove any excess 1-alkyne, which is essential if formation of
the bis(acetylide) complex is to be prevented during the next step.
Formation and isolation of the desired acetylide complexes 3 is
most conveniently performed by addition of a solution of KOtBu
in methanol to a concentrated dichloromethane solution of the
vinylidene. Under these conditions the acetylide precipitates
essentially free of triflate salt by-products, and can be collected
by filtration. The product obtained in this fashion is of high purity,
with recrystallisation affording single crystals suitable for X-ray
diffraction.

This reaction sequence was successfully applied in the prepara-
tion of a range of complexes trans-RuCl(C„CR)(dppe)2 [R = Ph (3a),
C6H4OMe-4 (3b), C6H4Me-4 (3c), C6H4C5H11-4 (3d), C6H4CO2Me-4
(3e), C6H4NO2-4 (3f)] which were isolated in ca. 70–80% yield in
most cases. However, attempts to prepare trans-RuCl(C„
CC6H4NH2-4)(dppe)2 were hampered by the basicity of the aniline
moiety, which deprotonated the intermediate vinylidene, leading
to formation of the bis(acetylide) trans-Ru(C„CC6H4NH2-4)2

(dppe)2. Reactions with 4-ethynylbenzonitrile were complicated
by competitive coordination and chloride substitution reactions
involving the nitrile moiety.

The acetylide complexes were characterised by the usual spec-
troscopic (IR, 1H, 13C, 31P NMR, ES-MS) methods. The acetylide
m(C„C) band was observed between 2050 and 2070 cm"1, the low-
est wavenumber bands being associated with 3e and 3f. The elec-
trospray mass spectra (ES-MS) featured species formed from loss of
chloride, the molecular ion not being observed. In the 31P NMR
spectra the trans geometry of the complexes was confirmed by
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∆ / 170oC
RuCl2(dmso)4
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Scheme 1. The preparation of trans-RuCl(C„CR)(dppe)2 from cis-RuCl2(dppe)2 [1].
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Scheme 2. The preparation of trans-RuCl(C„CR)(dppe)2 from trans-RuCl2(dppe)2.

Table 1
1H NMR data from complexes 3a–3f.

R = OMe R = C5H11 R = Me R = H R = CO2Me R = NO2

Ho/o0 7.57, 7.26 (2 ! d,
J = 7 Hz)

7.62, 7.20 (2 ! d,
unresolved)

7.58, 7.23 (2 ! d,
J = 7 Hz)

7.58, 7.25 (2 ! d, J = 7 Hz) 7.42, 7.33 (2 ! d,
J = 7 Hz)

7.36, 7.34 (AB,
J = 8 Hz)

Hm/m0 6.99, 6.97 (AB, J = 7 Hz) 6.94, 7.05 (unresolved) 6.99, 6.97 (AB) J = 7 Hz 6.99, 6.97 (dd) J = 7 Hz 7.01, 6.94 (dd) J = 7 Hz 7.03, 6.95 (dd) J = 8 Hz
Hp/p0 7.19 (t, J = 7 Hz) 7.20 (unresolved) 7.18 (t, J = 7 Hz) 7.18 (t, J = 7 Hz) 7.20, 7.18 (2 ! t,

J = 7 Hz)
7.21, 7.20 (2 ! t,
J = 8 Hz)

CH2CH2 2.65 (m) 2.66 (m) 2.65 (m) 2.68 (m) 2.69 (m) 2.69 (m)
H2 6.64 (AB, J = 8 Hz) 6.65 (d, J = 8 Hz) 6.62 (d, J = 8 Hz) 6.70 (d, J = 8 Hz) 6.57 (d, J = 8 Hz) 6.44 (d, J = 8 Hz)
H3 6.70 (AB, J = 8 Hz) 6.92 (d, J = 8 Hz) 6.93 (d, J = 8 Hz) 7.11 (d, J = 8 Hz) 7.77 (d, J = 8 Hz) 7.94 (d, J = 8 Hz)
R 3.80 0.92, 1.35, 1.61, 2.54 2.30 7.11 (dd, apparent triplet)

J = 8 Hz
3.89

Table 2
13C NMR spectroscopic data from complexes 3a–3f.

R = OMe R = C5H11 R = Me R = H R = CO2Me R = NO2

Ca 119.2 121.2 121.5 124.1 136.7 148.4
Cb 112.7 113.7 113.6 113.9 114.9 116.8
C1 123.5 127.8 127.8 130.6 135.1 137.2
C2 131.0 129.9 130.0 130.2 129.9 130.0
C3 113.1 127.6 128.4 127.6 129.1 123.5
C4 155.8 137.5 132.4 123.0 123.6 142.4
Ci/i0 136.9 137.0 137.0 136.9 136.2 135.9

135.8 135.7 135.8 135.8 135.6 135.5
Co/o0 134.5 134.6 134.6 134.6 134.5 134.5

134.5 134.6 134.2 134.1
Cm/m0 127.3 127.3 127.4 127.4 127.4 127.5

127.0 127.0 127.1 127.1 127.1 127.3
Cp/p0 129.0 128.9 129.0 129.1 129.0 129.2

128.8 128.8 128.9 129.0
CH2CH2 30.9 30.9 31.0 30.8 30.7 30.6
R 55.3 14.3, 22.8, 31.3, 31.9, 35.9 21.5 – CO 167.7

Me 52.0
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the observation of a singlet near d 50 ppm, whilst the 1H (Table 1)
and 13C (Table 2) spectra featured characteristic resonances arising
from both the dppe and aryl acetylide ligands. The acetylide Ca res-
onance, which was observed as a quintet (2JCP ca. 15 Hz), proved to
be sensitive to the electronic nature of the remote aryl substituent.
The 1H and 13C NMR spectra could be fully assigned (see Fig. 1 for
NMR labelling scheme) through correlation spectroscopy, although
the couplings of the methylene protons from the dppe ligands were
not fully resolved.

2.2. Molecular structures

In the course of this work, single crystals of [2]OTf, 3b, 3c (as
both 0.5THF and 2CH2Cl2 solvates) and 3e suitable for X-ray dif-
fraction were obtained, those of 3a [6], 3f [55], and the related
complexes trans-RuCl(C„CC6H3-Me-2-NO2-4)(dppe)2 [55], trans-
RuCl(C„CC6H4CHO-4)(dppe)2 [24], trans-RuCl(C„CC6H4

F-4)(dppe)2 [17], trans-RuCl(C„CC6H4F-3)(dppe)2 [35] and
trans-RuCl(C„CC6H4CH@CHC6H4NO2-4)(dppe)2 [24] having been
reported earlier. Crystallographic data and important bond lengths
and angles are summarized in Tables 3 and 4, with plots of [2]+, 3b,
3c and 3e illustrated in Figs. 2–5, respectively. There are no signif-
icant differences in the structures of two different solvates of 3c.

The structures of salts containing five-coordinate ruthenium(II)
cations of general form [RuCl(PP)2]X (where PP = chelating diphos-
phine ligand) have been reported on several previous occasions
[PP = dppe, X = [PF6]! [65], [BF4]! [68], [C2B9H12]! [74]; PP = dppp,
X = [PF6]! [75]; PP = dcpe, X = [PF6]! [76]; PP = NH(CH3)(PPh2)2,
X = [SbF6]! [77]; PP = bnpe, X = [PF2O2]! [78]. The cation in [2]OTf
is essentially identical to that in [2]PF6 and [2]BF4 with a similar
degree of ‘‘Y”-shaped distortion of the equatorial plane from that
in an idealised trigonal bipyramid. The two dppe ligands span axial
and equatorial positions, with the equatorial plane defined by Cl,

Fig. 1. The NMR labelling scheme used in this work.

Table 3
Selected bond lengths (Å) and angles (!) for [2]OTf and complexes trans-RuCl(C„CC6H4R-4)(dppe)2 (3a, b, c, e and f).

[2]OTf R = H 3a " CH2Cl2 [6] R = OMe 3b " 2CH2Cl2 R = Me 3c " 0.5THF R = Me 3c " 2CH2Cl2 R = CO2Me 3e " THF R = NO2 3f " CH2Cl2 [55]

Ru–Cl 2.4061(5) 2.4786(13) 2.5118(9) 2.4907(12) 2.5096(8) 2.4806(13) 2.500(1)
Ru–P(1) 2.3786(5) 2.3680(14) 2.3526(9) 2.3792(12) 2.3539(8) 2.3753(14) 2.360(2)
Ru–P(2) 2.2449(5) 2.3524(14) 2.3824(9) 2.3642(11) 2.3827(8) 2.3552(14) 2.354(1)
Ru–P(3) 2.3639(5) 2.3917(14) 2.3610(9) 2.3433(11) 2.3627(8) 2.3768(13) 2.366(2)
Ru–P(4) 2.2434(5) 2.3734(14) 2.3812(9) 2.3549(11) 2.3781(8) 2.3679(14) 2.386(1)
Ru–Pavg 2.3182 2.3714 2.3693 2.3604 2.3694 2.3688 2.3665

Ru–C(1) 2.007(5) 2.018(4) 2.009(5) 2.007(4) 1.998(5) 1.986(5)
C(1)–C(2) 1.198(7) 1.188(5) 1.196(6) 1.202(5) 1.195(8) 1.206(7)
C(2)–C(3) 1.445(8) 1.437(5) 1.447(6) 1.432(5) 1.431(7) 1.442(7)
Cl–Ru–C(1) 175.72(14) 179.25(9) 176.41(12) 179.22(8) 178.54(15) 176.20(13)
Ru–C(1)–C(2) 174.1(5) 177.0(3) 175.6(4) 176.8(3) 178.4(5) 175.3(4)
C(1)–C(2)–C(3) 1783 175.1(4) 175.5(5) 176.8(4) 171.1(6) 174.4(5)
P(1)–Ru–P(2) 79.39(2) 82.43(14) 81.83(3) 82.29(4) 81.97(3) 82.71(5) 83.23(6)
P(2)–Ru–P(3) 97.77(2) 97.78(5) 98.09(3) 98.38(4) 98.28(3) 96.43(5) 95.52(6)
P(3)–Ru–P(4) 80.02(2) 80.93(5) 81.57(3) 80.73(4) 81.54(3) 81.25(5) 82.58(6)
P(1)–Ru–P(4) 97.35(2) 98.48(5) 98.48(3) 98.54(4) 98.18(3) 99.62(5) 98.66(6)

Table 4
Crystal data and refinement details.

Complex [2]OTf 3b 3c 3c 3e

Formula C53H48OF3SClP4Ru " 2CHCl3 C61H55OClP4Ru " 2CH2Cl2 C61H55ClP4Ru " 0.5C4H8O C61H55ClP4Ru " 2CH2Cl2 C62H55O2ClP4Ru " C4H8O
Molecular weight (g mol!1) 1321.11 1233.29 1084.50 1218.30 1128.51
Crystal system Triclinic Triclinic Orthorhombic Triclinic Triclinic
Space group P1 P1 Pna21 P1 P1
a (Å) 14.2259(2) 9.2242(3) 25.7427(6) 9.2375(5) 12.9760(4)
b (Å) 17.4740(3) 12.8045(4) 15.5668(4) 12.8488(7) 17.1779(5)
c (Å) 12.3513(3) 23.8399(7) 13.5683(3) 23.6105(12) 24.6946(7)
a (!) 72.08(1) 92.88(1) 90 92.97(1) 97.46(1)
b (!) 75.17(1) 94.63(1) 90 93.88(1) 90.47(1)
c (!) 79.80(1) 99.13(1) 90 99.18(1) 104.20(1)
V (Å3) 2807.86(9) 2765.35(15) 5437.2(2) 2754.5(3) 5286.6(3)
qc (g cm!3) 1.563 1.481 1.325 1.469 1.418
Z 2 2 4 2 4
2hmax (!) 60 58 56 58 56
l (Mo Ka) (mm!1) 0.817 0.684 0.496 0.685 0.515
Crystal size (mm) 0.20 # 0.18 # 0.14 0.28 # 0.08 # 0.02 0.26 # 0.10 # 0.06 0.20 # 0.20 # 0.06 0.20 # 0.18 # 0.07
NTot 41337 34263 55975 26206 50880
N (Rint) 16 339 (0.0263) 14 655 (0.0662) 12 966 (0.0765) 14 447 (0.0332) 25 401 (0.0412)
R1 0.0324 0.0481 0.0484 0.0528 0.0891
wR2 0.0868 0.1265 0.1289 0.1640 0.2964
GOOF 1.001 0.988 1.030 1.072 1.113
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P(2) and P(4). Around the equatorial plane, the donor atoms define
angles Cl(1)–Ru(1)–P(2, 4) 134.49(2), 130.35(2)! and the rather
small angle P(2)–Ru(1)–P(4) 95.16! to relieve degeneracy in the
‘‘e” type orbitals associated with a d6 trigonal bipyramid. The elec-
tronic factors that underpin this distortion have been described in
detail elsewhere [79]. The cation of [2]OTf is more sterically
crowded than other acetylide complexes described in the paper
and as a result the planes of axial Ph-rings of the dppe ligands
are almost parallel to each other. The triflate anions are connected
to cations via CH! ! !O close contacts and link them in double layers,
perpendicular to b-axis.

The structures of the acetylide complexes illustrate the usual
octahedral geometry around Ru, and linear Cl–Ru–C(1)–C(2)–C(3)

chain. The C(1)–C(2) acetylide bond lengths fall in the range
1.188(5)–1.202(5) Å, whilst the Ru–P bond lengths are insensitive
to the electron donating (OMe) or withdrawing (CO2Me) properties
of the acetylide substituent. The Ru–C(1) [2.018(4) Å] and Ru–Cl
[2.5118(9) Å] bond lengths in 3b are at the longer end of the range
of values typically offered by complexes of general type 3 (Table 3),
possibly due to greater Cl 3p/Ru 3d/C„C p filled orbital-filled orbi-
tal repulsive interactions along the linear back-bone [80,81].

As usual, in the absence of strong hydrogen bonds the packing
of complexes in crystals is determined by a fine balance between
a number of attractive intermolecular weak interactions of various
nature (C–H! ! !O, Cl, p; Cl! ! !Cl, etc.). The presence and the nature of
solvent molecules also significantly affects the crystal packing. For
example, the metal complexes in isostructural crystals 3b and
3c ! CH2Cl2 form double layers perpendicular to b-axis and disor-
dered solvent molecules are located in channels between the lay-
ers, while ordered dichloromethane molecules are ‘‘trapped” in
the voids of these layers. There are a number of weak C–H! ! !p
interactions in the structures. Hydrogen atoms of both methylene
groups of dichloromethane molecules and aromatic rings take part
in these interactions, while the methylene groups of the dppe
ligands do not show any shortened contacts.

In the absence of solvent dichloromethane molecules in struc-
ture of 3c ! THF the character of packing changes and complexes
form chains along c-axis of the crystal. In this case the methylene
groups of dppe ligands became stereochemically active and link
the adjacent complexes by C–H! ! !Cl contacts. These groups are also
active in the structure of 3e where they are involved in C–H! ! !p
interactions, while Cl atoms are linked with an aromatic hydrogen
atom. Finally, the absence of stacking interactions between aro-
matic rings in these structures should be noted.

2.3. Electrochemistry

The highest occupied molecular orbitals of ruthenium aryl acet-
ylide complexes have significant aryl acetylide ligand character
[22,28,29,59,60,80–82]. The cyclic voltammograms of 3a–f each
exhibit two anodic processes, the first being fully reversible, the
potential of which reflect the variation in the electronic properties
of the aryl substituent (Table 5). The nitro-substituted derivative 3f
also contains a partially chemically reversible reduction with a
cathodic peak potential Epc "1.13 V (vs. FcH/FcH+), most likely
localised on the nitroaromatic portion of the molecule. The sensi-
tivity of the redox response to the nature of the remote substituent
and the chemical reversibility of the first redox couple is consistent
with the aryl acetylide character of the HOMO in trans-
RuCl(C„CR)(dppe)2 complexes.

3. Conclusion

A simple reaction protocol has been described that allows the
preparation of acetylide complexes trans-RuCl(C„CR)(dppe)2 (3)
from the five-coordinate complex [RuCl(dppe)2]OTf ([2]OTf), which
is obtained in three high yielding steps from RuCl3 ! nH2O. The use
of [2]OTf as an entry point to mono-acetylide complexes 3 is an
alternate, and in our experience more convenient, method to the
long-standing routes based on cis-RuCl2(dppe)2.

4. Experimental

All reactions were carried out under an atmosphere of nitrogen
using standard Schlenk techniques as a matter of routine, although
no special precautions were taken to exclude air or moisture during
work-up. Dichloromethane was purified and dried using an Innova-
tive Technology SPS-400, and degassed before use. Diethyl ether,

Fig. 2. Plot of the cation in [RuCl(dppe)2]OTf ([2]OTf). In this and all subsequent
plots, hydrogen atoms have been omitted for clarity, with thermal ellipsoids at 50%.

Fig. 3. Plot of a molecule of trans-RuCl(C„CC6H4OMe-4)(dppe)2 (3b).
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hexane and methanol were the best available commercial grade,
and used without further purification. Reagents were purchased
and used as received, with minor modifications to the literature
procedures being used to prepare RuCl2(PPh3)3 [71], trans-
RuCl2(dppe)2 [72], and [RuCl(dppe)2]OTf [67] as detailed below.

NMR spectra were recorded on a Bruker Avance (1H
400.13 MHz, 13C 100.61 MHz, 31P 161.98 MHz) spectrometer from
CDCl3 solutions and referenced against solvent resonances (1H,
13C) or external H3PO4 (31P). IR spectra (CH2Cl2) were recorded
using a Nicolet Avatar spectrometer from cells fitted with CaF2

windows. Electrospray ionisation mass spectra were recorded
using Thermo Quest Finnigan Trace MS-Trace GC or WATERS
Micromass LCT spectrometers. Samples in dichloromethane
(1 mg/mL) were 100 times diluted in either methanol or

Fig. 4. Plot of a molecule of trans-RuCl(C„CC6H4Me-4)(dppe)2 (3c).

Fig. 5. Plot of a molecule of trans-RuCl(C„CC6H4CO2Me-4)(dppe)2 (3e).

Table 5
Electrochemical dataa from trans-RuCl(C„CC6H4R-4)(dppe)2 (3a–f).

R E1 (V) E2 (V)

OMe (3b) !0.10 +0.69b

C5H11 (3d) !0.04 +0.83b

Me (3c) !0.03 +0.85b

H (3a) +0.01 +0.89b

CO2Me (3e) +0.10 +0.98b

NO2 (3f) +0.20 +1.07b

a E1/2 vs. ferrocene/ferrocenium (FcH/FcH+) (CH2Cl2, 0.1 M NBu4BF4, Pt dot
working electrode). Data are reported against an internal decamethylferrocene/
decamethylferrocenium (FcH*/FcH*+) standard. Under these conditions FcH*/
FcH*+ = !0.53 V vs. FcH/FcH+.

b Irreversible, anodic peak potential Epa reported.
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acetonitrile, and analysed with source and desolvation tempera-
tures of 120 !C, with cone voltage of 30 V.

Cyclic voltammograms were recorded at v = 100–800 mV s!1

from solutions of approximately 10!4 M in analyte in dichloro-
methane containing 10!1 M NBu4BF4, using a gastight single-com-
partment three-electrode cell equipped with platinum disk
working, coiled platinum wire auxiliary, and platinum wire pseu-
do-reference electrodes. The working electrode surface was pol-
ished before scans with an alumina paste. The cell was
connected to a computer-controlled Autolab PGSTAT-30 potentio-
stat. All redox potentials are reported against the ferrocene/
ferrocenium coupling, and referenced against the decamethylferro-
cene/decamethylferrocenium (FcH*/FcH*+ = !0.53 V) redox couple
used as an internal reference system.

Single crystal X-ray data for all structures were collected on a
Bruker SMART CCD 6000 diffractometer equipped with a Cryo-
stream (Oxford Cryosystems) cooling device at 120 K using kMo
Ka radiation. All the structures were solved by direct methods
and refined by full-matrix least squares on F2 for all data using
SHELXTL software. All non-hydrogen atoms were refined with aniso-
tropic displacement parameters, H-atoms were placed into calcu-
lated positions and refined in a ‘‘riding” mode. Further details of
data collections and refinement are given in Supplementary
material.

4.1. Preparation of RuCl2(PPh3)3

A suspension of RuCl3 " nH2O (1.00 g, 3.83 mmol for n = 3) and
PPh3 (6.00 g, 22.9 mmol) in methanol (50 ml) was heated for 4 h
at reflux. The brown solid that precipitated was collected by filtra-
tion, washed with diethyl ether and dried in air to give
RuCl2(PPh3)3 as a dark brown powder (3.59 g, 98%). 31P{1H} NMR
(CDCl3, 81 MHz): d 30.2 (s, PPh3).

4.2. Preparation of trans-RuCl2(dppe)2 (trans-1)

A suspension of RuCl2(PPh3)3 (3.59 g, 3.75 mmol) and dppe
(3.14 g, 7.89 mmol) in acetone (40 ml) was stirred for 1 h at room
temperature. The resulting yellow precipitate was collected by fil-
tration, washed with acetone and dried in air to give trans-1 as an
orange-yellow powder (3.40 g, 99%). 31P{1H} NMR (CDCl3): d 46.1
(s); 1H NMR (CDCl3): 7.26 (d, JHH = 7.6 Hz, 16H, ortho-CH), 7.19 (t,
JHH = 6.8, 8H, para-CH), 6.99 (dd, JHH # 7.2, 16H, meta-CH), 2.70
(m, 8H, CH2); 13C NMR (CDCl3): 13C NMR (CDCl3): 135.0 (m, ipso
C), 134.4 (m, ortho C), 128.8 (m, para-C), 127.0 (m, meta C), 28.8
(m, CH2).

4.3. Preparation of [RuCl(dppe)2][OTf] ([2]OTf)

A suspension of trans-1 (3.40 g, 3.51 mmol) and AgOTf (0.90 g,
3.51 mmol) in dichloromethane (40 ml) was stirred 1 h. The result-
ing dark red solution was filtered (Celite) to remove the precipi-
tated AgCl, and the filtrate diluted with hexane. Careful removal
of the CH2Cl2 on a rotary evaporator resulted in the precipitation
of [2]OTf as well-formed red crystals, which were collected,
washed with hexane and dried to give [2]OTf as a dark red solid,
which is stable in air and chlorinated solvents (3.22 g, 85%). Crys-
tals suitable for X-ray diffraction were obtained following recrys-
tallisation from CHCl3/hexane. 31P NMR (CDCl3): d 84.0 (dd,
JPP # 12.8, 2P), 56.7 (dd, JPP # 12.8, 2P); 1H NMR (CDCl3): d 7.73
(m, 4H, meta-CH), 7.52 (t, JHH 7.2, 2H, para-CH), 7.32 (t, JHH 7.4,
2H, para-CH), 7.19 (m, 16H, phenyl-CH), 6.99 (m, 12H, phenyl-
CH), 6.71 (m, 4H, meta-CH), 2.65 (m, 2H, CH2); 2.44 (m, 4H, CH2);
1.57 (m, 2H, CH2); 13C NMR (CDCl3): 133.7 (m), 133.1 (m, ipso C),
132.7 (m), 132.3 (m, para C), 132.1 (m), 132.0 (m, ipso C), 131.7
(m), 131.1 (m, para C $ 2), 130.4 (m, ipso C), 129.4 (m, ipso-

C + other C), 129.3 (m, para C), 128.7 (m), 128.0 (m), 127.5 (m),
120.9 (q, JCF = 321, CF3), 30.1 (m, CH2), 18.4 (m, CH2); 19F NMR
(CDCl3): d !78.5 (s). A mixture of cis-1 and trans-1 can also be used
to give high yields of [2]OTf by this procedure.

4.4. Preparation of cis-RuCl2(dppe)2 (cis-1)

A solution of [2]OTf (198 mg, 0.182 mmol) in methanol (25 ml)
was added to a stirred solution of LiCl (80 mg, 1.93 mmol) in meth-
anol (4 ml). The yellow solid formed after 15 min was filtered,
washed with 2 $ 2 ml of methanol and dried in vacuo. This solid
(148 mg, 0.152 mmol, 84%) was identified as pure cis-1 by 31P, 1H
and 13C NMR spectroscopy. 31P NMR (CDCl3): d 53.6 (dd, JPP # 19.4,
2P), 38.8 (dd, JPP # 19.6, 2P); 1H NMR (CDCl3): d 8.22 (m, 4H), 7.54
(m, 4H), 7.26 (m, 4H), 7.24 (t, JHH = 6.4, 2H, para-CH), 7.01 (m, 4H),
6.93 (t, JHH = 6.4, 2H, para-CH), 6.84 (m, 4H), 6.78 (m, 8H), 6.73 (m,
8H), 2.98 (m, 2H, CH2), 2.486 (m, 4H, CH2), 2.55 (m, 2H, CH2); 13C
NMR (CDCl3): 139.7 (m, ipso C), 137.9 (m, ipso C), 135.2 (m, ipso
C), 134.7 (m), 134.3 (m, ipso C), 133.9 (m), 131.5 (m), 131.2 (m),
128.9 (m, para C), 128.7 (m, para C), 128.5 (m, para C), 128.0 (m),
127.7 (m, para C), 127.5 (m), 127.2 (m), 126.6 (m), 31.9 (m, CH2),
24.6 (m, CH2).

4.5. Preparation of trans-RuCl(C„CPh)(dppe)2 (3a)

A solution of [2]OTf (100 mg, 0.092 mmol) in CH2Cl2 (3 ml) was
treated with phenylacetylene (10 ll, 0.09 mmol) and stirred at
room temperature for 1 h. The solvent was removed in vacuo and
the residue containing the crude vinylidene salt washed with hex-
ane (2 $ 10 ml) to remove any excess alkyne. The crude vinylidene
salt was redissolved in dichloromethane (2 ml) and treated with a
solution of KOBut (35 mg) in methanol (5 ml), prompting the pre-
cipitation of a pale yellow solid, which was immediately collected
by filtration and dried to give 3a (72 mg, 75%). IR: m(C„C)
2072 cm!1. 31P NMR: d 50.8 (s, PPh2). ES-MS: m/z 1039
[M!Cl+K+H]+.

4.6. Preparation of trans-RuCl(C„CC6H4OMe-4)(dppe)2 (3b)

Prepared in a similar fashion to that described for 3a from
[2]OTf (100 mg, 0.092 mmol), 1-ethynyl-4-anisole (11 ll,
0.09 mmol), the vinylidene being formed after 2 h a room temper-
ature. After deprotonation, yellow 3c was collected by filtration
(42 mg, 43%). Crystals suitable for X-ray diffraction were obtained
from CH2Cl2/hexane. IR: m(C„C) 2070 cm!1. 31P NMR: d 50.9 (s,
dppe). ES-MS: m/z 1069 [M!Cl+K+H]+.

4.7. Preparation of trans-RuCl(C„CC6H4Me-4)(dppe)2 (3c)

Prepared in a similar fashion to that described for 3a from
[2]OTf (100 mg, 0.092 mmol), 1-ethynyl-4-toluene (11 ll,
0.09 mmol), the vinylidene being formed after 2 h a room temper-
ature. After deprotonation, yellow 3c was isolated (75 mg, 78%).
Crystals suitable for X-ray diffraction were obtained from CH2Cl2/
hexane and also THF/hexane. IR: m(C„C) 2073 cm!1. 31P NMR: d
50.9 (s, PPh2). ES-MS: m/z 1053, [M!Cl+K+H]+.

4.8. Preparation of trans-RuCl(C„CC6H4C5H11-4)(dppe)2 (3d)

Prepared in a similar fashion to that described for 3a from
[2]OTf (100 mg, 0.092 mmol) and 4-pentyl phenylacetylene
(18 ll, 0.09 mmol), the vinylidene being formed after 2 h at room
temperature. After deprotonation 3d was obtained as a yellow
powder (86 mg, 84%). IR: m(C„C) 2071 cm!1. 31P NMR: d 50.9 (s,
PPh2). ES-MS: m/z 1069, [M!Cl]+.

2356 M.A. Fox et al. / Journal of Organometallic Chemistry 694 (2009) 2350–2358



4.9. Preparation of trans-RuCl(C„CC6H4CO2Me-4)(dppe)2 (3e)

Prepared in a similar fashion to that described for 3a from
[2]OTf (100 mg, 0.092 mmol) and methyl 4-ethynylbenzoate
(15 mg, 0.09 mmol), the vinylidene being formed after 2 h a room
temperature. After deprotonation, 3e was isolated as a yellow pow-
der (66 mg, 66%). Crystals suitable for X-ray diffraction were ob-
tained from THF/hexane. IR: m(C„C) 2065 cm!1. 31P NMR: d 50.1
(s, PPh2). ES-MS: m/z 1097, [M!Cl+K+H]+.

4.10. Preparation of trans-RuCl(C„CC6H4NO2-4)(dppe)2 (3f)

Prepared in a similar fashion to that described for 3a from
[2]OTf (100 mg, 0.092 mmol) and 4-nitro phenylacetylene
(14 mg, 0.09 mmol) the vinylidene being formed after 6 h at room
temperature. After deprotonation 3f was obtained as a red powder
(73 mg, 73%). IR: m(C„C) 2051 cm!1. 31P NMR: d 49.7 (s, PPh2). ES-
MS: m/z 1084, [M!Cl+K+H]+.

5. Supplementary material

CCDC 719111, 719112, 719113, 719114 and 719115 contain the
supplementary crystallographic data for this paper. These data can
be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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a b s t r a c t

The miscibility of a conjugated “molecular wire” candidate and an “insulating” fatty acid within a thin
film has been comprehensively analyzed. Specifically, Langmuir and Langmuir–Blodgett films containing
mixtures of 4-[4′-(4′′-hexyloxyphenylethynyl)-phenylethynyl]-aniline (HBPEB amine) and behenic acid
(BA) have been prepared, characterized, and their miscibility compared with that of mixtures of 4-[4′-(4′′-
hexyloxyphenylethynyl)-phenylethynyl]-benzoic acid (HBPEB acid) and BA studied previously. Surface
pressure vs. area per molecule isotherms were recorded, with negligible excess areas per molecule at
high surface pressures suggesting either complete miscibility or immiscibility of the two materials. The
Langmuir films were transferred onto solid supports to fabricate Langmuir–Blodgett (LB) films which were
characterized by SPM probe techniques. Scanning Polarization Force Microscopy (SPFM) undoubtedly
shows good miscibility of the two materials in the films with no evidence of phase separation, in contrast
with the HBPEB acid–BA system where phase separation occurs for HBPEB acid mole fractions over the
0.1–0.8 range.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In recent times, a wide variety of novel electronically active,
molecule-based devices have been proposed, and in some cases
tested, for collecting, processing, displaying, and storing informa-
tion [1]. In this context, phenylene ethynylene derivatives (OPEs)
[2–5] are the subject of a considerable body of current research,
driven by the diverse range of physical properties offered by
these systems, including significant NLO response [6,7], lumines-
cence [2,8,9], electroluminescence [10] and liquid crystal behaviour
[11–17]. The extended !-conjugated structure makes possible the
electronic transport along the main molecular axis of the pheny-
lene ethynylene oligomer when the OPE is situated onto a metallic
substrate and the current is measured with an atomic sharp probe,
leading to many studies of the capacity of OPEs to act as molecular
wires [18–24]. The distinction of charge transport through individ-
ual molecules from transport through small bundles of molecules
is a matter of considerable current interest [18,25–28]. Therefore,
arriving at an understanding of these one-dimensional electron (or
hole) conductors demands the study of the electronic properties of

∗ Corresponding author at: Departamento de Química Orgánica–Química Física,
Área de Química Física, Facultad de Ciencias, Universidad de Zaragoza, 50009
Zaragoza, Spain. Tel.: +34 976 76 22 96; fax: +34 976 76 12 02.

E-mail address: pilarcea@unizar.es (P. Cea).

the candidate molecule when isolated from neighbouring conduct-
ing molecules.

The Langmuir–Blodgett method has been shown to produce
well-defined mono- and multilayered films of OPE derivatives in
which a large variety of metal–organic interfaces can be stud-
ied thanks to the wide variety of polar functional groups that
can be physically or chemically absorbed onto different substrates
[24,29–33]. The LB method is also well suited for the fabrication
of films in which one material is diluted into a matrix formed by
another compound [34]. Thus, we have recently fabricated mixed
Langmuir and Langmuir–Blodgett films of a molecular wire can-
didate, namely 4-[4′-(4′′-hexyloxyphenylethynyl)-phenylethynyl]-
benzoic acid (HBPEB acid) and docosanoic (behenic) acid (BA) [32],
concluding that the wire-like molecule and the fatty acid are mis-
cible over the 0–0.1 and 0.8–1 ranges of HBPEB acid mole fraction,
while phase separation occurs for HBPEB acid mole fractions over
the 0.1–0.8 range.

In this paper we provide an analysis of the mixing behaviour
of an amine-terminated molecular wire candidate, namely
4-[4′-(4′′-hexyloxyphenylethynyl)-phenylethynyl]-aniline (HBPEB
amine) (Fig. 1), and an insulating fatty acid (BA, Fig. 1) within Lang-
muir and Langmuir–Blodgett films using classical thermodynamic
parameters and Scanning Probe Microscopy (SPM) imaging meth-
ods. The results are compared with those from a closely related
acid-terminated molecular wire candidate in the same insulating
BA matrix. It is hoped that these systematic studies will con-

0927-7757/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.colsurfa.2009.06.015
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Fig. 1. Chemical structure of the 4-[4′-(4′′-hexyloxyphenylethynyl)-phenylethynyl]-
aniline (HBPEB amine, top) and the behenic acid (BA, bottom).

tribute to the design of suitable platforms for the measurement
of the conductivity through well isolated molecular wire candi-
dates in the future. Ultimately, the goal is to distinguish genuine
single molecule conductivity from the effect of lateral conductivity
between neighbouring conducting molecules in multi-component
thin films.

2. Experimental

2.1. Materials

The 4-[4′-(4′′-hexyloxyphenylethynyl)-phenylethynyl]-aniline
(abbreviated HBPEB amine) was synthesized as previously reported
[24]. The behenic acid (BA) was purchased from Fluka (purity > 99%)
and was used without further purification. Solutions of the pure
HBPEB amine, BA, and their mixtures were prepared in chloroform
(HPLC grade from Aldrich, 99.9%). Water was Millipore Milli-Q with
resistivity 18.2 M! cm.

2.2. Film preparation

The films were prepared on a NIMA Teflon trough with
dimensions 720 mm × 100 mm, which was housed in a constant
temperature (20 ± 1 ◦C) clean room. The surface pressure (") of
the monolayers was measured by a Wilhelmy paper plate pressure
sensor. The chloroform spreading solution containing both HBPEB
and BA (total concentration equal to 10−4 M) was delivered from
a syringe held very close to the surface, with the surface pressure
allowed to return to a value as close as possible to zero between each
addition. The initial surface density of the films was such that the
surface pressure never exceeded 1 mN/m. The solvent was allowed
to completely evaporate over a period of at least 15 min before
compression of the monolayer commenced at a constant sweep-
ing speed of 0.02 nm2/molecule min. Each compression isotherm
was registered at least three times to ensure the reproducibility of
the results so obtained.

The stable floating monolayers were transferred onto solid
substrates by the vertical dipping method at a constant surface
pressure with a lifting speed of 6 mm/min. The samples for the
Atomic Force Microscopy (AFM) and Scanning Polarization Force
Microscopy (SPFM) measurements were deposited onto freshly
cleaved mica substrates. AFM and SPFM experiments were con-
ducted in air room temperature using an extended multimode AFM
with Nanoscope IV controller (Digital Instruments Veeco Metrol-
ogy Group, Santa Barbara, CA, USA). AFM images were recorded
in tapping mode with rectangular silicon cantilevers of approxi-
mately 42 N/m spring constant and 285 kHz resonance frequency
(Nanosensors, Wetzlan-Blakerfeld, Germany). SPFM images were
performed with an antimony (n) doped silicon tip with a doped
diamond coating, having a 2.8 N/m spring constant and 75 kHz res-
onance frequency. In general terms, SPFM uses the same technology
as AFM, and is based on sensing the force between a sharp tip
and the surface, using piezoelectric scanners, and feedback control
in the underlying electronics. SPFM is a truly non-contact tech-
nique where the tip scans the surface at a height of a few hundred
angstroms. A bias voltage is applied to the conductive cantilever,
with the opposite charges generated at the tip and surface causing

their mutual attraction, which bends the lever towards the surface
[35]. More details about the SPFM technique and its application to
discern the miscibility of materials in thin solid films have been
recently reported [32].

3. Results and discussion

3.1. Langmuir films

Mixed films containing HBPEB and BA molecules were fabri-
cated according to the optimized preparation conditions previously
determined for pure HBPEB amine monolayers [24], and described
here in the experimental section. Under these experimental con-
ditions, surface pressure–area ("–A) isotherms of pure and mixed
(HBPEB amine + BA) Langmuir films were reproducible, with repre-
sentative ("–A) isotherms illustrated in Fig. 2.

The area per molecule in Fig. 2 represents the area occupied by
one molecule within the monolayer, i.e. BA or HBPEB amine. The
"–A isotherms for the pure compounds, BA or HBPEB amine, show
a rapid increase of the surface pressure after the take-off in the
isotherm, with no evidence of plateaux. In contrast, the isotherms
of mixed films present a plateau at approximately 10 mN/m, except
for xHBPEB amine = 0.1 and xHBPEB amine = 0.9 where the plateau occurs
at 2 and 3.5 mN/m, respectively. Several explanations of the plateau
regions in "–A isotherms have been put forward [36], such as
the coexistence of monolayer phases [37], collapse of the mono-
layer film into a multilayered film [38,39], molecular orientational
changes upon film compression [40–42], a combination of both ori-
entational changes and monolayer collapse [43,44], dissolution of
monolayer material in the water subphase upon film compression
[45], or squeezing out of one material from the matrix of another
one in mixed monolayers [46,47]. The amphiphilic nature of both
BA and HBPEB amine together with the areas per molecule obtained
at high surface pressures, which agree with the cross sectional
area of BA and HBPEB amine (ca. 0.2 nm2), rule out the squeez-
ing of the material from the monolayer to form three-dimensional
structures, as well as the collapse of the monolayer. Therefore, the
plateau region appears to be the consequence of a phase transi-
tion or molecular orientational changes during the formation of the
monolayer in the mixed films. After the plateau in the isotherms
a steep increase of the surface pressure with decreasing area per
molecule occurs, indicating the formation of a more condensed
phase.

Fig. 2. Surface pressure vs. area per molecule isotherms of the pure and mixed films
recorded for the indicated HBPEB amine mole fraction.
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Fig. 3. Excess area vs. mole fraction of HBPEB amine for the indicated surface pres-
sures.

Fig. 4. Excess Gibbs energy of mixing vs. mole fraction of HBPEB amine for the
indicated surface pressures.

Fig. 5. AFM images (left) and section analysis (right) for a HBPEB amine + BA mixed LB film with a molar fraction of xHBPEB amine = 0.1 (top) and 0.5 (bottom).
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The nature of molecular interactions and also the miscibility of
the two components can be examined by quantitative analysis of
the excess area (AE) of the mixed monolayer at the air–water inter-
face [48,49]. The excess area, AE, can be obtained by comparing the
average area per molecule (A12) of a mixed monolayer consisting of
components 1 and 2 with that of an ideal mixed monolayer (Aid):

AE = A12 − Aid = A12 − (x1A1 + x2A2) (1)

where x1 and x2 are the mole fractions of components 1 and 2,
respectively, in the mixed monolayer, and A1 and A2 represent the
area per molecule of the pure monolayers at the same surface
pressure. For completely immiscible or ideal mixed monolayers,
the excess area is zero, while positive or negative excess areas
are indicative of some degree of molecular interactions between
the different molecular components 1 and 2 [48]. Fig. 3 shows
the excess area vs. HBPEB amine molar fraction at several sur-
face pressures. At surface pressures below the condensed phase

Fig. 6. SPFM images (left) and SPFM section analysis (right) of mixed HBPEB amine and BA films for the indicated molar fractions.
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Fig. 6. (Continued ).

(ca. 13 mN/m) the excess area is positive for the whole range of
molar fractions. Thus, positive deviations from the additivity rule
(A12 = x1A1 + x2A2) in the mixed system imply some type of repulsive
interactions with BA–BA or HBPEB amine–HBPEB amine interac-
tions broken and weaker BA–HBPEB amine interactions formed.
On the contrary, the excess area is practically zero above 15 mN/m,
suggesting either a complete miscibility or immiscibility of the two
components at high surface pressures. The employment of other
complementary techniques is required to elucidate this question.

The excess Gibbs energy of mixing, !GE
m, provides supplemen-

tary information about interactions between components in mixed
monolayers with reference to those of the pure compounds. Fig. 4
illustrates the excess Gibbs energy of mixing vs. the mole fraction
of HBPEB amine at several surface pressures, with !GE

m calculated
using the equation [50,51]:

!GE
m =

! "

0
A12 d" − x1

! "

0
A1 d" − x2

! "

0
A2 d" (2)

where A1, A2, A12, x1 and x2 have the same meaning as before; "
is the upper limit pressure at which the integrals have been cal-
culated (" = 5, 10, 15, 20, 25, 30, and 35 mN/m). Positive values
of !GE

m at low surface pressures are obtained, which are con-
sistent with weaker interactions between the molecules in the
mixed monolayer, i.e. HBPEB amine–BA, in comparison with the
molecular interactions in the pure films, i.e. HBPEB amine–HBPEB
amine and BA–BA interactions. However, when the surface pres-
sure increases beyond 15 mN/m, !GE

m values do not increase upon

compression, but show a clear tendency to decrease. These results
could be interpreted in terms of a rupture of H-bonds between equal
molecules, BA–BA and HBPEB amine–HBPEB amine, at large areas
per molecule. When the monolayer is compressed, interactions
between BA and HBPEB amine become more important, resulting
in negligible excess areas and lower excess Gibbs energy of mixing.
However, both AE and !GE

m values have been calculated from the
"–A isotherms, and therefore other independent methods are nec-
essary to provide decisive proof of the phase behaviour of BA and
HBPEB amine in the mixed films.

The two molecular components of the mixed films, BA and
HBPEB amine, have a comparable dimension along the long axis
and a similar cross sectional area. AFM images show homogeneous
films in the whole range of mole fraction and no relevant informa-
tion about the miscibility of the two molecules can be obtained. In
contrast, Scanning Polarization Force Microscopy (SPFM) has been
successfully employed to gain insight into the miscibility of com-
ponents in the mixed monolayers when the two molecules in the
film have similar heights and no domains are detectable with the
AFM [32]. The SPFM takes advantage of differences in the electri-
cal forces between the tip and the surface to perform non-contact
imaging [52,53]. A conductive tip biased to a few volts is employed
and use of AC modulation gives the technique spectroscopic capa-
bilities [54], which permits the distinction of domains containing
materials with different surface potential. SPFM images of films
containing the pure compounds were deliberately explored close
to the border of the film, which features regions of pristine film
and non-covered areas and hence allows the determination of the
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surface potential for the two different molecules with respect to
the bare mica substrate. The obtained values are 80 and 40 mV for
HBPEB amine and BA, respectively (Fig. 5). The highly conjugated,
!-electron structure of HBPEB amine results in a higher surface
potential than that of the BA molecules. The difference in the surface
potential of approximately 40 mV between the two components
should permit the ready identification of domains of different sur-
face potential in the mixed films. A homogeneous surface potential
would indicate complete miscibility of the components within the
limits of resolution of the SPFM.

Fig. 6 shows the surface potential distribution SPFM images
of the mixed films at several molar fractions. SPFM images are
very homogeneous and no domains of different surface poten-
tial are evident, with the only exceptions of xHBPEB amine = 0.3 and
0.5 where regions of different surface potential appear. The ques-
tion is whether these domains are regions of a single component,
or simply areas that are richer in one component than the other.
According to the section analysis, the surface potential difference
between the domains is in the 10–15 mV range, which is too low
compared with the difference between the surface potential of both
molecules, 40 mV. Therefore, domains of higher surface potential
for xHBPEB amine = 0.3 and 0.5 could be composed a higher number
of HBPEB amine molecules instead of a random distribution of the
molecules in the film.

Therefore, the techniques used to analyse the films described
here point to a quite uniform distribution of the molecules in the
films at high surface pressures, indicating that the two molecules
are practically miscible in the whole range of molar fractions. Sev-
eral factors could explain the good miscibility of the components
including: (i) comparable dimension of the two molecules along the
long axis, (ii) similar cross sections, and (iii) arguably an acid–base
reaction between the –COOH and –NH2, which could favour the
good miscibility of the two materials in the films [49,55], in contrast
with mixtures of BA and HBPEB acid which are relatively immiscible
in the 0.1–0.8 molar fraction of HBPEB acid range [32]. We believe
that when the fatty acid and the OPE amine are mixed the strong
interactions between the acid and the amine groups are capable
of breaking the !–! interactions between the highly conjugated
OPE skeleton of neighbouring molecules. The positive deviations
of the area in the mixed films with respect to the pure films are
an indication of the rupture of strong HBPEB amine–HBPEB amine
interactions, probably preformed in the spreading solution.

4. Conclusions

Langmuir and Langmuir–Blodgett mixed films containing dif-
ferent proportions of a potential “molecular wire” (HBPEB amine)
and an “insulator” molecule (behenic acid) have been pre-
pared and characterized in detail. Molecular distribution in the
Langmuir–Blodgett films has been analyzed by means of SPFM,
indicating a uniform molecular distribution in the films and
good miscibility of the two molecules, in contrast to mixed
films incorporating the same insulator molecule and the same
oligophenylene–ethynylene derivative but terminated in an acid
group. Therefore, this study reveals that amine-terminated OPE
derivatives can be diluted in an insulating fatty acid matrix in a wide
range of molar fractions. The next stage in these investigations will
focus on the measurement of conductivity of these well isolated
molecular wire candidates, and analysis of the lateral conductivity
by comparison with similar measurements from pure HBPEB amine
films.
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Summary: The electronic structures of 1,3-{trans-Cl-
(dppe)2RuCtC}2C6H4 (3) and 1,3-{Cp*(dppe)RuCtC}2-
C6H4 (4) in their available redox states have been investigated
using a combination of UV-vis-near-IR and IR spectroscopy
and computational methods. In contrast to the case for closely
related iron compounds, for the ruthenium complexes 3 and 4
the bridging aryl moiety is heavily involved in the oxidation
process, and consequently descriptions of the electronic struc-
tures and electronic transitions in terms of the language
developed for mixed-valence systems with clearly identifiable
metal oxidation states are not appropriate. Consequently,
the unique low-energy (near-IR) absorption bands observed
for the asymmetric cations [3]þ and [4]þ are better described as
arising from charge transfer transitions from a metal acetylide
donor to a metal phenylacetylide acceptor rather than in terms
of IVCT transitions.

Mixed-valence (MV) compounds of the type [MnLn](μ-
bridge)[Mnþ1Ln] have attracted attention for many reasons,
not least of all as models through which to study funda-
mental aspects of the electron-exchange reaction.1 It is self-
evident that an MV compound should feature an element in
two (ormore) identifiable and distinct oxidation states, yet in
the case of many organometallic species the mixing of the
metal d orbitals with supporting π-donor or acceptor ligands
canmake assignments of truemetal oxidation states difficult,
or even irrelevant. Thus, while the iron acetylide compounds
Fe(CtCPh)(dppe)Cp* give rise to frontier orbitals with
appreciable metal character2,3 and are therefore appropriate
for the construction of organometallic MV compounds such
as the weakly coupled class II system [1,3-{Cp*(dppe)-
FeCtC}2C6H4]

þ,4,5 the aryl acetylide ligands in ruthenium

complexes such as trans-RuCl(CtCPh)(dppe)2 (1) and
Ru(CtCPh)(dppe)Cp* (2) are redox noninnocent.6-9

Before detailed studies6-9 of the electronic structures of [1]þ

and [2]þ were available, compounds such as 1,3-{trans-Cl-
(dppm)2RuCtC}2C6H4,

10,11 1,3-{trans-Cl(dppm)2RuCtC}2-
5-HCtCC6H3,

12 1,3-{trans-Cl(dppe)2RuCtC}2-5-HCtCC6-
H3,

13 and 1,3-{Cp(PPh3)2RuCtC}2-5-HCtCC6H3
12 had

already been observed to oxidize in two sequential and well-
separated one-electron steps. On the assumption that the oxida-
tionprocessesweremetal-centered, the intermediatemonocation
states were described as RuII/III mixed-valence complexes.
Although low-energy electronic transitions that could be as-
cribed to intervalence charge transfer were not observed in these
early studies, on the basis of the electrochemical data, the
monocations were taken as being further examples of weakly
coupled (i.e., Robin-Day class II) MV systems. However, the
thermodynamic stability of the mixed-valence state that is
reflected in these electrochemical data is a sum of factors,
including ion-pair interactions, intramolecular electrostatic fac-
tors, solvation energies, varying degrees of metal-ligand bond
energies in the different metal oxidation states, and the like, in
addition to the “resonance”, or delocalization, term.14 In light of
the different degrees of metal character in the redox-active
orbitals of acetylide complexes based on Fe and Ru, the current
intense interest in the electronic structure of organometallic
“mixed valence” compounds, and the potential complications
in descriptions of these systems that arise from redox-active
bridging (or ancillary) ligands, we have taken the opportunity to
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examine the electronic structures of [3]nþ and [4]nþ (n=0-2)
(Chart 1).
The IR spectra of the new complexes 1,3-{trans-Cl-

(dppe)2RuCtC}2C6H4 (3) and 1,3-{Cp*(dppe)RuCtC}2C6H4

(4) are characterized by a single ν(CtC) band, coincidently at
2063 cm-1 in each case. The IR spectra of [3]þ (ν(CtC) 2049,
1905 cm-1) and [4]þ (ν(CtC) 2060, 1934 cm-1) (Figure 1) each
display two ν(CtC) bands, which approximate a superposition
of the ν(CtC) bands in 1 (2075 cm-1) and [1]þ (1910 cm-1) or 2
(2072 cm-1) and [2]þ (1929 cm-1), respectively. Further oxida-
tion to [3]2þ and [4]2þ results in collapseof the characteristic two-
band ν(CtC) pattern, and only a slightly broadened ν(CtC)
band envelope is observed near 1900 cm-1 (ν(CtC): [3]2þ,
1909 cm-1; [4]2þ, 1938 cm-1).
Geiger has proposed a method of estimating a “charge

distribution parameter”, ΔF, from IR spectroscopic data in
redox-active bimetallic systems.15 The charge distribution
parameter, which is a measure of the ground-state charge
distribution between two redox centers in an intermediate
oxidation state, is given by

ΔF ¼ ðΔνox þΔνredÞ
2ðν0ox - ν0redÞ

where ν0ox and ν0red are the wavenumbers of signature
vibrational bands associated with the complex in the fully
oxidized and fully reduced states (i.e., the dication and
neutral complexes in the present examples), and Δνox =
ν0ox - νox(obsd), Δνred=ν0red - νred(obsd). The parameters
νox(obsd) and νred(obsd) refer to the observed vibrational
bands associated with the “oxidized” and “reduced” centers
in the intermediate case. For [3]þ and [4]þ, ΔF=0.06 and
0.03, respectively, consistent with little ground-state interac-
tion between the ethynyl groups.

To better understand the electronic structures of [3]nþ and
[4]nþ, DFT calculations were carried out,16 using the model
systems [1,3-{trans-Cl(dHpe)2RuCtC}2C6H4]

nþ ([3-H]nþ)
and [1,3-{Cp(PH3)2RuCtC}2C6H4]

nþ ([4-H]nþ) to reduce
computational effort, but no symmetry constraints were
applied. The calculated ν(CtC) frequencies are in good
agreement with the observed data, giving confidence in the
accuracy of the structural models. In the case of the neutral
systems 3 and 4, differences in energy arising from different
orientations of the metal fragments with respect to the plane
of the aromatic ring are negligible, as has been found in
related studies of 1 and 2.6,9 In each case the HOMO is M-
CR antibonding, CR-Cβ bonding, and Cβ-C6H4 antibond-
ing in character and, as with the mononuclear analogues,
contains considerable diethynylbenzene character (3-H,
76%; 4-H, 73%) (Figure 2).
The distinction of the metal sites and associated ligands

implied by the IR ν(CtC) data is reproduced in the opti-
mized geometries of [3-H]þ and [4-H]þ and calculated elec-
tronic structures. In comparison with the structures of the
neutral, closed-shell bimetallic models 3-H and 4-H, in each
of the monocations [3-H]þ and [4-H]þ the local geometry
around one of the metal ethynyl fragments (denoted Ru(1)
for convenience) displays contracted Ru(1)-CR(1) and
Cβ(1)-C(1) bond lengths and elongated CR(1)tCβ(1) and
Ru(1)-P bond lengths. The local geometries associated with
the Ru(1) metal center and the Ru(1)-CR(1)tCβ(1) moieties
in [3-H]þ and [4-H]þ are essentially identical with those
calculated for the mononuclear models [1-H]þ and [2-H]þ.
The Ru(2) site, and associated CR(2)tCβ(2) moiety, is less
significantly affected by the loss of electron density from the
molecule and is closer in geometry to that calculated for 1-H
or 2-H. The calculated ν(CtC) frequencies from [3-H]þ

(2024, 1935 cm-1) and [4-H]þ (2032, 1944) accurately repro-
duce the two ν(CtC) bands observed experimentally.
For both [3-H]þ and [4-H]þ the β-LUSO is delocalized

over the Ru(1)-CR(1)tCβ(1) and the C(4) and C(6) carbon
atoms of the bridging phenylene ring, while the β-HOSO has
significant Ru(2)-CR(2)tCβ(2) and C(2) character. The
unpaired electron spin density in both [3-H]þ and [4-H]þ is
distributed over Ru(1) ([3-H]þ,þ0.28; [4-H]þ,þ0.36), CR(1)
(þ0.07; þ0.02), Cβ(1) (þ0.26; þ0.31), and the aryl ring
system (þ0.35; þ0.31). Within the aryl ring, the electron
density is not evenly distributed but, rather, is more concen-
trated at C(4) and C(6). The integrated electron density over
the Ru(2)-CR(2)-Cβ(2) fragment in [3-H]þ and [4-H]þ is
only ca. 0.1-0.01e. Taken as a whole, the calculated geo-
metry and spin density are consistent with the simple valence
bond description shown in Scheme 1, in which the phenylene

Chart 1

Figure 1. IR spectra of [{1,3-Cp*(dppe)RuCtC}2C6H4]
nþ

([4]nþ, n= 0-2; CH2Cl2/0.1 M [NBu4]BF4, room temperature)
collected from in situ oxidation in a spectroelectrochemical cell.

Figure 2. HOMO’s of the neutral bimetallic model systems 3-H
(left) and 4-H (right).

(15) (a) Stoll, M. E.; Lovelace, S. R.; Geiger, W. E.; Schimanke, H.;
Hyla-Kryspin, I.; Gleiter, R. J. Am. Chem. Soc. 1999, 121, 9343. (b)
Atwood, C. G.; Geiger, W. E. J. Am. Chem. Soc. 2000, 122, 5477.

(16) Fox,M. A.; Roberts, R. L.; Baines, T. E.; LeGuennic, B.; Halet,
J.-F.; Hartl, F.; Yufit, D. S.; Albesa-Jov!e, D.; Howard, J. A. K.; Low, P.
J. J. Am. Chem. Soc. 2008, 130, 3566.
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ring plays an important role in the oxidation process. This
important involvement of the C(1)-C(6) aryl ring in stabiliz-
ing the unpaired electron is in contrast with the case for the
related iron complex [{1,3-Cp*(dppe)FeCtC}2C6H4]

þ, in
which localized Fe(II/III) mixed-valence character has been
demonstrated.4b

The thermodynamic stability of the electronically asym-
metric monocations [3]þ and [4]þ implied by the solution
electrochemical data (i.e., the significant separation of E1

andE2 and associated calculatedKC values) is reproduced by
calculations on simplified, gas-phase model systems, sug-
gesting that the stability is an inherent feature associated
with delocalization of charge into the aromatic ring of the
bridging ligand and is not just a consequence of external
thermodynamic factors (e.g., ion pairing with the electro-
lyte17) or any significant charge delocalization between the
metal centers (cf. the negligible ΔF values).
The near-IR regions of [3]þ and [4]þ feature weak absorp-

tion envelopes, each of which can be deconvoluted into two

Gaussian-shaped bands (Figure 3). The low intensity of these
bands offers some explanation as to why near-IR bands were
not observed in the electronic absorption spectrum of
[1,3-{trans-Cl(dppm)2RuCtC}2C6H4]

þ.11 On the basis of
TD-DFT calculations, the lower energy, more intense
near-IR band is attributed to the β-HOSOf β-LUSO transi-
tion and clearly has charge-transfer characteristics arising
from transitions from a metal acetylide donor to a metal
phenylacetylide acceptor (Figure 4). The higher energy band
arises from transitions between approximately orthogonal
orbitals with Ru(d)/CtC(π) character.6 Therefore, the sta-
bilization of the monocationic state arises from the delocal-
ization of the unpaired electron in [3]þ and [4]þ between one
metal center, the acetylide moiety, and the aromatic ring,
rather than from delocalization of the charge between the
two metal centers.
The charge-transfer near-IR bands in [3]þ and [4]þ col-

lapse on further oxidation to [3]2þ and [4]2þ, and while in the
case of [4]2þ the higher energy (dπ-dπ) transition near
7500 cm-1 grows in intensity, in the case of [3]2þ transitions
in this region are masked by the tail of the more intense
chloride-to-metal LMCT band.
The dicationic compound [3-H]2þ offers both low-spin (LS)

and high-spin (HS) electronic configurations. In their respec-
tive lowest energy conformations, theHS state, HS-[3-H]2þ, is
more stable than the LS configuration, LS-[3-H]2þ, by some
35.5 kcal mol-1. Similar energetic preferences for theHS state
have been found for [4-H]2þ (36.4 kcal mol-1), and also in
closely related iron compounds calculated using the B3LYP
functional.5 Broadly, there is also a better agreement between
the calculated vibrational features of the HS dications with
those observed experimentally, and it is likely that the HS
state dominates in solution. The UV-vis-near-IR spectra of
the dications [3]2þ and [4]2þ are also similar to those of the
monocations [1]þ and [2]þ, respectively,6-9 supporting theHS
state of [3]2þ and [4]2þ being dominant in solution. The
potential energy surfaces of HS-[3-H]2þ and HS-[4-H]2þ

feature a large number of shallow energy minima differen-
tiated by the orientation of the RuP4 and RuP2Cp fragments
relative to the plane of the bridging phenylene ring. The most
stable minima of HS-[3-H]2þ and HS-[4-H]2þ feature geo-
metric parameters associated with the Ru-CR-Cβ fragments
similar to those found in the corresponding monoruthenium

Scheme 1

Figure 3. Near-IR-IR region of [4]þ (CH2Cl2/0.1 M [NBu4]-
BF4), showing the deconvolution into a sum of two Gaussian-
shaped absorption bands.

Figure 4. Frontier orbitals of the model systems [3-H]þ (left)
and [4-H]þ (right) involved in the low-energy charge transfer
bands observed experimentally for [3]þ and [4]þ.

(17) Barri!ere, F.; Geiger, W. E. J. Am. Chem. Soc. 2006, 128, 3980.

http://pubs.acs.org/action/showImage?doi=10.1021/om900200n&iName=master.img-004.png&w=98&h=266
http://pubs.acs.org/action/showImage?doi=10.1021/om900200n&iName=master.img-005.jpg&w=190&h=116
http://pubs.acs.org/action/showImage?doi=10.1021/om900200n&iName=master.img-006.jpg&w=240&h=176


Note Organometallics, Vol. 28, No. 17, 2009 5269

cations [1-H]þ and [2-H]þ, and there is no significant struc-
tural distinction between the Ru(1)-CR(1)tCβ(1) and Ru-
(2)-CR(2)tCβ(2) fragments in the dications.
In conclusion, the ruthenium complexes 3 and 4 feature

redox noninnocent bridging ligands, with the physical prop-
erties of [3]þ and [4]þ being significantly influenced by the
oxidized ligand. This is in contrast with the case found for the
analogous iron systems, in which the predominantly metal
centered frontier orbitals lead to redox products with more
genuine “mixed valence” characteristics.4,5
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a b s t r a c t

Reactions of metal acetylide complexes M(C„CAr)(PP)Cp0 (M = Fe, Ru; Ar = C6H5, C6H4Me-4; PP = (PPh3)2,
dppe; Cp0 = Cp, Cp*; not all combinations), or the analogous vinylidene, with cyanogen bromide yield
monobromovinylidene complexes [M{C@C(Br)Ar}(PP)Cp0]+, isolated as PF6

! salts. The trimethylsilyl-
capped acetylides M(C„CSiMe3)(PP)Cp0 react with cyanogen bromide to give [M(C@CBr2)(PP)Cp0]+, the
first examples of metal complexes containing a terminal dihalovinylidene ligand, which can be isolated
as the BF4

! salts. Molecular structures of representative mono- and di-bromovinylidene complexes are
reported, together with those of Ru(C„CSiMe3)(PPh3)2Cp and Ru(C„CSiMe3)(dppe)Cp*.

! 2009 Elsevier B.V. All rights reserved.

1. Introduction

The chemistry of terminal vinylidene complexes has been
extensively developed since the first reports of such species in
the early 1970s [1], with studies of the synthesis, structure, bond-
ing and stoichiometric reactions of vinylidenes [2] leading to the
development of synthetically useful metal-catalysed reaction cy-
cles based on the formation and reaction of a vinylidene species
[3]. The development of convenient synthetic routes to vinylidene
complexes from the re-arrangement of a terminal alkyne within
the coordination sphere of an appropriate metal complex (Scheme
1), or from the addition of an electrophile to Cb of a metal acetylide
(Scheme 2), has greatly assisted the development of the chemistry
of this fascinating unsaturated carbene ligand.

Although 1-haloalkynes have found considerable application in
synthetic organic chemistry, halovinylidenes remain relatively
rare. The first halogenated vinylidene complexes were prepared
by re-arrangement of 1-haloalkynes or dihaloalkynes upon a binu-
clear Co framework (Scheme 3) [4]. The difluorovinylidene ligand
has also been stabilised on a bimetallic scaffold from reaction of
CF2(COCl)2 with [Fe3(CO)11]! [5].

A more general route to halovinylidenes has been developed by
Bruce and co-workers who have demonstrated electrophilic addi-
tion of halogens (Cl2, Br2, I2) to half-sandwich ruthenium and os-
mium acetylide complexes to give a series of terminal mono-
halovinylidenes (Scheme 4), although in the case of reaction be-
tween Ru(C„CPh)(PPh3)2Cp and Br2, bromination of the acetylide
phenyl substituent para to the Cb carbon was also observed [6].
The related iron iodovinylidene complexes [Fe{C@C(I)R}(dppm)Cp]I

(R = Ph, But) are also known, having been formed from closely
related reactions of I2 or [I(py)2]BF4 with Fe(C„CR)(dppm)Cp [7].
The recent preparation of [{Ru{C@CI(H)}(dppe)Cp*]BF4 from
Ru(C„CH)(dppe)Cp* and [I(py)2]BF4, and subsequent deprotona-
tion to afford the iodoacetylide complex Ru(C„CI)(dppe)Cp* is
worthy of particular note [8]. However, aside from these few
flurries of activity, the chemistry of halovinylidenes has remained
largely undeveloped for much of the last 20 years.

Iwasawa’s demonstration of the synthetic utility of iodo-viny-
lidenes generated in situ from 1-iodoalkynes and W(thf)(CO)5 [9]
has generated something of a surge of interest in the chemistry
of halovinylidene complexes [10]. In the course of surveying condi-
tions for the cyanation of acetylide ligands [11] we investigated the
reactions of cyanogen bromide (BrCN) with metal acetylides, and
found this reagent suitable instead for the bromination of the
acetylide ligand under mild conditions. In this short report we
describe the use of cyanogen bromide in the preparation of mono-
and di-bromovinylidene complexes.

2. Results and discussion

CARE: the likely evolution of cyanide ions and potentially HCN
as by-products in the reactions described herein necessitates
extreme care in their conduct.

The reaction of Fe(C„CAr)(dppe)Cp (Ar = Ph 1a, C6H4Me-4 1b)
with an excess of cyanogen bromide, BrCN, in the presence of
NH4PF6 in CH2Cl2 resulted in the ready formation of the dark green
bromovinylidene complexes [Fe{C@CBr(Ar)}(dppe)Cp]PF6 (Ar = Ph
[2a]PF6, C6H4Me-4 [2b]PF6) in good (ca. 60%) yield (Scheme 5).
The complexes were readily characterised on the basis of the solu-
tion spectroscopic data, which included a triplet at ca. 350 ppm
(JCP = 33 Hz) for the vinylidene Ca carbon, a clear bromine isotope
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pattern in the molecular ion (ES-MS), and the observation of the
vinylidene m(C@C) band ([2a]PF6 1614 cm!1, [2b]PF6 1644 cm!1)
in the IR spectra. Whilst relatively stable as solids and in solution
under an inert atmosphere, on standing in air solutions of the
bromovinylidenes gradually oxidise to the carbonyl cation
[Fe(CO)(dppe)Cp]+ [12]. The presence of the carbonyl complex in
solution is easily determined by the strong m(CO) band at
1979 cm!1 and the carbonyl 13C resonance at 190 ppm.

Reactions of BrCN with Ru(C„CPh)(PPh3)2Cp (1c) and NH4PF6

in THF, CH2Cl2 or toluene solutions gave green solutions from
which the bromovinylidene [Ru{C@C(Br)Ph}(PPh3)2Cp]PF6

([2c]PF6) could be isolated in low yield, with traces of the cyanov-
inylidene [Ru{C@C(CN)Ph}(PPh3)2Cp]PF6 also being observed in the
reaction mixture by 1H NMR and IR spectroscopy [for a closely re-
lated compound see 11a]. After exploration of a range of reaction
solvents, times and temperatures, [2c]PF6 was isolated in ca. 60%
yield, free of the cyanovinylidene, simply from reaction of the
vinylidene [Ru{C@C(H)Ph}(PPh3)2Cp]PF6 ([3]PF6) with excess BrCN
and NH4PF6 in CH2Cl2 solution (Scheme 6). In contrast to the reac-
tion of 1c with Br2, there was no sign of bromination of the phenyl
ring of the vinylidene ligand [6]. The relatively electron-rich acet-
ylide complex Ru(C„CC6H4Me-4)(dppe)Cp* (1d) reacted with
BrCN in the presence of NH4PF6 to give the monobromovinylidene
[2d]PF6. Although the fine details of the mechanism leading to the
formation of the bromovinylidene complexes [2]PF6 have not been
investigated, the presence of NH4PF6 during the bromination step
is important to these reactions, with significantly decreased yields
being obtained in its absence.

With a view to exploring the scope of the reaction we consid-
ered the prospects of forming di-bromovinylidene complexes
directly from a terminal metal acetylide or synthon, and two
equivalents of BrCN. The metal acetylide complex Fe(C„CH)(dp-
pe)Cp has been prepared from reactions of [Fe(dppe)Cp]BF4 with
LiC„CH.en [13], whilst related complexes featuring the C„CH
ligand, such as, Fe(C„CH)(dppe)Cp* [14], Ru(C„CH)(PPh3)2Cp
[15], and Ru(C„CH)(dppe)Cp* [16] are prepared by deprotonation
of the corresponding cationic vinylidenes [M(C@CH2)(PP)Cp0]+, ob-
tained in turn from MCl(PP)Cp0 (4) and HC„CSiMe3 [17] [18]. The
trimethylsilyl-capped acetylide complex Fe(C„CSiMe3)(dppe)Cp
(5a), which is a masked version of Fe(C„CH)(dppe)Cp, is obtained
rather more directly from FeCl(dppe)Cp (4a) and HC„CSiMe3 in
THF/NEt3 solutions containing NaBF4 [11c] and both Ru(C„CSiMe3)
(PPh3)2Cp (5b) and Ru(C„CSiMe3)(dppe)Cp* (5c) can be obtained
in entirely analogous fashion from RuCl(PPh3)2Cp (4b) and
RuCl(dppe)Cp* (4c), respectively (Scheme 7). The route described
in Scheme 7, which we find to be convenient, complements exist-
ing routes to similar half-sandwich ruthenium complexes based on
trapping Ru(C„CLi)(PP)Cp0 with SiClMe3 [17,18], but without the
complication of competing sites of lithiation reported by Kawata
and Sato in the case of the preparation of 5b [18].

Reaction of the trimethylsilyl-capped acetylide complexes 5a,
5b, and 5c with excess BrCN were found to afford the di-bromo-
vinylidene cations [Fe(C@CBr2)(dppe)Cp]+ ([6a]+), [Ru(C@CBr2)-
(PPh3)2Cp]+ ([6b]+) and [Ru(C@CBr2)(dppe)Cp*]+ ([6b]+), which
could be isolated as the BF4

! salts. In each case, the reaction pro-
ceeded without NH4PF6, and is apparently driven by the formation

Scheme 5. The bromination of metal acetylides by cyanogen bromide.

Scheme 1. The formation of vinylidene complexes by the re-arrangement of
terminal alkynes within the coordination sphere of a metal centre.

Scheme 3. The formation of a bimetallic complex featuring a dihalovinylidene
ligand (not all combinations).

Scheme 4. Formation of terminal mono-halovinylidene complexes from reaction of
halogens with metal acetylide complexes (not all combinations).

Scheme 2. The formation of a vinylidene from electrophilic addition to a metal
acetylide.
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of Me3SiCN. Each of [6a–c]BF4 exhibited the characteristically low
field Ca resonance associated with the strongly deshielded car-
bene-like carbon, and a [M+H]+ or [M]+ ion in the ES-MS displaying
the characteristic isotope pattern associated with the presence of
two bromine atoms. The iron complex also featured the vinylidene
m(C@C) band at 1604 cm!1. The ruthenium di-bromovinylidene
complexes [6b]BF4 and [6c]BF4 proved to be rather sensitive in
solution, possibly because of the significant ligand character in
the frontier orbitals of ruthenium vinylidene complexes [11a],
and the IR spectra of these species were always contaminated with
the carbonyl cation. Although the sensitivity of the samples made
accurate micro-analyses difficult to obtain, high resolution mass
spectrometry data were consistent with the proposed structures
(Supplementary material).

2.1. Molecular structures

The structures of [2c]PF6 (Fig. 1) and [2d]PF6 (Fig. 2) were deter-
mined from a crystal grown from acetone and hexane (Table 1),
and, unsurprisingly, are similar to those of [Ru{C@C(X)C6H4R-
4}(PPh3)2Cp][X3] (X = Br, R = Br; X = I, R = H) determined in the
earlier Bruce studies [6]. The Ru(PPh3)2Cp fragment exhibits the
usual approximately octahedral geometry. The parameters
associated with the Ru@C@C(Br)Ar fragment clearly establish the
vinylidene character of the ligand, with the characteristically short
Ru(1)–C(1) (1.835(6)ÅA

0

) and C(1)–C(2) (1.303(7)ÅA
0

) indicative of
Ru@C and C@C double bonds. The average Ru(1)–C(cp) distance
in the cation [2c]+ (2.360 Å) is similar to that found in
[Ru{C@C(Br)C6H4Br-4}(PPh3)2Cp]+ (2.366(5) Å), with the longest
distance associated with the carbon approximately trans to the
vinylidene ligand. The Ru(1)–P(1, 2) bond lengths in the cation
[2c]+ [Ru(1)–P(1, 2) 2.3461(13), 2.3729(13)ÅA

0

] are arguably longer
than those in [Ru{C@C(Br)C6H4Br-4}(PPh3)2Cp]+ (2.337(2),
2.356(2) Å). The non-equivalence of the Ru–P bond lengths in both
[2c]+ and [2d]+ seems to be related to the orientation of the

electron-withdrawing vinylidene ligand: the longer Ru(1)–P(2)
bond in [2c]+ is eclipsed relative to the C(2)–Br(1) bond (torsion
angle Br(1)C(2)Ru(1)P(2) 9.0!) whilst in [2d] the longer Ru(1)–

Scheme 6. The formation of 2c from the vinylidene complex 3.

Scheme 7. The formation of the trimethylsilyl-capped acetylide complexes 5 and the di-bromovinylidenes [6] BF4.

Fig. 1. The cation [2c]+ in [Ru{C@C(Br)C6H5}(PPh3)2Cp]PF6. In this and subsequent
figures hydrogen atoms have been omitted for clarity. Selected bond lengths (Å) and
angles (!): Ru(1)–P(1,2) 2.3461(13), 2.3729(13); Ru(1)–C(1) 1.835(6); C(1)–C(2)
1.303(7); C(2)–C(3) 1.492(7); C(2)–Br(1) 1.909(5); P(1)–Ru(1)–P(2) 101.34(4);
P(1)–Ru(1)–C(1) 87.76(15); P(2)–Ru(1)–C(1) 95.91(15); Ru(1)–C(1)–C(2) 173.3(4);
C(1)–C(2)–C(3) 122.1(5); C(1)–C(2)–Br(1) 118.9(4).
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P(2) bond is almost eclipsed relative to the C(2)–C(3) bond of the
vinylidene ligand (corresponding torsion angle C(3)C(2)Ru(1)P(2)
–30.6!).

The trimethylsilyl-capped precursors 5b and 5c crystallised
readily from THF/CDCl3 and slow evaporation of NCMe/hexane
solutions, respectively. Aside from the differences imposed by the
different supporting phosphine and cyclopentadienyl ligands, the
key metric parameters of 5b and 5c are broadly similar. Thus, com-
pound 5c has somewhat shorter Ru–P bonds due to the enhanced
metal to phosphine back-bonding brought about by the more elec-
tron-rich pentamethylcyclopentadienyl ligand. In the case of 5b

which features the Ru(PPh3)2Cp fragment, the longer Ru–P dis-
tances are likely due to steric effects between the bulky PPh3 and
Cp fragments, and is comparable with other examples of this type
[19]. The small differences in bond lengths along the linear Ru–
C(1)„C(2)–Si chain are not statistically significant, and the bond-
ing parameters are largely indistinguishable from those associated
with the phenylacetylide analogues [19b,20].

The iron di-bromovinylidene [6a]BF4 was sufficiently stable to
permit recrystallisation, which afforded yellow–orange coloured

Table 1
Crystal data and refinement details.

Complex [2c]PF6 [2d]PF6 5b 5c [6a]BF4

Empirical formula C49H40BrP2Ru ! PF6 ! C3H6O C45H46P2BrRu ! PF6 C46H44RuP2Si ! 0.5 C4H8O C41H48SiP2Ru C34H31Br2FeCl2P2 ! BF4 ! CH2Cl2

Formula weight 1074.78 974.71 823.96 731.89 874.91
T (K) 120(2) 120(2) 120(2) 120(2) 120(2)
Crystal system Orthorhombic Monoclinic Monoclinic Monoclinic Monoclinic
Space group P bca P21/n P21/n P21/c P21/n
a (Å) 18.0476(2) 10.4118(3) 10.4778(9) 17.6283(4) 11.7249(4)
b (Å) 14.2539(2) 20.8537(7) 22.480(2) 12.9530(3) 23.3677(7)
c (Å) 35.9566(4) 19.5593(6) 17.3638(15) 16.1175(3) 13.4513(4)
a (!) 90 90 90 90 90
b (!) 90 90.966(10) 98.786(2) 92.80(2) 104.984(10)
c (!) 90 90 90 90 90
V (Å3) 9249.79(19) 4246.2(2) 4041.9(6) 3675.86(14) 3560.13(19)
qc (g cm"3) 1.544 1.525 1.354 1.323 1.632
Z 8 4 4 4 4
l (Mo Ka) (mm"1) 5.270 1.481 0.531 0.574 2.954
Ntot 36641 44754 54624 45758 52890
N (Rint) 6558 [0.0823] 11,829 [0.0469] 10,746 [0.0548] 10,244 [0.0249] 9457 [0.0747]
R1 0.0553 0.0480 0.0518 0.0345 0.0634
wR2 0.1534 0.0695 0.0795 0.0785 0.1858
GOOF 1.110 0.962 1.061 1.027 1.019

Fig. 2. The cation [2d]+ in [Ru{C@C(Br)C6H4Me–4}(dppe)Cp*]PF6. Selected bond
lengths (Å) and angles (!): Ru(1)–P(1,2) 2.3049(2), 2.3176(5); Ru(1)–C(1) 1.851(2);
C(1)–C(2) 1.303(3); C(2)–C(3) 1.484(3); C(2)–Br(1) 1.937(2); P(1)–Ru(1)–P(2)
82.244(19); P(1)–Ru(1)–C(1) 83.13(6); P(2)–Ru(1)–C(1) 92.92(6); Ru(1)–C(1)–C(2)
173.31(16); C(1)–C(2)–C(3) 128.64(19); C(1)–C(2)–Br(1) 114.74(15).

Fig. 3. The molecular structure of 5b showing the atom labelling scheme. Selected
bond lengths (Å) and angles (!): Ru(1)–P(1,2) 2.2841(5), 2.2811(6); Ru(1)–C(1)
2.004(2); C(1)–C(2) 1.218(3); C(2)–Si(1) 1.806(2); P(1)–Ru(1)–P(2) 100.205(19);
P(1)–Ru(1)–C(1) 90.20(6); P(2)–Ru(1)–C(1) 87.01(6); Ru(1)–C(1)–C(2) 174.39(19);
C(1)–C(2)–Si(1) 176.9(2).
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single crystals suitable for X-ray diffraction. The crystallographi-
cally determined structure of [6a]BF4 (Fig. 5) reveals the usual
approximately octahedral coordination geometry around the iron
centre. The Fe(1)–C(1) is relatively long (1.823(6) Å), and the
C(1)–C(2) bond is notably short (1.192(8) Å) in comparison with
related bond lengths in other vinylidene complexes containing
the Fe(dppe)Cp moiety in which these bonds fall in the range
1.74–1.76 Å [Fe–C(1)] and 1.31–1.33 Å [C(1)–C(2)] [21]; similar
ranges are also associated with vinylidenes derived supported by
the more electron-rich Fe(dppe)Cp* fragment [22]. The inductively
electron-withdrawing bromine substituents on the vinylidene Ca
likely cause these bond length variations by polarising the C@C
bond, hence introducing a larger electrostatic component to the
C@C bond.

3. Conclusion

This work has described the preparation and crystallographic
characterisation of mono- and di-bromo vinylidenes from the reac-
tions of cyanogen bromide with metal acetylides, or vinylidenes.
The use of cyanogen bromide in the presence of NH4PF6 as a mild
brominating agent avoids side reactions such as electrophilic aro-
matic halogenation reactions encountered when bromine is used
as the halogenating agent. The complexes [6a–c]BF4 are the first
examples of complexes bearing terminal dihalovinylidene ligands,
and have been obtained under mild conditions from double halo-
genation of readily synthesised precursors bearing trimethylsilyl
acetylide ligands, and thereby avoiding the use of dihaloacetylenes.
With these synthetic routes in hand, the chemistry of the dihalo-
vinylidene ligand may now be explored with greater convenience.

4. Experimental

All reactions were carried out under an atmosphere of nitrogen
using standard Schlenk techniques as a matter of routine, although
no special precautions were taken to exclude air or moisture dur-
ing work-up. Dichloromethane was purified and dried using an
Innovative Technology SPS-400, and degassed before use. Diethyl
ether, hexane and acetone were the best available commercial
grade, and used without further purification. The compounds
Fe(C„CPh)(dppe)Cp [23], [Fe(C„CC6H4Me-4)(dppe)Cp] [23],
[Fe(C„CSiMe3)(dppe)Cp] [11c], Ru(C„CC6H4Me-4)(dppe)Cp*
[23], [Ru(C@CHPh)(PPh3)2Cp]PF6 [24], FeCl(dppe)Cp [25],
RuCl(PPh3)2Cp [26] and RuCl(dppe)Cp* [16] were prepared by the
literature methods. Cyanogen bromide was purchased (Aldrich)
and sublimed at atmospheric pressure under nitrogen immediately
prior to use. Other reagents were purchased and used as received.

NMR spectra were recorded on a Bruker Avance (1H
400.13 MHz, 13C 100.61 MHz, 31P 161.98 MHz) spectrometer from
CDCl3 solutions unless otherwise indicated, and referenced against
solvent resonances (CDCl3

1H 7.26 13C 77.0; d6-acetone 1H 2.05, 13C
29.8 ppm; CD2Cl2

1H 5.31, 13C 53.8) or external H3PO4 (31P). See
Figs. 1–5 for the atom labelling schemes used in the NMR assign-
ments. IR spectra (CH2Cl2) were recorded using a Nicolet Avatar
spectrometer from cells fitted with CaF2 windows. Electrospray
ionisation mass spectra were recorded using Thermo Quest Finni-
gan Trace MS-Trace GC or WATERS Micromass LCT spectrometers.
Samples in dichloromethane (1 mg/mL) were 100 times diluted in
either methanol or acetonitrile, and analysed with source and
desolvation temperatures of 120 !C, with cone voltage of 30 V. Ele-
mental analyses were carried out within the Department of Chem-
istry at Durham University.

Single crystal X-ray data for all structures were collected on a
Bruker SMART CCD 6000 (compounds [2c]PF6!Me2CO, [2d]PF6

and 5c) or 1 K (5b.0.5THF and [6a]BF4!CH2Cl2) diffractometers

Fig. 5. The molecular structure of the cation [6a]+ from [Fe(C@CBr2)(dppe)Cp]BF4.
Selected bond lengths (Å) and angles (!): Fe(1)–P(1, 2) 2.2229(14), 2.2164(14);
Fe(1)–C(1) 1.823(6); C(1)–C(2) 1.192(8); C(2)–Br(1, 2) 1.923(6), 1.927(6); P(1)–
Fe(1)–P(2) 84.30(5); P(1)–Fe(1)–C(1) 92.97(15); P(2)–Fe(1)–C(1) 89.12(15); Fe(1)–
C(1)–C(2) 179.1(5); C(1)–C(2)–Br(1, 2) 122.9(5), 125.3(5).

Fig. 4. The molecular structure of 5c showing the atom labelling scheme. Selected
bond lengths (Å) and angles (!): Ru(1)–P(1, 2) 2.2745(4), 2.2539(4); Ru(1)–C(1)
2.0104(16); C(1)–C(2) 1.224(2); C(2)–Si(1) 1.8184(18); P(1)–Ru(1)–P(2) 83.38(2);
P(1)–Ru(1)–C(1) 86.17(4); P(2)–Ru(1)–C(1) 81.15(4); Ru(1)–C(1)–C(2) 179.65(15);
C(1)–C(2)–Si(1) 164.15(15).
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equipped with a Cryostream (Oxford Cryosystems) cooling devices
at 120 K using kMo Ka or kCu Ka ([2c]PF6!Me2CO) radiation. All the
structures were solved by direct methods and refined by full-ma-
trix least squares on F2 for all data using SHELXTL software. All or-
dered non-hydrogen atoms were refined with anisotropic
displacement parameters, H-atoms were placed into calculated
positions and refined in a ‘‘riding” mode. The crystallographic data
and parameters of refinement are given in Table 1.

4.1. Preparation of [Fe{C@CBr(Ph)}(dppe)Cp]PF6 ([2a]PF6)

To a solution of Fe(C„CPh)(dppe)Cp (0.100 g, 0.161 mmol) and
NH4PF6 (0.060 g, 0.40 mmol) in CH2Cl2 (15 cm3), cyanogen bro-
mide (0.043 g, 0.40 mmol) was added and the reaction mixture al-
lowed to stir overnight. The resulting solution was concentrated,
filtered and purified by preparative TLC (80:20, acetone/hexane).
The major green band afforded the title compound (0.065 g, 58%)
as a deep green solid after precipitation (CH2Cl2/Et2O). IR (cm"1):
m(C'C) 1614. 1H NMR: d 3.10 (m, 2H, dppe); 3.15 (m, 2H, dppe);
5.30 (s, 5H, Cp); 6.75–7.45 (m, 25H, Ph). 13C NMR: 28.6 (m, dppe);
90.7 (s, Cp); 127.2 (C4), 128.1 (C3), 128.2 (C6), 128.8 (C5); 128.9,
129.4 (dd, 3JCP, 5JCP # 5 Hz, Cm,m0); 131.5, 131.5 (Cp,p0); 131.3,
132.3 (dd, 2JCP,

4JCP # 5 Hz, Co,o0); 132.9, 134.9 (m, Ci,i0); 137.8 (s,
C2); 348.4 (t, 2JCP = 33 Hz, C1). 31P NMR: 93.6 (s, dppe); –143.1
(septet, PF6). ES(+)-MS (m/z): 699.06761, [M]+; calculated
699.06631 amu.

4.2. Preparation of [Fe{C@CBr(C6H4Me-4)}(dppe)Cp]PF6 ([2b]PF6)

A solution of Fe(C„CC6H4Me-4)(dppe)Cp (0.100 g, 0.158 mmol)
and NH4PF6 (0.064 g, 0.39 mmol) in CH2Cl2 (15 cm3) was treated
with cyanogen bromide (0.041 g, 0.39 mmol) and stirred overnight.
Concentration of the solution, filtration, and purification by pre-
parative TLC (45:55, acetone/hexane) gave a green band, which
upon isolation by precipitation from CH2Cl2/Et2O, gave the title
compound as a deep green solid (0.067 g, 59%). IR (cm"1): m(C@C)
1609. 1H NMR: d 2.26 (s, 3H, CH3); 3.10 (m, 4H, dppe); 5.29 (s,
5H, Cp); 6.66 (d, JHH = 7 Hz, C6H4), 6.80 (d, JHH = 7 Hz, C6H4);
7.04–7.63 (m, 20H, Ph). 13C NMR: 21.1 (s, CH3), 28.5 (m, dppe);
90.6 (s, Cp); 124.8 (C3), 127.4 (C4), 129.4 (C5 overlap with multi-
plet at 129.4), 138.3 (C6); 128.9, 129.4 (dd, 3JCP, 5JCP # 5 Hz, Cm,m0);
131.5, 131.5 (Cp,p0); 131.2, 132.4 (dd, 2JCP,

4JCP # 5 Hz, Co,o0); 133.0,
135.1 (m, Ci,i0); 137.6 (s, C2); 349.2 (t, 2JCP = 33 Hz, C1). 31P NMR:
94.0 (s, dppe); –143.1 (septet, PF6). ES(+)-MS (m/z): 713.08313,
[M]+; calculated 713.08196 amu.

4.3. Preparation of [Ru{C@CBr(Ph)}(PPh3)2Cp]PF6 ([2c]PF6)

A solution of [Ru{C@C(H)Ph}(PPh3)2Cp]PF6 (0.100 g,
0.107 mmol), NH4PF6 (0.0383 g, 0.235 mmol) and cyanogen bro-
mide (0.310 g, 0.293 mmol) in CH2Cl2 (10 cm3) was stirred for 14
h. The resulting dark green solution was concentrated, and filtered
into rapidly stirred Et2O, causing precipitation of the product as a
dark green solid, which was recrystallised from acetone and hex-
ane (0.066 g, 61%). IR (cm"1): m(C@C) 1652. 1H NMR (d6-acetone):
d 5.62 (s, 5H, Cp), 7.12–7.52 (m, 35H, Ph). 13C NMR (d6-acetone): d
96.3 (s, Cp), 123.9 (s, C2), 128.4 (s, C4), 129.4 (overlapped C3, C5),
129.7 (s, C6); 128.9 (dd, 3JCP, 5JCP # 5 Hz, Cm,m0); 131.4 (Cp,p0); 131.3,
133.8 (m, Ci,i0); 134.0 (dd, 2JCP,

4JCP # 5 Hz, Co,o0); 340.7 (t,
JCP = 16 Hz, C1). 31P NMR (d6-acetone) d 40.9 (s, PPh3), –143.1 (sep-
tet, PF6). ES(+)-MS (m/z): 872.9, [M+H]+; 918.2 [M+2Na]+. Elemen-
tal Anal. Calc. for RuC49H36F6P3Br: C, 57.87; H, 3.97. Found: C,
58.10; H, 4.29%.

4.4. Preparation [Ru{C@CBr(C6H4Me-4)}(dppe)Cp*]PF6 ([2d]PF6)

A solution of Ru(C„CC6H4Me-4)(dppe)Cp* (0.068 g,
0.090 mmol), NH4PF6 (0.037 g, 0.23 mmol) and cyanogen bromide
(0.037 g, 0.23 mmol) in CH2Cl2 (20 cm3) was stirred for 2 h, after
which time the solvent was removed. The residue was redissolved
in the minimum volume of CH2Cl2 and filtered through a small
plug of celite or cotton-wool into Et2O. The solution was then taken
to dryness to yield the product (0.055 g, 63%). IR (cm"1): m(C@C)
1649. 1H NMR: d 1.68 (s, 15H, C5Me5), 2.24 (s, 3H, Me), 2.74 (m,
2H, dppe), 3.08 (m, 2H, dppe), 6.60 (d, JHH = 6 Hz, 2H, C6H4), 6.73
(d, JHH = 6 Hz, 2H, C6H4), 7.02–7.54 (m, 20H, Ph). 13C NMR: d 10.4
(s, C5Me5), 21.4 (s, Me), 28.8 (m, dppe), 104.7 (s, C5Me5), 122.4 (s,
C2); 125.3 (C3), 129.1 (C4 overlap with 129.1 multiplet), 129.6
(C5), 138.6 (C6); 129.1 (dd, 2JCP,

4JCP # 5 Hz, Cm,m0), 130.9, 133.2
(m, Ci,i0), 131.5, 132.2 (Cp,p0), 132.8, 133.3 (dd, 2JCP,

4JCP # 5 Hz, Co,o0),
332.4 (t, JCP = 17 Hz, C1). 31P NMR: d 74.5 (s, dppe), 165.6 (septet,
PF6). ES(+)-MS (m/z): 829.13041 [M]+; calculated 829.12961 amu.

4.5. Preparation of Ru(C„CSiMe3)(PPh3)2Cp (5b)

A solution of RuCl(PPh3)2Cp (1.00 g, 1.38 mmol), NaBPh4

(0.567 g, 1.66 mmol) and HC„CSiMe3 (1.66 g, 16.9 mmol) in a
50:50 THF/NEt3 solution (75 cm3 total volume) was heated at re-
flux for 3 h. After this time, the solution was filtered and the sol-
vent removed. The residue was extracted with hot hexane to give
a yellow solution, from which the product was isolated by removal
of the solvent (0.98 g, 90%). IR (cm"1): m(C„C) 1994 cm"1. 1H NMR:
d -0.03 (s, 9H, SiMe3), 4.19 (s, 5H, C5H5), 7.02 (apparent-t, 24H, Hm),
7.14 (apparent-t, 12H, Hp), 7.53 (m, 24H, Ho). 13C NMR: d 1.7
(SiMe3); 85.4 (s, Cp); 118.7 (s, C2); 127.5 (dd, 3JCP, 5JCP # 5 Hz,
Cm); 128.3 (Cp); 133.9 (dd, 2JCP,

4JCP # 5 Hz, Co); 138.9 (m, Ci);
139.6 (t, JCP = 24 Hz, C1). 31P NMR: d 51.2.

Found: ES(+)"MS (m/z) 789.18110 [M]+; calculated for Ru-
SiP2C46H44: 789.18362.

4.6. Preparation of Ru(C„CSiMe3)(dppe)Cp* (5c)

A solution of RuCl(dppe)Cp* (0.100 g, 0.149 mmol), NaBPh4

(0.061 g, 0.18 mmol) and HC„CSiMe3 (0.181 g, 1.84 mmol) in a
50:50 THF/NEt3 (20 cm3 total volume) solution was heated under
reflux for 2 h, after which time the solution is filtered and the sol-
vent removed. The residue was extracted with hot hexane to give a
yellow solution, from which the product could be isolated by re-
moval of the solvent (0.049 g, 45%). Although the resulting yellow
solid turns green upon prolonged exposure to air, NMR analysis re-
veals little change and the discoloured samples are suitable for fur-
ther reaction. IR (cm"1): m(C„C) 1996. 1H NMR: d "0.18 (s, 9H,
SiMe3), 1.52 (s, 15H, C5Me5), 2.05 (m, 2H, dppe), 2.75 (m, 2H, dppe),
7.12 (m, 4H, Ph), 7.22 (m, 4H, Ph), 7.30 (m, 8H, Ph), 7.78 (m, 4H,
Ph). 13C NMR: d 1.4 (s, SiMe3); 9.9 (s, C5Me5); 29.1 (m, dppe);
92.4 (s, C5Me5); 112.1 (s, C2); 126.9, 127.3 (dd, 2JCP,

4JCP # 5 Hz,
Cm,m0); 128.7, 128.7 (Cp,p0); 133.2, 133.9 (dd, 2JCP,

4JCP # 5 Hz, Co,o0);
136.9, 138.8 (m, Ci,i0); 152.5 (t, JCP = 23 Hz, C1). 31P NMR: d 81.6.
ES(+)"MS (m/z) 733.1 [M+H]+.

4.7. Preparation of [Fe{C@CBr2}(dppe)Cp]BF4 ([6a]BF4)

A stirred solution of Fe(C„CSiMe3)(dppe)Cp (0.060 g,
0.097 mmol) in CH2Cl2 (6 cm3) was treated with cyanogen bromide
(0.07 mg, 0.66 mmol) to immediately give a dark purple solution,
which was stirred for 5 min before the solvent was removed
in vacuo. The residue dissolved in acetone (5 cm3) and treated with
NaBF4 (0.05 g, 0.455 mmol). After stirring for 2 h, the crude product
was treated with diethyl ether to afford a brown precipitate, which
was purified by preparative TLC (3:7 acetone/hexane). A dark col-

N.J. Brown et al. / Journal of Organometallic Chemistry 694 (2009) 4042–4048 4047



oured band was collected and recrystallised by slow diffusion of
hexane into a dichloromethane solution to give yellow–orange
crystals of the product suitable for X-ray crystallography
(0.056 g, 73 %). IR (cm!1): m(C@C) 1609. 1H NMR: d 2.98 (m, 2H,
dppe); 3.26 (m, 2H, dppe); 5.32 (s, 5H, Cp); 7.10 (m, 4H, dppe),
7.41 (m, 16H, dppe). 13C NMR: d 29.0 (m, dppe); 91.8 (s, Cp);
111.2 (s, C2); 129.4, 129.7 (dd, 3JCP, 5JCP " 5 Hz, Cm,m0); 131.6,
131.8 (Cp,p0); 131.4, 132.9 (dd, 2JCP,

4JCP " 5 Hz, Co,o0); 132.9, 134.3
(m, Ci,i0); 341.6 (t, JCP = 34 Hz, C1). 31P NMR: d 91.1 (s, dppe).
ES(+)-MS 703.0, [M]+.

4.8. Preparation of [Ru(C@CBr2)(PPh3)2Cp]BF4 ([6b]BF4)

A solution of Ru(C„CSiMe3)(PPh3)2Cp (0.100 g, 0.151 mmol),
cyanogen bromide (0.048 g, 0.45 mmol) and NaBF4 (0.033 g,
0.30 mmol) in CH2Cl2 (15 cm3) was stirred for 4 h, after which time
the solvent removed and the product extracted into the minimum
amount of CH2Cl2. The deep purple product was precipitated into
rapidly stirring hexane, collected by filtration and dried (0.020 g,
15%). 1H NMR (CD2Cl2): d 4.35 (s, 5H, Cp), 7.05–7.80 (m, 30H,
Ph). 13C NMR (CD2Cl2): 96.5 (s, Cp), 109.9 (s, C2), 129.1 (dd, 3JCP,
5JCP " 5 Hz, Phm), 131.7 (s, Php), 133.0 (m, Phi), 133.8 (dd, 2JCP,
4JCP " 5 Hz, Pho), 337.9 (t, JCP = 15 Hz, C1). 31 P NMR (CD2Cl2) d
38.5 (s, PPh3). ES(+)!MS (m/z): 874.95885, [M]+; calculated:
874.95983 amu.

4.9. Preparation of [Ru(C@CBr2)(dppe)Cp*]BF4 ([6c]BF4)

A solution of Ru(C„CSiMe3)(dppe)(C5Me5) (0.100 g,
0.137 mmol), cyanogen bromide (0.043 g, 0.41 mmol) and NaBF4

(0.030 g, 0.27 mmol) in CH2Cl2 (15 cm3) was stirred for 4 h, after
which the solvent removed and the product extracted into the
minimum amount of CH2Cl2. The deep purple product was precip-
itated into rapidly stirring hexane and collected by filtration
(0.105 g, 94%). 1H NMR (CD2Cl2) d 1.75 (s, 15H, C5Me5); 2.72 (m,
2H, dppe); 2.86 (m, 2H, dppe); 7.09–7.63 (m, 20H, Ph). 13C NMR
(CD2Cl2) d 10.3 (s, C5Me5); 28.9 (m, dppe); 80.2 (s, C5Me5); 105.7
(s, C2); 129.2, 128.6 (dd, 2JCP,

4JCP " 5 Hz, Cm,m0); 130.5 (m, Ci,i0);
132.1, 132.4 (s, Cp,p0); 133.1 (m, Co,o0), 329.3 (t, JCP = 17 Hz, C1).
31P NMR (CD2Cl2) d 73.0 (s, dppe). ES(+)!MS (m/z): 818.99261,
[M]+; calculated 818.99113 amu.
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Reactions of CCo3 carbonyl clusters Co3(m3-CR)(CO)9 with 2,4,6-trimethyl-1,3,5-trithiane (SMe3) have
given Co3(m3-CR)(m3-SMe3)(CO)6 [R = H (1), C≡CSiMe3 (2)]. A small amount of the coupled-alkyne
product Me3SiC2[Co2(CO)6]C2[Co2(m-SMe3)(CO)4]C≡CSiMe3 (3) was isolated from the latter reaction.
The reaction of Co3(m3-CC≡CSiMe3)(m3-SMe3)(CO)6 (2) with AuCl(PPh3) in the presence of NaOMe
gave Co3{m3-CC≡CAu(PPh3)}(m3-SMe3)(CO)6 (4), which in turn reacts with Co3(m3-CBr)(CO)9 in the
presence of catalytic amounts of Pd(PPh3)4 and CuI to give {(OC)9Co3}(m-C≡CC≡C){Co3(m3-
SMe3)(CO)6} (5). Further substitution of 5 with SMe3 gave symmetrical {Co3(m3-SMe3)(CO)6}2(m-
C≡CC≡C) (6), also obtained from a reaction between {Co3(CO)9}2(m-C≡CC≡C) and two equivalents
of SMe3. Similar substitution of Co3{m3-C(C≡C)2[Ru(dppe)Cp*]}(CO)9 with SMe3 gave
Co3{m3-C(C≡C)2[Ru(dppe)Cp*]}(m3-SMe3)(CO)6 (7). In all of these compounds, the SMe3 ligand caps
the basal face of the CCo3 cluster on the opposite side to the m3-CR group. The three S donors occupy
axial sites, with all CO groups being in equatorial sites. Reactions of Co3(m3-CBr)(CO)9 with SMe3 gave
only Co3(m3-CX)(m3-SMe3)(CO)6 [X = C(O)NMe2 (8), CO2H (9)]. The redox properties and electronic
structure of the C4-bridged bis-cluster 6 have been investigated through a combination of cyclic
voltammetry, IR spectroelectrochemistry and DFT calculations, with comparisons made with suitable
model systems. Single-crystal X-ray diffraction structure determinations of 1, 2, 3, 4 and 8 are reported.

Introduction

The trinuclear Co3 cluster is a useful end-cap in complexes contain-
ing carbon chains because of the facility with which the terminal
carbon can coordinate to the cluster in m3 fashion, giving rise
to a now extensive series of complexes {Co3(m3-C)(CO)9-nLn}2{m-
(C≡C)x}.1,2 In fact these compounds can be considered to be
derivatives of the long-known CCo3 cluster.3 Electrochemical
studies of these cluster-supported carbon chains have often been
hampered by the ECE processes that take place upon reduction
of the cluster cores.2c,4 For example, the simple Co3(m3-CR)(CO)9

clusters are reduced to radical anions, the chemical reversibility
of the reduction process in these nonacarbonyl species being
dependent on the nature of the methylidyne substituent.4b,5–7

However, the redox chemistry associated with Co3(m3-CR)(CO)9

clusters can be somewhat more complex than suggested by the
apparent reversibility of relatively concentrated solutions. Initial
electrochemical reduction of the 48-electron nonacarbonyl leads

aSchool of Chemistry and Physics, University of Adelaide, Adelaide, South
Australia 5005. E-mail: michael.bruce@adelaide.edu.au; Fax: +61 8 8303
4358
bChemistry M313, SBBCS, University of Western Australia, Crawley,
Western Australia 6009
cDepartment of Chemistry, Durham University, South Rd, Durham, DH1
3LE, UK
† Electronic supplementary information (ESI) available: Figures show-
ing frontier orbitals of 1-H, and representative voltammetry traces.
Tables of orbital energies and composition for Co3(m3-CH)(CO)9, 1-H,
{Co3(CO)9}2(m-C4) and 6-H. CCDC reference numbers 667572–667576.
For ESI and crystallographic data in CIF or other electronic format see
DOI: 10.1039/b909708b

to a labile 49-electron radical anion that dissociates CO to give an
unsaturated 47-electron species [Co(m3-CR)(CO)8]-. This initial
sequence of reduction and ligand dissociation may be followed by
further reduction or ligand addition steps.8,9

The rapid ligand dissociation from [Co3(m3-CR)(CO)9]- leads to
convenient electron transfer-catalysed (ETC) ligand substitution
processes, which complement thermal substitution methods,10

leading to a wealth of substituted complexes Co3(m3-CR)(CO)9-nLn

(n = 1–3), and heterometallic clusters.11 The tricobalt cluster core
is structurally rather flexible, with substitution position (axial,
equatorial, bidentate chelate, bridging) being largely dictated
by the steric and geometric properties of the ligand L, and
further accommodated by the ability of the carbonyl ligands
to adopt terminal or bridging modes. Examples of reactions
involving mono-phosphines and -arsines,12,13 diphosphines and
diarsines,14–18 trisphosphines,19–21 phosphites,12d and isocyanides22

have been reported, with substitution resulting in variations in the
cluster redox potentials in accord with the electronic properties of
the ligand.23 In addition, the fragility of the CCo3(CO)9 cluster can
be overcome by incorporation of bridging tertiary diphosphine
ligands, such as dppm, which occupy equatorial sites on two
of the three Co atoms.24,25 The third cobalt centre can also
be substituted by another, monodentate, phosphine ligand.26 If
phenyl-substituted phosphines are used, the phenyl groups may
provide some steric protection to the adjacent atoms of the carbyne
capping atom.18

Despite the extensive substitution chemistry of the CCo3

cluster mentioned above, only a relatively small number of
complexes containing sulfur-based ligands have been made. The
phosphoniodithioformate S2CPCy3 reacts with Co3(m3-CX)(CO)9

1222 | Dalton Trans., 2010, 39, 1222–1234 This journal is © The Royal Society of Chemistry 2010
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(X = H, Cl) to give the heptacarbonyl Co3(m3-CX)(m2-S,S’-
S2CPCy3) (CO)7 with the sulfur donors bound at axial sites.27 In the
complex Co3(m3-CPh)(m3-SH3)(CO)6 [SH3 = trithiacyclohexane,
(CH2S)3], the sulfur ligand caps the basal face of the CCo3 cluster.28

Tris(thiomethyl)methane behaves similarly. A more extensive
study has shown that while six-membered crown trithioethers
(SH3, 2-Me-, 2,4-Me2- and 2,4,6-Me3-trithiane, and the mono- and
tri-benzyl analogues) coordinate to the Co3 face, nine-membered
crown thioethers, such as 1,4,7-trithiacyclononane, (SCH2CH2)3,
chelate one Co atom with all three sulfur atoms.29 However, to
the best of our knowledge, the electronic consequences of the S-
substitution have not been investigated in detail.

With a view to altering both the steric constraints about
the carbon chain and the electronic properties of the CCo3

cluster in {Co3(m3-C)(CO)9-nLn}2{m-(C≡C)x} systems, we have
commenced an investigation of the synthesis and properties of
complexes containing carbon chains end-capped by one or two Co3

clusters bearing 2,4,6-trimethyl-1,3,5-trithiane ligands (SMe3). This
paper presents the synthesis and spectroscopic characterization
of several further examples of CCo3 clusters containing the SMe3
ligand, including {Co3(m3-SMe3)(CO)6}2(m-C≡CC≡C) (6) and
Co3{m3-C(C≡C)2[Ru(dppe)Cp*]}(m3-SMe3)(CO)6 (7). In the case of
the bis(cluster) 6, electrochemical and IR spectroelectrochemical
studies have also been carried out, supported by DFT calculations.
The molecular structures of several synthetic intermediates are
also described.

Results and discussion

Simple substitution of three CO ligands in Co3(m3-CH)(CO)9

by 2,4,6-trimethyl-1,3,5-trithiane (SMe3) occurred in refluxing
benzene to give dark red Co3(m3-CH)(m3-SMe3)(CO)6 (1) in
86% yield. A similar reaction of Co3(m3-CC≡CSiMe3)(CO)9

with SMe3 gave Co3(m3-CC≡CSiMe3)(m3-SMe3)(CO)6 (2) in 90%
yield, accompanied by a small amount of black crystals,
identified by a single-crystal X-ray diffraction structure de-
termination as the hexatriyne complex Me3SiC≡CC2[Co2(m-
SMe3)(CO)4]C2[Co2(CO)6]SiMe3 (3).

Treatment of 2 with AuCl(PPh3) in the presence of NaOMe
afforded red Co3{m3-CC≡C[Au(PPh3)]}(m3-SMe3)(CO)6 (4) in 88%
yield. The Pd(0)/Cu(I)-catalysed reaction between 4 and Co3(m3-
CBr)(CO)9 gave the asymmetrically end-capped C4 complex
{(OC)9Co3}(m-C≡CC≡C){Co3(m3-SMe3)(CO)6} (5) in 55% yield.
The symmetrical bis-cluster derivative 6 could be obtained from 5
and an excess of SMe3 (52%) or by substitution of {Co3(CO)9}2(m-
C≡CC≡C) with two equiv. of SMe3 (93%). Finally, substitution of
3CO by SMe3 in Co3{m3-C(C≡C)2[Ru(dppe)Cp*]}(CO)9 afforded
Co3{m3-C(C≡C)2[Ru(dppe)Cp*]}(m3-SMe3)(CO)6 (7) in 93% yield.
This chemistry is summarised in Schemes 1 and 2.

Scheme 1 Preparation of 1, 2 and 7. [Co] = Co(CO)2.

The new complexes have been characterised by microanalyses
and their spectroscopic properties and, in the case of 1–4 and 8,
by single-crystal X-ray diffraction structure determinations. The
IR spectra contained simple n(CO) patterns between 2038 and
1967 cm-1, arising from the six equatorial CO groups, similar to
those previously reported for clusters of the type Co3(m3-CR)(m3-
SMe3)(CO)6.29 For 2 and 4–7, weak or very weak n(C≡C) bands
are also present at ca 2100 cm-1. The SMe3 ligand gives rise to
characteristic 1H resonances at dH ca 1.29 (CHMe) and ca 4.92
(CHMe), with 13C signals at dC ca 18.20 (CHMe) and 72.24
(CHMe). Other signals present in the NMR spectra of these
complexes include those at dH 13.21 (Co3CH in 1), 0.21 (SiMe3

in 2), 7.51-7.57 and 7.40-7.65 (Ph in 4 and 7, respectively), 2.08,
2.70 (dppe CH2 in 7), 1.55 (Cp* in 7), dC–0.29 (SiMe3 in 2), 9.98

Scheme 2 The sequence of reactions leading to the preparation of the bis(cluster) 6. [Co] = Co(CO)2.

This journal is © The Royal Society of Chemistry 2010 Dalton Trans., 2010, 39, 1222–1234 | 1223
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and 93.90 (Cp* in 7), 127.50-138.14 (Ph in 7), and dP 44.3 (PPh3

in 4), 79.7 (dppe in 7). The Co-CO ligands are found at dC 198.65
in 2, 197.8 in 7. Some atoms of the carbon chain atoms were
detected only in the spectra of 2 (one singlet at dC 121.64) and
7 (three singlets between dC 87.75 and 117.8). The electrospray
mass spectra (ES-MS) generally contained [M - nCO]+ (n = 0-2),
together with [M + Na]+ or [M + OMe]- if NaOMe is present in
the solution.30

The complex Co3(m3-CBr)(m3-SMe3)(CO)6 would represent a
useful reagent in the assembly of carbon-chains capped by the
Co3(m3-SMe3)(CO)6 fragment.31 Unfortunately, attempts to prepare
this reactive coupling partner from Co3(m3-CBr)(CO)9 and the
trithiane were unsuccessful. A reaction carried out in the presence
of trimethylamine N-oxide (TMNO) produced a small amount of
Co3{m3-CC(O)NMe2}(m3-SMe3)(CO)6 (8), whereas heating in ben-
zene resulted in the formation of Co3(m3-CCO2H)(m3-SMe3)(CO)6

(9) (Scheme 3). The former complex was characterised by a single-
crystal X-ray structure determination, and both 8 and 9 gave
satisfactory microanalyses and spectra. IR n(CO) absorptions
are found between 2061 and 1943 cm-1, with acyl CO bands
near 1605 cm-1, while a 1H resonance specific to 8 is at dH

2.72 (NMe2). Carbonyl migration type reactions are known for
Co3(m3-CX)(CO)9 clusters, and are promoted by nucleophiles,
including amines, although mechanistic details are not clear.25,32

N-alkyl bond cleavage has also been observed from reactions of
Co(m3-CX)(CO)9 with amines,25 and the reaction that leads to the
formation of 8 is likely similar, and involves NMe3 liberated from
the TMNO. It is possible that in the reaction leading to 9 the
trithiane acts as a nucleophile and prompts migration of the CO
group prior to hydrolysis on work-up.

Scheme 3 The reactions of Co(m3-CBr)(CO)9 with SMe3. [Co] = Co(CO)2.

Molecular structures

Fig. 1–4 contain plots of single molecules of 1, 2, 4 and 8,
respectively, for which selected bond parameters are collected
in Table 1. The molecular structures are based on the trigonal
pyramidal CCo3 cluster [Co–Co range between 2.4461(9) and
2.506(1) Å; Co–C(10) range between 1.873(2) and 1.918(4) Å], to
the Co3 face of which is attached the SMe3 ligand [Co–S, 2.263(1)-
2.295(1) Å]. All CO groups occupy equatorial sites [Co-CO,
1.770(3)-1.812(5) Å]. Within the SMe3 ligand, S–C distances range
between 1.811(4) and 1.849(5) Å, with angles at S between 98.4(2)

Fig. 1 A plot of a molecule of 1 showing the atom labeling scheme. The
suffix A refers to the atom at x, ȳ - 1

2
, z generated by the crystallographic

mirror plane.

Fig. 2 A plot of a molecule of 2 showing the atom labeling scheme.

and 100.6(2)◦, and at C between 112.4(3) and 113.4(2)◦. The S3

triangle is slightly larger than the Co3 face, with Co(n)-Co(n + 1)-
S(n) angles between 95.62(4) and 99.14(4)◦. These parameters
are similar to those found earlier for related complexes,28,29 and
may also be compared with SMe3 itself. This molecule has the
chair conformation, with average values for separations C–S, C–C
[1.826(12), 1.527(8) Å] and angles C–S–C, S–C–S, S–C–C [99.4(7),
112.6(4), 109.5(5)◦].33

The substituents at C(10) are H (in 1), C≡CSiMe3 (2),
C≡CAu(PPh3) (4) and C(O)NMe2 (8). In 2 and 4, the C(20)-C(30)
distances are 1.224(6) and 1.215(5) Å, respectively, with C(30)-Si
1.859(5) Å in 2 and C(30)-Au 1.997(4) Å in 4. C(30)-Au distances
are 1.859(5) and 1.997(4) Å, respectively. The Co(n)-C(10)-C(20)
angles are between 122.9(4) and 141.5(4)◦ (the latter, unusually
high, value in 8 is presumably consequent upon steric interactions
between the substituent and the cluster), with C(10)-C(20)-C(30)
174.9(5), 178.4(4)◦, consistent with the presence of C(sp) atoms
in the C3 chains. Comparison of the structure of 2 with the other
three (Table 1) shows that there appear to be consistently longer

1224 | Dalton Trans., 2010, 39, 1222–1234 This journal is © The Royal Society of Chemistry 2010
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Table 1 Selected bond parameters for complexes Co3(m3-CR)(m3-SMe3)(CO)6

Complex 1 2 4 8

R H C≡CSiMe3 C≡CAu(PPh3) C(O)NMe2

Bond distances (Å)
Co(1)-Co(2) 2.4703(4) 2.494(1) 2.4719(7) 2.4547(9)
Co(1)-Co(3) 2.4787(6) 2.502(1) 2.4632(8) 2.4760(9)
Co(2)-Co(3) 2.506(1) 2.4747(7) 2.4461(9)
Co(1)-S(1) 2.2704(6) 2.294(2) 2.277(1) 2.285(1)
Co(2)-S(2) 2.2693(9) 2.295(1) 2.263(1) 2.271(1)
Co(3)-S(3) 2.295(1) 2.266(1) 2.275(1)
Co-CO (av.) 1.774(3) 1.807(6) 1.779(4) 1.783(5)
Co–C(10) (av.) 1.875(2) 1.915(4) 1.897(4) 1.899(5)
S–C (av.) 1.822(2) 1.843(5) 1.816(4) 1.822(5)
C(10)-C(20) 1.429(6) 1.399(5) 1.493(7)
C(20)-C(30) 1.224(6) 1.215(5) 1.255(6) [O(20)]
C(30)-X 1.859(5) [Si] 1.997(4) [Au(1)]

Bond angles (◦)
Co(n)-Co(n + 1)-S(n) (av.) 97.09(2) 97.09(4) 97.00(3) 97.20(4)
C(n)-S(n)-C(n + 1) (av.) 99.0(1) 99.1(2) 99.7(2) 99.5(2)
S(n)-C(n)-S(n + 1) (av.) 112.7(2) 112.6(2) 112.7(2) 112.5(2)
Co–C(10)-C(20) 126.6(3), 131.1(3), 135.2(3) 130.6(3), 128.6(3), 134.4(3) 129.1(3), 122.9(4), 141.5(4)
C(10)-C(20)-C(30) 174.9(5) 178.4(4)
C(20)-C(30)-X(1) 166.8(4) [Si] 176.0(3) [Au(1)]

For 4: Au(1)-P(1) 2.2768(9) Å; C(30)-Au(1)-P(1) 175.8(1)◦.

Fig. 3 A plot of a molecule of 4 showing the atom labeling scheme and
hydrogen-bonding to solvate molecule.

bond distances for 2, although the angles do not vary so markedly.
Note that the structure determination of 1 was carried out at r.t.
and libration corrections have not been applied.

The ring hydrogen atoms of the SMe3 ligand may be involved in
intermolecular interactions. In 4·CHCl3 (Fig. 3), all interact with

Fig. 4 A plot of a molecule of 8 showing the atom labeling scheme.

a CHCl3 solvate molecule (3/2 - x, y - 1/2, 3/2 - z): H(1) ◊ ◊ ◊ Cl(2)
3.08, H(2) ◊ ◊ ◊ Cl(1) 3.07, H(3) ◊ ◊ ◊ Cl(2) 3.24 Å, forming a 1/1
molecular complex. In 8, a strong interaction with the amide
O atom is found: H(2) ◊ ◊ ◊ O(20) (x - 1/2, 3/2 - y, z - 1/2)
2.26 Å, with a weaker interaction, typical of those in the remaining
complexes, to a carbonyl O atom: H(3) ◊ ◊ ◊ O(32) (x - 1/2, 1/2 + y,
z) 2.62 Å. In the simple and symmetrical 1, a bifurcated interaction
H(1) ◊ ◊ ◊ O(11) (x - 1/2, 1/2 - y, 1/2 - z) 2.50 Å catenates the array,
with a similar bifurcation, but between the two molecules in 2:
H(3) ◊ ◊ ◊ O(21) (y - 1/2, 1 - x, 1/2 + z) 2.63; O(22) (1 - y, 1/2 + x,
1/2 + z) 2.67 Å. Catenation is again found in 3: H(1) ◊ ◊ ◊ O(22)
(3/2 - x, 1/2 + y, 1/2 - z) 2.54; H(3) ◊ ◊ ◊ O(42¢) (3/2 - x, 1/2 + y,
1/2 - z) 2.49 Å. In 1, 4, 8 these are augmented by (SMe3) methyl-
H ◊ ◊ ◊ O(C) contacts at similar distances (ca 2.7 Å).

A molecule of the hexatriyne derivative 3 is shown in Fig. 5
and selected bond parameters are given in Table 2. There are

This journal is © The Royal Society of Chemistry 2010 Dalton Trans., 2010, 39, 1222–1234 | 1225
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Table 2 Selected bond parameters for 3

Distances (Å)
Co(1)-Co(2) 2.4612(8) Co(4)-CO 1.830(5), 1.780(7), 1.822(8)
Co(3)-Co(4) 2.446(2) S(1)-C(1,2) 1.841(4), 1.812(4)
Co(1)-S(1) 2.297(1) S(2)-C(2,3) 1.830(4), 1.839(4)
Co(2)-S(2) 2.291(1) S(3)-C(1,3) 1.800(5), 1.798(5)
Co(1)-C(30,40) 1.959(4), 1.948(3) Si(1)-C(10) 1.837(4)
Co(2)-C(30,40) 1.962(3), 1.960(3) C(10)-C(20) 1.208(5)
Co(3)-C(50,60) 1.983(3), 1.963(4) C(20)-C(30) 1.413(5)
Co(4)-C(50,60) 1.931(4), 1.859(6) C(30)-C(40) 1.377(5)
Co(1)-CO 1.804(4), 1.812(4) C(40)-C(50) 1.434(5)
Co(2)-CO 1.783(5), 1.793(4) C(50)-C(60) 1.343(5)
Co(3)-CO 1.820(4), 1.805(6), 1.803(8) C(60)-Si(2) 1.918(5), 1.870(5)

Angles (◦)
C(1)-S(1)-C(2) 97.1(2) Si(1)-C(10)-C(20) 175.6(4)
C(2)-S(2)-C(3) 97.6(2) C(10)-C(20)-C(30) 178.0(4)
C(1)-S(3)-C(3) 100.9(2) C(20)-C(30)-C(40) 134.7(3)
S(1)-C(1)-S(3) 115.6(2) C(30)-C(40)-C(50) 136.4(3)
S(1)-C(2)-S(2) 111.8(2) C(40)-C(50)-C(60) 145.3(4)
S(2)-C(3)-S(3) 114.8(2) C(50)-C(60)-Si(2) 147.8(3)

Values cited for Co(4) and associated atoms are for the major component.

Fig. 5 A plot of the major component of the molecule of 3 showing the
atom labeling scheme. Hydrogen atoms have been omitted for clarity.

relatively few examples of complexes of poly-ynes containing
three or more C≡C triple bonds.34 Of relevance here are the
several Co-containing complexes of R3Si(C≡C)3SiR3 (R = Me,
Pri)35–37 and {W(CO)3Cp}2{m-(C≡C)4},38 and Ru and Co/Ru
cluster complexes derived from Me3Si(C≡C)3SiMe3 which have
been described.39 A six-atom carbon chain is end-capped by SiMe3

groups [C(10)-Si(1) 1.837(4), C(60)-Si(2) 1.918(5) Å] and has a
free C≡C triple bond [C(10)-C(20) 1.208(5) Å] and two C2 frag-
ments bonded to Co2(m-SMe3)(CO)4 [C(30,40)-Co(1,2) 1.948(3)-
1.962(3) Å] and Co2(CO)6 groups [Co(3,4)-C(50,60) 1.859(6)-
1.983(3) Å], the wide range observed for the latter distances possi-
bly reflecting the disorder present therein. The SMe3 ligand bridges
Co(1)-Co(2) [Co(1)-Co(2) 2.4612(8) Å] using only two of the S
atoms [Co(n)-S(n) 2.291(1), 2.297(1) Å]. The S–C bond lengths
form two sets, 1.798(4)-1.812(4) and 1.830(4)-1.841(4) Å. Along
the C6 chain, C–C separations are 1.208(5), 1.413(5), 1.377(5),
1.434(5), 1.343(5) Å, consistent with the free and complexed C≡C
triple bonds mentioned above. Angles at the individual carbon
atoms are 175.6(4), 178.0(4)◦ (free C≡C triple bond) and 134.7,

136.4, 145.3, 147.8(3)◦ (in C2Co2 fragments) the bending resulting
from complexation of the Co2 groups to the C≡C triple bonds
and associated back-bonding. This is more pronounced for the
Co2 fragment bearing the SMe3 ligand, which is a better electron
donor than CO, hence resulting in increased back-bonding to the
C2 group. As expected, the Co(1)-Co(2)/C(30)-C(40) and Co(3)-
Co(4)/C(50)-C(60) vectors are almost orthogonal.

The reaction by which this complex is formed is not immediately
apparent. The isolation of a substituted hex-3-en-1,5-diyne-Co2(m-
dppm)(CO)4 complex from the reaction between (AuCl)2(m-dppm)
and Co3(m3-CC≡CSiMe3)(m-dppm)(CO)7 is closely related,40 while
the oxidative coupling of terminal alkynes coordinated to dicobalt
carbonyl groups has been reported earlier.41 In the present exam-
ple, the triyne ligand can be formed by formal dimerisation of the
CC≡CSiMe3 ligands attached to the Co3 cluster in the precursor,
with concomitant degradation/rearrangement to binuclear cobalt
carbonyl fragments, one of which contains the SMe3 ligand. The
minimal yield of this compound precludes any further discussion
of its formation.

Electronic structures

The electronic structures of M3L9 clusters are well established,
having been studied from numerous view-points and in several
contexts by a variety of theoretical,42 computational43 and PES
methods.44–48 In general terms, the HOMO of these systems is
derived from p-interactions of the e-type combination of metal
dz2 orbitals with the degenerate p-orbitals on the methylidyne
carbon. The a-type combination of the three dz2 metal orbitals has
a node situated above the midpoint of the metal cluster, and is not
available for any significant bonding with the carbon sp hydrid
orbital from the cap. Comparisons drawn from computational
studies of the C4 bridged complex {Co3(m3-C)(CO)9}2(m-C4) and
the phosphine-substituted derivative {Co3(m3-C)(CO)6(PH3)3}2(m-
C4) reveal little change to this overall description of the bonding,
with the extra electron density introduced by the phosphine being
largely concentrated on the metal centres and not transferred to
the carbon bridge.

1226 | Dalton Trans., 2010, 39, 1222–1234 This journal is © The Royal Society of Chemistry 2010
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Here, a combination of IR spectroscopy, electrochemistry and
IR spectroelectrochemistry, together with DFT calculations, have
been used to assess the role of the SMe3 ligand in the fine-tuning of
the electronic structure of the CCo3 cluster core. Comparison of
the n(CO) frequencies in a series of related complexes Co3(m3-
CX)(CO)6L3 shows that replacement of three CO groups by
tertiary phosphine19–21 or trisulfur ligands (as here)28,29 results in a
decrease in energy of the n(CO) bands, consistent with increasing
electron density at the CCo3 cluster core. Assuming similar
reorganization and solvation energies across the series [Co3(m3-
CX)(CO)6L3]n (n = 0, -1), the same conclusion may be drawn
when the reduction potentials of similar phosphine-substituted
clusters Co3(m3-CX)(CO)9-nLn are compared. In agreement with
the orbital description of these compounds, variation of the nature
of the methylidyne substituent has only a modest influence on the
reduction potential.24

DFT calculations were carried out on computational model
systems with the three methyl groups of the SMe3 replaced by
hydrogen (as SH3) to reduce computational effort in all cases.
The validity of the simplification was established in the case
of the simplest system 1, with little difference observed in the
structural parameters or electronic structures when SMe3 was
included in the calculations. Thus, the molecular structure of
1 was optimized at the B3LYP/6-31G* level of theory and
compared with the model geometry 1-H where the methyl groups
of the thioether were replaced by hydrogens. Both optimized
geometries are in good agreement with the X-ray geometry of
1 (Table 3). Minima of model geometries 2-H – 9-H [not 3-H]
of compounds 2–9 [not 3] were also fully optimized at the same
level of theory (LANL2DZ for Au in the case of 4-H and for Ru
in the case of 7-H) and the Co3(m3-C)(m3-SH3)(CO)6 frameworks
were essentially the same in all cases. The relatively long bond
distances observed for 2 (Table 1) are not reproduced in the
computations (Table 3), suggesting that solid-state effects (e.g.,
hydrogen bonding interactions) rather than inherent electronic
factors are important in the crystallographically-determined bond
lengths. The good agreement between observed and calculated
vibrational frequencies gives further confidence in the accuracy of
the calculations (Table 4).

In assessing the electronic influence of the trithiane ligand on
the cluster it is useful to first consider details of the electronic
structures of Co3(m3-CH)(CO)9 and Co3(m3-CH)(m-SH3)(CO)6 (1-
H) (Fig. 6, Figure S1 and Tables S1, S2 in ESI†), calculated at the
same level of theory to permit more relevant comparisons. In the
case of the well-studied Co3(m3-CH)(CO)9 system, the orbitals in
the frontier region calculated in this work are of approximately
the same general composition as those described in earlier EHT
treatments42,43 although there is some reordering of the energies,
such that the HOMO and LUMO comprise the “in plane” metal
orbital combinations. Introduction of the trithiane ligand results
in a significant increase in the energy of both the HOMO and the
LUMO (Table 5), but there is little net change in the composition
or order of the frontier orbitals relative to the nonacarbonyl.

As the carbon chain is extended to give the C4-linked
compounds, the carbon fragment p-type orbitals rise in en-
ergy and become more heavily involved in the HOMOs of
both {Co3(m3-C)(CO)9}2(m-C≡C) and the substituted derivative
{Co3(m3-C)(CO)9(m-SH3}2(m-C4) (6-H) (Fig. 7, Tables S3, S4 in
ESI†). In the case of {Co3(m3-C)(CO)9}2(m-C4) entirely analogous Ta
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Table 4 Observed n(C≡C) and n(CO) bands for complexes 1, 2 and 4–9 and data from associated computational models 1-H, 2-H, and 4-H–9-H

Obs Calc

n(C≡C)/cm-1 n(CO)/cm-1 n(C≡C)/cm-1 n(CO)/cm-1 n(C=O)

1 2035s, 1994vs, 1959m 1-H 2024(m), 1992(vs), 1956(w)

2 2126vw 2032m, 1998vs, 1965m (br) 2-H 2081(w) 2021(m), 1992(vs), 1958(w)

4 2124vw 2028m, 1991vs, 1956 m (br) 4-H 2060(w) 2015(m), 1986(vs), 1952(vw)

5 2122vw 2096m, 2055vs, 2038m,
2027m, 1999s (br), 1968w

5-H 2057(m) 2051(m) 2033(s), 2028(m), 2020(m),
1993(s), 1960(w)

6 2107vw 2037w, 2005vs, 1966m 6-H 2047(vw) 2006(w), 2000(vs), 1955(w)

7 2115w 2041w, 1994vs, 1958w (br) 7-H 2103(vs) 2021(m), 2006(m), 1985(vs), 1948(w)

8 2038w, 2001vs, 1967w 8-H 2024(m), 1990(vs), 1965(w) 8 1608w
8-H 1584w

9 2035w, 2006vs, 1972sh 9-H 2033(m), 2000(vs), 1972(w) 9 1605wa

9-H 1720w

a The C=O band value is ca 50-100 cm-1 lower when intramolecular hydrogen bonding exists as is typical for CO2H groups in non-polar solvents.

Fig. 6 Plots of the frontier orbitals of Co3(m3-CH)(CO)9 (top) and 1-H
(bottom).

orbital descriptions have been obtained from lower level DFT
and EHT calculations carried out earlier.43 In each case, the
HOMO comprises an essentially degenerate (e-type) pair of
orbitals comprising the “out of plane” metal dz2 and C4 p-systems,
and is delocalized across the entire chain with 36% C4 character.
These delocalized HOMOs sit somewhat removed in energy from
two pairs of largely metal-localised orbitals with extensive metal-
metal bonding character. Interestingly, the weighting of the metals
and carbon fragment in the HOMOs is sensitive to the nature of
the supporting ligands at each Co3 cluster, (CO)9 vs. (CO)6(SH3),

Fig. 7 Plots of the frontier orbitals of {Co3(CO)9}2(m-C4) (top) and 6-H
(bottom).

with the more electron donating SH3 ligand resulting in a greater
degree of metal character (74% vs. 64%) and a decrease in the
interaction between the metal and carbon-chain orbitals. At
the level of theory used here, the effect of the SH3 ligand is
also apparent in the ordering of the unoccupied orbitals. In the
case of the nonacarbonyl-supported cluster end-caps, the doubly
degenerate LUMO is metal-localised and closely related to the
LUMO found in Co3(m-CH)(CO)9. The introduction of the SH3
ligand causes this metal combination to rise in energy above the
doubly degenerate antibonding combination of the same orbitals
that comprise the HOMO. Consequently, the LUMO in 6-H,
whilst being predominantly metal in character (70%), does feature
a small contribution from the carbon bridge (30%), and is also
delocalized over both the C4 chain the metal cluster end-caps.

Cluster 1 is oxidised at +0.72 V (vs SCE, Table 5, Figure
S2 in ESI†) leading to deposition of the oxidation product
on the electrode. A subsequent stripping wave was observed at

1228 | Dalton Trans., 2010, 39, 1222–1234 This journal is © The Royal Society of Chemistry 2010
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Table 5 Electrochemical data (vs SCE, CH2Cl2/0.1 M [NBu4]PF6) for 1, 6 and Co3(CR)(CO)9 analogues and comparison with computed MO energies
(in italics)

Complex E(red)/V E(ox)/V DE/V ELUMO/eV EHOMO/eV HLGa/eV Ref.

Co3(CH)(SMe3)(CO)6 1 -1.44b ,c 0.72b ,d 2.16 -2.91 -5.07 2.16
Calculated 1-H -1.95 -5.89 3.94
Co3(CH)(CO)9 -0.72 1.40b ,e 2.12 -3.63 -5.75 2.12 5b,6,23
Calculated -3.13 -6.96 3.83
{Co3(SMe3)(CO)6}2C4 6 -1.44b 0.41b 1.85 -2.91 -4.76 1.85
Calculated 6-H -2.00 -5.32 3.32
{Co3(CO)9}2C4 -0.62f 0.85 1.24 -3.73 -5.20 2a
Calculated -3.23 -6.30 3.07

a HOMO - LUMO gap = ELUMO - EHOMO. b Partly reversible (slow electron transfer). c Irreversible wave at 0.41 V after reduction. d Irreversible wave at
-0.70 V after oxidation. e Irreversible wave at -1.00 V after oxidation; CH2Cl2, 0.2M [NBu4]ClO4.

f Second reversible wave at -0.82 V observed

-0.70 V. On repeated cycling some evidence for cluster degradation
was observed, with a new product wave growing at +0.41 V. Re-
duction of 1 (-1.44 V) appeared quasi-reversible, perhaps as
a result of slow electron transfer kinetics, with relatively little
accumulation of decomposition products on repeated cycles. For
the bis-cluster 6, although neither the oxidation (+0.41 V) nor
reduction (-1.44 V) was strictly electrochemically reversible, the
chemical reversibility of both oxidation and reduction processes
was established by repeated scans with no evidence for formation
of secondary products (Figure S3 in ESI†).

For both 1 and 6 the influence of the strongly electron-
donating SMe3 ligand is apparent when these data are compared
with those from the Co3(CO)9-based clusters (Table 5), with
the Co3(CO)6(SMe3)-based clusters undergoing reduction at much
more negative potentials and oxidation far more readily than their
Co3(CO)9 analogues. Although the use of approximate exchange
correlation potentials in DFT limits the accuracy of the calculated
LUMO energies, a relationship is found between the observed
oxidation and reduction potentials for 1, 6, Co3(m3-CH)(CO)9 and
{Co3(CO)9}2(m-C4) and computed HOMO and LUMO energies
for 1-H, 6-H, and the nonacarbonyl analogues (Table 5). For
example, the larger HOMO–LUMO gap (HLG) computed for 6-
H compared to {Co3(CO)9}2(m-C4) is in agreement with the larger
difference in the oxidation and reduction potentials (DE) found
for 6 compared to {Co3(CO)9}2(m-C4).

IR spectroelectrochemical studies of the redox family [1]n

(n = +1, 0, -1) were undertaken in an air-tight thin-layer cell fitted
with CaF2 windows. Under these conditions the redox products
generated from 1 proved to be more chemically stable, as evidenced
by the recovery of the spectrum of 1 after oxidation or reduction.
A new redox species with bands similar to those of 1 generated
upon oxidation or reduction cannot be definitively ruled out
here, but seems unlikely. Upon oxidation there are subtle shifts
in the intensity of the n(CO) bands associated with the Co3(m-
CH)(CO)6(m-SMe3) core, but little change in the energies (Fig. 8).
This observation is indicative of a cluster geometry for [1]+ similar
to that determined for 1. In contrast, reduction of the cluster to
[1]- resulted in both a shift in n(CO) bands to lower wavenumbers
and the formation of a m-CO ligand, as evidenced by appearance
of the band near 1800 cm-1, which is better able to stabilise the
increased cluster electron density.

The IR spectroelectrochemical experiments with bis-cluster 6
(Fig. 9) established both the chemical reversibility of the redox
processes and the symmetrical behaviour of the cluster end-caps.
There was no evidence for the sequential oxidation or reduction of

Fig. 8 The IR spectra collected during the oxidation and reduction of 1 in
a spectroelectrochemical cell. The solid line is the spectrum of the neutral
species.

Fig. 9 The IR spectra collected during the oxidation and reduction of 6 in
a spectroelectrochemical cell. The solid line is the spectrum of the neutral
species.

the cluster sites, with only a single oxidation and a single reduction
process, both presumably two-electron events, being observed. In
a manner analogous to that observed for 1, oxidation of 6 caused
a shift in band intensities but no pronounced shift in energies
of the n(CO) bands, whilst reduction results in the appearance
of a bridging n(CO) band near 1750 cm-1. The similarities in
the general appearance of the spectra associated with 1 and 6
in their comparable redox states indicates that despite the small
contribution from the carbon chain to the LUMO in 6, the
cluster cores in [6]2- are largely independent. It is well worth

This journal is © The Royal Society of Chemistry 2010 Dalton Trans., 2010, 39, 1222–1234 | 1229
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remembering that the electronic structure of the redox product
is not necessarily derived from (de)population of the frontier
orbitals of the precursor, and cluster-based unoccupied orbitals
very similar to the LUMO of 1 are found as the almost degenerate
LUMO + 2 and LUMO + 3 (Table S4, ESI†).

Conclusions

In this work, we have prepared several complexes containing
the trithiane ligand SMe3 capping the faces of Co3 clusters
also attached to m3-CH, -CC≡CSiMe3, -CC≡CAu(PPh3) and
-C(C≡C)2Ru(dppe)Cp* groups. Two complexes containing Co3

clusters end-capping a C4 chain were also made. DFT studies
have been used to model the electronic structures of the trithiane-
capped clusters and show that the strongly electron-donating SMe3
ligand raises the energy of the frontier orbitals with significant
metal character when compared with those of the corresponding
nonacarbonyl systems. This is reflected in the electrochemical stud-
ies. Electrochemical and IR spectroelectrochemical experiments
indicate that the cluster cores in the C4 bridged bis-cluster {Co3(m3-
SMe3)(CO)6}2(m-C≡CC≡C) 6 undergo largely independent redox
processes. The additional electron density introduced to the
metal centres upon reduction is alleviated to some extent by the
migration of carbonyl ligands to the bridging mode.

Experimental

General

All reactions were carried out under dry nitrogen, although
normally no special precautions to exclude air were taken during
subsequent work-up. Common solvents were dried, distilled under
nitrogen and degassed before use. Separations were carried out
by preparative thin-layer chromatography on glass plates (20 ¥
20 cm2) coated with silica gel (Merck, 0.5 mm thick).

Instruments

IR spectra were obtained using a Bruker IFS28 FT-IR spec-
trometer. Spectra in CH2Cl2 were obtained using a 0.5 mm
path-length solution cell with NaCl windows. Nujol mull spectra
were obtained from samples mounted between NaCl discs. NMR
spectra were recorded on a Varian Gemini 2000 instrument (1H at
300.145 MHz, 13C at 75.479 MHz, 31P at 121.501 MHz). Unless
otherwise stated, samples were dissolved in CDCl3 contained in
5 mm sample tubes. Chemical shifts are given in ppm relative
to internal tetramethylsilane for 1H and 13C NMR spectra
and external H3PO4 for 31P NMR spectra. Electrospray mass
spectra (ES-MS) were obtained from samples dissolved in MeOH
which, unless otherwise stated, contained NaOMe as an aid to
ionization.30 Solutions were injected into a Varian Platform II
spectrometer via a 10 ml injection loop. Nitrogen was used as the
drying and nebulising gas. Peaks listed are the most intense of the
isotopic clusters. Elemental analyses were by CMAS, Belmont,
Vic., Australia.

Reagents

The compounds 2,4,6-trimethyl-1,3,5-thiane,49 Co3(m3-CH)-
(CO)9,50 Co3(m3-CBr)(CO)9,50 Co3(m3-CC≡CSiMe3)(CO)9,2b

{Co3(CO)9}2(m-C4)2a and Co3{m3-C(C≡C)2[Ru(dppe)Cp*]}-
(CO)9

51 were prepared by the cited methods.

Reactions of 2,4,6-trimethyl-1,3,5-trithiane (SMe3)

Co3(l3-CH)(CO)9. A solution containing Co3(m3-CH)(CO)9

(60 mg, 0.136 mmol) and SMe3 (24 mg, 0.136 mmol) in benzene
(7 ml) was heated at reflux point for 4 h. After removal of
solvent, a CH2Cl2 extract of the residue was purified by preparative
t.l.c. (acetone-hexane, 3/7). Band 1 (Rf 1.0) contained recovered
Co3(m3-CH)(CO)9 (3.1 mg, 5%). The second bright red band (Rf

0.41) afforded dark red crystals (from CH2Cl2–MeOH) of Co3(m3-
CH)(m3-SMe3)(CO)6 1 (62.8 mg, 86%). Anal. Found: C, 29.04;
H, 2.50. Calcd (C13H13Co3O6S3): C, 29.00; H, 2.42; M, 538. IR
(CH2Cl2, cm-1): n(CO) 2035 s, 1994 vs, 1959 m. 1H NMR: d 1.29
(s, 9H, Me), 4.92 [s (br), 3H, CH], 13.21 [s (br), 1H, Co3CH]. 13C
NMR: d 18.2 [s (br), Me], 72.2 (s, C3S3). ES-MS (positive ion,
MeOH, m/z): 538, M+; 523, [M - Me]+; 510, [M - CO]+; (negative
ion, MeOH + NaOMe): 537, [M - H]-.

Co3(l3-CBr)(CO)9. (i) TMNO (37.5 mg, 0.5 mmol) was added
to a solution of Co3(m3-CBr)(CO)9 (52.1 mg, 0.1 mmol) and the
ligand (18 mg, 0.1 mmol) in THF (10 ml), and the mixture
was stirred at r.t. for 1 h to give a brown solution over a
brown precipitate. Filtration, removal of solvent and extraction
of the residue with hexane gave Co3(m3-CH)(CO)9 (3.1 mg, 7%),
identified by comparison with an authentic sample. The remainder
of the residue was dissolved in CH2Cl2 and purified by preparative
t.l.c. (acetone-hexane, 3/7). One red band (Rf 0.30) contained
Co3{m3-CC(O)NMe2}(m3-SMe3)(CO)6 8 (1.7 mg, 4.4%) as dark red
crystals (CH2Cl2–MeOH). IR (CH2Cl2, cm-1): n(CO) 2038 w, 2001
vs, 1967 w (br); n[C(O)NMe2] 1608 w (br). 1H NMR: d 1.30 (s, 9H,
Me), 2.72 (s, 6H, NMe2), 4.89 [s(br), 3H, C3H3]. ES-MS (positive
ion, m/z): 632, [M + Na]+; (negative ion): 608, [M - H]-.

(ii) A mixture of Co3(m3-CBr)(CO)9 (52.1 mg, 0.1 mmol) and
the ligand (18 mg, 0.1 mmol) was heated in refluxing benzene
(7 ml) for 2.5 h to give a red solution containing a dark coloured
precipitate. Filtration of the solid and washing with CH2Cl2 gave
Co3(m3-CCO2H)(m3-SMe3)(CO)6 (15.2 mg, 26%) as a red solid.
The combined benzene solutions were evaporated, extracted with
CH2Cl2 and purified by preparative t.l.c. (acetone-hexane, 3/7)
to give an additional amount of Co3(m3-CCO2H)(m3-SMe3)(CO)6

9 (9.4 mg, 16%) (total yield 42%). Anal. Found: C, 28.94; H,
2.30. Calcd (C14H13Co3O8S3): C, 28.87; H, 2.23; M, 582. IR
(CH2Cl2, cm-1): n(CO) 2035 w, 2006 vs, 1972 (sh), 1943 (sh);
n(CO2H) 1605 w (br). 1H NMR: d 1.29 (s, 9H, Me), 3.21 [s
(br), 3H, C3H3]; 8.68 [s (br), 1H]. ES-MS (negative ion, m/z):
581, [M - H]-.

Co3(l3-CC≡CSiMe3)(CO)9. A mixture of Co3(m3-
CC≡CSiMe3)(CO)9 (100 mg, 0.19 mmol) and SMe3 (50 mg,
0.28 mmol) was heated in refluxing benzene (10 ml) for
8 h. Removal of solvent, extraction of the residue with
CH2Cl2 and separation by preparative t.l.c. (acetone-hexane,
3/7) gave two bands. Band 1 (black, Rf 0.61) contained
Me3SiC≡CC2[Co2(m-SMe3)(CO)4]C2[Co2(CO)6]SiMe3 3 (3.6 mg,
1%) as black crystals (hexane). Anal. Found: C, 37.36; H,
3.05. Calcd (C28H30Co4O10S3Si2): C, 36.77; H, 3.31; M, 914. IR
(CH2Cl2, cm-1): n(C≡C) 2112 w; n(CO) 2083 m, 2049 vs, 2033
(sh), 2024 s, 2012 m, 1978 m, 1962 (sh). 1H NMR: d 0.19, 0.44
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(2 ¥ s, 2 ¥ 9H, SiMe3), 1.30 (s, 9H, SMe3), 3.95 [s (br), C3H3].
ES-MS (positive ion, m/z): 937, [M + Na]+; 914, M+; (negative
ion, MeOH): 734 [M - SMe3]-; 706, [M - SMe3 - CO]-. The major
band (Rf 0.51) contained Co3(m3-CC≡CSiMe3)(m3-SMe3)(CO)6 2
(106 mg, 90%), obtained as red crystals (CH2Cl2–MeOH). Anal.
Found: C, 34.03; H, 3.40. Calcd (C18H21Co3O6S3Si): C, 34.08; H.
3.34; M, 634. IR (CH2Cl2, cm-1): n(C≡C) 2126 vw; n(CO) 2032
m, 1998 vs, 1965 m (br). 1H NMR: d 0.21 [s (br), 9H, SiMe3], 1.31
[s (br), 9H, SMe3], 4.83 [s (br), 3H, C3H3]. 13C NMR: d -0.29 (s,
SiMe3), 18.2 (s, C3Me3), 71.7 (s, C3S3), 121.6 (s, C3 chain), 198.6 [s
(br), Co(CO)]. ES-MS (positive ion, m/z): 657, [M + Na]+; 635,
[M + H]+; 607, 579 [M + H - nCO]+ (n = 1, 2); (negative ion,
MeOH): 633, [M - H]-.

Synthesis of Co3{l3-CC≡CAu(PPh3)}(l3-SMe3)(CO)6 4

A mixture of Co3(m3-CC≡CSiMe3)(m3-SMe3)(CO)6 2 (90 mg,
0.14 mmol) and AuCl(PPh3) (70 mg, 0.14 mmol) in THF–MeOH
(2 + 3 ml) was treated dropwise with a solution of NaOMe
(from Na, 13 mg, in MeOH, 1 ml). After stirring for 1 h, the
colour of the solution had changed from red to red-brown. After
removal of solvent, the residue was washed several times with
MeOH and dried in air to give Co3{m3-CC≡CAu(PPh3)}(m3-
SMe3)(CO)6 4 (120.4 mg) as a red solid. The MeOH washings
were evaporated and the residue purified by preparative t.l.c. of a
CH2Cl2 solution (acetone-hexane, 3/7) to give an orange-red band
(Rf 0.29) containing a further 7 mg of product (total yield 88%),
which formed dark red crystals (CHCl3–MeOH). Anal. Found: C,
38.73; H, 2.69. Calcd (C33H27AuCo3O6PS3): C, 38.84; H, 2.67; M,
1020. IR (CH2Cl2, cm-1): n(C≡C) 2124 vw; n(CO) 2028 m, 1991
vs, 1956 m (br). 1H NMR: d 1.32 [s (br), 9H, Me], 4.83 [s (br), 3H,
C3H3], 7.51-7.57 (m, 15H, Ph). 31P NMR: d 44.3 (s, PPh3). ES-MS
(positive ion, MeOH, m/z): 1020, M+; 992, 964, [M - nCO]+ (n =
1, 2); (positive ion): 1043, [M + Na]+.

Synthesis of {(OC)9Co3}(l-C≡CC≡C){Co3(l3-SMe3)(CO)6} 5

To a solution containing Co3{m3-CC≡CAu(PPh3)}(m3-SMe3)(CO)6

4 (102 mg, 0.1 mmol) and Co3(m3-CBr)(CO)9 (52.1 mg, 0.1 mmol)
in THF (10 ml) were added Pd(PPh3)4 (5.8 mg, 0.005 mmol) and
CuI (2 mg, 0.01 mmol). After stirring at r.t. for 2 h, solvent was
removed and the residue taken up in a small amount of CH2Cl2

and purified by preparative t.l.c. (acetone-hexane, 3/7). The major
brown band (Rf 0.55) afforded {(OC)9Co3}(m-C≡CC≡C){Co3(m3-
SMe3)(CO)6} 5 (55 mg, 55%) as brown crystals (CH2Cl2–MeOH).
Anal. Found: C, 29.95; H, 1.18. Calcd (C25H12Co6O15S3): C, 29.96;
H, 1.21; M, 1002. IR (CH2Cl2, cm-1): n(C≡C) 2122 vw; n(CO)
2096 m, 2055 vs, 2038 m, 2027 m, 1999 s (br), 1968 w. 1H NMR:
d 1.34 [s (br), 9H, Me], 4.85 [s (br), C3H3]. ES-MS (positive ion,
m/z): 1025, [M + Na]+; 1002, M+; 974, [M - CO]+; (negative ion):
1001, [M - H]-; 973, [M - H - CO]-.

Synthesis of {Co3(l3-SMe3)(CO)6}2(l-C≡CC≡C) 6

(i) A solution containing {Co3(CO)9}2(m-C≡CC≡C) (36.2 mg,
0.04 mmol) and SMe3 (28.7 mg, 0.16 mmol) in benzene (10 ml) was
heated at reflux point for 4 h, after which much dark precipitate
was present. After cooling, the precipitate was filtered off, washed
with benzene and extracted with acetone. Evaporation afforded
{Co3(m3-SMe3)(CO)6}2(m-C≡CC≡C) 6 (40.7 mg, 93%) as dark red

crystals. Anal. Found: C, 29.47; H, 1.93. Calcd (C28H24Co6O12S6):
C, 30.62; H, 2.20; M, 1098. IR (CH2Cl2, cm-1): n(C≡C) 2107 vw;
n(CO) 2037 w, 2005 vs, 1966 m. 1H NMR (d6-acetone): d 1.31 [s
(br), 18H, Me], 5.38 (m, 6H). 13C NMR (d6-acetone): d 19.1 (s,
Me), 71.9 (s, C3S3). ES-MS (positive ion, m/z): 1121, [M + Na]+;
1098, M+; (negative ion): 1096, [M - 2H]-.

(ii) A solution of {(OC)9Co3}(m-C≡CC≡C){Co3(m3-
SMe3)(CO)6} 5 (45 mg, 0.05 mmol) and SMe3 (18 mg, 0.1 mmol)
in benzene (15 ml) was heated at reflux point for 3 h. The dark
coloured precipitate which separated was filtered off, washed
with benzene and extracted with acetone. The concentrated
acetone extracts were purified by preparative t.l.c. (acetone-
hexane, 1/1) to give one major band (Rf 0.57) containing
{Co3(m3-SMe3)(CO)6}2(m-C≡CC≡C) 6 (25.5 mg, 52%).

Synthesis of Co3{l3-C(C≡C)2[Ru(dppe)Cp*]}(l3-SMe3)(CO)6 7

A solution containing Co3{m3-C(C≡C)2[Ru(dppe)Cp*]}(CO)9

(50 mg, 0.045 mmol) and SMe3 (16 mg, 0.09 mmol) in benzene
10 ml) was heated at reflux point for 3 h. The dark red solution
was evaporated, extracted with CH2Cl2 and purified by preparative
t.l.c. (acetone-hexane, 3/7) to give one red band (Rf 0.30),
which contained Co3{m3-C(C≡C)2[Ru(dppe)Cp*]}(m3-SMe3)(CO)6

7 (50.3 mg, 93%), obtained as dark red plates (CH2Cl2–hexane).
Anal. Found: C, 52.20; H, 4.10. Calcd (C53H51Co3O6P2RuS3): C,
52.13; H, 4.21; M, 1220. IR (cyclohexane, cm-1): n(C≡C) 2115 w;
n(CO) 2041 w, 1994 vs, 1959 w (br). 1H NMR: d 1.26 [s (br), 9H,
Me], 1.55 [s (br), 15H, Cp*], 2.08, 2.70 (2 x m, 4H, dppe), 4.70 [s
(br), 3H, C3H3], 7.40-7.65 (m, 20H, Ph). 31P NMR: d 79.7 (s, dppe).
13C NMR: d 10.0 (s, C5Me5), 18.1 (s, Me), 29.1 (m, dppe), 70.8 (s,
C3S3), 93.9 (s, C5Me5), 87.7, 97.6, 117.8 (3 x s, carbon chain), 127.5-
138.1 (m, Ph), 197.8 [s (br), CO]. ES-MS (positive ion, m/z): 1243,
[M + Na]+; 1220, M+; (negative ion): 1251, [M + OMe]-; 1219,
[M - H]-.

Structure determinations

Diffraction data were measured at ca 170 K using a CCD area-
detector instrument. N tot reflections were merged to N unique
(Rint cited) after “empirical”/multiscan absorption correction
(proprietary software), with No having I > 2s(I). All data were
measured using monochromatic Mo Ka radiation, l = 0.71073 Å.
In the full-matrix least squares refinements on F 2, anisotropic
displacement parameter forms were refined for the non-hydrogen
atoms, (x, y, z, U iso)H being included following a riding model.
Neutral atom complex scattering factors were used; computation
used the SHELX-97 program system.52 Pertinent results are
given in the figures (which show non-hydrogen atoms with 50%
probability amplitude displacement ellipsoids and hydrogen atoms
with arbitrary radii of 0.1 Å, as well as numbering schemes) and
in Tables 1, 2 and 6.

Variata

1. T was 296 K; envelope amplitudes in Fig. 1 are at the 20% prob-
ability level. The molecule is disposed with the crystallographic
mirror plane of space group Pnma passing through C(0), Co(2),
S(2), C(1,3).

3. Co(4) and associated atoms were modelled as disordered
over two sets of sites, occupancies 0.681(5) and complement

This journal is © The Royal Society of Chemistry 2010 Dalton Trans., 2010, 39, 1222–1234 | 1231
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Table 6 Crystal data and refinement details

Complex 1 2 3 4 8

Formula C13H13Co3O6S3 C18H21Co3O6S3Si C28H30Co4O10S3Si2 C33H27AuCo3O6PS3·CHCl3 C16H18Co3NO7S3

MW 538.24 634.44 914.64 1139.89 609.32
Crystal system Orthorhombic Tetragonal Monoclinic Monoclinic Monoclinic
Space group Pnma P42/n P21/n C2/c Cc
a/Å 14.181(2) 19.192(4) 12.338(2) 21.634(3) 14.696(2)
b/Å 14.934(2) 13.998(2) 15.125(2) 9.769(1)
c/Å 9.1039(9) 14.169(3) 23.252(4) 25.670(3) 15.877(2)
b (◦) 101.824(3) 109.336(2) 108.114(2)
V/Å3 1928.0(4) 5219(2) 3931(1) 7926(2) 2166.4(5)
rc/g cm-3 1.854 1.615 1.546 1.910 1.868

Z 4 8 4 8 4
2qmax (◦) 57 50 55 58 67
m(Mo Ka)/mm-1 2.9 2.2 1.93 5.4 2.60
Tmin/max 0.64 0.44 0.67 0.53 0.77
Crystal dimensions/mm-3 0.35 ¥ 0.32 ¥ 0.18 0.21 ¥ 0.21 ¥ 0.08 0.48 ¥ 0.18 ¥ 0.10 0.45 ¥ 0.23 ¥ 0.18 0.35 ¥ 0.28 ¥ 0.14
N tot 17303 40734 34418 36320 15110
N (Rint) 2498 (0.021) 4616(0.064) 8955 (0.059) 9864 (0.033) 7401 (0.035)
No 2178 3906 6807 8590 6460
R1 0.027 0.050 0.052 0.033 0.045
wR2 0.067 0.116 0.125 0.067 0.134

(light atom adp forms isotropic for the minor component). The
disorder extends to SiMe3(2), with Co ◊ ◊ ◊ Co’ 0.486(6) and Si ◊ ◊ ◊ Si’
0.982(6) Å.

8. Friedel data were retained distinct, xabs refining to -0.04(2).

Computations

All ab initio computations were carried out with the Gaussian
03 package.53 The geometries of {Co3(CO)9}2C4, Co3(CH)(CO)9

and Co3(CH)(SMe3)(CO)6 and the model geometries discussed here
were optimised using the B3LYP functional54 with no symmetry
constraints. The basis sets used here were the pseudopotential
LANL2DZ for the Ru and Au atoms55 and the 6-31G* basis set
for all other atoms.56 The methyl groups at the trithiane moiety
and phenyl groups (4-H and 7-H) are replaced by hydrogens in
the model geometries to reduce computational efforts. Frequency
calculations were computed on these optimised geometries at the
corresponding levels and four model geometries had imaginary
frequencies [2-H -15.3 cm-1 (C-SiH3 twist), 4-H -6.7 cm-1 [Co-
(CO)3 twist], 5-H -17.8 cm-1 [Co-(CO)3 twist] and 8-H -23.1 cm-1

(C-CONMe2 twist)] indicating them to be transition-state geome-
tries. These geometries are believed to be close to the ground-
state geometries since they are in very good agreement with X-
ray and IR data listed in Tables 3 and 4 respectively. A scaling
factor of 0.95 was applied to the calculated frequencies listed in
Table 4.57 The electronic structures were also computed at the same
level of theory. The MO diagrams and orbital contributions were
generated with the aid of GaussView58 and GaussSum59 packages
respectively.

Electrochemistry and spectroelectrochemistry

Cyclic voltammograms were recorded from solutions of ap-
proximately 10-4 M in analyte in dichloromethane containing
10-1 M [NBu4]BF4 at n = 100 mV s-1 in a gas-tight single-
compartment three-electrode cell equipped with glassy carbon
working (apparent surface area of 0.42 mm2), coiled platinum wire
auxiliary, and platinum wire pseudo-reference electrodes. All redox

potentials are reported against the SCE scale, with the decamethyl-
ferrocene/decamethylferrocenium (Fc*H/[Fc*H]+) redox couple
(-0.07 vs. SCE) used as an internal reference system. Data were
collected using a computer-interfaced EcoChemie PGSTAT-30
potentiostat.

IR spectroelectrochemical experiments at room temperature
were performed with an air-tight optically transparent thin-
layer electrochemical (OTTLE) cell equipped with a Pt minigrid
working electrode (32 wires cm-1) and CaF2 windows.60 The cell
was positioned in the sample compartment of a Nicolet Avatar
FT-IR spectrometer (1 cm-1 spectral resolution, 16 scans). The
controlled-potential electrolyses were carried out with a home-
built potentiostat in CH2Cl2 solutions with 0.1 M in supporting
electrolyte ([NBu4]BF4.
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This paper describes the preparation of Langmuir-Blodgett (LB) films comprised of an oligomeric
phenylene-ethynylene (OPE) derivative, 4-[4-(phenylethynyl)-phenylethynyl] benzoic acid (BPEBA).
Analysis of the surface pressure and surface potential vs area permolecule isotherms reveal that good
quality monolayer films can be formed at surface pressures of 15 mN/m. The monolayers were
transferred onto solid substrates with a Z-type deposition and a transfer ratio of 1. Raman and
surface-enhanced Raman spectroscopy (SERS) studies reveal that the films are physisorbed onto
silvermetal substrates. Themorphology of the deposited filmswas analyzed bymeans of atomic force
microscopy (AFM), revealing the formation of homogeneous layers free of three-dimensional
defects. The optical and emissive properties of the LB films were determined, with significant blue-
shifted absorption spectra indicating the formation of two-dimensional H aggregates in the films.
In addition, a significant Stokes shift in the excitation and emission spectra of the films is indicative of
a distribution of molecular conformations around the long molecular axis in the solidlike monolayer
environment. Scanning tunneling microscopy (STM) studies of single layer BPEBA LB films were
performed. The tip-sample distance has been calibrated carefully to obtain I-V curves above the LB
film. I-V curves are unexpectedly symmetrical in spite of the asymmetric contacts of the molecule
with the tip and the substrate. Single molecule conductance for BPEBA has also been determined
and the similarity of these results to I-V data for BPEBA incorporated in LB films indicates that
lateral (intermolecular) conductance is negligible for electrical measurements using the STM
configuration.

Introduction

The field of conducting polymers has been a source of a
vast body of new science,1-5 and the number of new
conducting and semiconducting polymeric materials emp-
loyed in the fields of electronics and optoelectronics has
rapidly increased due to the possibility of modulating the
final properties with subtle modifications in the chemical
structure. In contrast to the use of polymeric materials,
which function through the electronic properties of the
bulk, the field of molecular electronics arises from the use
of single molecules to perform a certain task; therefore,

the functionality is already present in the smallest com-
ponent of the device.6,7

In recent times, a wide variety of novel electronically
active, molecule-based devices have been proposed, and
in some cases tested, for collecting, processing, display-
ing, and storing information.8 The realization of a truly
molecular electronic device relies upon the assembly of
small packets of active molecules to build up a nanoscale
device. This methodology, known as the “bottom-up
approach”, is commonly used in the fabrication of mole-
cular electronic devices and test beds. Consequently, the
development of molecular electronic technology has been
closely related to the advances in synthetic chemistry,
which provides access to the new molecular building*Corresponding author. E-mail: pilarcea@unizar.es.
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blocks that may be employed for the construction of such
devices.9-12

One family of organic molecular materials with pro-
mising electronic properties identified to date is the
phenylene-ethynylene oligomer (OPE).13-20 The basic
structure of OPE derivatives consists of a highly conju-
gated structure composed of alternating phenylene rings
and acetylenic (CtC) moieties (i.e., ;(C6R4;CtC;)n).
This skeleton provides a rigid, linear structure that sup-
ports a delocalized π electron system which in turn leads
to fluorescent and electroluminescent properties,21,22 as
well as molecular wirelike features.14,23,24 In the most
general terms, the OPE structure can vary from two phenyl
rings separated by a triple bond (tolan derivatives)25-27 to
oligomers,22,28 or polymers14 containing a high number of
phenylene ethynylene repeat units. Oligomers of well-
defined chemical composition are suitable for the con-
struction of molecular electronic devices, with many
convenient synthetic methods being available, rendering
a wide variety of functional accessible.29-31 However,
even when working with chemically well-defined oligo-
meric structures, considerable care must be exercised to

identify the extendedmolecular interactions and aggrega-
tion phenomena in the solid state; it is well-known that
the extendedmolecular organization, as well as the nature
of the contact between the molecule and solid interface,
can play a significant role inmodulating the final signal of
the device arising from active molecular units since the
intermolecular interactions can modify, magnify, or even
create the response to external signals.32-37 The methods
and mechanisms available for assembly of molecular
electronic candidates onto surfaces is therefore an area
of considerable interest.
To date, OPE derivatives have been mainly ordered in

two-dimensional arrays on solid surfaces by means of the
self-assembly (SA) technique.38 The SA method permits
the fabrication of high quality thin (monolayer) films
from suitably functionalizedmolecularmaterials through
relatively simple protocols.39,40 The most commonly ex-
plored SA systems have taken advantage of the strong
interaction between gold and thiols.41,42 However, this
method presents several experimental disadvantages re-
lated to the instability of thiol groups43 and also rather
limits the number of metal-organic interfaces which can
be analyzed. Thus, despite the undisputed success of thiol
on gold SA films in developingmuch of the contemporary
research in molecular electronics, a systematic study of
different organic-metal contacts is of vital importance to
determine the role that the interface plays in measure-
ments of the conductivity of single molecules.33,44

In the Langmuir-Blodgett (LB) technique, assembly
of molecular films is driven by an organization of the
material at the air-water interface through the amphi-
philic nature of the molecules that, on the one hand,
permits its anchoring at the water surface and, on the
other hand, facilitate a close-packed arrangement of the
material by means of van der Waals interactions between
neighboring molecules upon the compression process.
Once the molecules are well-ordered at the air-water
interface, the film can be transferred onto a solid support.
Physisorbed LB films are very common (due to the large
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flexibility in both the substrate material and the amphi-
philic group of the assembled compound), although
chemisorption can occur if there is a specific interaction
between the molecule and the substrate. Recently, the LB
method has received renewed interest as a process for the
fabrication of thin films containing OPE derivatives26,45-49

and provides a simple base from which to explore a very
wide variety of organic-metal contacts (e.g., nitrile,
amine, carboxylic acid, etc., on a wide variety of sub-
strates Pt, Pd, Ag, etc.).26,45-47,50-52

OPE derivatives used to date for assembly into films by
the LB technique have contained both a polar headgroup,
which allows themonolayers to be stable at the air-liquid
interface thanks to the polar headgroup-water inter-
actions and an alkyl chain “tail” to provide stability to
the monolayer thanks to the van der Waals interactions.
However, from the point of view of the future molecular
electronic applications of these materials, there is a
remarkable advantage in using OPE derivatives without
the supporting, but insulating, alkyl chain “tail”, given
that a direct connection between the conjugated ring and
the gold tip of the scanning tunneling microscope is
expected to facilitate smooth electrical transport.
Prompted by this picture of the current landscape, we
have now explored the film forming properties of
4-[40-(phenylethynyl)-phenylethynyl] benzoic acid (BPEBA,
Figure 1), an OPE derivative funtionalized with an acid
group to facilitate its spreading and anchoring onto the
water surface, butwithout an alkyl tail that could limit the
conducting properties of the resulting films. BPEBA is
shown to yield high quality films with promising electro-
nic properties.

Experimental Section

Synthesis. General Conditions. All reactions were carried
out under an atmosphere of nitrogen using standard Schlenk
techniques. Nonaqueous solvents were purified and dried using
an Innovative Technology SPS-400, or in the case of NEt3 by
distillation fromKOH, and degassed before use. No special pre-
cautions were taken to exclude air or moisture during workup.
The compounds PdCl2(PPh3)2,

53 and 1-ethynyl-4(phenylethynyl)-
benzene54 were prepared by the literature methods. Other rea-
gents were purchased and used as received. NMR spectra were
recordedonBrukerAvance (1H400.13, 13C100.61, 31P161.98MHz)
or Varian Mercury (31P 161.91 MHz) spectrometers from CDCl3
solutions and referenced against solvent resonances.

A suspension of 1-ethynyl-4(phenylethynyl)benzene (0.77 g,
3.81!10-3 mol), methyl iodobenzoate (0.93 g, 3.54!10-3 mol),
PdCl2(PPh3)2 (0.053 g, 7.60!10-5mol), andCuI (0.014 g, 7.60!
10-5 mol) in triethylamine (70 mL) was allowed to stir over-
night. The ammonium salt formed was removed by filtration,
and the solvent was removed from the filtrate to give crude
4-[40-(phenylethynyl)-phenylethynyl] methyl benzoate, which
was recrystallized from toluene/hexane. The ester was hydro-
lyzed in refluxing 1:1 aqueous ethanol (50 mL) containing
sodium hydroxide (2.00 g, 5.00! 10-2 mol). The volatiles were
removed and 4-[40-(phenylethynyl)-phenylethynyl] benzoic acid
(BPEBA) obtained as a precipitate by treatment of the aqueous
solution of the sodium salt with hydrochloric acid (2 M).

Film Fabrication. The films were prepared on a Nima Teflon
trough with dimensions 720!100 mm2, which was housed in a
constant temperature (20( 1 !C) clean room.AWilhelmy paper
plate pressure sensor was used to measure the surface pressure
(π) of the monolayers. The subphase was an aqueous (Millipore
Milli-Q, resistivity 18.2 MΩ 3 cm) solution of NaOH whose pH
was 9, which leads to ionization of the carboxylic group and
further reduces the tendency for aggregation of the OPE. The
solution containing the 4-[40-(phenylethynyl)-phenylethynyl]
benzoic acid (BPEBA) in a 2:1 hexane:ethanol solvent (both
purchased fromAldrich and used as received; purityg99% and
>99.5%, respectively) was delivered from a syringe held very
close to the surface, allowing the surface pressure to return to a
value as close as possible to zero between each addition. Hexane
was employed as the spreading solvent since the BPEBA is not
soluble in the common liquids used in the Langmuir-Blodgett
technique. The use of ethanol in the spreading solvent serves to
limit the formation of hydrogen-bonded carboxylic acid dimers
and aggregates in solution prior to deposition. The spreading
solvent was allowed to completely evaporate from the surface of
the subphase over a period of at least 20min before compression
of the monolayer commenced at a constant sweeping speed of
0.02 nm2/molecule 3min. Under these experimental conditions,
the isotherms were highly reproducible. Surface potential mea-
surements were carried out using a Kelvin Probe provided by
Nanofilm Technologie GmbH, G€ottingen, Germany. During
monolayer compression,π-A andΔV-A isothermswere recor-
ded simultaneously.

The solid substrates used for the transferences were cleaned
carefully as described elsewhere.55,56 The monolayers were
deposited at a constant surface pressure by the vertical dipping
method, and the dipping speed was 6 mm/min. UV-vis spectra
of the LB films were acquired on a Varian Cary 50 spectro-
photometer and recorded using a normal incident angle with
respect to the film plane. The fluorescence spectra were recorded
by means of a Horiba-Jobin-Yvon Fluorolog 3-22 Tau-3 spec-
trofluorimeter. The RAMAN and SERS spectra were obtained
using a Horiba Jobin Yvon LabRAM HR with an excitation
wavelength of 633 nm. Silver islands (thickness 9.1 nm) were pre-
pared in anEdwardsmodel 306 vacuum coater from a resistively
heated tungsten boat. The substrates wereMenzel-Glaser glass

Figure 1. Chemical structure of the 4-[4-(phenylethynyl)-phenylethynyl]
benzoic acid (BPEBA).
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microscope slides cleaned in piranha solution for 30 min (3:1
97% H2SO4:30% H2O2), rinsed with deionized water, dried
in a stream of N2. During film deposition, the background
pressure was maintained at 2! 10-6 Torr, and the deposition
rate (0.02 nm 3 s

-1) was monitored on an Edwards FTM7 quartz
crystal film thickness monitor. After deposition, annealing was
performed at 200 !C for 60 min in a nitrogen atmosphere.

The atomic force microscopy (AFM) imaging was performed
with a multimode Nanoscope IIIA microscope (Digital Instru-
ments, Veeco). TheAFMtipwasmade of siliconwith a resonant
frequency of 285 kHz and a force constant of 42 N/m. All the
images were recorded under ambient atmosphere at room tem-
perature using tapping mode. The scanning rate was 1 Hz, and
the amplitude set point was lower than 1 V. Cyclic voltammetry
(CV) experiments were carried out in an electrochemical cell
containing three electrodes. The working electrode consisted
of a gold substrate with the deposited LB film, the counter
electrode was a platinum sheet, and the reference electrode was
Ag |AgCl| saturated KCl.

AnAgilent STMrunning Picoscan 4.19 Softwarewas used for
all scanning tunneling microscopy (STM) and STM based
electrical measurements. The tip potential is referred to as Ut.
STM tips were freshly prepared for each experiment by etching
of a 0.25 mm Au wire (99.99%) in a mixture of HCl (50%) and
ethanol (50%) at þ2.4 V. Gold films employed as substrates
were purchased fromArrandee, Schroeer,Germany. Thesewere
flame-annealed at approximately 800-1000 !C with a Bunsen
burner immediately prior to use. This procedure is known to
result in atomically flat Au(111) terraces.57

Results and Discussion

The Langmuir-Blodgett technique (LB) was used to
assemble the BPEBA molecules into thin, well ordered
films. The protocol to fabricate true monolayers at the
air-water interface was carefully designed and tested (see
the Experimental Section) with the aim of decreasing the
molecular forces between the BPEBA units which may
lead to the formation of three-dimensional aggregates.
The reproducible surface pressure and surface potential
isotherms are shown in Figure 2.
With the purpose of analyzing in more detail the

information provided by the π-A isotherm, the compres-
sibility coefficient, Cs, has been determined:58

Cs ¼ -
1

A

DA
Dπ

! "

T

ð1Þ

By analyzing theCs-π curves, phase transitions can be
detected in terms of changes in the slope. Furthermore,
the compressibility modulus, Ks (Ks = Cs

-1), provides
information about the phases and phase transitions of the
monolayer according to the classification of Davies and
Rideal.59 Figure 3 shows the Cs-π curve for the BPEBA
monolayer at the air-water interface together with the
Young modulus.
The surface pressure is zero in the a-b region (Figure 2),

which corresponds to the gas phase (Cs>0.085m/mN).59

The lift-off in the isotherm appears at 1.10 nm2/molecule
(point b in Figure 2), with a monotonous increase of the
surface pressure upon compression. The b-c region in
the isotherm corresponds to a liquid expanded (LE) phase
according to the Young modulus values (see inset of
Figure 3).59 At point c in Figure 2 (0.60 nm2, 12 mN/m),
a change in the slope of the π-A isotherm occurs,
followed by a lower sheer region (c-d). This c-d region
is accompanied by a sharp symmetric peak in the Cs-π
graph, which is indicative of a phase transition, arguably,
a liquid expanded-liquid condensed phase transition
(LE-LC). At e (0.20 nm2, 18.5 mN/m), the surface pres-
sure increases again, accompanied by a drastic increase in
Ks, whose values point out a liquid condensed phase
(LC).59 At 19 mN/m, there is a small plateau (e-f) that
we have assigned to a liquid condensed-solid (LC-S)
transition, which is followed by another sharp increase in
the surface pressure upon compression, probably due to
the fact that the monolayer is entering into the solid
phase. It is noted at this point that ΔV-A isotherms are
well-known to anticipate the phase changes a few ang-
stroms before they are detected in the π-A isotherms,60

Figure 2. Surface pressure and surface potential versus area permolecule
isotherms of BPEBA acid onto a NaOH aqueous subphase (pH 9).

Figure 3. Compressibility coefficient (Cs) plotted as a function of the
surface pressure (π) for the BPEBAmonolayer at the air-water interface.
The inset figure represents the Young modulus isotherm where the
different phases of the monolayer have been indicated.

(57) Haiss, W.; Lackey, D.; Sass, J. K. J. Chem. Phys. 1991, 95(3), 2193.
(58) Gaines, G. L. Insoluble monolayers at liquid-gas interface; Inter-

science Publisers. John Wiley & Sons: New York, 1966.
(59) Davies, J. T.; Rideal, E. K. Interfacial Phenomena; Academic Press:

New York, 1963. (60) Oliveira, O. N., Jr.; Bonardi, C. Langmuir 1997, 13, 5920.

http://pubs.acs.org/action/showImage?doi=10.1021/cm903270d&iName=master.img-001.png&w=191&h=160
http://pubs.acs.org/action/showImage?doi=10.1021/cm903270d&iName=master.img-002.png&w=184&h=165
http://pubs.acs.org/action/showLinks?system=10.1021%2Fla970272o&coi=1%3ACAS%3A528%3ADyaK2sXmsVyrurY%253D
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.460967&coi=1%3ACAS%3A528%3ADyaK3MXmsVSks7s%253D


Article Chem. Mater., Vol. 22, No. 6, 2010 2045

and this is the case as well in the isotherms shown in
Figure 2. The sudden decrease ofΔV values at ca. 0.22 nm2

is especially worthy of note. This decrease in ΔV values
upon compression is consistent with a collapse of the
monolayer, in which the dipole moments are randomly
distributed in a three-dimensional arrangement of BPE-
BA molecules.
Langmuir monolayers were transferred onto solid sub-

strates by the vertical dipping method with the hydro-
philic substrates initially immersed in water. During
the upstroke process, the deposition ratio is close to unity
(≈ 0.99) for all the surface pressures of transference stu-
died. However, during the immersion process, the trans-
ference ratio is close to zero; therefore, the deposition of
BPEBAmolecules is Z-type, resulting in the formation of

noncentrosymmetric LB layers, which could be of interest
at a later date for nonlinear optical applications.
The morphology of the transferred films was evaluated

by atomic force microscopy (AFM). Monolayers of
BPEBA were deposited onto freshly cleaved mica sub-
strates at several surface pressures of transference. Some
representative images and section analysis profiles are
shown in Figure 4.
AFM images of BPEBAacidmonolayers transferred at

15mN/m show a homogeneous surface, in which themica
is wholly covered by the monolayer (lower surface pres-
sures of transference show the presence of holes or
incompletely covered surfaces). This result is indicative
of a high surface coverage even at this relatively low
surface pressure. The film roughness, calculated in terms

Figure 4. 3D views of AFM images (left) and section analysis profile (right) of a one layer LB film of BPEBA transferred onto freshly cleaved mica at the
indicated surface pressures.
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of the root mean squared (rms) is quite low, about 0.10 nm
over areas of 1 μm2. In contrast, monolayers deposited at
a surface pressure of 18 mN/m give much less homoge-
neous films, which are characterized by the presence of
higher irregular domains. The height of these domains is
between 0.8 and 1.2 nm, likely indicating that some
molecules are ejected from the film plane, in agreement
with the data provided by theΔV-A isotherm, giving rise
to multilayer regions. Finally, the films transferred at
22mN/m show a nonhomogeneous and irregular surface,
which is a clear indication of the transference of three-
dimensional structures. From these results, we concluded
that the optimum surface pressure of transference is
around 15 mN/m, for which a real monolayer free of
three-dimensional defects and holes is deposited.
The OPE derivative used in this work lacks the alkyl

chains that are commonly used to stabilize LB films by
promoting strong van der Waals interactions between
neighboringmolecules and opens the question of whether
the films prepared from BPEBA are well-packed. To
address this point and obtain further information about
the quality of the LB films that can be formed from
BPEBA, Langmuir films of BPEBA were transferred
onto gold electrodes initially immersed in the water
subphase. The electrochemical current from a redox
probe molecule in solution (ruthenium hexamide) at the
electrode under controlled applied potential gives an indir-
ect gauge of defect densities in thin films on surfaces.61,62

Figure 5 shows the cyclic voltammogram (CV) obtained
from aqueous solutions containing 1 mM Ru(NH)6Cl3
and 0.1 M KCl, using gold working electrodes modified
by monolayer LB films deposited at 15 mN/m. For
comparison, the electrochemical response of a bare gold
electrode is shown. The peaks corresponding to the
reduction and subsequent oxidation of the redox probe
have significantly reduced their intensity for the LB film

covered surface, which is indicative of passivation of the
electrode and a relatively compact monolayer.
The optical properties of the transferred films offer

additional insight into the molecular arrangement and
degree of order within the film. ALangmuir film of BPEBA
was transferred onto quartz substrates at 15 mN/m, and
the UV-vis absorption spectrum was recorded (Figure 6).
For the purpose of comparison, the UV-vis spectrum of
BPEBA in hexane solution is also plotted.
The spectrum of the LB film shows a main band

centered at 281 nm and a series of partially resolved
absorption bands at 299 and 335 nm, while the solution
spectrum presents a main peak centered at 317 nm with a
shoulder at 336 nm, characteristic of the phenylene-
ethynylene moiety.63 The small features at longer wave-
lengths in the solution spectrum likely arise from dimers
or other aggregates. The blue shift of 36 nm in the film
spectrum with respect to that of the solution is attribu-
table to the formation of two-dimensional H-aggregates.
These aggregates are commonly found in LB films in
which the chromophore has the main dipole transition
moment arranged more or less along the amphiphile
backbone, such as trans-stilbenes,64,65 trans-azobenzenes,66

hemicyanine derivatives,67 squaraines,68 andOPEderiva-
tives.26 It is also noted at this point that LB films of this
compound incorporating an alkyl chain of six carbon
atoms are characterized by a blue shift of 60 nm with
respect to the solution.45 This result indicates that the
presence of alkyl chains has a significant effect on the
optical behavior of the films and the arrangement of this
family of compound in two-dimensional systems.

Figure 5. Cyclic voltammogram (CV) of a single-layer thick LB film of
BPEBA deposited on a gold electrode at 15mN/m surface pressure (solid
line). The LB film deposited on the gold working electrode was immersed
in aqueous solutions of 1mMRu(NH)6Cl3 and 0.1MKCl, andCVswere
recorded. The scan rate was 0.1 V/s at 20 !C, and the initial scan direction
was negative. The surface area of the working electrode was 1 cm2. An
Ag|AgCl| saturated KCl reference electrode was employed, and the
counter electrode was a Pt sheet. The dashed line shows the response of
a bare gold electrode in the same solution.

Figure 6. UV-vis spectrum of a one-layer film of BPEBA transferred at
15 mN/m onto a quartz substrate (solid line) and UV-vis spectrum of
BPEBA solution in hexane (dotted line).
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The 1,4-bis(phenylethynyl)benzene skeleton is highly
fluorescent,63 and excitation and emission fluorescence
spectra from the LBmonolayers of BPEBA are similar in
profile to those of the parent material 1,4-bis(phenyl-
ethynyl)benzene63,69 (Figure 7).
The excitation spectra shown in both cases (solution and

LB film) are considerablybroader and lesswell-defined than
the emission spectra, due to the greater rotational freedom
of the phenylene-ethynylene substructure in the ground
state. In addition, nomirror image relationship between the
excitation and emission spectra is observed due to the
conformational changes that follow excitation. Comparing
the spectra of the LB films with those of the solution, two
main features can be identified. First, the LB absorption
spectra are broader with respect to the solution spectra,
which is likely to arise from the presence of intermolecular
interactionsand2DH-aggregate formation.46 Second, there
is a significant Stokes shift in the LB emission spectra illus-
trating the emission from the aggregate. The low optical
density of these deposited films means that this observed
shift is not due to reabsorpion effects as sometimes observed
in the fluorescence from bulk solid materials.
The similarity of the excitation and emission spectra

of the BPEBA LB films and both BPEBA and the parent
molecule 1,4-bis(phenylethynyl)benzene in solution strongly
suggest that the BPEBA has been deposited on the sub-
strate without chemical modification. To further verify
the chemical nature of the surface adhered molecular
material, we turned to surface-enhanced Raman spectro-
scopy (SERS), which is known to be a useful tool for
structural studies of molecules deposited onto metallic
solid substrates.70-74 The Raman spectrum of BPEBA

(collected from powder samples of the pure solid material
using a Raman microscope) and SERS spectra of both
1-layer and 16-layer LB films deposited on silver mirrors
are depicted in Figure 8.
The Raman spectrum of the solid compound shows

three major vibrational bands centered at 1126, 1597, and
2213 cm-1. The highest wavenumber band is associated
with the localized vibrational motion of the acetylene
groups. The band at 1597 cm-1 is assigned to the sym-
metric stretch of the three aromatic rings along the long
axis of the molecule, and the one at 1126 cm-1 is due to a
symmetric C-H bending mode.75 There are only minor
band shifts and differences in intensity observed in the
SERS spectra, and these are indicative of the differences
in molecular environment between the powder and the
adsorbate which leads to variations in the polarizability
tensor of the depositedmolecules.76When an adsorbate is
chemically bonded to the solid surface, significant changes
are observed between the bulk and SERS spectra char-
acterized by peak shifts of 100 cm-1 or more;74 however,
physisorption results in only small variations in the band
position and relative intensities.77 In the present case, the
small shift to lower wavenumbers in the spectra of the LB
filmswith respect to the pure compound indicates that the
BPEBAmolecules are physisorbed to the silver substrate,
i.e. the interaction between the BPEBA and the substrate
is weak.
The electrical properties of these LB films were inves-

tigated with scanning tunnelling microscopy (STM). For
these STM measurements, BPEBA monolayers were
deposited at 15 mN/m onto Au(111). Current-voltage
(I-V) curves were recorded and averaged from multiple
scans (400 scans) recorded for different substrates and at
different locations on each substrate to ensure the repro-
ducibility of the results. Moreover, before recording I-V
curves, it is necessary to know the tip-substrate distance (s),
in order to position the tip sufficiently above themonolayer

Figure 7. Normalized fluorescence excitation (left, λem = 400 nm) and
emission (right, λex=372 nm) of BPEBA in hexane solution (solid lines)
and in LB films transferred at 15 mN/m (dotted lines).

Figure 8. Raman spectrum of solid BPEBA and SERS spectra of 1-layer
LB film and 16-layer LB film on silver islands.
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and hence to avoid penetration of the STM tip into the
film. To achieve this purpose, a careful calibration of
the tip-to-substrate distance is required. The set-point
parameters of the STM (I0! “set point current” andUt!
“tip bias”) can be converted to an absolute gap separa-
tion (s)78-80 according to the equation:

s ¼ lnðG0U t=I0Þ
d lnðIÞ=ds

ð2Þ

where d ln(I)/ds was typically on the order of 6.65 (
1.28 nm-1 and G0 (G0= 2e2/h=77.4 μS) is the conduc-
tance quantum.
Figure 9 shows I-V curves obtained for a single layer

BPEBA LB film using several set-point parameters (Ut=
0.6 V and I0= 0.1, 0.3, and 0.5 nA) which give different
initial tip-substrate distances according to eq 2 (1.96,
1.80, and 1.72 nm, respectively, with the molecule length
being 1.91 nm according tomolecular models, Chem 3D).
For statistical analysis, a histogram was constructed (for
the set-point parameters Ut=0.6 V and I0=0.3 nA) by
adding all the experimental data from -0.4 to 0.4 V (the
linear region in the I-V curve) for each curve and fitted
by a Gaussian function (inset of Figure 9). In addition,
Figure 9 also shows an I-V curve constructed from single
molecule conductance (SMC) values for BPEBA ob-
tained using the I(s) method at eight different bias voltage
values. A description of the I(s) technique can be found in
the literature;81,82 it has been widely employed to deter-
mine single molecule conductance.79,80 When the set-
point parameters are 0.3 nA and 0.6 V (tip-substrate

distance of 1.80 nm), the I-V curve for the LB film is
practically the same as the one constructed from single
molecule conductance values (Figure 9). Since the curve
using these set-point parameters (0.3 nA and 0.6 V)
coincides with the SMC-curve, it can be concluded that
using these parameters the STM tip probes the conduc-
tance of a single BPEBA molecule embedded in the LB
film. Presumably under these conditions, the STM tip is
located right above the LB film and sufficiently strongly
electronically coupled to a single molecule. Meanwhile,
for 0.5 nA set-point current (s=1.72 nm) the I-V curve
lies above that for a single molecule, so in this case the tip
either probes conductance through more than a single
molecule in the LB film and/or the tip penetrates inside
the monolayer leading to a conductance increase. On the
other hand, for a set-point current of 0.1 nA (s=1.96 nm),
the conductance decrease below the singlemolecule value,
due to an increased gap between the tip and the LB film.
The profile of all the I-V curves is nearly symmetrical

in spite of the inherent asymmetry of the molecule; the
oligomeric moiety has a carboxylic acid group on only
one end of the molecule. Such behavior is anticipated as
the molecule in this case is simply an amphiphilic elec-
tron-donating wire and does not possess the features of
molecules (e.g., donor-acceptor moieties) which have
shown strong rectifying (molecular diode) characteris-
tics.83-86 This nonrectifying behavior reported here has
been previously seen for similar OPE derivatives.47,87,88

The I-V curves for the LB films and those determined
from single molecular conductance measurements are
similar despite the different molecular surroundings in
the two cases; in the LB film, the molecule is packed
together with neighboring BPEBA molecules, while no
such neighbors exist for the SMC determinations. This
indicates that in the STM configuration intermolecular
electron hopping does not significantly enhance the junc-
tion transport characteristics. The presence of neighbor-
ing π systems does not greatly influence the STM
determined molecular conductance in spite of the exis-
tence of intermolecular interactions and aggregate for-
mation (H-aggregates) in the LB films (as has been
demonstrated by UV-visible and fluorescence spectro-
scopy).

Conclusions

A 1,4-bis(phenylethynyl)benzene derivative has been
synthesized and assembled into well-packed monolayer
films on a variety of substrates by means of the Lang-
muir-Blodgett technique. Langmuir films of BPEBA

Figure 9. I-V curves of single layer LB films of BPEBA transferred
ontoAu(111) at 15mN/m using several set-point parameters: 0.1 nA (s=
1.96 nm) (dotted line); 0.3 nA (s=1.80 nm) (solid line); and 0.5 nA (s=
1.72 nm) (dashed line). An I-V curve constructed from single molecule
conductance values obtained using the I(s) method is also shown (blue
squares). The error bars represent the standard deviation. Ut = 0.6 V.
The inset graph shows the conductance histogram built by adding all the
experimental data from-0.4 to 0.4V for each I-V curve obtained atUt=
0.6 V and I0=0.3 nA. The red solid line is the Gaussian fit.
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were prepared at the air-water interface and characteri-
zed by surface pressure and surface potential vs area per
molecule isotherms, which demonstrate that this mole-
cule can form true monolayers at the air-water interface.
The LB film was transferred onto solid substrates with a
Z-type deposition with a transfer ratio close to 1. The
morphology of the deposited films was analyzed by
means of AFM revealing the formation of highly homo-
geneous films free of holes and three-dimensional defects
for surface pressures of 15 mN/m. A hypsochromic shift
of the absorption spectrum of the LB films of 36 nm with
respect to the spectrum of a hexane solution of BPEBA
indicates that two-dimensional H-aggregates are formed.
The fluorescent properties of the thin films were evalu-
ated, with fluorescence spectra showing similar features
to the parent compound.Raman and SERS studies reveal
that the BPEBAmolecules are physisorbed onto a metal-
lic silver surface. Electrical characteristics of the LB films
on gold substrates were determined by positioning a gold
STM tip sufficiently above the monolayer as determined
from calibration of the tip-to-substrate distance. I-V
curves of the LB film were recorded using different set-
point parameters and then compared with I-V curves

constructed from single molecule conductance values
obtained by the I(s) technique. I-V curves are symme-
trical in spite of the asymmetric contacts of the molecule
with respect to the tip and the substrate. These measure-
ments show that BPEBA exhibits nonrectifying mole-
cular wirelike characteristics.
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The unprecedented spectroscopic and structural characterisation
of a series of 17-electron, monometallic diynyl radicals,
[Mo(CRC–CRCR)L2(g-C7H7)]

!+ (L2 = bipy, R = SiMe3;
L2 = dppe, R= SiMe3 or H), are reported; the (L2 = dppe, R=
SiMe3) derivative is reactive to chain-centred Cb–Cb0 dimerisation.

The chemistry of metal diynyl and polyynyl complexes is the
focus of intense current activity, with potential applications
including the construction of one-dimensional molecular wires
and metal containing polymers.1,2 A key feature of many
studies is the use of an electron-rich metal auxiliary to promote
a well-defined redox chemistry3,4 and the success of this
approach in diyndiyl-bridged bimetallics [M–CRC–CRC–M]z+

is well established with an extensive range of redox states
accessible and isolable.5 By contrast, investigations on the
redox chemistry of monometallic diynyl and polyynyl complexes,
important for comparison with the behaviour of all-carbon-
bridged [M–(CRC)n–M]z+ systems, are restricted to theoretical6

or electrochemical3 studies; direct characterisation of radicals of
the type [M–(CRC)n–CRCR]!+7 has been elusive.

Recently we have reported the synthesis of a new series of
electron-rich diynyl complexes [Mo(CRC–CRCR)L2(Z-C7H7)]
(L2 = 2,20-bipyridine (bipy), R = SiMe3, 1; L2 =
Ph2PCH2CH2PPh2 (dppe), R = SiMe3, 2a; R = H, 2b,
Scheme 1) based upon the cycloheptatrienyl molybdenum
auxiliary,8 an extremely effective system in promoting the
stability of 17-electron organometallic radicals.9,10 These new
molybdenum diynyl complexes exhibit thermodynamically
favourable, fully reversible, one-electron oxidation processes
(E1/2 (V), vs. Ag/AgCl, Pt electrode, CH2Cl2/0.1 M
[Bu4

nN][PF6] : FeCp2/[FeCp2]
+ 0.54; (1) "0.12; (2a) "0.04;

(2b) "0.04)8 prompting an investigation of the synthetic redox
chemistry of these systems. We now describe the first spectro-
scopic and structural characterisation of metal-stabilised
diynyl radicals and report a novel reaction type of the
coordinated diynyl ligand involving a Cb-centred, radical–
radical coupling process resulting in the formation of a
branched chain C8 bridge between metal end groups.

Guided by the electrochemical data, a purple, CH2Cl2 solution
of 1 was reacted with [FeCp2][PF6], resulting in a rapid change to
an orange-red solution from which [Mo(CRC–CRCSiMe3)-
(bipy)(Z-C7H7)][PF6], [1][PF6], was obtained in good yield as an
orange-red solid. The isolated material is EPR active and the
isotropic solution spectrum (Fig. 1) reveals spectroscopic
parameters (g = 1.975, A(95,97Mo) = 38, a(14N) = 2.1,
a(1H, C7H7) = 4.6 G) typical of 17-electron radical cations of
the type [MoX(bipy)(Z-C7H7)]

z+.10

The X-ray structure of [1][PF6] (Fig. 2)w confirms the
identity of the product as a unique example of an isolable,
metal-stabilised diynyl radical. Structural and spectroscopic
comparisons of redox pairs are a powerful technique with
which to probe the properties of metal alkynyl complexes4,11

Scheme 1

Fig. 1 X-Band EPR spectrum (as a 2nd derivative) of [1]+ in CH2Cl2
solution at 243 K.

aDepartment of Chemistry, University of Durham, South Road,
Durham, UK DH1 3LE. E-mail: p.j.low@durham.ac.uk

b School of Chemistry, University of Manchester, Manchester,
UK M13 9PL. E-mail: David.Collison@manchester.ac.uk,
Mark.Whiteley@manchester.ac.uk

w Electronic supplementary information (ESI) available: Synthetic
and spectroscopic details. Crystallographic data for [1][PF6] and
[3a][PF6]2. CCDC 755819 and 755820. For ESI and crystallographic
data in CIF or other electronic format see DOI: 10.1039/b924759a
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and a similar approach is applicable to metal diynyl and
polyynyl complexes. The complexes 18 and [1][PF6] represent
the first structurally characterised redox pair of metal diynyl
complexes, but an analysis of redox-induced modifications
in molecular geometry is precluded by the relatively low
precision of the structure of [1][PF6]. However the changes
in the n(CRC) absorptions accompanying one-electron
oxidation of 1 to [1]+ are readily monitored by solution IR
spectroscopy of isolated samples or spectroelectrochemically
(Fig. 3) providing the first data set of this type for metal–
diynyl complexes. Eighteen-electron, metal–diynyl complexes
of general formulation [M(CRC–CRCSiMe3)L2(Z

n-CnHn)]
(L = P- or N-donor ligand) typically exhibit IR active,
n(CRC) absorptions in two regions: 2170–2080 cm!1 and
1950–2000 cm!1; those in the latter region are normally weak.2,8

The one-electron oxidation of 1 to [1]+ results in a small shift in
the positions of all the absorptions to high wavenumbers
[n(CRC) (CH2Cl2) (cm!1): 1 2151m, 2111m, 1991w; [1]+

2158w, 2117w, 1998m] but most noticeably leads to an inver-
sion in the relative intensities of the two regions of the spectrum.

The one-electron oxidation of the green bis(phosphine)
complex [Mo(CRC–CRCSiMe3)(dppe)(Z-C7H7)], 2a,
with 1.2 equivalents of [FeCp2][PF6] in CH2Cl2 gives
an intense purple solution from which the product is
obtained as a deep purple solid. In contrast to the bipyridyl
system, the isolated material is EPR silent. However well
resolved NMR spectra are obtained with the key feature
a triplet resonance at 374.8 ppm (J(P–C) 30 Hz) in the
13C{1H} NMR spectrum, characteristic of a metal vinylidene

complex.12 An X-ray structural studyz identifies the product
as the novel bis(alkynylvinylidene),13 [{Mo(dppe)(Z-C7H7)}2-
{m-CQC(CRCSiMe3)C(CRCSiMe3)QC}][PF6]2, [3a][PF6]2
(Fig. 4) in which the two Mo(dppe)(Z-C7H7) end groups are
attached as metal vinylidenes to a branched chain C8 bridge.
In common with all other examples of vinylidene complexes of
the Mo(dppe)(Z-C7H7) auxiliary,12 the vinylidene adopts a
‘‘vertical’’ orientation with the dihedral angles between the
pseudo mirror plane through the Mo(dppe)(Z-C7H7) units
(Ct–Mo–Ca) and the plane of the vinylidene bridge
(Ca–Cb–Cg) calculated as 4.31 (Mo(1)) and 2.91 (Mo(2)). The
bridging unit is assembled by coupling of the diynyl ligands at
Cb such that the two molybdenum centres are linked by a four
carbon chain C(15)–C(16)–C(17)–C(18) which is twisted out of
coplanarity about C(16)–C(17) with a C(15)–C(16)–C(17)–C(18)
torsion angle of 140.21. This leaves the CgRCdSiMe3 units as
branches at C(16) and C(17) directed anti to the cycloheptatrienyl
ring of the adjacentMo(dppe)(Z-C7H7) unit and these give rise to
the single sharp absorption at 2120 cm!1 observed in the solution
IR spectrum of [3a][PF6]2.
The molecular structure of [3a][PF6]2 is reminiscent of the

divinylidene bridge of the complex [{Mo(dppe)(Z-C7H7)}2-
{m-CQC(Ph)C(Ph)QC}][PF6]2 obtained by Cb dimerisation14

of the isolable alkynyl radical [Mo(CRCPh)(dppe)(Z-C7H7)]
"+

and this suggested that complex [3a][PF6]2 could originate
from a related Cb dimerisation process of an intermediate
diynyl radical, [Mo(CRC–CRCSiMe3)(dppe)(Z-C7H7)]

"+,
[2a]+. The intermediacy of [2a]+ in the formation of [3a]2+ is
supported by two direct spectroscopic observations. First, a
solution of 2a in dichloromethane treated with [FeCp2][PF6]
exhibits a well resolved isotropic EPR spectrum (Fig. 5a) with
spectroscopic parameters (g= 1.996, A(95,97Mo) = 32, a(31P) =
22.8, a(1H, C7H7) = 4.3 G) closely comparable to those of the
17-electron alkynyl radicals [Mo(CRCR)(dppe)-
(Z-C7H7)]

"+.9 Secondly the conversion of 2a to [3a]2+ via
[2a]+ can be followed directly by IR spectroelectrochemistry.
The one-electron oxidation of 2a to [2a]+ effects similar
changes in the n(CRC) region of the IR solution spectrum
to those demonstrated for the isolated redox pair 1/[1]+

[n(CRC) (CH2Cl2) (cm!1); 2a 2153w, 2105sh, 2090m,
2063sh, 1976w; [2a]+ 2151vw, 2110vw, 2095vw, 1970m]
with an increase in the relative intensity of the absorption
band around 1970 cm!1 especially diagnostic of the

Fig. 2 X-Ray structure of [1][PF6]. Selected bond lengths (Å):

Mo–N(1) 2.19(1); Mo–N(2) 2.15(2); Mo(1)–C(8) 2.11(2); C(8)–C(9)

1.24(2); C(9)–C(10) 1.35(2); C(10)–C(11) 1.20(2); C(11)–Si(1) 1.82(2).

Fig. 3 IR spectra collected on oxidation of 1 to [1]+ (n(CRC)

region) in a spectroelectrochemical cell (CH2Cl2/0.1 M [Bu4
nN][PF6]).

Fig. 4 X-Ray structure of [3a][PF6]2 shown in its major conformation

with H atoms, [PF6]
! ions and solvent of crystallisation omitted.

Selected bond lengths (Å): Mo(1)–C(15) 1.916(6); C(15)–C(16)

1.338(7); C(16)–C(17) 1.492(8); C(17)–C(18) 1.346(7); Mo(2)–C(18)

1.918(6); C(16)–C(24) 1.423(8); C(24)–C(25) 1.192(8).
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redox-induced changes. Whilst rapid re-reduction of solutions
containing [2a]+ results in recovery of the spectrum of 2a, over
time electrogenerated [2a]+ converts to [3a]2+ in the
spectroelectrochemical cell.

We note that the radical–radical coupling of [2a]+ at Cb to
yield [3a]2+ contrasts with the [2+2], Cg–Cd coupling
reported7 for one-electron oxidation of [Ru(CRC–CR
CSiMe3)Cl(dppe)2] (which is also accompanied by fission of
the C–SiMe3 bond). The dimerisation of [2a]+ at Cb as
opposed to Cd might be explained by steric protection at Cd

afforded by the bulky SiMe3 substituent or alternatively by a
SOMO with a higher coefficient of unpaired spin density at Cb

than Cd. Attempts to identify the product of one-electron
oxidation of the unprotected diynyl [Mo(CRC–CRCH)-
(dppe)(Z-C7H7)], 2b, have been unproductive but IR data
suggest that an analogue of [3a]2+ is not formed. However
the transient radical [2b]+, generated in situ from 2b and
[FeCp2][PF6], can be observed by EPR spectroscopy at
sub-ambient temperature. The isotropic solution spectrum
(Fig. 5b) (g = 1.996, A(95,97Mo) = 32, a(31P) = 23.0,
a(1H, C7H7) = 4.3, a(1H, C4H) = 1.9 G) clearly exhibits
an additional hyperfine coupling (not observed for [2a]+)
attributable to the terminal H of the diynyl ligand. This
observation indicates a degree of delocalisation of unpaired
spin density along the full length of the diynyl chain and
suggests that the regioselectivity of reaction of [2a]+ is
controlled by a complex balance between steric factors and
unpaired spin density distribution along the carbon chain.

In conclusion, this communication describes the first
examples of structurally and spectroscopically characterised
metal-stabilised diynyl radicals. The identity of the supporting
chelate ligand L2 (bipy vs. dppe) moderates reactivity at the
diynyl ligand facilitating the unprecedented isolation of a
17-electron diynyl radical cation [Mo(CRC–CRCSiMe3)-
(bipy)(Z-C7H7)]

!+, [1]+. In common with analogous metal
alkynyl systems, significant unpaired spin density resides on
the carbon chain ligand of these complexes, manifest from

direct experimental EPR observation and through the
carbon chain-centred, dimerisation of the radical cation
[Mo(CRC–CRCSiMe3)(dppe)(Z-C7H7)]

!+, [2a]+. Further
investigations are in progress on these and extended chain
polyynyl systems to rationalise the role of the supporting
ligand L2 in tuning reactivity and to examine the factors which
control the regiospecificity of the chain-centred, coupling process.
This work was supported by the EPSRC through grants

EP/E025544/1 and EP/E02582X/1.
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In the h3-butadienyl complex Ru{h3-C(CN)2CPhC=C(CN)2}(PPh3)Cp 1, which is formed from
Ru(C≡CPh)(PPh3)2Cp and tcne, a CN group reacts with MeO- to give the methoxy-amide
Ru{NH=C(OMe)C(CN)=CCPh=C(CN)2}(PPh3)Cp 2, in which the NH has displaced the C=C from
the Ru centre with formation of a RuC3N ring. “Click addition” of azide to a CN group in 1 gives the
oligomeric tetrazolato complex Ru{N3N[Na(OEt2)]=CC(CN)=CCPh=C(CN)2}(PPh3)Cp 3, also
containing a RuC3N ring. Salt-elimination reactions of 3 with MeOTf, FeCl(dppe)Cp, RuCl(dppe)Cp*
and trans-PtCl2{P(tol)3}2 result in selective substitution at one nitrogen atom of the RuC3N ring.
Geometries of 1 and the anion in 3 were computed by DFT methods. Preferences for CN groups
attacked in the nucleophilic and cycloaddition reactions of 1 are supported by NBO calculations.
Alkylation of 1 in reactions with 1,2-dimethoxyethane gave two isomers of Ru{N3[CH(CH2OMe)-
(OMe)]N=CC(CN)=CCPh=C(CN)2}(PPh3)Cp 8 and 9, differing in the sites of attachment of the alkyl
group, likely by radical processes. The molecular structures of eight complexes are reported, including a
re-determination of 1. Computed NMR chemical shifts are used to reassign the butadienyl carbon
resonances in the 13C NMR spectrum of 1.

Introduction

After the initial report of the addition of the electron-poor olefin
tetracyanoethene, C2(CN)4 (tcne), to alkynyl-iron complexes,1

extensive studies with other transition metal alkynyl complexes
showed that this reaction proceeds via an initial intensely-coloured
radical species (presently structurally unidentified) to form the
[2 + 2]-cycloadduct A, which then undergoes a more or less
rapid ring-opening reaction to form an h1-butadienyl complex B
(Scheme 1).2-10 If weakly bonded ligands are present on the metal
centre, then displacement of one of these and chelation to give
an h3-butadienyl C may occur.2,3,8,9,11-14 This type of reaction also
occurs with related cyanoethenes such as (CF3)2C=C(CN)2,15,16

CH(CO2Me)=C(CO2Me)CN17 and PhCH=C(CN)2.18,19 As far as
we are aware, the only reactions which have been reported for
ruthenium complexes of type C are the addition of a ligand L¢ to
give the h1-butadienyl D.3,11,19

However, serendipitous hydrolysis or methanolysis of one
of the CN groups has also been found to occur with the
related complexes W{C(CY=CX2)=C(CN)2}(CO)3Cp (X =
CF3, Y = Ph or X = CN, Y = Fc) of type B
to give the five-membered metallacyclic complexes of type
W{NH=C(OR)C(CN)=C(CY=CX2)}(CO)2Cp (R = H or
Me; Scheme 2).7,15 Similar cyclic complexes M{NH=C(OH)-
C(CN)=CH}(CO)2Cp (M = Mo, W) have been obtained from
hydrolysis of M{CCl=C(CN)2}(CO)3Cp.20

aSchool of Chemistry & Physics, University of Adelaide, Adelaide, South
Australia, 5005. E-mail: michael.bruce@adelaide,edu.au; Fax: + 61 8 8303
4358
bDepartment of Chemistry, Durham University, South Road, Durham, UK
DH1 3LE
cChemistry M313, School of Biomedical, Biomolecular and Chemical
Sciences, University of Western Australia, Crawley, Western Australia, 6009
† CCDC reference numbers 730741–730749. For crystallographic data in
CIF or other electronic format see DOI: 10.1039/b921324d

The reaction between tcne and Ru(C≡CPh)(PPh3)2Cp affords
directly the h3-butadienyl 1 (complex C in Scheme 1) in high
yield (Scheme 3).11 In this paper we describe an investigation into
some chemistry of 1 with a view to discover further examples of
cyclic complexes. We have re-determined the structure of 1 using
a polymorph which does not exhibit the disorder found initially
and have carried out DFT studies on complex 1 and some of its
reaction products.

Results

The extensive chemistry of tcne includes many examples of the
characteristic nucleophilic displacement of one or two CN groups
by alcohols, thiols, amines and similar reagents.21-23 Consequently,
our first foray into the chemistry of 1 involved a study of its reaction
with sodium methoxide. The reaction between 1 and NaOMe, car-
ried out in a MeOH–thf mixture, resulted in a slow colour change
from yellow to red-brown over a period of 48 h at r.t. Conventional
work-up afforded dark red crystals of the cyclic amido derivative
Ru{NHC(OMe)C(CN)=CCPh=C(CN)2}(PPh3)Cp 2 (Scheme 3)
in 72% yield. This compound was characterised by a single-crystal
X-ray structural determination while the elemental microanalysis
and spectroscopic properties were in accord with the solid-state
structure.

The IR spectrum of 2 contained n(CN) bands at 2203 and
2226 cm-1, accompanied by several weak to medium intensity
absorptions between 1520 and 1733 cm-1. The 1H NMR spectrum
contained resonances at d 3.62 (OMe), 4.46 (Cp), 6.53 (NH)
and between 6.67 and 7.53 (Ph), while the 31P NMR spectrum
contains a singlet at d 46.9. The extremely low solubility of 2
rendered attempts to obtain the 13C NMR spectrum fruitless. In the
electrospray mass spectrum (ES-MS) from a solution containing
NaOMe, an ion at m/z 713 is assigned to [M + Na]+.

This journal is © The Royal Society of Chemistry 2010 Dalton Trans., 2010, 39, 3759–3770 | 3759
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Scheme 1 The reaction of tcne with an alkynyl metal complex to afford a [2 + 2]-cycloadduct, and subsequent transformations.

Scheme 2 The hydrolysis and methanolysis of a CN group in W
complexes of type B.

The “click” reaction24,25 between 1 and NaN3 was carried
out in refluxing 1,2-dimethoxyethane (dme) for 24 h, a dark
red-purple colour developing over this period. Preparative t.l.c.
enabled the separation of the bicyclic tetrazolate as the sodium
salt Ru{N3N[Na(OEt2)]=CC(CN)=CCPh=C(CN)2}(PPh3)Cp 3
in 88% yield. Spectroscopic data are consistent with the solid-
state structure, with n(CN) bands at 2194 and 2220 cm-1 in the
IR spectrum, and resonances for the Cp [dH 4.33, dC 79.8 (d,
J(CP) = 2 Hz)] and Ph groups (dH 7.09–7.50, dC 127.9–134.0)
being accompanied by signals for the coordinated Et2O. The CN
groups gave three resonances (dC 115.6–116.7) and various signals
found at dC 72.3, 100.1, 168.3, 188.5 and 221.0 [d, J(CP) = 11 Hz]

were assigned to the five C(1–5) atoms in the bicyclic ligand. In
the ES-MS, ions at m/z 724 and 746 correspond to [anion +
(H + Na)]+ and [anion + 2Na]+, respectively, where the anion
is [Ru{N4CC(CN)CCPhC(CN)2}(PPh3)Cp]-. In the negative-ion
mode, the ion at m/z 700 corresponds to [M - Na(OEt2)]-.

A minor product from the reaction affording 3 was
crystallographically identified as the binuclear complex Ru{N2N-
[Ru(PPh3)2Cp]N=CC(CN)=CCPh=C(CN)2}(PPh3)Cp 4, in
which the Na(OEt2) fragment has been replaced by Ru(PPh3)2Cp.
This reaction requires migration of PPh3 from part of the reactant,
but the reaction between 3 and RuCl(PPh3)2Cp afforded this
complex in 91% yield, demonstrating that 3 could be a source
of binuclear systems containing the tetrazolate bridging group.
Accordingly, similar reactions between 3 and FeCl(dppe)Cp and
trans-PtCl2{P(tol)3}2 afforded the heterometallic compounds Ru-
{N2N[Fe(dppe)Cp]N=CC(CN)=CCPh=C(CN)2}(PPh3)Cp 5
(76%) and Ru{N3N[cis-PtCl{P(tol)3}2]=CC(CN)=CCPh=
C(CN)2}(PPh3)Cp 6 (74%) respectively. Both were characterised
by single-crystal X-ray structure determinations and elemental
microanalyses. In the IR spectra, there are two n(CN) bands
between 2198 and 2222 cm-1, while the 1H and 31P NMR spectra
contain resonances arising from the Cp and tertiary phosphine

Scheme 3 The formation of 1 and subsequent reactions.
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ligands. 195Pt satellites were present on the P(tol)3 signals at dP

3.98 and 14.3 [J(PP) = 19 Hz, J(PPt) = 3322 Hz], consistent
with the cis stereochemistry. Again, for solubility reasons, a 13C
NMR spectrum could be obtained only for 6 and, in addition to
resonances for the Me (d 21.4), Cp (d 79.8) and aromatic carbons
(d 125.9–135.2) three CN signals (d 114.4, 114.9, 116.3) and
three carbons of the tetrazolate ligand (d 71.6, 97.2, 185.9) were
present. The ES-MS contained [M + H + Na]+ (for 4) or [M +
Na]+ (for 5 and 6) ion clusters.

Treatment of 3 with MeOTf afforded red Ru{N3NMe=CC-
(CN)=CCPh=C(CN)2}(PPh3)Cp 7, for which the presence of the
NMe group was indicated by a 1H NMR signal at dH 3.89. In
the ES-MS, major ions include [2M + Na]+ and [M + Na]+

at m/z 1453 and 738, respectively. The molecular structure was
confirmed by a single-crystal X-ray structure determination. A
related complex was obtained serendipitously from the reaction
between 3 and cis-RuCl2(dppe)2 carried out in dme. The red-
brown product was not the expected diruthenium derivative,
but identified by an X-ray diffraction study as being formed
by alkylation of the N(5) atom by the solvent dme, namely
Ru{N2N[CH(CH2OMe)(OMe)]N=CC(CN)=CCPh=C(CN)2}-
(PPh3)Cp 8. Identification of this complex was also confirmed by
the ES-MS, which contains [2M + Na]+, [M + Na]+ and M+ ions
at m/z 1603, 812 and 790, respectively. In a separate experiment
it was established that prolonged heating of 3 in dme at reflux
point, in the absence of any other reagents, resulted in formation
of 8 (21%) together with its isomer 9 (12%), the latter also being
identified by a single-crystal X-ray structure determination. We
did not find any evidence for a tautomeric equilibrium between
these two compounds.

Molecular structures

The structures of all complexes 1–9 have been determined by crys-
tallographic methods, single molecules of each being illustrated in
Fig. 1–8, significant structural parameters for all new complexes
being collected in the caption to Fig. 1 (for 1) and in Table 1 (2–9).

Fig. 1 Plot of a molecule of Ru{h3-C(CN)2CPhC=C(CN)2}(PPh3)Cp
1. Bond lengths: Ru(1)–P(1) 2.3734(8), Ru(1)–C(cp) 2.203–2.264(3), av.
2.224, Ru(1)–C(1) 2.182(3), Ru(1)–C(2) 2.130(3), Ru(1)–C(3) 1.979(3),
C(1)–C(2) 1.469(4), C(2)–C(3) 1.426(5), C(3)–C(4) 1.354(5) Å. Bond
angles: P(1)–Ru(1)–C(1,2) 93.99(9), 115.29(9), P(1)–Ru(1)–C(3) 95.16(9),
C(1)–Ru(1)–C(3) 71.4(1), C(1)–C(2)–C(3) 114.4(3), C(2)–C(3)–C(4)
134.8(3)◦.

Fig. 2 Plot of a molecule of Ru{NHC(OMe)C(CN)=CCPh=C(CN)2}-
(PPh3)Cp 2.

Fig. 3 Plot of a fragment of the polymeric structure of Ru{N3N-
[Na(OEt2)]=CC(CN)=CCPh=C(CN)2}(PPh3)Cp 3.

The molecular structure of complex Ru{h3-C(CN)2CPhC=C-
(CN)2}(PPh3)Cp 1 was reported in our first communication.11

Some disorder was present in the crystal, resulting in less than
precise bond parameters being determined, of which the most
interesting is the interaction between C(3) and the Ru centre.
The Ru–C(3) distance [1.919(5) Å] was found to be shorter than
the other two Ru–C separations [2.231, 2.135(4) Å], suggesting
some degree of multiple-bond character. The present structure
determination of 1 (Fig. 1), from a crystal obtained from MeCN–
Et2O, refined satisfactorily with no signs of anisotropy in C(3)
and has yielded bond parameters (see caption to Fig. 1) which are
more precise that those obtained in the earlier determination. In
particular, the coordination of the Ru centre by the cyanocarbon

This journal is © The Royal Society of Chemistry 2010 Dalton Trans., 2010, 39, 3759–3770 | 3761
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Table 1 Selected structural data for complexes 2–9

Complex 2 3 4 5 6 7 8 9

Bond distances/Å
Ru(1)–P(1) 2.3152(3) 2.2965(8) 2.3127(6) 2.301(2) 2.306(2) 2.3262(6) 2.3242(5) 2.3211(5)
Ru(1)–C(cp) 2.189–2.245(1) 2.191–2.224(4) 2.176–2.231(2) 2.155–2.185(12) 2.184–2.227(9) 2.208–2.239(2) 2.194–2.226(2) 2.195–2.247(2)
(av.) 2.215 2.208 2.200 2.170 2.207 2.221 2.210 2.218
Ru(1)–C(3) 2.043(1) 2.047(3) 2.050(2) 2.055(9) 2.038(7) 2.035(2) 2.052(2) 2.033(2)
Ru(1)–N(52) 2.106(1) 2.076(3) 2.095(2) 2.057(8) 2.059(7) 2.082(2) 2.057(2) 2.057(2)
C(1)–C(2) 1.370(2) 1.379(5) 1.364(3) 1.39(1) 1.36(1) 1.361(2) 1.364(3) 1.362(3)
C(2)–C(3) 1.457(2) 1.464(4) 1.462(3) 1.46(1) 1.48(1) 1.470(3) 1.466(3) 1.463(3)
C(3)–C(4) 1.377(2) 1.369(5) 1.366(3) 1.36(1) 1.36(1) 1.376(3) 1.370(3) 1.392(2)
C(4)–C(51) 1.441(2) 1.442(4) 1.450(3) 1.43(1) 1.44(1) 1.436(3) 1.436(3) 1.437(2)
C(51)–N(52) 1.295(2) 1.348(4) 1.345(2) 1.35(1) 1.352(9) 1.335(3) 1.364(3) 1.337(2)
C(51)–N(55) 1.331(4) 1.330(3) 1.33(1) 1.32(1) 1.341(3) 1.320(3) 1.348(2)
N(52)–N(53) 1.346(4) 1.341(2) 1.33(1) 1.351(9) 1.363(2) 1.326(2) 1.366(2)
N(53)–N(54) 1.309(4) 1.330(2) 1.33(1) 1.323(9) 1.300(3) 1.318(3) 1.290(2)
N(54)–N(55) 1.365(4) 1.350(2) 1.37(1) 1.347(8) 1.360(3) 1.336(3) 1.366(2)
C(1)–C(11,12) 1.439, 1.432(2) 1.441, 1.431(5) 1.445, 1.447(3) 1.43, 1.42(2) 1.47, 1.45(1) 1.448, 1.441(3) 1.443, 1.439(3) 1.445, 1.435(3)
C(2)–C(21) 1.486(2) 1.482(5) 1.483(3) 1.49(2) 1.48(1) 1.491(3) 1.485(3) 1.485(3)
C(4)–C(41) 1.432(2) 1.435(5) 1.432(3) 1.42(2) 1.46(1) 1.437(3) 1.437(3) 1.431(3)
Bond angles/◦

P(1)–Ru(1)–C(3) 97.98(3) 95.49(9) 97.71(6) 96.7(3) 95.9(2) 94.87(6) 97.85(5) 94.87(5)
P(1)–Ru(1)–N(52) 91.28(3) 90.84(8) 86.98(5) 90.1(2) 80.9(2) 86.78(5) 87.74(5) 89.73(5)
C(3)–Ru(1)–N(52) 76.82(4) 75.8(1) 76.41(7) 75.7(3) 76.2(3) 76.27(8) 76.52(7) 76.48(7)
Ru(1)–C(3)–C(2) 124.75(8) 122.5(2) 121.6(2) 119.2(7) 121.2(6) 122.6(2) 120.7(1) 121.5(1)
Ru(1)–C(3)–C(4) 116.08(8) 118.1(2) 118.4(2) 118.4(7) 118.7(6) 118.6(2) 118.0(1) 118.0(1)
Ru(1)–N(52)–C(51) 116.74(8) 118.1(2) 116.6(1) 117.9(7) 117.5(5) 116.7(2) 117.7(1) 117.5(1)
Ru(1)–N(52)–N(53) 135.9(2) 136.4(1) 135.8(6) 135.7(5) 136.1(2) 135.0(1) 134.8(1)
C(1)–C(2)–C(3) 119.0(1) 116.7(3) 120.6(2) 119.4(1) 121.2(8) 120.8(2) 121.2(2) 119.2(2)
C(2)–C(3)–C(4) 118.8(1) 118.8(3) 119.4(2) 122.1(9) 119.5(7) 118.6(2) 120.7(2) 119.7(2)
C(3)–C(4)–C(51) 114.8(1) 113.8(3) 113.3(2) 113.4(9) 112.8(7) 112.4(2) 113.6(2) 112.0(2)
C(4)–C(51)–N(52) 115.6(1) 113.5(3) 115.2(2) 114.5(9) 114.5(7) 115.8(2) 114.2(2) 115.3(2)
C(4)–C(51)–N(55) 133.0(2) 133.6(9) 136.9(7) 136.7(2) 134.2(2) 137.6(2)
C(51)–N(52)–N(53) 105.9(3) 106.9(2) 105.7(8) 106.8(6) 107.0(2) 107.3(2) 107.6(2)
C(51)–N(55)–N(54) 104.0(3) 103.0(2) 104.1(7) 107.9(6) 108.6(2) 108.3(2)
N(52)–N(53)–N(54) 108.2(3) 106.0(2) 108.8(8) 108.3(6) 109.8(2) 104.4(2) 109.45(2)
N(53)–N(54)–N(55) 110.7(3) 112.4(2) 109.7(8) 108.3(6) 107.0(2) 115.2(2) 107.6(2)
N(52)–C(51)–N(55) 111.3(3) 111.7(2) 111.7(9) 108.5(7) 107.6(2) 111.5(2) 107.0(2)

For 2: C(51)–O(5) 1.336(1), C(5)–O(5) 1.433(2) Å; C(4)–C(51)–O(5) 115.9(1), C(5)–O(5)–C(51) 118.5(1)◦. For 3: Na(1)–N(41¢) 2.403(3), Na(1)–N(53¢¢)
2.427(3), Na(1)–N(54¢¢) 2.585(3), Na(1)–N(55) 2.367(3), Na(1)–O(03) 2.438(4) Å; N(41¢)–Na(1)–N(53¢¢) 108.6(1), N(41¢)–N(1)–N(54¢¢) 134.7(1), N(41¢)–
Na(1)–N(55) 94.2(1), N(41¢)–Na(1)–O(03) 98.1(1), N(53¢¢)–Na(1)–N(54¢¢) 30.07(9), N(53¢¢)–Na(1)–N(55) 137.7(1), N(53¢¢)–Na(1)–O(03) 102.1(1), N(54¢¢)–
Na(1)–N(55) 111.4(1), N(54¢¢)–Na(1)–O(03) 106.9(1), N(55)–Na(1)–O(03) 109.5(1)◦, where ¢ and ¢¢ refer to the atoms at -x, 1/2 + y, 1/2 - z and -x, y - 1/2,
1/2 - z, respectively. For 4: Ru(2)–P(2,3) 2.3393(6), 2.3228(6), Ru(2)–C(cp) 2.216–2.231(2), (av.) 2.220, Ru(2)–N(54) 2.085(2) Å; P(2)–Ru(2)–P(3) 99.63(2),
P(2,3)–Ru(2)–N(54) 92.33(5), 88.35(5), Ru(2)–N(54)–N(53, 55) 121.7(1), 125.9(1)◦. For 5: Fe(2)–P(2,3) 2.220(4), 2.187(3), Fe(2)–C(cp) 2.06–2.11(1), (av.)
2.08, Fe(2)–N(54) 2.008(9) Å; P(2)–Fe(2)–P(3) 83.6(1), P(2, 3)–Fe(2)–N(54) 92.2(2), 95.1(3), Fe(2)–N(54)–N(53, 55) 124.0(7), 125.2(6)◦. For 6: Pt(1)–Cl(1)
2.336(2), Pt(1)–N(55) 2.058(6), Pt(1)–P(2, 3) 2.254(2), 2.268(2) Å; Cl(1)–Pt(1)–N(55) 87.3(2), Cl(1)–Pt(1)–P(2, 3) 86.61(7), 175.68(8), N(55)–Pt(1)–P(2,
3) 89.9(2), 172.5(2), P(2)–Pt(1)–P(3) 96.47(7), Pt(1)–N(55)–C(51) 133.3(5), Pt(1)–N(55)–N(54) 118.2(5)◦. For 7: N(55)–C(55) 1.465(3) Å; C(51)–N(55)–
C(55) 130.6(2), C(51)–N(55)–N(54) 108.6(2), C(55)–N(55)–N(54) 120.8(2)◦. For 8: C(03)–N(54) 1.503(3), C(03)–O(02) 1.326(4), C(03)–C(04) 1.532(4),
C(01)–O(02) 1.429(5), C(04)–O(05) 1.377(3), C(06)–O(05) 1.439(4) Å; C(03)–N(54)–N(53, 55) 121.4(2), 122.1(2), N(54)–C(03)–O(02) 111.3(3), N(54)–
C(03)–C(04) 109.8(2), C(01)–O(02)–C(03) 115.1(3), C(03)–C(04)–O(05) 107.0(2), C(04)–O(05)–C(06) 112.1(2), N(52)–C(51)–C(4) 114.2(2), O(02)–C(03)–
C(04) 112.9(2)◦. For 9: C(03)–N(55) 1.481(2), C(03)–O(02) 1.383(3), C(03)–C(04) 1.539(3), C(01)–O(02) 1.432(3), C(04)–O(05) 1.425(3), C(06)–O(05)
1.417(3) Å; C(03)–N(55)–N(54) 119.3(2), N(55)–C(03)–O(02) 111.7(2), N(55)–C(03)–C(04) 107.4(2), C(01)–O(02)–C(03) 113.4(2), C(03)–C(04)–O(05)
107.3(2), C(04)–O(05)–C(06) 114.6(2), N(52)–C(51)–C(4) 115.2(2), O(02)–C(03)–C(04) 109.1(2)◦.

ligand is more accurately determined. The presently determined
values for Ru–C(1, 2, 3) are 2.182(3), 2.130(3), 1.979(3) Å,
respectively. These values are similar to those reported for the
Cp* analogue of 1.13 Along the C4 chain, C–C separations
are 1.469(4), 1.426(5) and 1.354(5) Å for C(1)–C(2), C(2)–C(3)
and C(3)–C(4) bonds, respectively. The C(1)–C(2) and C(2)–C(3)
separations [1.469(4), 1.426(5) Å, respectively] are consistent with
an allylic group coordinated to a metal. The C(3)–C(4) separation
[1.354(5) Å] resembles those found for other cyano-olefins. The
Ru–P(1) [2.3734(8) Å] and Ru–C(cp) distances [2.203–2.264(3), av.
2.224 Å] fall within the usual ranges found for related Ru(PPh3)Cp
complexes.

Common features of the structures of 2–9 include the
Ru(PPh3)Cp group chelated by a C3N fragment which carries
the 1,1-dicyano-2-phenylvinyl substituent on C(3) that forms part
of the h3-dienyl ligand present in 1, now displaced by N(5)
of the new ligand. The ruthenium atom is pseudo-octahedrally
coordinated by the Cp [Ru–C(cp) (av.) 2.17–2.22 Å] and PPh3

ligands [Ru–P 2.2965(8)–2.3262(6) Å] and C(3) and N(5) of the
chelating ligand [Ru–C(3) 2.033(2)–2.055(9), Ru–N(52) 2.057(2)–
2.106(1) Å]. Around the RuC3N ring, C(3)–C(4) and C(4)–C(51)
[1.36(1)–1.392(2), 1.43(1)–1.450(3) Å, respectively] are consistent
with their being C=C double and C–C single bonds, while in 3–
8 C(51)–N(52) [1.345(2)–1.364(3) Å] has double bond character.

3762 | Dalton Trans., 2010, 39, 3759–3770 This journal is © The Royal Society of Chemistry 2010
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Fig. 4 Plot of a molecule of Ru{N2N[Ru(PPh3)2Cp]N=CC(CN)=
CCPh=C(CN)2}(PPh3)Cp 4.

Fig. 5 Plot of a molecule of Ru{N2N[Fe(dppe)Cp]N=CC(CN)=
CCPh=C(CN)2}(PPh3)Cp 5.

Within the CPh=C(CN)2 fragment, there are no unusual features
requiring comment, while the OMe substituent in 2 [C(51)–O(51)
1.433(2) Å] is also conventional.

Cycloaddition of azide to CN(5) in 1 has given the tetrazolato
group in 3–9 which comprises atoms C(51)N(52–55), attached
to Ru by N(52) [2.057(2)–2.095(2) Å]. Around the ring, C(51)–
N(55) ranges between 1.320(3) and 1.348(2) Å, while the N–N
distances range between 1.290(2) and 1.366(2) Å. Shorter N(53)–
N(54) distances are found for 3, 7 and 8 [1.300(3)–1.318(3) Å].
In 3, the [Na(OEt2)]+ cation is attached to the complex anion
via coordination to N(55) and also to N(53, 54) and N(41)
from two other anions related by crystallographic 21 screw axes.
The separation N(53)–N(54) [1.309(4) Å] corresponds to an
N=N double bond, so that the Na–N=N interaction is properly
described as a p bond, similar to those found in related pyrazolate
salts containing Group 11 or 12 metal cations.26,27

Replacement of the Na(OEt2) cation by transition metal frag-
ments Ru(PPh3)2Cp (in 4), Fe(dppe)Cp (in 5) or cis-PtCl{P(tol)3}2

(in 6) results in the Group 8 metals being attached to N(54) [Ru–
N(54) 2.085(2), Fe–N(54) 2.008(9) Å] while Pt is bonded to N(55)
[2.058(6) Å]. The usual pseudo-octahedral geometries are found

Fig. 6 Plot of a molecule of Ru{N3N[PtCl{P(tol)3}2-cis]=CC(CN)=
CCPh=C(CN)2}(PPh3)Cp 6.

Fig. 7 Plot of a molecule of Ru{N3NMe=CC(CN)=CCPh=C(CN)2}-
(PPh3)Cp 7.

for the Fe and Ru fragments, while the Pt centre is distorted
square-planar [P(2)–Pt–P(3) 96.47(7)◦, other angles at Pt 86.61(7)–
89.8(2)◦], with the larger angle at Pt caused by steric repulsion
between the two large mutually cis P(tol)3 ligands.

Similar disparity in sites of attachment is found for 7–9, where
the Me group in 7 is bonded to N(55), whereas the dme-derived
groups in 8 and 9 are attached to N(54) and N(55), respectively. The
C–C, C–O and C–N bond parameters have no unusual features,
the different sites of attachment resulting in localisation of the
C=N and N=N double bonds.

Computations

Molecular structures determined for several transition metal
complexes containing the h3-tetracyanobutadienyl ligand such as
1 all show that the M–C(3) bond is substantially shorter than the

This journal is © The Royal Society of Chemistry 2010 Dalton Trans., 2010, 39, 3759–3770 | 3763

Pu
bl

ish
ed

 o
n 

11
 M

ar
ch

 2
01

0.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f W
es

te
rn

 A
us

tra
lia

 o
n 

04
/1

0/
20

17
 0

7:
13

:3
3.

 
View Article Online

http://dx.doi.org/10.1039/b921324d


Fig. 8 Plots of molecules of Ru{N2N[CH(CH2OMe)(OMe)]N=CC-
(CN)=CCPh=C(CN)2}(PPh3)Cp 8 (lower) and Ru{N3N[CH(CH2OMe)-
(OMe)]=CC(CN)=CCPh=C(CN)2}(PPh3)Cp 9 (upper).

M–C(2) and M–C(1) bonds whereas the C(1)–C(2) and C(2)–C(3)
bonds are nearly equivalent.2,6,9,12-14 These characteristics are also
evident in experimental structures of related h3-cyanobutadienyl
ligands.16,17,19 Indeed, crystallographically determined structures
of complexes with h3-butadienyl ligands generally show a trend
for the M–C(3) bond to be shorter than the M–C(2) and M–C(1)
bonds. This contraction becomes quite obvious in cases where
strong electron-withdrawing groups such as CN and CF3 are
present at C(4) and is accompanied by elongation of the C(3)–
C(4) bond.28 This pattern of bond lengths is often interpreted as
evidence for contribution to the structure of these compounds
from a zwitterionic form E (Scheme 1),9,13,16,29-32 noting that the
orientation of the substituents at C(4) rules out p-conjugation
between C(4) and the allyl p-orbitals.29,32

In order to understand the bonding and reactivity patterns
in complexes containing the h3-cyanobutadienyl ligand, Wiberg

bond orders and natural charges have been computed on the X-
ray geometry of 1 and these are summarised in Fig. 9. Good
quality data for the X-ray geometry of an h3-allyl complex
Ru{h3-CH2CMeCHC(O)Me}(PPh3)Cp* 10 are also included for
comparison.33 Most notably, the nucleophilic attack at the carbon
atom C(5) in 1 by the methoxide anion is consistent with the
highest positive charge of 0.29 calculated on C(5) of the butadienyl
ligand. The azide anion appears to attack selectively one of four
CN groups present in 1 to form the anion found in 3. It is likely
that the most polar CN group, at CN(5), as shown by calculated
charges, is preferred for the dipolar [3 + 2] cycloaddition process.

The bond order of 0.68 for Ru–C(3) in the h3-butadienyl
complex 1 is almost double that found in the h3-allyl complex
10 (0.36) although the charges at Ru are comparable (1, +0.49;
10, +0.45). The C(3)–C(4) bond order of 1.57 in 1 is somewhat
less than expected for a double bond and the substantial negative
charge of -0.34 at C(4) supports the description of complexes
containing the h3-tetracyanobutadienyl ligand as intermediate
between C and the zwitterion geometry E (Scheme 1). Natural
bond orbital (NBO) analysis of the orbitals involved in the
bonding of 1 reveals that both the sp2 and p orbitals at C(3)
(19% s, 81% p) are involved in the Ru–C(3) bond, whereas only
the p-orbitals of C(1)=C(2) (5% s, 95% p) contribute to the Ru–
C(1) and Ru–C(2) bonds respectively.

The Ru–C(3) bond length depends on the substituents at
C(4). For example, the contraction of the Ru–C(3) bond length
relative to the Ru–C(1) and Ru–C(2) bonds is not so obvious in
structures of ruthenium h3-butadienyl complexes with less strongly
electron-withdrawing groups.30,34,35 Since ruthenium complexes
with electron-donating substituents at C(4) are not known exper-
imentally, the DFT-optimised geometry of the model compound
11 derived from compound 1 by substitution of the CN moieties
at C(4) by methyl groups was calculated. The Ru–C(3) bond in
11 is elongated by 0.1 Å compared to 1, with little change in the
Ru–C(1) and Ru–C(2) bond lengths. Nevertheless, the Ru–C(3)
bond is still shorter than the other two Ru–C bonds by 0.05–
0.10 Å. Natural bond order (NBO) analysis of the orbitals in the
bonding of 11 reveals very similar compositions to those of the
analogous orbitals in 1. It therefore appears that the “short” M–
C(3) bond length is a general feature for all neutral transition
metal h3-butadienyl complexes.29,31,32,36

Whilst the charges on the metal for the optimised geometries of
1 and 11 are essentially identical (+0.49 and +0.47, respectively),
greater variation is found in the charges on the C(3) and C(4) atoms
(Fig. 9). The changes in calculated bond order in 1 compared to
11 are chemically sensible and clearly support the notion that
the electron-withdrawing groups at C(4) stabilise the zwitterionic
form E.

Molecular orbital (MO) calculations on 1 showed the LUMO to
be mainly on the metal-h3-tetracyanobutadienyl moiety whereas
the HOMO is located on the metal and the Cp ring (Fig. 10,
Table 2). MO calculations on the optimised geometry of 11 reveal
similar frontier orbitals but the HOMO and LUMO energies are
0.74 and 0.97 eV higher in energy when compared to 1. Computed
MO data obtained from the h3-allyl complex 10 show the HOMO
to be similar to those found for 1 and 11 but the LUMO is
located on the PPh3 moiety rather than on the h3-allyl ligand. The
low LUMO and HOMO energies in 1 are in agreement with the
oxidation and reduction waves observed elsewhere for derivatives
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Table 2 Molecular orbital energies and compositions for 1, 10 and 11

1 eV Ru Cp PPh3 C(1) C(2) C(3) (CN)2 Ph C(CN)2

169 L + 1 -1.88 44 25 21 0 1 0 3 2 2
168 LUMO -2.43 22 8 3 17 14 13 7 8 8
167 HOMO -6.29 44 22 6 5 0 3 9 0 10
166 H - 1 -6.38 20 13 16 20 5 2 1 22 1

10 eV Ru Cp* PPh3 C(1) C(2) C(3) H2 Me CO2MeH

157 L + 1 -0.45 10 5 79 1 0 1 0 0 4
156 LUMO -0.64 3 3 94 0 0 0 0 0 0
155 HOMO -4.65 43 27 9 6 0 9 0 0 5
154 H - 1 -4.95 80 8 2 2 3 1 0 0 4

11 eV Ru Cp PPh3 C(1) C(2) C(3) (CN)2 Ph CMe2

165 L + 1 -1.30 39 21 32 1 1 0 2 3 0
164 LUMO -1.46 27 10 4 9 15 1 11 17 4
163 HOMO -5.55 46 14 7 7 0 7 6 0 12
162 H - 1 -5.71 27 15 8 4 3 10 3 12 18

Fig. 9 Wiberg bond indices (italics) and natural charges (square brackets) for 1, 10 and 11.

Fig. 10 Frontier orbitals for 1. Contour values are plotted at ±0.04
(e/bohr3)1/2.

related to 1.6 The reductions of 1 and related derivatives are likely
to take place at the metal-h3-tetracyanobutadienyl moieties.

The anion in 3 was shown to react with electrophiles to form
compounds with substituents at one of two nitrogen atoms of the
tetrazolato ring, N(4) or N(5). Comparison between the optimised
and experimental geometries for the anion in 3 reveals little
differences in the tetrazolato cycle despite the Na ◊ ◊ ◊ N interactions
between the anion and cation found in the solid state geometry.

This suggests that the Na ◊ ◊ ◊ N interactions are weak and the anion
in 3 is likely to be discrete in solution.

Fig. 11 shows the frontier orbitals for the anion in 3 where the
HOMO involves the Ru atom and the N4C ring and the HOMO
energy is relatively high as expected for an anion. The LUMO
in the anion of 3 is mainly the p* orbital on the C=C double
bond of the CPh=C(CN)2 group. Charge calculations on both

Fig. 11 Frontier orbitals for anion in 3. Contour values are plotted at
±0.04 (e/bohr3)1/2.

This journal is © The Royal Society of Chemistry 2010 Dalton Trans., 2010, 39, 3759–3770 | 3765
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optimised and experimental geometries of the anion show the
N(5) atom to have the highest negative charge (-0.33) of the three
unsaturated nitrogen atoms [-0.13 for N(4) and -0.15 for N(3)] in
the N4C ring. This is in accord with formation of the 5-substituted
products 6 and 7 from the reactions of 3 with trans-PtCl2{P(tol)3}2

and MeOTf, respectively.
In contrast, the formation of the 4-substituted products, 4 and

5, rather than the 5-substituted analogues may be attributed
to the steric effects of the electrophiles [Ru(PPh3)2Cp]+ and
[Fe(dppe)Cp]+, which prevent formation of M–N bonds with
the more negative N(5) and N(3) atoms. Optimisations of two
geometries of 5 where the Fe(dppe)Cp fragment is at the 4- or 5-
position revealed the 4-substituted isomer to be more stable than
the 5-substituted isomer by 5.6 kcal mol-1. The steric effect of the
Fe(dppe)Cp fragment is obvious in the 5-substituted isomer where
the Fe–N–N angle is 109.6◦ whereas in the 4-substituted isomer
the Fe–N–N angle is 122.9◦ suggesting little steric effect in the
latter. The latter value is close to the angle of 125.2(6)◦ observed
experimentally for 5. The formation of both 4- and 5-substituted
products 8 and 9 in low yields from 3 in refluxing dme is likely
to be a radical process rather than an electrophilic process where
only product 9 would be expected. According to the energies of
the optimised geometries for products 8 and 9, the 5-substituted
isomer 9 is 6.9 kcal mol-1 more stable than isomer 8.

NMR spectra

The 13C NMR shifts for the butadienyl carbons in 1 were tenta-
tively assigned in the earlier study.3 The order of the resonances
on going from low to high field was assigned to C(3), C(1), C(4)
and C(2). This contrasts with the order of resonances at C(3),
C(4), C(2) and C(1) found for other neutral transition metal
h3-butadienyl complexes in more recent literature.36-40 Calculated
NMR shifts obtained from the geometry of 1 reveal the order to
be C(3), C(4), C(2) and C(1) and thus the experimental 13C NMR
data for 1 are reassigned here (see Experimental). Calculated 13C
NMR shifts for the anion in 3 and for the platinum complex 6 were
also used to aid assignments of their experimental 13C data. The
optimised geometry for a model of 6, in which the tolyl groups
have been substituted by phenyl rings, features a large P–Pt–P
angle (98.5◦) which is in accord with the experimental geometry
[96.47(7)◦].

Discussion

Ligand displacement reactions of complexes containing h3-
tetracyanobutadienyl ligands are reported to form complexes
containing h1-tetracyanobutadienyl ligands, suggesting that the
Ru–C(3) bond is stronger than the Ru-(h2-C=C) attachment.3,11

Similarly, attack on one of the CN groups by nucleophiles to gen-
erate amido groups may give chelating ligands with concomitant
displacement of the coordinated dicyanovinyl group, as observed
previously with tungsten complexes (Scheme 2).7,15

In the present study, the reaction between 1 and NaOMe
affords complex 2 containing a methoxy(amido) ligand, the h2-
CPh=C(CN)2 group being displaced from the Ru centre. The
methoxide acts as a nucleophile attacking at C(5), which is the
most positively charged carbon based on computed charges on
the geometry of 1. The resulting C(OMe)N- group interacts with

the Ru centre and is converted to 2 during work-up. Protonation
of the nitrogen by MeOH solvent occurring concomitantly with
addition of OMe at the carbon atom cannot, however, be ruled
out. Structural parameters of 2 are similar to those of the related
tungsten complexes mentioned above.7,15

Current interest in “click chemistry” encouraged us to ex-
amine the reaction between 1 and sodium azide.24,25 There is
precedent in the “reverse” reaction between Ru(N3)(PP)Cp and
nitriles or isonitriles, which afforded the tetrazolato complexes
Ru(N4C)(PP)Cp.40-43 The product from the reaction of 1 with NaN3

was determined to be the sodium salt of the anionic tetrazolate
3, in which each Na+ cation interacts with three anions to give a
polymeric array. The bicyclic ligand incorporates the Ru centre,
with a Na(OEt2) fragment interacting with two nitrogen atoms of
one molecule [N(53,54)], a third [N(55¢)] from a second molecule,
and a CN group [N(41¢¢)] from a third anion, together with an
Et2O molecule (Fig. 3). The interaction between the sodium and
N(53)–N(54) is properly described as h2 (or k2).26,27 It is likely that
a [3 + 2]-cycloaddition of the CN(5) group in 1 to azide anion takes
place to form the tetrazolato anion, which then interacts with the
Ru centre with conversion to anion 3.

Reactions between 3 and several metal halide complexes proceed
by salt elimination to give the binuclear Ru2, Ru–Fe and Ru–Pt
complexes 4–6. In 4 and 5, the M(PP)Cp¢ fragment is s-bonded
to N(4), whereas in 6, the Pt is attached to N(5) (Scheme 3). In 7,
formed by methylation of 3 with MeOTf, the Me group is bonded
to N(5). Computations show the N(5) atom to have the highest
negative charge of the three unsaturated nitrogen atoms N(3), N(4)
and N(5). Thus electrophilic attack would be expected to occur at
N(5) as observed in the formation of 6 and 7. It is likely that the
site of attachment N(4) observed for 4 and 5 is a function of the
steric demands of the MLn groups. This assumption is supported
by the observed rearrangement of the trans to cis conformation at
the Pt centre to reduce steric effects and to allow Pt–N(55) bond
formation in 6 which is not possible for the more bulky Fe and Ru
fragments.

The products 8 and 9, formed in low yields from reactions of 3
with the solvent dme, contain the alkyl group MeOCH2CH(OMe)
attached to either N(4) or N(5). From the low and non-selective
yields of products, it is believed that radical rather than elec-
trophilic processes are taking place in these reactions. The two
isomers are formed in similar amounts, reflecting the usual lack
of site preference found in reactions of pyrazoles and similar five-
membered N-heterocycles. There is no evidence for any tautomeric
equilibrium between 8 and 9. Compound 9 would be expected to
be the sole (or major) isomer in any equilibrium according to the
relative stabilities of 8 and 9.

Conclusions

Complex 1 is obtained in high yield from the reaction between
tcne and Ru(C≡CPh)(PPh3)2Cp. One of the CN groups in the
h3-tetracyanobutadienyl ligand has proved to be susceptible to
nucleophilic attack. Reaction of 1 with methoxide has given
the methoxy(amido) compound 2, in which a chelating ligand
containing a RuC3N cycle is present. Addition of azide to a CN
group affords the bicyclic anion found in 3 with RuC3N and
N4C rings, which can be further derivatised with metal–ligand
fragments via salt-elimination reactions. The dimetallic products
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show that electrophilic attack at one of the three unsaturated
nitrogen atoms of the N4C ring takes place selectively and the
site of attack depends on the size of the electrophile. Natural
charge calculations show that the cyanide group involved in the
reactions of 1 with methoxide and azide has a greater positive
charge at C and a greater negative charge at N than those calculated
for the other three cyanide groups present in 1. In all of the
products, the dicyano(phenyl)vinyl substituent no longer interacts
with the Ru centre, in contrast to the situation in precursor 1.
DFT computations show that the short Ru–C(3) bond length
compared to Ru–C(1) and Ru–C(2) in 1 largely results from the
presence of the strongly electron-withdrawing CN groups at C(4),
and contrasts with related complexes containing a h3-butadienyl
ligand with less electron-withdrawing substituents at C(4).

Experimental

General

All reactions were carried out under dry nitrogen, although
normally no special precautions to exclude air were taken during
subsequent work-up. Common solvents were dried, distilled under
nitrogen and degassed before use. Separations were carried out
by preparative thin-layer chromatography on glass plates (20 ¥
20 cm2) coated with silica gel (Merck, 0.5 mm thick).

Instruments

IR spectra were obtained using a Bruker IFS28 FT-IR spec-
trometer. Spectra of CH2Cl2 solutions were obtained using a
0.5 mm path-length solution cell with NaCl windows. NMR
spectra were recorded on a Varian Gemini 2000 instrument (1H
at 300.14 MHz, 13C at 75.48 MHz, 31P at 121.50 MHz). Unless
otherwise stated, samples were dissolved in CDCl3 contained in
5 mm sample tubes. Chemical shifts are given in ppm relative to
internal tetramethylsilane for 1H and 13C NMR spectra, external
H3PO4 for 31P NMR spectra. Electrospray mass spectra (ES-MS)
were obtained from samples dissolved in MeOH which, unless
otherwise stated, contained NaOMe as an aid to ionisation.44

Solutions were injected into a Varian Platform II spectrometer
via a 10 ml injection loop. Nitrogen was used as the drying
and nebulising gas. Peaks listed are the most intense of the
isotopic clusters. Elemental analyses were by Campbell Microan-
alytical Laboratory, Chemistry Department, University of Otago,
Dunedin, New Zealand.

Reagents

The compounds FeCl(dppe)Cp,45 RuCl(PPh3)2Cp,46 Ru(C≡
CPh)(PPh3)2Cp,46 cis-RuCl2(dppe)2

47 and trans-PtCl2{P(tol)3}2
48

were all prepared by the cited literature procedures. All other
reagents were obtained from Sigma-Aldrich or Fluka and used
as received without further purification.

The compound Ru{h3-C(CN)2CPhC=C(CN)2}(PPh3)Cp
1 was made as previously described from tcne and
Ru(C≡CPh)(PPh3)2Cp.11 Crystals suitable for the X-ray study
were obtained from MeCN–Et2O. IR (Nujol cm-1): n(CN) 2217
m; (CH2Cl2/cm-1): n(CN) 2223 s. 1H NMR: d 4.80 (s, 5H, Cp),
7.30–7.55 (m, 20H, Ph). 13C NMR: d 7.9 [d, J(CP) = 5 Hz, C(1)],
66.7 [d, J(CP) = 2 Hz, C(2)], 84.9 [d, J(CP) = 8 Hz, C(4)], 92.4

(s, Cp), 111.2 [d, J(CP) = 3 Hz], 115.8 [d, J(CP) = 3 Hz], 118.8
[d, J(CP) = 7 Hz], 118.9 [d, J(CP) = 1 Hz] (4 ¥ CN), 128.6–134.5
(m, Ph), 218.7 [d, J(CP) = 15 Hz, C(3)]. 31P NMR: d 43.7 (s,
PPh3). Calculated 13C NMR data for 1: 17.3 [C(1)], 71.3 [C(2)],
81.6 [C(4)], 85.1 (Cp), 98.1 [C(6)N], 101.8 [CN at C(1) near Ru],
105.1 [CN at C(1) away from Ru], 105.4 [C(5)N], 111.5 (meta C,
PPh3), 112.3 [meta C at C(2)Ph], 113.3 [para C at C(2)Ph], 113.7
(para C, PPh3), 114.2 [ortho C at C(2)Ph], 117.7 (ipso C, PPh3),
118.1 (ortho C, PPh3), 119.7 [ipso C at C(2)Ph], 208.9 [C(3)].

Reactions of Ru{g3-C(CN)2CPhC=C(CN)2}(PPh3)Cp 1

(a) With NaOMe. A solution of Ru{h3-C(CN)2-
CPhC=C(CN)2}(PPh3)Cp 1 (60 mg, 0.09 mmol) in thf–
MeOH (5 : 1, 12 ml) was treated with NaOMe [from Na (0.11 mg)
in MeOH (1 ml)] and the reaction mixture was stirred at r.t.
for 48 h, during which time the colour changed from yellow
to red-brown. After removal of solvent, a dichloromethane
extract of the residue was separated by preparative t.l.c.
(acetone–hexane, 3/7). A brown band (Rf 0.24) contained
Ru{NHC(OMe)C(CN)=CCPh=C(CN)2}(PPh3)Cp 2 (46 mg,
72%), obtained as dark red crystals following recrystallisation
from MeCN–Et2O. Anal. Found: C, 65.80; H, 4.24; N, 8.15. Calcd
(C38H29N4OPRu): C, 66.88; H, 4.24; N, 8.12; M, 690. IR (cm-1):
n(CN) 2203 s, 2226 m; other bands at 1733 w (br), 1714 vw, 1607
m, 1579 s, 1520 m. 1H NMR: d 3.62 (s, 3H, OMe), 4.46 (s, 5H,
Cp), 6.53 (s, 1H, NH), 6.67–7.53 (m, 20H, Ph). 31P NMR: d 46.9
(s, PPh3). ES-MS (m/z): 713, [M + Na]+.

(b) With NaN3. A suspension of 1 (100 mg, 0.15 mmol)
and NaN3 (20 mg, 0.3 mmol) in dme (50 ml) was heated
under reflux for 24 h. Solvent was removed from the now
dark red-purple solution and an acetone extract of the
residue was purified by preparative t.l.c. (acetone–hexane,
2/1). The major red-purple band (Rf 0.20) contained
Ru{N3N[Na(OEt2)]=CC(CN)=CCPh=C(CN)2}(PPh3)Cp 3
(107 mg, 88%), obtained as very dark red crystals after
recrystallisation from MeCN–Et2O. Anal. Found: C, 62.03; H,
4.36; N, 11.88. Calcd (C41H35N7NaOPRu): C, 61.81; H, 4.40; N,
12.31; M, 757. IR (cm-1): n(CN) 2194 m, 2220 m; other bands at
1515 m (br), 1459 m (br), 1434 m, 1377 w. 1H NMR (acetone-d6):
d 1.12 (t, J = 7 Hz, 6H, 2 ¥ Me), 3.42 (q, J = 7 Hz, 4H, 2 ¥ CH2),
4.33 (s, 5H, Cp), 7.09–7.50 (m, 20H, Ph). 13C NMR (acetone-d6):
d 15.0 (s, Me), 65.7 (s, CH2), 72.3 [s, C(1)], 79.8 [d, J(CP) = 2 Hz,
Cp], 100.1 [s, C(4)], 115.6, 115.6, 116.7 (3 ¥ s, CN), 127.9–134.0
(m, Ph), 168.3 [s, C(5)], 188.5 [s, C(2)], 221.0 [d, J(CP) = 11 Hz,
C(3)]. Calculated 13C NMR data for anion of 3: 64.5 [C(1)], 77.9
(Cp), 91.8 [C(4)], 102.3 [CN at C(1) near Ru], 103.3 [CN at C(4)],
104.5 [CN at C(1) away from Ru], 109.9 (meta C, PPh3), 110.3
(para C, PPh3), 110.5 [meta C at C(2)Ph], 110.9 [para C at C(2)Ph],
114.2 [ortho C at C(2)Ph], 118.1 (ortho C, PPh3), 123.5 (ipso C,
PPh3), 123.6 [ipso C at C(2)Ph], 150.9 [C(5)], 160.1 [C(2)], 214.3
[C(3)]. 31P NMR (acetone-d6): d 51.4 (s, PPh3). ES-MS (negative
ion, MeOH, m/z): 700, [M - Na(OEt2)]-; (positive ion, MeOH +
NaOMe): 746 [anion + 2Na]+; 724, [anion + (H + Na)]+. Both
ions are weak, but the former increases in intensity upon addition
of more NaOMe.

Three minor bands were also resolved, one of which afforded
complex 4 (6 mg) (see below).
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Reactions of Ru{N3N[Na(OEt2)]=CC(CN)=CCPh=C(CN)2}-
(PPh3)Cp 3

(a) With RuCl(PPh3)2Cp. A mixture of 3 (20 mg, 0.025 mmol)
and RuCl(PPh3)2Cp (18.1 mg, 0.025 mmol) was heated in
refluxing dme (8 ml) for 30 min. Removal of solvent and
purification of the residue by preparative t.l.c. (acetone–hexane,
1/2) gave a major purple band (Rf 0.30) which contained
Ru{N2N[Ru(PPh3)2Cp]N=CC(CN)=CCPh=C(CN)2}(PPh3)Cp
4 (32 mg, 91%), which formed dark red-brown crystals from
CH2Cl2. Anal. Found: C, 67.01; H, 4.89; N, 6.62. Calcd
(C78H60N7P3Ru2): C, 67.38; H, 4.35; N, 7.05; M, 1391. IR (cm-1):
n(CN) 2203 m, 2221m; other bands at 1729 w (br), 1516 m, 1501
m, 1482 m. 1H NMR: d 3.95 (s, 5H, Cp), 4.05 (s, 5H, Cp), 6.89–7.32
(m, 50H, Ph). 31P NMR: d 45.0 [d, J(PP) = 4 Hz, 2P, PPh3], 47.4
(s, 1P, PPh3). ES-MS (m/z): 1415, [M + H + Na]+; 1392, [M + H]+.

(b) With FeCl(dppe)Cp. A similar experiment used 3
(20 mg, 0.025 mmol), FeCl(dppe)Cp (14 mg, 0.025 mmol)
in dme (8 ml), heating for 1.5 h. Preparative t.l.c. (acetone–
hexane, 3/7) gave a purple band (Rf 0.19) containing
Ru{N2N[Fe(dppe)Cp]N=CC(CN)=CCPh=C(CN)2}(PPh3)Cp 5
(23 mg, 76%) as dark red crystals after recrystallisation from
CH2Cl2–MeOH. Anal. Found: C, 66.75; H, 4.45; N, 7.90. Calcd
(C68H54FeN7P3Ru): C, 67.00; H, 4.45; N, 8.04; M, 1219. IR (cm-1):
n(CN) 2198 m, 2221 m; other bands at 1514 m, 1481 m, 1311 w.
1H NMR: d 2.33, 2.82 (2 ¥ m, 2 ¥ CH2, dppe), 3.97 (s, 5H, Cp-Ru),
4.27 [s (br), 5H, Cp-Fe], 6.64–7.45 (m, 40H, Ph). 31P NMR: d 42.2
(s, 1P, PPh3), 108.0 [s (br), 2P, dppe]. ES-MS (m/z): 1242, [M +
Na]+; 1219, M+.

(c) With trans-PtCl2{P(tol)3}2. A mixture of 3 (32 mg,
0.4 mmol) and trans-PtCl2{P(tol)3}2 (35 mg, 0.04 mmol)
was heated in refluxing dme (25 ml) for 6 h. After re-
moval of solvent, an acetone extract of the residue was
purified by preparative t.l.c. (acetone–hexane, 1/2) to give
a major purple-red band (Rf 0.48) containing Ru{N3N[cis-
PtCl{P(tol)3}2]=CC(CN)=CCPh=C(CN)2}(PPh3)Cp 6 (45 mg,
74%), isolated as red-brown crystals after recrystallisation from
CH2Cl2–MeOH. Anal. Found: C, 60.93; H, 4.39; N, 6.25. Calcd
(C79H67ClN7P3PtRu): C, 61.66; H, 4.39; N, 6.37; M (unsolvated),
1539. IR (cm-1): n(CN) 2199 w, 2222 w; other bands at 1520 m,
1464 m, 1437 m, 1379 w. 1H NMR: d 2.32 (s, 18H, Me), 4.10 (s,
5H, Cp), 5.31 (s, 2H, CH2Cl2), 6.96–7.21 (m, 44H, Ph + C6H4). 13C
NMR: d 21.4 (s, Me), 71.6 [C(1)], 79.8 (s, Cp), 97.2 [C(4)], 114.4,
114. 9, 116.3 (3 ¥ s, CN), 125.2–135.2 (m, Ph + C6H4), 185.9 [C(2)],
C(3) and C(5) peaks are not observed. Calculated 13C NMR data
for 6: 17.3–17.5 (Me), 77.4 (Cp), 87.2 [C(4)], 101.4 [CN at C(1)
near Ru], 103.1 [CN at C(1) away from Ru], 106.5 [CN at C(4)],
108.8–129.2 (aromatic Cs), 147.3 [C(5)], 158.9 [C(2)], 239.4 [C(3)].
31P NMR: d 4.0 [d, J(PP) = 19 Hz, J(PPt) = 3322 Hz, 2P, P(tol)3],
14.3 [d, J(PP) = 19 Hz, J(PPt) = 3322 Hz, P(tol)3], 39.9 (s, PPh3).
ES-MS (m/z): 1562, [M + Na]+.

(d) With MeOTf. A suspension of 3 (20 mg, 0.025 mmol)
in thf (7 ml) was treated with MeOTf (4 mg, 0.025 mmol)
dissolved in thf (1 ml). After keeping at r.t. for 1 h, solvent was
removed and an acetone extract of the residue was separated by
preparative t.l.c. (acetone–hexane 2/3). The red-purple baseline
contained unreacted 3 (13 mg, 67%) and an orange band (Rf 0.70)
which afforded an oil. Purification of this oil multiple times by

t.l.c. afforded Ru{N3NMe=CC(CN)=CCPh=C(CN)2}(PPh3)Cp
7 (4 mg, 24%) as red crystals from CHCl3–MeOH. Anal. Found:
C, 63.11; H, 3.97; N, 13.56. Calcd (C38H28N7PRu): C, 63.86; H,
3.95; N, 13.72; M, 715. IR (cm-1): n(CN) 2199 m, 2224 m; other
bands at 1556 m, 1520 m, 1462 w, 1401 w. 1H NMR: d 3.89 (s, 3H,
Me), 4.75 (s, 5H, Cp), 7.15–7.36 (m, 20H, Ph). 31P NMR: d 49.5 (s,
PPh3). ES-MS (positive ion, MeOH + NaOMe, m/z): 1453, [2M +
Na]+; 738, [M + Na]+.

(e) With cis-RuCl2(dppe)2. A reaction between 3 (20 mg,
0.025 mmol) and cis-RuCl2(dppe)2 (12.1 mg, 0.0125 mmol) was
carried out in refluxing dme (20 ml) for 14 h. The usual
work-up (acetone–hexane 3/7) afforded recovered 3 (7 mg,
35%) together with an orange band (Rf 0.14) from which
Ru{N2N[CH(CH2OMe)(OMe)]N=CC(CN)=CCPh=C(CN)2}-
(PPh3)Cp 8 (3.4 mg, 17%) was obtained as red-brown crystals from
CH2Cl2–MeOH. Anal. Found: C, 62.17; H, 4.23; N, 12.69. Calcd
(C41H34N7O2PRu): C, 62.43; H, 4.34; N, 12.43; M, 790. IR (cm-1):
n(CN) 2197 m, 2223 m; other bands at 1728 w (br), 1533 m, 1515
m, 1478 m, 1354 m, 1195 m. ES-MS (m/z): 1603, [2M + Na]+; 812,
[M + Na]+; 790, M+.

(f) Independent preparation of 8 and its isomer 9. A solution
of 3 (10.5 mg, 0.013 mmol) in dme (5 ml) was heated at reflux
point for 48 h, the colour of the solution gradually changing from
purple to brown-red. The filtered solution was evaporated under
vacuum and the residue was dissolved in acetone and separated by
preparative t.l.c. (acetone–hexane, 3/7) to give two bands. The first
orange band (Rf 0.16) contained 9 (1 mg, 13%), obtained as red
crystals from CH2Cl2–EtOH. The second orange band (Rf 0.14)
afforded 8 (2 mg, 21%) as brown-red crystals after recrystallisation
from CH2Cl2–EtOH.

Structure determinations

The crystal data for 1–9 are summarised in Table 3 with the
structures depicted in Fig. 1–8, where ellipsoids have been drawn
at the 50% probability level (20% for 5) and hydrogen atoms have
arbitrary radii of 0.1 Å. Selected coordination geometries for 2–9
are given in Table 1. Crystallographic data for the structures were
collected at low temperature (T/K quoted) on Oxford Diffraction
Gemini (for 1, 5, 6, 9) or Xcalibur diffractometers (for 2–4, 7, 8)
fitted with monochromated Mo Ka (l = 0.71073 Å; 2–4, 7–9) or
Cu Ka radiation (l = 1.54178 Å; 1, 5, 6) yielding N tot reflections,
merging to N unique after multi-scan (2–5, 9) or face-indexed (1,
6–8) absorption corrections (Rint cited), with No reflections having
I > 2s(I). The structures were refined against F 2 with full-matrix
least-squares using the program SHELXL-97.49a In general, all H
atoms were added at calculated positions and refined by use of a
riding model with isotropic displacement parameters based on the
isotropic displacement parameter of the parent atom. Exceptions
were in 2 where H(52) was refined without restraints. Anisotropic
displacement parameters, except where stated, were employed
for all non-hydrogen atoms. For 6, the occupancy factor for the
CH2Cl2 solvent molecule refined to 0.160(8), this being reflected
in the large mosaic spread and weak diffraction. The solvent C
atom was refined with an isotropic displacement parameter only.
For 7, the water molecule H geometries were restrained to ideal
values. For 8, one MeO group of the coordinated dme ligand
was modelled as being disordered over two sites with refined site
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Table 3 Crystal data and refinement details

Complex 1 2 3 4 5 6 7 8 9

Formula C37H25N4PRu C38H29N4-
OPRu

C41H35N7-
NaOPRu

C78H60N7-
P3Ru2

C68H54FeN7-
P3Ru

C79H67ClN7-
P3PtRu·0.16CH2Cl2

C38H28N7-
PRu·H2O

C41H34N7O2-
PRu·0.3CH4O

C41H34N7-
O2PRu

MW 657.65 689.69 796.79 1390.38 1219.01 1552.5 732.73 798.4 788.79
Crystal
system

Monoclinic Monoclinic Monoclinic Triclinic Monoclinic Monoclinic Monoclinic Triclinic Monoclinic

Space group P21/c P21/c P21/c P1̄ P21/c P21/n P21/n P1̄ P21/n
a/Å 8.7167(1) 10.1827(1) 19.5078(8) 12.6767(4) 11.8912(3) 17.9190(3) 13.5236(3) 12.5756(4) 12.3947(2)
b/Å 17.6764(2) 19.0790(2) 9.6382(2) 15.6939(5) 32.4015(10) 18.4210(3) 13.7074(3) 13.0641(6) 17.7047(3)
c/Å 19.8463(2) 16.4900(1) 22.4454(9) 18.7018(7) 15.3484(4) 22.6747(4) 17.8548(3) 13.7818(5) 17.1249(3)
a/◦ 102.871(3) 64.569(4)
b/◦ 99.231(1) 104.380(1) 115.464(5) 104.493(3) 99.774(3) 105.141(2) 98.452(2) 69.109(3) 97.322(2)
g /◦ 90.705(3) 66.706(4)
V/Å3 3018.3 3103.2 3810.2 3502.6 5827.8 7224.8 3273.9 1829.9 3727.3
rc 1.447 1.476 1.389 1.318 1.389 1.427 1.487 1.449 1.406
Z 4 4 4 2 4 4 4 2 4
2qmax/◦

(sinq/lmax)
134 (0.60) 82 (0.92) 58 (0.68) 68 (0.79) 136 (0.60) 134 (0.60) 69 (0.80) 72 (0.83) 65 (0.76)

m/mm-1 4.96 0.60 0.51 0.55 5.25 6.71 0.57 0.52 0.51
Tmin/max 0.67/0.83 0.84/0.91 0.72/1.0 0.98/1.0 0.35/1.0 0.53/0.83 0.86/0.96 0.85/0.99 0.87/0.95
Crystal
dimensions/
mm-3

0.11 ¥ 0.11 ¥
0.05

0.31 ¥ 0.23 ¥
0.15

0.21 ¥ 0.15 ¥
0.05

0.14 ¥ 0.13 ¥
0.08

0.22 ¥ 0.17 ¥
0.04

0.14 ¥ 0.11 ¥ 0.03 0.40 ¥ 0.32 ¥
0.09

0.66 ¥ 0.13 ¥
0.02

0.22 ¥ 0.14 ¥
0.10

N tot 30 233 85 683 47 404 74 235 73 154 81 172 52 868 40 379 42 565
N (Rint) 5340 (0.078) 20 107

(0.044)
10 103
(0.063)

27 609
(0.053)

10 360
(0.12)

12 778
(0.093)

13 247
(0.063)

16 687
(0.041)

12 675
(0.068)

No 4429 11 897 6251 14 417 5010 7969 8224 10 462 7571
R1 0.037 0.033 0.050 0.042 0.085 0.054 0.045 0.045 0.037
wR2 0.097 0.095 0.122 0.082 0.278 0.162 0.100 0.117 0.073
T/K 100 150 100 100 200 100 100 100 100

occupancy factors of 0.628(5) and 1–0.628(5). Two close atoms
were modelled as being the C and O atoms of a solvent MeOH
molecule with site occupancy refining to 0.298(6). Solvent H atoms
were not included in the model. Atoms of the minor component
of the disordered dme and of the solvent molecule were refined
with isotropic displacement parameters.

Both 4 and 6 contain voids. Those in 4 are large but, as recorded
in the cif, no significant e-density was located. Use of the program
SQUEEZE did significantly decrease the R-factor. For 6, the voids
are small and program SQUEEZE was not used.

The Table of Contents graphic was generated from the molecu-
lar structure of 1 using the OLEX2 suite of programs.49b

Computational section

All DFT computations were carried out with the Gaussian 03
package.50 The geometries of 1, 3, 5, 6, 10 and 11 discussed here
were optimised at the B3LYP 51,52/3-21G* 53 (LANL2DZ 54 for Pt
in 6) level of theory with no symmetry constraints. Wiberg bond
indices, atomic bond orbitals and natural charges were computed
with the NBO 3.1 version. Electronic structure calculations were
also carried out at the B3LYP/3-21G* level of theory. The MO
diagrams and orbital contributions were generated with the aid
of Gabedit55 and GaussSum56 packages respectively. Theoretical
13C NMR chemical shifts obtained at the GIAO57,58-B3LYP/3-
21G*//B3LYP/3-21G* level on the optimised geometries were
referenced to TMS: d(13C) = 200 - s(13C). Computed NMR values
reported here for phenyl, methyl and Cp groups are averaged.

Frequency calculations on the optimised model geometries
of 1 and 3 with Ph groups replaced by H atoms with the

basis set 3-21G* or the larger mixed basis set LANL2DZ/6-
31G* (LANL2DZ for Ru, 6-31G* for other atoms) revealed no
imaginary frequencies. Geometrical differences were insignificant
between these model geometries at both basis sets indicating the 3-
21G* basis set to be appropriate for computations on compounds
1, 3, 5, 6 and 8–11 discussed here. The 3-21G* basis set was also
found to be suitable for related ruthenium complexes discussed
elsewhere.59-62 Calculated charges at NBO 3.1 on these model
geometries were found to be basis set-independent on going from
3-21G* to LANL2DZ/6-31G* with only the positive charge at the
ruthenium atom being significantly smaller with the LANL2DZ
basis set.

Acknowledgements

We thank the Australian Research Council for support of
this work and Johnson Matthey plc for a generous loan
of RuCl3·nH2O. Mass spectra were obtained by Professor
B. K. Nicholson (Department of Chemistry, Waikato University).
We thank Durham University for access to the High Performance
Computing Cluster.

References
1 A. Davison and J. P. Solar, J. Organomet. Chem., 1979, 166, C13.
2 M. I. Bruce, T. W. Hambley, M. R. Snow and A. G. Swincer,

Organometallics, 1985, 4, 494.
3 M. I. Bruce, T. W. Hambley, M. R. Snow and A. G. Swincer,

Organometallics, 1985, 4, 501.
4 M. I. Bruce, D. N. Duffy, M. J. Liddell, M. R. Snow and E. R. T.

Tiekink, J. Organomet. Chem., 1987, 335, 365.

This journal is © The Royal Society of Chemistry 2010 Dalton Trans., 2010, 39, 3759–3770 | 3769

Pu
bl

ish
ed

 o
n 

11
 M

ar
ch

 2
01

0.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f W
es

te
rn

 A
us

tra
lia

 o
n 

04
/1

0/
20

17
 0

7:
13

:3
3.

 
View Article Online

http://dx.doi.org/10.1039/b921324d


5 M. I. Bruce, M. P. Cifuentes, M. R. Snow and E. R. T. Tiekink,
J. Organomet. Chem., 1989, 359, 379.

6 M. I. Bruce, P. J. Low, F. Hartl, P. A. Humphrey, F. de Montigny, M.
Jevric, C. Lapinte, G. J. Perkins, R. L. Roberts, B. W. Skelton and A. H.
White, Organometallics, 2005, 24, 5241.

7 M. I. Bruce, M. E. Smith, B. W. Skelton and A. H. White, J. Organomet.
Chem., 2001, 637–639, 484.

8 M. I. Bruce, P. J. Low, B. W. Skelton and A. H. White, New J. Chem.,
1998, 22, 419.

9 M. I. Bruce, B. W. Skelton, A. H. White and N. N. Zaitseva,
J. Organomet. Chem., 2002, 650, 141.

10 M. I. Bruce, A. Burgun, K. A. Kramarczuk, B. K. Nicholson, C. R.
Parker, B. W. Skelton, A. H. White and N. N. Zaitseva, Dalton Trans.,
2009, 33.

11 M. I. Bruce, J. R. Rodgers, M. R. Snow and A. G. Swincer, J. Chem.
Soc., Chem. Commun., 1981, 271.

12 M. I. Bruce, B. C. Hall, P. J. Low, B. W. Skelton and A. H. White,
J. Organomet. Chem., 1999, 592, 74.

13 M. I. Bruce, B. W. Skelton, A. H. White and N. N. Zaitseva, J. Chem.
Soc., Dalton Trans., 2001, 3627.

14 M. I. Bruce, M. Jevric, G. J. Perkins, B. W. Skelton and A. H. White,
J. Organomet. Chem., 2007, 692, 1757.

15 M. I. Bruce, M. J. Liddell, M. R. Snow and E. R. T. Tiekink,
Organometallics, 1988, 7, 343.

16 M. I. Bruce, T. W. Hambley, M. J. Liddell, M. R. Snow, A. G. Swincer
and E. R. T. Tiekink, Organometallics, 1990, 9, 96.

17 M. I. Bruce, D. N. Duffy, M. J. Liddell and E. R. T. Tiekink,
Organometallics, 1992, 11, 1527.

18 M. I. Bruce, P. A. Humphrey, M. R. Snow and E. R. T. Tiekink,
J. Organomet. Chem., 1986, 303, 417.

19 C.-W. Chang, Y.-C. Lin, G.-H. Lee and Y. Wang, J. Chem. Soc., Dalton
Trans., 1999, 4223.

20 R. B. King and M. S. Saran, Inorg. Chem., 1975, 14, 1018.
21 A. Fatiadi, Synthesis, 1986, 249; A. Fatiadi, Synthesis, 1987, 959.
22 (a) E. Ciganek, W. J. Linn, and O. W. Webster, in The Chemistry of the

Cyano Group, ed. Z. Rappoport, Interscience: London, 1970, ch. 9, p.
423; (b) O. W. Webster, J. Polym. Sci., Part A: Polym. Chem., 2002, 40,
210.

23 J. S. Miller, Angew. Chem., Int. Ed., 2006, 45, 2508.
24 (a) H. C. Kolb, M. G. Finn and K. B. Sharpless, Angew. Chem., Int.

Ed., 2001, 40, 2004; (b) R. V. Rostovtsev, L. G. Green, V. V. Fokin and
B. K. Sharpless, Angew. Chem., Int. Ed., 2002, 41, 2596.

25 (a) C. W. Tornøe, C. Christensen and M. Meldal, J. Org. Chem., 2002,
67, 3057; (b) M. Meldal and C. W. Tornøe, Chem. Rev., 2008, 108, 2952.

26 S. Beaini, G. B. Deacon, A. P. Erven, P. C. Junk and D. R. Turner,
Chem.–Asian J., 2007, 2, 539.

27 M. A. Halcrow, Dalton Trans., 2009, 2059.
28 (a) N. G. Bokii, I. B. Zlotina, N. E. Kolobova and Yu. T. Struchkov,

Koord. Khim, 1976, 2, 278(Russ); (b) A. N. Nesmeyanov, G. G.
Aleksandrov, N. G. Bokii, I. B. Zlotina, Yu. T. Struchkov and N. E.
Kolobova, J. Organomet. Chem., 1976, 111, C9.

29 B. J. Brisdon, R. J. Deeth, A. G. W. Hodson, C. M. Kemp, M. F. Mahon
and K. C. Molloy, Organometallics, 1991, 10, 1107.

30 M. I. Bruce, A. Catlow, M. P. Cifuentes, M. R. Snow and E. R. T.
Tiekink, J. Organomet. Chem., 1990, 397, 187.

31 S. A. Benyunes, M. Green, M. McPartlin and C. B. M. Nation, J. Chem.
Soc., Chem. Commun., 1989, 1887.

32 A. G. W. Hodson and G. Conole, Organometallics, 1998, 17, 5347.
33 M. E. N. Clemente, P. J. Saavedra, M. C. Vásquez, M. A. Paz-Sandoval,

A. M. Arif and R. D. Ernst, Organometallics, 2002, 21, 592.
34 C. S. Yi, N. Liu, A. L. Rheingold and L. M. Liable-Sands,

Organometallics, 1997, 16, 3910.
35 M. I. Bruce, B. C. Hall, B. W. Skelton, A. H. White and N. N. Zaitseva,

J. Chem. Soc., Dalton Trans., 2000, 2279.
36 (a) N. A. Vinson, C. S. Day and M. E. Welker, Organometallics, 2000,

19, 4356; (b) H. L. Stokes, T. L. Smalley Jr., M. L. Hunter, M. E. Welker
and A. L. Rheingold, Inorg. Chim. Acta, 1994, 220, 305; (c) D. R.
Lantero, A. G. Glenn, C. S. Day and M. E. Welker, Organometallics,
2003, 22, 1998.

37 M. Paneque, M. L. Poveda, N. Rendon and K. Mereiter,
Organometallics, 2009, 28, 172.

38 C. Slugovc, K. Mereiter, R. Schmid and K. Kirchner, Organometallics,
1999, 18, 1011.

39 S. A. Benyunes, R. J. Deeth, A. Fries, M. Green, M. McPartlin and
C. B. M. Nation, J. Chem. Soc., Dalton Trans., 1992, 3453.

40 R. A. Fischer, R. W. Fischer, W.A. Herrmann and E. Herdtweck, Chem.
Ber., 1989, 122, 2035.

41 H.-W. Frühauf, Chem. Rev., 1997, 97, 523.
42 R. Jothibasu and H. V. Huynh, Organometallics, 2009, 28,

2505.
43 C.-W. Chang and G.-H. Lee, Organometallics, 2003, 22, 3107.
44 W. Henderson, J. S. McIndoe, B. K. Nicholson and P. J. Dyson, J. Chem.

Soc., Dalton Trans., 1998, 519.
45 M. J. Mays and P. L. Sears, J. Chem. Soc., Dalton Trans., 1973, 1873.
46 (a) M. I. Bruce, C. Hameister, A. G. Swincer and R. C. Wallis, Inorg.

Synth., 1982, 21, 82; (b) M. I. Bruce, C. Hameister, A. G. Swincer and
R. C. Wallis, Inorg. Synth., 1990, 28, 270.

47 (a) M. T. Bautista, E. P. Cappellani, S. D. Drouin, R. H. Morris, C. T.
Schweitzer, A. Sella and J. Zubkowski, J. Am. Chem. Soc., 1991, 113,
4876; (b) M. A. Fox, J. E. Harris, S. Heider, V. Perez-Gregorio, M. E.
Zakrzewska, J. D. Farmer, D. S. Yufit, J. A. K. Howard and P. J. Low,
J. Organomet. Chem., 2009, 694, 2350.

48 F. R. Hartley, Organomet. Chem. Rev. A, 1970, 6, 119.
49 (a) G. M. Sheldrick, Acta Crystallogr., Sect. A: Found. Crystallogr.,

2008, 64, 112; (b) O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K.
Howard and H. Puschmann, J. Appl. Cryst., 2009, 42, 339.

50 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,
J. R. Cheeseman, J. A. Montgomery, Jr., T. Vreven, K. N. Kudin, J. C.
Burant, J. M. Millam, S. S. Iyengar, J. Tomasi, V. Barone, B. Mennucci,
M. Cossi, G. Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M.
Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T.
Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E.
Knox, H. P. Hratchian, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo,
R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi,
C. Pomelli, J. Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P.
Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D.
Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K.
Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S.
Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz,
I. Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y.
Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. G. Johnson,
W. Chen, M. W. Wong, C. Gonzalez and J. A. Pople, GAUSSIAN 03
(Revision C.02), Gaussian, Inc., Wallingford, CT, 2004.

51 A. D. Becke, J. Chem. Phys., 1993, 98, 5648.
52 C. Lee, W. Yang and R. G. Parr, Phys. Rev. B: Condens. Matter, 1988,

37, 785.
53 (a) G. A. Petersson and M. A. Al-Laham, J. Chem. Phys., 1991, 94,

6081; (b) G. A. Petersson, A. Bennett, T. G. Tensfeldt, M. A. Al-Laham,
W. A. Shirley and J. Mantzaris, J. Chem. Phys., 1988, 89, 2193.

54 (a) T. H. Dunning Jr. and P. J. Hay, in Modern Theoretical Chemistry,
ed. H. F. Schaefer III, vol. 3, Plenum, New York, 1976, 1–28; (b) P. J.
Hay and W. R. Wadt, J. Chem. Phys., 1985, 82, 270; (c) W. R. Wadt and
P. J. Hay, J. Chem. Phys., 1985, 82, 284; (d) P. J. Hay and W. R. Wadt,
J. Chem. Phys., 1985, 82, 299.

55 A. R. Allouche, Gabedit 2.1.0, CNRS and Université Claude Bernard
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A series of molybdenum alkynyl complexes [Mo(CtCR)(dppe)(η-C7H7)] featuring a range of
alkynyl substituents R with varying electron-donating and -withdrawing properties have been
prepared. Oxidation of representative members of the series to the corresponding 17-electron radical
cations has been achieved through both chemical oxidation and in situ spectroelectrochemical
methods. The largely metal-centered character of the HOMO in this class of compounds has been
established through a combination of experimental measurements (IR,UV-vis-NIR, EPR spectro-
scopies) and DFT-based calculations and rationalized in terms of the stabilization of the metal dxy,
dyz, dxz, and dx2-y2 through π- and δ-interactions with the C7H7 ring and concomitant destablization
of the dz2 orbital.

Introduction

Metal alkynyl complexes have been the focus of intense
research activity for many decades.1,2 Much of the early
work on synthetic methodology and structural properties of
alkynyl complexes has developed into current studies of
alkynyl complexes as molecular materials with potential

applications in electronic,3 magnetic,4 and optical5 devices.
Central to these investigations is an understanding of elec-
tronic structure and consequently the degree of electronic
interaction between the metal center and the alkynyl ligand;6

recent work on the group 8 metal systems [M(CtCR)-
(dppe)Cp*]nþ (M = Fe7-10 or Ru;11,12 Cp* = C5Me5; n =
0 or 1) demonstrates a strong dependence on the identity of
the metal. Thus the iron (3d) complexes exhibit substantial
metal character in the frontier orbitals, whereas the HOMOs
of the ruthenium (4d) analogues show more alkynyl ligand
character, leading to interest in heterometallic systems con-
taining these moieties.13

The cycloheptatrienyl molybdenum auxiliary Mo(dppe)-
(η-C7H7) is well recognized as an isoelectronic analogue of
the widely explored group 8 systems M(dppe)Cp* (M = Fe
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or Ru) and has an extensive organometallic chemistry as
a supporting group to alkynyl-based ligands;14-17 indeed
alkynyl derivatives of the type [Mo(CtCR)(dppe)(η-C7H7)]

nþ

(R=Ph or But; n=0 or 1) have been in the vanguard of
spectroscopic14 and structural investigations18 on the redox
chemistry of metal alkynyl complexes. Although formally
isoelectronic with M(dppe)Cp* (M=Fe, Ru), the Mo(dppe)-
(η-C7H7) auxiliary is distinctive in the combination of a 4d
metal system with very low formal potentials for one-electron
oxidation19 exemplified by a comparison of the alkynyl deri-
vatives {cf. E1/2 (V vs SCE, CH2Cl2/0.2 M [NBu4]BF4),
[M(CtCPh)(dppe)(η-L)], M=Ru, L=Cp*, 0.35;20 M =
Fe, L=Cp*, -0.04;20 M=Mo, L=η-C7H7, -0.1514}. The
Mo(dppe)(η-C7H7) auxiliary in combination with the alkynyl
fragment, which might be considered as the prototypical un-
saturated carbon-based ligand,21 therefore offers an interesting
system for further exploration of the M-CtC interaction.
In this work a series of alkynyl complexes [Mo(CtCR)(dppe)-
(η-C7H7)]

nþ (n=0 or 1; R=But, Fc, CO2Me, C6H4-4-X;
X=NH2, OMe, Me, H, CHO, CO2Me) have been studied
using a range of spectroscopic, including spectroelectro-
chemical, and theoretical techniques. Together these inves-
tigations demonstrate that the complexes [Mo(CtCR)-
(dppe)(η-C7H7)]

nþ feature largely metal-localized occupied
frontier orbitals.

Results and Discussion

Synthetic Studies. An overview of the synthetic work is
given in Scheme 1. The key advances are (i) the development
of an improved synthetic route to the previously reported
derivatives [Mo(CtCR)(dppe)(η-C7H7)] [R = Ph, 2a;14

But, 2b;14 Fc, 2c22 {Fc = ferrocenyl}] starting from [MoBr-
(dppe)(η-C7H7)] (1) and (ii) the synthesis of a new series
of aryl-alkynyl complexes [Mo(CtCC6H4-4-X)(dppe)-
(η-C7H7)]

0/þ1 featuring a range of X groups with varying
donor/acceptor properties [X = NH2, 2e; OMe, 2f; Me, 2g;
CHO, 2h; CO2Me, 2i]. The non-aryl alkynyl series (2b,c) was
also extended with the preparation of the methyl propiolate
derivative [Mo(CtCCO2Me)(dppe)(η-C7H7)], 2d.

In previous studies,14 alkynyl complexes [Mo(CtCR)-
(dppe)(η-C7H7)] were obtained by deprotonation of the corres-
ponding vinylidenes [Mo{CdC(H)R}(dppe)(η-C7H7)]PF6,
prepared in turn from the sandwich system [Mo(η-C6H5Me)-
(η-C7H7)]PF6 through sequential reaction with dppe and
the terminal alkyne HCtCR. However, we have recently

described a convenient route to [MoBr(dppe)(η-C7H7)] (1),
17

which permits the ready syntheses of an extended range
of alkynyl derivatives. Thus, reaction of 1 with HCtCR
in refluxing methanol gives the vinylidene complexes [Mo-
{CdC(H)R}(dppe)(η-C7H7)]

þ directly as the bromide salts,
which were not isolated but deprotonated in situ by base
(KOBut or NaOMe), resulting in precipitation of the alkynyl
complexes [Mo(CtCR)(dppe)(η-C7H7)]. Alternatively, fluor-
ide-mediated desilylation/metalation approaches23 have also
been employed in certain cases. For example, reaction of
Me3SiCtCC6H4-4-OMe with [MoBr(dppe)(η-C7H7)] and
KF in methanol afforded 2f, in yields comparable to those
obtained from the terminal alkyne. The new aryl-alkynyl com-
plexes 2e-2iwere isolated as blue-black, brown, or green solids,
in yields in the range ca. 30-60%.

The previously reported 17-electron radical cations [Mo-
(CtCR)(dppe)(η-C7H7)][BF4] (R = Ph, [2a]þ; R = But,
[2b]þ)14 were also prepared by respective oxidation of 2a or
2b with [FcH][BF4] in CH2Cl2 and obtained as deep purple-
blue ([2a]þ) or orange ([2b]þ) solids. These isolated examples
of the radical cations facilitate structural and other investi-
gations, complemented by studies of the radicals generated in
situ by spectroelectrochemical techniques.
Spectroscopic Studies. The complexes 2a-2i were charac-

terized by microanalysis, mass spectrometry, infrared spec-
troscopy, and by 1H, 31P{1H}, and 13C{1H} NMR spectro-
scopies (see Experimental Section and Table 1). The electro-
nic properties of the aryl substituent X in [Mo(CtCC6H4-4-
X)(dppe)(η-C7H7)] correlate with trends in ν(CtC) data in
the infrared spectra and δCR in the 13C{1H} NMR data.
Thus in progressing from electron-releasing to electron-
withdrawing substituents X in the series 2e-2i, ν(CtC)
decreases from 2055 cm-1 (2e) to 2030, 1993(shoulder)
cm-1 (2i). In the case of the methyl propiolate complex 2d,
the combination of a strongly electron-donating metal sys-
tem and a highly electron-withdrawing alkynyl substituent
results in an exceptionally low value for ν(CtC) (2020
cm-1). In the 13C NMR spectra the CR resonances were
readily identified by the characteristic JCP coupling (ca. 26
Hz), the chemical shift of which tracked the electronic
properties of the alkynyl substitutent. Thus, in the case of

Scheme 1. Routes to [Mo(CtCR)(dppe)(η-C7H7)] Complexes
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the phenyl and tolyl alkynyl complexes 2a and 2g, CR was
observed near 140 ppm (Table 1). The introduction of the
more electron-withdrawing groups (e.g., 2d, 2h) results in
significant shift of the CR resonance to nearer 160 ppm
(Table 1), while in the case of the electron-donating alkyl
derivative 2b, CR was observed at 113 ppm. Finally the
31P{1H} NMR resonances for 2a-2i all fall within a very
narrow range (δ 64-66 ppm)with little dependence upon the
identity of the alkynyl substituent. Similar trends are appar-
ent in equivalent 31P{1H} NMR data reported for [M(Ct
CC6H4-4-X)(dppe)Cp*] (M = Fe, δ 100-102 ppm;8 M =
Ru, δ 81-82.5 ppm11).
Structural Investigations. The X-ray crystal structures of

2b, 2d, 2g, 2h, and 2i and the 17-electron radical [2b][BF4]
have been determined (Figures 1 to 6, respectively), and
important bond lengths and angles (including those for the
previously reported structures of 2a and [2a]þ)18b are sum-
marized in Table 2. In the 18-electron systems, the key

Mo-CR distance exhibits a small dependence on the identity
of the alkynyl substituent and decreases from around 2.14 Å
in 2a, 2b, 2d, and 2g to 2.11-2.12 Å in 2h and 2i, which
feature electron-withdrawing aryl-alkynyl substituents. The
Mo-P bond length is a sensitive probe of metal electron
density throughM-P back-bonding effects,24 and the slight
elongation of the Mo-P distances in 2a, 2d, 2h, and 2i by
comparison with 2b and 2g is consistent with the electronic
parameters of the alkynyl substituents. Finally the longer
Cβ-C(substituent) bond length [C(9)-C(10)] in 2b probably
reflects the different hybridization at C(10) of the alkyl
substituent.

The X-ray structures of the redox pairs 2a/[2a]þ and
2b/[2b]þ permit an examination of the structural effects of
one-electron oxidation within this series. The principal
structural modifications in each redox pair resulting from
removal of an electron are remarkably consistent and comprise

Figure 1. Plot of the molecular structure of 2b showing the
atom-labeling scheme. In this and all subsequent structural
figures, thermal ellipsoids are plotted at 50% probability unless
stated otherwise. Hydrogen atoms have been omitted for clarity.

Figure 2. Plot of the molecular structure of 2d showing the
atom-labeling scheme.

Figure 3. Plot of the molecular structure of 2g showing the
atom-labeling scheme.

Figure 4. Plot of the molecular structure of 2h showing the
atom-labeling scheme.

(24) (a) Cordiner, R. L.; Albesa-Jov!e, D.; Roberts, R. L.; Farmer, J.
D.; Puschmann,H.; Corcoran,D.;Goeta, A. E.;Howard, J. A.K.; Low,
P. J. J. Organomet. Chem. 2005, 690, 4908. (b) Manna, J.; John, K. D.;
Hopkins, M. D. Adv. Organomet. Chem. 1995, 38, 79.
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a contraction in the Mo-CR bond length (0.07 Å for both
cases) and an increase in the Mo-P bond length (0.06 Å for
2a/[2a]þ, 0.07 Å for 2b/[2b]þ); the latter change is readily
accounted for by Mo-P back-bonding effects, while the
contraction in the Mo-CR distance, although probably
largely electrostatic in origin, is further rationalized by a
DFT treatment (see below).
Electrochemistry.Akey objective of this investigation is to

explore the redox chemistry of the metal alkynyls [Mo-
(CtCR)(dppe)(η-C7H7)] to facilitate comparison with [M-
(CtCR)(dppe)Cp*] (M = Fe or Ru) analogues. To com-
mence these investigations, we examined the cyclic voltam-
metry of each of the complexes 2a-2i at a platinum electrode
in CH2Cl2 (Table 3).

Under these conditions each of the complexes 2a-2i
undergoes a diffusion-controlled, chemically reversible,

one-electron oxidation with the separation between cathodic
and anodic peak potentials comparable to that determined
for the internal ferrocene standard. The anisole derivative 2f
also exhibits a second oxidation at a significantly more
positive potential, which is only partially chemically rever-
sible and likely due to oxidation of the anisole moiety. One-
electron oxidation of the methyl propiolate derivative 2d is
relatively unfavorable (in the thermodynamic sense) and
reflects the electron-withdrawing properties of the ester
group bonded directly to the alkynyl moiety. For compar-
ison, Table 3 also presents electrochemical data for one-
electron oxidation of the analogous group 8 complexes
[M(CtCC6H4-4-X)(dppe)Cp*] (M=Fe, 3a, 3e, 3f, 3g; Ru,
4a, 4e, 4f, 4g). One-electron oxidation of the various mem-
bers of the molybdenum series 2e-2i is clearly more thermo-
dynamically favorable than for analogous group 8 com-
plexes. However the E1/2 values of the molybdenum aryl-
alkynyl complexes 2a and 2e-2i span a range of only ca. 160
mV and are therefore less sensitive to the identity of the
alkynyl substituent than the analogous ruthenium com-
plexes, for which the equivalent range is in excess of 300 mV.
IR Spectroelectrochemical Analysis. Spectroelectrochem-

ical methods permit the convenient and rapid collection of
spectroscopic data from each member of a redox-related
family of compounds.25 In the case of metal alkynyl com-
plexes, the characteristic ν(CtC) band reflects a convolu-
tion of σ/π-donation, π-back-bonding, and physical/
kinematic effects. Nevertheless, the changes in ν(CtC)
that occur as a result of a redox change within a series of
closely related alkynyl complexes can be used to assess the
degree of involvement of the alkynyl ligand in the redox
orbital,8,11,12,26 especially when coupled with observation
of other IR-active bands elsewhere in the molecule.27

Given that π-back-bonding effects make a minimal con-
tribution to netM-Cbond strength in d6 pseudo-octahedral
alkynyl complexes,11,12 themagnitude of the negative shift in
ν(CtC) resultant upon one-electron oxidation appears to be
a good first-order indicator of the extent of the character
of the redox-active frontier orbital within a series of similar
complexes. Thus the large negative shifts of ν(CtC)
observed upon oxidation of [Ru(CtCR)(dppe)Cp*] (-90
to-145 cm-1) are consistent with depopulation of an orbital
with a large amount of CtC bonding character and sig-
nificant radical-ligand character in the cations [Ru(Ct
CR)(dppe)Cp*]þ.11,12 By contrast the Fe complexes [Fe-
(CtCR)(dppe)Cp*] feature more metal-centered oxidation
processes, with less alkynyl ligand character in the resulting
semioccupied orbital, and consequently much smaller shifts
in ν(CtC), upon oxidation (ca. 0 to -70 cm-1).8,9 Several
factorsmay contribute to themarked differences between the
Fe and Ru series, but key considerations appear to be the
larger spatial extension (and better polarizability) of 4d

Figure 5. Plot of the molecular structure of 2i showing the
atom-labeling scheme.

Figure 6. Plot of the structure of 2b[BF4] (as one of four crystal-
lographically independent ion pairs in the asymmetric unit)
showing the atom-labeling scheme. Thermal ellipsoids are
plotted at 20% probability.

(25) (a)Krejeik,M.;Danek,M.;Hartl, F. J. Electroanal. Chem. 1991,
317, 179. (b) Spectroelectrochemistry; Kaim, W., Klein, A., Eds.; Royal
Society of Chemistry: Cambridge, 2008.

(26) (a) Bruce, M. I.; Low, P. J.; Hartl, F.; Humphrey, P. A.; de
Montigny, F.; Jevric, M.; Lapinte, C.; Perkins, G. J.; Roberts, R. L.;
Skelton, B. W.; White, A. H. Organometallics 2005, 24, 5241. (b) Bruce,
M. I.; Low, P. J.; Costuas, K.; Halet, J.-F.; Best, S. P.; Heath, G. A. J. Am.
Chem. Soc. 2000, 122, 1949.

(27) (a) Fox, M. A.; LeGuennic, B.; Roberts, R. L.; Baines, T. E.;
Yufit, D. S.; Albesa-Jov!e, D.; Halet, J.-F.; Hartl, F.; Howard, J. A. K.;
Low, P. J. J. Am. Chem. Soc. 2008, 130, 3566. (b) Brady, M.; Weng, W.;
Zhou, Y.; Seyler, J. W.; Amoroso, A. J.; Arif, A. M.; B€ohme, M.; Frenking,
G.; Gladysz, J. A. J. Am. Chem. Soc. 1997, 119, 775.
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versus 3d metal orbitals and the energies of these metal
orbitals relative to the alkynyl π-system.

Guided by the results of the cyclic voltammetry, an IR
spectroelectrochemical investigation was carried on each of the
molybdenum complexes 2a-2i. In each case, the stability of the
radical cation (and hence the validity of the ν(CtC) data) was
established by back-reduction, which resulted in full recovery of
the IR spectrum assigned to the 18-electron precursor. Table 4
summarizes the data obtained and the shifts in ν(CtC)
[Δν(CtC)] resulting from one-electron oxidation. The corre-
sponding data for [M(CtCC6H4-4-X)(dppe)Cp*] (M=Fe or
Ru) are given in Table 5. In some cases more than one band is
observed for the ν(CtC) resonance, generally ascribed toFermi
coupling,28 and therefore the precise magnitude of Δν(CtC) is
somewhat debatable.

Comparing first IR data from across the series of neutral
alkynyl complexes [M(CtCC6H4-4-X)(dppe)(η-L)] (M =
Mo, L = C7H7; M = Fe or Ru, L = Cp*) (Tables 4 and 5)
reveals that for any given substituent X, the ν(CtC) values
reflect the nature of the metal fragment, with the band being

progressively shifted to lower wavenumber as the electron-
donating ability of the metal fragment increases (e.g., X =
Me, ν(CtC) (cm-1/CH2Cl2): M = Ru, 2073; M = Fe, 2056;
M=Mo, 2050). Furthermore it is evident that the three systems
are distinct in the magnitude of the shift in ν(CtC) following
one-electron oxidation, with the molybdenum complexes exhi-
biting the smallest negative shifts. Taking as an example X =
Me, the respective shifts inΔν(CtC) areM=Ru,-145 cm-1;
M= Fe,-62 cm-1; and M=Mo,-33 cm-1.

In summary, the electrochemical and spectroscopic prop-
erties of the [Mo(CtCR)(dppe)(η-C7H7)]

nþ complexesmore
closely resemble those of the Fe than the Ru series. The
apparently limited Mo-alkynyl mixing cannot be accounted
for by the simple analogies between the 3d and 4d transition

Table 2. Selected Bond Length and Bond Angle Data for the Alkynyl Complexes [Mo(CrtCβR)(dppe)(η-C7H7)]
nþ (n = 0 or 1)

2a 2b 2d 2g 2h 2i [2a]þ [2b]þ

Bond Lengths (Å)

Mo-CR 2.138(5) 2.1382(17) 2.146(2) 2.140(5) 2.1094(19) 2.122(7) 2.067(9) 2.070(11)
CR-Cβ 1.205(6) 1.216(2) 1.179(3) 1.196(6) 1.212(3) 1.191(10) 1.196(11) 1.201(12)
Cβ-C(substituent) 1.434(7) 1.485(2) 1.436(3) 1.441(7) 1.426(3) 1.453(10) 1.445(12) 1.507(14)
Mo-P 2.477(1),

2.467(1)
2.4648(4),
2.4520(4)

2.4731(6),
2.4686(6)

2.4677(14),
2.4525(14)

2.4767(5),
2.4772(5)

2.477(2),
2.455(2)

2.538(2),
2.528(3)

2.537(3),
2.528(3)

Bond Angles (deg)

Mo-CR-Cβ 178.5(4) 175.17(14) 176.33(18) 174.0(5) 178.54(16) 174.17(6) 174.6(8) 175.1(10)
CR-Cβ-C(substituent) 177.9(5) 177.42(18) 177.6(2) 174.6(6) 176.71(19) 171.0(8) 175.0(10) 178.2(12)
P-Mo-P 78.2(1) 78.312(14) 78.38(2) 78.39(5) 78.558(18) 78.63(7) 78.4(1) 78.70(10)
P-Mo-CR 83.8(2),

77.3(2)
80.24(4),
78.67(4)

80.52(5),
79.18(5)

81.59(13),
77.96(13)

84.47(5),
76.73(5)

81.21(2),
77.43(2)

83.5(3),
75.1(3)

80.5(3),
75.0(3)

Table 3. Cyclic Voltammetric Data for [M(CtCR)(dppe)(η-L)]
(M = Mo, L = C7H7; M = Fe, Ru, L = Cp*)h

compound E1/2 (V) notes

2a (-30 !C) -0.72 a

2b (-30 !C) -0.82 a

2c -0.79,þ0.07 b

2d (-30 !C) -0.50 a

2e -0.81 a,f

2f (-30 !C) -0.74,þ0.60 a,f,g

2g (-30 !C) -0.72 a

2h -0.70 a

2i -0.65 a

3a, [Fe(C"CC6H5)(dppe)Cp*] -0.61 c

3e, [Fe(CtCC6H4-4-NH2)(dppe)Cp*] -0.71 c

3f, [Fe(CtCC6H4-4-OMe)(dppe)Cp*] -0.67 c

3g, [Fe(CtCC6H4-4-Me)(dppe)Cp*] -0.64 c

4a, [Ru(CtCC6H5)(dppe)Cp*] -0.16 d

4e, [Ru(CtCC6H4-4-NH2)(dppe)Cp*] -0.41 e

4f, [Ru(CtCC6H4-4-OMe)(dppe)Cp*] -0.31 e

4g, [Ru(CtCC6H4-4-Me)(dppe)Cp*] -0.15 d

aThiswork. bRef 22. cRef 8. dRef 12. eRef 11. f 0.1MNBu4PF6/THF
(FcH/FcHþ = 0.00 V). g Irreversible oxidation at þ0.60 V. hAll
potentials are reported vs FcH/FcHþ (FcH/FcHþ= 0.00 V) from 0.1
M NBu4PF6/CH2Cl2 solutions at ambient temperature unless stated
otherwise. Data for 2c originally reported vs SCE in 0.2 M NBu4BF4

(FcH/FcHþ=0.56 V)22 have been adjusted to the FcH/FcHþ reference
scale adopted in the current work.

Table 4. Infrared Spectroscopic Data for the Alkynyl Complexes
[Mo(CtCR)(dppe)(η-C7H7)]

nþ

n = 0 n = 1 Δν(CtC) ref

2aa 2045 2032 -13 14
2ba 2057 2044 -13 14
2cb 2057 2009 -48 this work
2dc,d 2020 not obsd n/a this work
2eb 2055 1996 -59 this work
2fb 2055 2011 -44 this work
2gc 2050 2017 -33 this work
2hb 2047 2033 -14 this work
2ic,e 2030, 1993 2031 -1 this work

aData for n = 1 from isolated sample in CH2Cl2.
b Spectroelectro-

chemical measurement in 0.1 M NBu4PF6/THF. cSpectroelectrochem-
ical measurement in 0.1MNBu4PF6/CH2Cl2.

dAlso ν(CdO) 1659 (n=
0), 1694 (n= 1) cm-1. eAlso ν(CdO) 1706 (n= 0), 1721 (n= 1) cm-1.

Table 5. Infrared Spectroscopic Data for the Alkynyl Complexes
[M(CtCR)(dppe)Cp*]nþ (M = Fe or Ru)

M = Fe M = Ru

R n= 0 n = 1
Δν-

(CtC) n = 0 n=1
Δν-

(CtC)

C6H5 2053a 2021,
1988b

e 2072c 1930 -141

C6H4-4-
Me

2056b 1994b -62 2073c 1928 -145

C6H4-4-
OMe

2058b 1988b -70 2074d 1929 -145

C6H4-4-
NH2

2060b 1988sh,
1962b

e 2075
2050shd

1940 -135

C6H4-4-
NO2

2036,
2008b

2038b e 2048
2017d

1942 -106

aRef 10. bRef 8. cRef 12. dRef 11. eΔν(CtC) in Fe series not quoted
due to multiple ν(CtC) bands.

(28) Paul, F.; Mevellec, J.-Y.; Lapinte, C. J. Chem. Soc., Dalton
Trans. 2002, 1783.
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series advanced to rationalize the differences between the
group 8 systems. Therefore to understand further the pre-
dominantly metal-localized redox character of the [Mo-
(CtCR)(dppe)(η-C7H7)] system, a DFT analysis of 2a/[2a]þ

was undertaken.
Electronic Structure Calculations. A computational study

of the electronic structure of the model system
[Mo(CtCPh)(dppe)(C7H7)]

nþ (denoted 2A, [2A]þ to distin-
guish the computational and experimental systems) was
conducted at the DFT level. Starting from the crystallo-
graphic structure of 2a, full geometry optimizations were
performed on 2A and [2A]þ using both the BP86 and B3LYP
functionals and the Def2-SVP basis obtained from the
Turbomole library.29 For H, C, and P atoms, this constitutes
an all-electron split valence plus polarization basis, while for
Mo an effective core potential is applied to account for 28
core electrons (K,L, andM shells) with a split valence orbital
set including a set of f-type polarization functions. This basis
was also used to obtain IR frequencies and the UV/vis
spectra (via time-dependent density functional theory, TD-
DFT, as implemented in the Gaussian suite of programs30).

There is good agreement between the crystallographically
determined structures of 2a/[2a]þ and the DFT-optimized
geometries; key variables from the DFT-optimized geome-
tries are shown in Table 6. Comparing with the X-ray data

and averaging over these structures we find an average
absolute error in the bond lengths of 0.033 Å (BP86)/0.040
Å (B3LYP) and 1.3! in the angles for both functionals. The
energies and compositionof the keyorbitals for 2A (LUMOþ1,
LUMO, HOMO, HOMO-1, HOMO-2, HOMO-18, and
HOMO-19) are summarized in Table 7 and Figure 7; Figure 8
illustrates the plots of these frontier orbitals.

The structural and IR spectroscopic changes resulting
from one-electron oxidation can be satisfactorily rationa-
lized in terms of the properties of the HOMO of 2A
(Figure 8c). The antibonding character of the HOMO with
respect to the metal-alkynyl bond prescribes a shorter,
stronger Mo-CR bond on removal of an electron from 2A
to form [2A]þ (see Table 6). Conversely the alkynyl CtC
bond is modestly weakened by removal of an electron from a
HOMO that has alkynyl CtC bonding character but a
relatively small population on the C2 unit (see Table 7),
and this is reflected in the small reduction in the ν(CtC)
stretching frequency in the 17-electron radical [ν(CtC), cm-1

(CH2Cl2), calculated: 2A, 2048 (BP86)/2138 (B3LYP), [2A]þ,
2008 (BP86)/2101 (B3LYP); experimental: 2a, 2045, [2a]þ,
2032; the calculated values have not been scaled]. The
B3LYP level predicts a reduction of 37 cm-1, while the
BP86 functional gives a reduction of 40 cm-1; the absolute
values predicted by the BP86 functional are in better agree-
ment with experiment, but the trend is slightly better repro-
duced at the B3LYP level. A related DFT treatment of
[Ru(CtCPh)(PH3)2Cp] reveals that the HOMO population
at theC2 unit is 38% (and 62% in total on theC2Ph ligand, cf.
2A, 25%), and these differences can clearly account for the
much larger impact on ν(CtC) of removal of an electron
from the HOMOof the Ru system. The challenge however is
to explain the contrasting population distribution in the
HOMO of the Mo and Ru complexes, and this issue is
addressed below.

A key feature of the electronic structure of 2A is the strong
δ-interaction between the metal dxy and dx2-y2 orbitals and
the e2 level of the C7H7 ring, evident from HOMO-1 and

Table 6. Selected Bond Lengths and Bond Angles for 2A and
[2A]þ, Obtained at the BP86/SVP and B3LYP/SVP Levels

2A [2A]þ

BP86 B3LYP BP86 B3LYP

Bond Lengths (Å)

Mo-CR 2.093 2.125 2.047 2.073
CR-Cβ 1.254 1.238 1.257 1.239
Cβ-C(substituent) 1.427 1.429 1.423 1.427
Mo-P 2.486 2.529 2.556 2.596

2.485 2.527 2.553 2.591

Bond Angles (deg)

Mo-CR-Cβ 177.8 177.6 176.9 176.5
CR-Cβ-C(substituent) 179.7 179.8 178.7 179.5
P-Mo-P 78.8 78.6 79.5 79.1
P-Mo-CR 83.5 84.2 82.8 83.1

77.2 77.7 77.3 77.5
Ct-Mo-CR

a 127.6 127.4 130.3 129.9

aCt = centroid of the C7H7 ring.

Figure 7. Energy (eV) of key molecular orbitals of 2A (B3LYP/
SVP including PCM solvation in CH2Cl2).

(29) Andrae, D.; Haeussermann, U.; Dolg, M.; Stoll, H.; Preuss, H.
Theor. Chim. Acta 1990, 77, 123. Weigend, F.; Ahlrichs, R. Phys. Chem.
Chem. Phys. 2005, 7, 3297. http://bases.turbo-forum.com/TURBOMO-
LE_BASISSET_LIBRARY/tbl.html.
(30) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;

Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.;
Kudin, K. N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.;
Barone, V.;Mennucci, B.; Cossi, ; Scalmani,M.G.;Rega,N.; Petersson,
G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.;
Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai,
H.;Klene,M.; Li,X.;Knox, J. E.;Hratchian,H. P.; Cross, J. B.; Bakken,
V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev
O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J.W.; Ayala, P. Y.;
Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas,
O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.;
Ortiz, J. V.; Cui,Q.; Baboul,A.G.;Clifford, S.; Cioslowski, J.; Stefanov,
B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.;
Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.;
Challacombe,M.; Gill, P.M.W.; Johnson, B.; Chen,W.;Wong,M.W.;
Gonzalez, C.; Pople, J. A. Gaussian 03, Revision C.02; Gaussian, Inc.:
Wallingford, CT, 2004.
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HOMO-2 (Figure 8d and e, respectively), which are
strongly bonding between the metal and C7H7 ring. This
represents a significant difference between the electronic
structures of 2A and its ruthenium analogue [Ru(Ct
CPh)(dppe)Cp*] because δ-bonding has very limited impor-
tance in the ruthenium-cyclopentadienyl interaction. The
origin of this effect can be traced to a stabilization of the ring
orbitals of e1 and e2 symmetry as ring size increases, and this
principle has been applied with some success in rationalizing
the electronic structure and reactivity of sandwich complexes
of the type [MCp(η-C7H7)] (M = Ti, Zr, V, Cr, Mo) and
[M(η-C7H7)2]

n (M=Th, Pa, U, Np, Pu, Am; n=-2,-1, 0,

þ1; M = Ti, V, Cr, n = 0).31 Essentially, as ring size
increases, the ring MOs move to lower energy,32 and there-
fore the principal frontier orbital metal-ring interactions

Figure 8. LUMOþ1, LUMO, HOMO, HOMO-1, HOMO-2, HOMO-18, and HOMO-19 of 2A at B3LYP/SVP (including PCM
solvation in CH2Cl2) plotted as an isosurface of 0.04 au.

Table 7. Population Analysis (%) of Key Molecular Orbitals of 2A at B3LYP/SVP (including PCM solvation in CH2Cl2)

fragment (excluding hydrogen atoms and Ph groups of dppe)

orbital Mo C7H7 C2 C6H5 P2

LUMOþ1 10 14 7 10 6
LUMO 14 34 2 2 12
HOMO 62 4 16 9 3
HOMO-1 24 37 25 6 4
HOMO-2 47 37 6 2 3
HOMO-18 9 60 0 0 8
HOMO-19 11 33 12 2 9

(31) (a) Clack,D.W.;Warren,K.D.Theor. Chim. Acta 1977, 46, 313.
(b) Evans, S.; Green, J. C.; Jackson, S. E.; Higginson, B. J. Chem. Soc.,
Dalton Trans. 1974, 304. (c) Menconi, G.; Kaltsoyannis, N. Organometal-
lics 2005, 24, 1189. (d) Tamm,M.;Kunst, A.; Bannenberg, T.; Herdtweck, E.;
Schmid, R.Organometallics 2005, 24, 3163. (e) Gl€ockner, A.; Bannenberg,
T.; Tamm, M.; Arif, A. M.; Ernst, R. D.Organometallics 2009, 28, 5866. (f)
Li, J.; Bursten, B. E. J. Am. Chem. Soc. 1997, 119, 9021. (g) Wang, H.; Xie,
Y.; King, R. B.; Schaefer, H. F.III. Eur. J. Inorg. Chem. 2008, 3698.

(32) Elian, M.; Chen, M. M. L.; Mingos, D. M. P.; Hoffmann, R.
Inorg. Chem. 1976, 15, 1148.
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involve the e1 level for Cp but the e2 level for C7H7.
Confirmation that the e1 level of the C7H7 ligand is moved
to low energy in the half-sandwich system under investiga-
tion is provided by the identification of the π-interaction
between the C7H7 MOs of e1 symmetry and metal orbitals
with mainly dyz and dxz character; these are much lower in
the orbital manifold at HOMO-18 and HOMO-19
(Figure 8f and g). The perturbation in electronic structure
introduced bymetal-ring δ-bonding leads to a reordering of
the metal d orbital manifold, resulting in a novel electronic
structure for the half-sandwich, cycloheptatrienyl molybde-
num system.

To understand the contrast between the electronic struc-
ture of 2A and that of [Ru(CtCPh)(dppe)Cp*], it is first
necessary to specify the coordinate systems employed. In the
familiar case of [Ru(CtCPh)(dppe)Cp*], DFT calculations
on the model complex [Ru(CtCPh)(PH3)2Cp] define the z
axis along the Ru-CR (alkynyl) bond, determined by dona-
tion from the filled alkynyl σ orbital to the dz2 orbital on
Ru.9,11,12 By contrast in 2A, the z axis is directed along the
line connecting the metal and the center of the C7H7 ring; the
location of the dz2 orbital along this axis is evident in
Figure 8c. For convenience, we have then assigned the plane
passing through the Mo-CR (alkynyl) bond, the metal, and
the center of the C7H7 ring as the xz plane.

Inspection of the MO energy level diagram for 2A
(Figure 7) reveals two key points. First the HOMO in 2A is
energetically discrete from both the LUMO and HOMO-1;
this contrasts with the electronic structure of [Ru(Ct
CPh)(PH3)2Cp], where the HOMO and HOMO-1 are se-
parated in energy by less than 0.1 eV and may interchange
depending on the identity of the substituent on the alkynyl
ligand.11 The lowering in energy of HOMO-1 in 2A might
be attributed to the additional δ-bonding between the
metal dxy orbital and the C7H7 ring. The second feature of
interest lies in the directional properties of the HOMO;
for [Ru(CtCPh)(PH3)2Cp] the HOMO/HOMO-1 (dxz or
dyz) include the Ru-CR (alkynyl) bond in the plane of the
orbital (Figure 9).11,12 However, in the case of 2A, the
HOMO, dz2, is approximately orthogonal to the Mo-CR
(alkynyl) bond.

Focusing now on the metal-alkynyl interaction, there are
three important frontier components: a bonding interaction
involving σ-donation from a filled orbital on the alkynyl
ligand to an acceptor metal orbital and two antibonding,
filled-filled π-interactions between the two orthogonal
CtC π-bonds on the alkynyl ligand and filled metal
d orbitals. For 2A these latter π-interactions are clearly
identified in the HOMO and HOMO-1 (Figure 8c and d)
involvingmetal dz2 and dxy orbitals. The σ-donation from the
alkynyl ligand ismuch harder to trace, but the best candidate

is shown in HOMO-19 (Figure 8g). In the ruthenium
complex [Ru(CtCPh)(PH3)2Cp] the filled-filled π-anti-
bonding interactions can also be found in the HOMO and
HOMO-1 (dxz or dyz in the coordinate system of the
cyclopentadienyl ruthenium complex). In both complexes,
the HOMO and HOMO-1 are antibonding with respect to
the metal-CR (alkynyl) interaction but conversely possess
alkynyl CtC bonding character.

The one-electron oxidation of the alkynyl complexes
[Mo(CtCPh)(dppe)(η-C7H7)] and [Ru(CtCPh)(dppe)Cp*]
will result in a depletion of electron density in the HOMO
(and to a lesser degree HOMO-1) and should therefore lead
to strengthening of the metal alkynyl bond but weakening of
the alkynyl CtC bond. However the extent of the change is
strongly dependent on the effectiveness of the metal to
alkynyl interaction in the HOMO and HOMO-1. In the
ruthenium system, there is good overlap between the metal
dxz and dyz with the orthogonal alkynyl π-bonds in the
almost degenerate HOMO and HOMO-1. Conversely for
[Mo(CtCPh)(dppe)(η-C7H7)], the metal-alkynyl interac-
tion in the HOMO is diminished by symmetry constraints;
the metal dz2 orbital of the HOMO must tilt to achieve
effective overlap with the alkynyl π orbital. While the dxy
orbital of the HOMO-1 of 2A does possess the correct
symmetry for an effective metal-alkynyl interaction, this
(in contrast to the Ru system) is significantly lower in energy
and is also involved in strong metal to ring δ-bonding.
Therefore, the redox-induced changes observed for [Mo-
(CtCPh)(dppe)(η-C7H7)] are moderated by the confine-
ment of the redox process essentially to a single orbital
in which symmetry constraints limit the efficiency of the
metal-alkynyl interaction.

In summary, the contrasting redox behavior of [Mo-
(CtCPh)(dppe)(η-C7H7)] and [Ru(CtCPh)(dppe)Cp*] can
be attributed to the very different electronic structures of
the two systems. The strongly bonding interactions between
molybdenum and the C7H7 ring lead to stabilization of the
metal dxy anddx2-y2 (e2) and dxz anddyz (e1) orbitals, leaving an
energeticallydiscreteHOMOwith significantdz2 character.The
redox process is therefore centered on an orbital with a
symmetry-constrained interaction between the metal and the
filled alkynyl π orbital such that redox-induced changes at the
alkynyl ligand are relatively small. No such symmetry con-
straints operate for [Ru(CtCPh)(dppe)Cp*], where the dxz
and dyz components of the almost degenerate HOMO and
HOMO-1 overlap directly with the filled, orthogonal alkynyl
π orbitals.

Finally we note that the novel electronic structure of the
Mo(dppe)(η-C7H7) system sets it apart in studies on the
redox chemistry ofmetal complexes of carbon chain systems.
DFT calculations onmodels for key, alternative half-sandwich

Figure 9. HOMO and HOMO-1 of [Ru(CtCPh)(PH3)2Cp] at B3LYP/3-21G* plotted as an isosurface of 0.04 au.12
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end-cap systems, Fe(dppe)Cp*,9,10 Re(NO)(PPh3)Cp*,
27b,33

and Mn(Me2PCH2CH2PMe2)Cp,
34 all reveal in-plane over-

lap between frontier metal d orbitals and filled carbon chain
π orbitals in the HOMO. The unique orthogonal overlap
between the dz2 orbital of theMo(dppe)(η-C7H7) system and
the filled π orbitals of a carbon chain and the consequential
reduced metal-carbon interaction offers the potential to
enhance the stability of highly reactive radicals of extended
carbon chain complexes and to facilitate delineation of the
separate metal and carbon chain components of a redox
process.
UV/Visible Electronic Absorption Spectroscopy. The UV/

visible/NIR spectra of complexes (2a, 2b, 2d, 2f, 2g, 2i),
chosen as being representative of the series, and the corre-
sponding radicals, were recorded using spectroelectrochem-
ical methods; the experimental spectra for 2a and [2a]þ

are illustrated in Figure 10, and all data are summarized in
Table 8.

The neutral 18-electron complexes all show strong absorp-
tions below 30 000 cm-1/333 nm) and at ca. 25 000 cm-1/400
nm arising from transitions between the metal, phosphine,
and cycloheptatrienyl ligands. A series of lower intensity
bands around 17 000-19 200 cm-1 (590-520 nm) are re-
sponsible for the varying blue-black, brown, or green color
of the alkynyl complexes. The spectra of the aryl-alkynyl 17-
electron radical cations [2aþ], [2f]þ, [2g]þ, and [2i]þ were
characterized by a strong absorption band in the region
16 000-17 000 cm-1 (625-590 nm) responsible for the

intense blue-purple or emerald green color of these systems.
The energy of this visible transition is sensitive to the alkynyl
substituent, being found at higher energy as the electron-
withdrawing nature of the substituent is increased, consistent
with assignment as a LMCT (aryl-alkynyl to metal) transi-
tion. In addition, very weak, low-energy bands are also
observed in the spectra of the 17-electron radical cations
around 12 000 cm-1 (800 nm), which are likely d-d in origin.
In the case of the non-aryl-substituted derivatives [2b]þ and
[2d]þ, the LMCTbands are weaker in intensity and shifted to
higher energy, 18 600-20 000 cm-1 (537-500 nm), giving
these species a distinct orange or red coloration. These
differences between aryl- and alkyl-substituted alkynyls in-
dicate a significant contribution from the aryl group to the
LMCT processes in the former.

To provide a more detailed assignment of the electronic
transitions that occur in these complexes, a TD-DFT study
was undertaken on 2A/[2A]þ. TD-DFT calculations were
performed for the first 100 excited states for 2A and [2A]þ,
and the effect of solvent (CH2Cl2) was included using
the polarizable continuum model. Calculated oscillator
strengths were then used to simulate35 spectra in the region
14 000-40 000 cm-1 (700-250 nm). Simulated spectra for
2A and [2A]þ are shown in Figures 11 and 12.

For the 18-electron complex 2A, both observed and
simulated spectra feature two significant absorptionmaxima

Table 8. UV/Vis/NIR Data for Selected Members of the Series [2]nþ (n = 0, 1)a

complex nþ

2a 0 32 700 (21 000) 27 000 (12 200) 18 900 (1000), br
þ1 33 300 (15 600), br 28 300 (8400) 18 900 (2100), sh, 16 900 (4800) 12 300 (390), br

2b 0 33 900 (8400)
þ1 33 900 (7100), sh 20 000 (720)

2d 0 33 800 (26 800) 28 300 (18800) 18 700 (890), br
þ1 30 100 (19 100), sh 21 600 (8000) 18 600 (3200), br

2f 0 32 500 (17 600) 27 900 (11 100) 17 000 (650)
þ1 28 200 (8600) 16 000 (5900) 12 400 (770)

2g 0 32 680 (18 300) 27 100 (12800) 19 200 (800)
þ1 28 250 (7800) 16 600 (5300) 12 500 (150)

2ib 0 31 700 (16 300) 22 200 (16200) 17 300 (2200)
þ1 27 850 (10 500), 24 200 (6500) 18 600 (2400), 16 800 (3500) 11 800 (200)

a νmax/cm
-1 (ε/M-1 cm-1) determined by spectroelectrochemical methods in 0.1 M NBu4PF6/CH2Cl2 unless stated otherwise. b 0.1 M NBu4PF6/

THF.

Figure 11. Simulated UV/vis spectrum of 2A (TD-DFT,
B3LYP/SVP).

Figure 10. Experimental UV/visible spectra of 2a/[2a]þ in CH2-
Cl2/0.1 M NBu4PF6.

(33) Jiao,H.; Costuas,K.;Gladysz, J. A.;Halet, J.-F.;Guillemot,M.;
Toupet, L.; Paul, F.; Lapinte, C. J. Am. Chem. Soc. 2003, 125, 9511.
(34) Venkatesan, K.; Blacque, O.; Berke, H. Dalton Trans. 2007,

1091.
(35) O’Boyle, N. M.; Tenderholt, A. L.; Langner, K. M. J. Comput.

Chem. 2008, 29, 839.
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below 400 nm (25 000 cm-1). The dominant states that
contribute to these bands in 2A appear at 337 nm (29 700
cm-1) and 375 nm (26 670 cm-1), but there are close lying
adjacent states (with smaller but significant oscillator
strengths) that shift the band centers to lower wavelengths.
The state at 375 nm is composed of many orbital transitions,
but the principal component, accounting for 17% of the
wave function, is a transition from the HOMO to a high-
lying virtual orbital (LUMOþ10), which corresponds to the
transfer of electron density from the metal to the phenyl ring
of the CtCPh unit. The only other excitations that carry a
weight of >5% in the final wave function are a transition
from HOMO-2 to LUMO, with a weight of 7% (this
corresponds to a transfer of electron density from the Mo
to the P atoms of the dppe unit) and a transition (weight 6%)
from the HOMO to the phenyl rings of the dppe unit. The
state at 337 nm arises principally due to transfer of electron
density from the Mo(η-C7H7) unit to the dppe unit; there is
very little weight for any transitions corresponding to the
phenyl ring of the CtCPh unit. Finally, there is a band
centered at 546 nm (18 300 cm-1) responsible for the brown
color of the complex, 31% of which comes about from an
excitation from the HOMO (Figure 8c) to the LUMOþ1
(Figure 8a).

As noted above, the experimental UV/vis spectra of the
oxidized aryl-alkynyl complexes each feature an intense
absorption in the region 16 000-17 000 cm-1 (625-590
nm) (Figure 10). The simulated spectrum of [2A]þ

(Figure 12) shows a similar band centered on a transition
at 582 nm (2aþ, experimental value 592 nm). This state is
dominated by a single transition (weight 85%) that corre-
sponds to an excitation within the β-spin orbital manifold of
HOMO-2f LUMO, but it should be noted that the spatial
form of the β-spin LUMO is effectively that of the SOMO
(R-spin). The orbitals involved are shown in Figure 13 and
suggest that this transition corresponds to a transfer from the
phenyl ring of the CtCPh unit to the Mo(η-C7H7)CtC-
moiety, thus supporting the experimental LMCTassignment
of the transition.

The band at 374 nm is dominated (30%) by an excitation
from HOMO-2 to LUMOþ1 within the R-spin orbital
manifold as shown in Figure 14 and appears to indicate
transfer from a Mo-C7H7 unit to the alkynyl ligand.
EPR Investigations. The well-resolved, isotropic character

of the X-band EPR solution spectra of the 17-electron

radicals [MoX(dppe)(η-C7H7)]
þhas been the focus of several

previous reports,14,36 and the DFT treatment, outlined be-
low, now permits a much clearer rationalization of these
results. Figure 15 illustrates the calculated unpaired spin
density distribution in [2A]þ together with Mulliken spin
densities. It is clear that unpaired spin density is located
principally at the Mo center in a metal-based orbital with a
significant dz2 contribution; this is consistent with the dis-
tinctly isotropic character of the experimental EPR spectra
and in agreement with previous predictions for these com-
plexes.37

Two new experimental investigations have been under-
taken in the current work. First, EPR spectra of a series of
17-electron alkynyl radicals [Mo(CtCR)(dppe)(η-C7H7)]

þ,
selected to encompass a wide range of R substituents, were
recorded in fluid solution in dichloromethane at 243 K (on
an isolated sample, [2a][BF4], or by generation in situ on
addition of [FcH][PF6] to samples of 2d, 2f, 2g, and 2i). A
typical spectrum (as a second derivative) is presented in
Figure 16, and Table 9 summarizes experimental solution
isotropic g values and hyperfine coupling parameters
(confirmed by simulation); very little variation is observed
with change in the identity of R.

Second we have recorded the W-band, solid-state spec-
trum (Figure 17) of an isolated sample of [2a][BF4] and
obtained, for the first time, anisotropic g values for an
alkynyl complex of this type (g1 = 1.9992, g2 = 1.9958,
g3 = 1.9892; Δg = g1 - g3 = 0.010). These data, which
complement reports for the related systems [MoX(dppe)(η-
C7H7)]

þ (X=F,NCO,NCS,CN) obtained at theQ-band,36

reveal very small g value anisotropy, in marked contrast to
complexes of the type [M(CtCR)(dppe)Cp*]þ (M = Fe or
Ru), which exhibit much larger g value anisotropy (R= Ph;
M = Fe, Δg = 0.489;10 M = Ru, Δg = 0.239,11 frozen
solution, 80 K).

An extended DFT investigation on the 17-electron radical
[2A]þwas undertaken, leading to calculation of the unpaired
spin density distribution as presented in Figure 15. For
calculations of EPR g tensors and hyperfine coupling ten-
sors, the Mo basis was changed to the all-electron TZVPP-
All-S2 basis, again from the Turbomole library.29 In the all-
electron calculations, s-type functions on all atoms were
uncontracted. Convergence of the EPR parameters was
checked by the inclusion of additional tight s functions (the
exponents being obtained in geometric progression) on all
atoms. Typically it was found that the inclusion of two
additional sets of s functions was sufficient, since any further
addition produced changes of less than 1MHz (0.36G) in the
computed hyperfine tensors. The g tensor of [2A]þ was
calculated using gauge-including atomic orbitals (GIAO)
and the B3LYP functional as implemented in the Gaussian
suite of programs.30Although the g tensor is thought to show
only a weak gauge dependence, the GIAO calculations
reported here are rigorously gauge independent; however
in the implementation used the spin-orbit operator is ap-
proximated by a one-electron operatorwith a scaled effective
charge to account for the screened nuclear charge. The
calculated components of the g tensor obtained were g1 =
2.0078, g2 = 1.9996, g3 = 1.9792, giving giso = 1.9955

Figure 12. Simulated UV/vis spectrum of [2A]þ (TD-DFT,
B3LYP/SVP).

(36) Aston, G. M.; Badriya, S.; Farley, R. D.; Grime, R. W.; Ledger,
S. J.; Mabbs, F. E.; McInnes, E. J. L.; Morris, H. W.; Ricalton, A.;
Rowlands, C. C.; Wagner, K.; Whiteley, M. W. J. Chem. Soc., Dalton
Trans. 1999, 4379.

(37) Rieger, P. H. Coord. Chem. Rev. 1994, 135/136, 203.
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(experimental: g1= 1.9992, g2= 1.9958, g3= 1.9892, giso=
1.9947). To assess the effect of the choice of spin-orbit
operator, we performed additional calculations of the g
tensor using a mean field spin-orbit operator, which in-
cludes the effect of the two-electron spin-orbit integrals in
an averaged way. Center of charge coordinates (which
should minimize the gauge dependence) were used without
the GIAO, as implemented in the ORCA program.38 The

values obtained were g1= 2.0052, g2= 1.9997, g3= 1.9881,
giving giso = 1.9977. The two schemes used give a difference
of some 2200 ppm in the value of giso. Table 10 compares the
calculated g values with those from experiment and indicates
that the use of the mean field spin-orbit operator is superior
in predicting the components of the g tensor even though the
isotropic value is less well reproduced.

The evaluation of the hyperfine tensors requires some
careful comment. For the Mo atom, in addition to the
isotropic Fermi contact (FC) term, it is important to include
the spin-orbit contributions and relativistic effects. We
performed calculations with the B3LYP and PBE0 func-
tionals. We found the PBE0 functional to be slightly superior,

Figure 13. β-Spin orbital transition in [2A]þ that gives rise to the band calculated at 582 nm.

Figure 14. R-Spin orbital transition in [2A]þ that gives rise to the band calculated at 374 nm.

Figure 15. PBE0 spin density of [2A]þ shown as an isosurface of 0.004 au. For clarity the atoms of the dppe unit are shown aswireframe
only.

Figure 16. Fluid solution (CH2Cl2, 243 K), second-derivative
X-band EPR spectrum of [Mo(CtCC6H4-4-Me)(dppe)(η-
C7H7)][PF6], [2g][PF6].

Table 9. EPR Data for the 17-Electron Radicals
[Mo(CtCR)(dppe)(η-C7H7)]

þa

Aiso(Mo) aiso(
31P) aiso(

1H) giso

[2a]þ 31.3b 22.6 4.3 1.996
[2d]þ 31.3 23.3 4.5 1.996
[2f]þ 31.3 22.1 4.2 1.995
[2g]þ 31.3 22.1 4.3 1.995
[2i]þ 31.3 22.8 4.3 1.996

aX-band solution spectra in CH2Cl2 at 243 K; hyperfine couplings in
gauss. b Aiso(Mo) value differs slightly from that reported (34.8) in ref 36.
The revised value gives an enhanced fit to the positions of the Mo
satellites.

(38) Neese, F. ORCA, An Ab Initio, Density Functional, and Semi-
empirical ProgramPackage, version 2.6, Rev. 35; Univ. Bonn: Bonn, 2008.
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overall, and the hyperfine couplings we report refer exclu-
sively to this functional. The experimentally assigned iso-
tropic hyperfine splitting for Mo (Table 9) is 31.3 G.
Calculating just the FC term gives 22.4 G; adding the
spin-orbit contribution of 3.2 G gives Aiso(Mo) = 25.6 G,
which is our best nonrelativistic value. Adding relativistic
effects via the ZORA approach changes the FC term to 26.8
G. Fully uncontracting all basis functions changes the FC
term only a small amount to 27.4 G and the spin-orbit term
changes to 3.0 G, indicating that our approach of uncon-
tracting only the s functions is valid. Our best estimate
becomes Aiso(Mo) = 30.4 G. While relativistic and
spin-orbit contributions are important for Aiso(Mo), they
contribute negligibly to the hyperfine interactions of the
other atoms. For example, taking the heaviest of the remain-
ing atom types, P,we find that the spin-orbit contribution to
aiso(P) is <0.1 G and the inclusion of relativistic effects
changes aiso(P) by <0.7 G. Thus in discussing the hyperfine
couplings of all atoms except Mo, our values refer to the FC
term alone evaluated in a nonrelativistic PBE0 calculation.
Figure 18 summarizes the principal hyperfine couplings. In
the X-band solution EPR experiment the hyperfine cou-
plings for the P atoms of dppe are averaged, whereas in
the calculations the static structure gives slightly inequiva-
lent P atom environments. The averaged calculated value is
aiso(P)=23.8G (experiment aiso(P)=22.6G). Similarly, the
protons of the C7H7 ring give an averaged aiso(H) = 3.9 G
(experiment aiso(H) = 4.3 G). The remaining aiso values
shown in Figure 18 are not resolved under current experi-
mental conditions. The values we are able to compare with
experiment are reproduced within about 1 G, and we expect
that the remaining aiso have a similar reliability.

Conclusions

The alkynyl complexes [Mo(CtCR)(dppe)(η-C7H7)]
nþ

(n = 0 or 1) feature occupied frontier orbitals that are
essentially metal-localized. Experimentally this is manifest

in the small change in the alkynyl stretching frequency resulting
from one-electron oxidation, the relatively high stability of the
17-electron radical cations, [Mo(CtCR)(dppe)(η-C7H7)]

þ, and
the excellent resolution of hyperfine coupling observed in the
solution EPR spectra. These experimental observations can be
rationalized by electronic structure calculations, which establish
a significant metal dz2 contribution both to the HOMO of
18-electron [Mo(CtCR)(dppe)(η-C7H7)] and to the location
of unpaired spin density in the corresponding radical. The
electronic structure of [Mo(CtCR)(dppe)(η-C7H7)], in which
the metal dz2-based HOMO is energetically well separated from
HOMO-1, is in marked contrast to the analogous group 8
complexes [Ru(CtCR)(dppe)Cp*], for which the HOMO and
HOMO-1arealmostdegenerate.Thesedifferences inelectronic
structure can be attributed to a diversity inmetal-ring bonding.
Stabilization of the ring molecular orbitals with increase in ring
size facilitates a strong δ-interaction between molybdenum and
the C7H7 ligand, an effect not present in theRuCp* system. The
perturbation introduced by metal-ring δ-bonding leads to a
reordering of the metal d orbital manifold, resulting in very
different electronic structures for the two series of complexes
[Mo(CtCR)(dppe)(η-C7H7)] and [Ru(CtCR)(dppe)Cp*],
which, on first inspection, might appear to be closely analogous
systems of the 4d metals Mo and Ru.

Experimental Section

General Procedures. The preparation, purification, and reac-
tions of the complexes described were carried out under dry
nitrogen using standard Schlenk techniques. Methanol was best
available commercial grade or dried on an Innovative Technol-
ogies SPS-400 system, and deoxygenated thoroughly by spar-
ging with dry nitrogen before use. The complex [MoBr(dppe)(η-
C7H7)] 3 0.5CH2Cl2 was prepared by a published procedure.17

The alkynes HCtCFc, HCtCC6H4-4-CHO, HCtCC6H4-4-
OMe, and HCtCC6H4-4-CO2Me were prepared by standard
methods39,40 or purchased from commercial sources (HCtCPh,

Figure 17. Solid-state W-band EPR spectrum of
[Mo(CtCPh)(dppe)(η-C7H7)][BF4], [2a][BF4].

Table 10. Errors in the Components of g for [2A]þObtained with
the Two Computational Procedures Used

GIAO þ
scaled Z one-electron
spin-orbit operator

center of charge
coordinates þ mean field

spin-orbit operator

Δg1 0.0086 0.0060
Δg2 0.0038 0.0039
Δg3 0.0100 -0.0011
Δgiso 0.0008 0.0030

Figure 18. Calculated isotropic hyperfine coupling constants
(G) of [2A]þ.

(39) Polin, J.; Schottenberger, H. Org. Synth. 1996, 73, 262.
(40) Lavastre, O; Ollivier, L.; Dixneuf, P. H.; Sinbandhit, S. Tetra-

hedron 1996, 52, 5495.
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HC!CBut, HCtCCO2Me, HCtCC6H4-4-NH2, HCtCC6H4-
4-Me). NMR spectra were recorded from CD2Cl2 solutions,
unless otherwise stated, containing trace amounts of CoCp2 to
prevent accumulation of MoI species by aerial oxidation, on
Varian Inova 300 or 400 or Bruker DRX-400 spectrometers at
room temperature and referenced against solvent resonances
(1H, 13C) or external H3PO4 (31P). Infrared spectra were ob-
tained on Perkin-Elmer FT RX1 or Nicolet Avatar spectro-
meters. Mass spectra were recorded using Thermo Quest
Finnigan Trace GC/MS or Thermo Electron Finnigan LTQ
FT mass spectrometers. MALDI mass spectra were recorded
using a Micromass/Waters TOF Spec 2E instrument. Micro-
analyses were conducted by the staff of the Microanalytical
Services of the School of Chemistry, University of Manchester,
and the Department of Chemistry, Durham University. Cyclic
voltammograms were recorded (ν = 100 mV s-1) from 0.1 M
NBu4PF6, CH2Cl2 solutions ca. 1 " 10-4 M in analyte using a
gastight single-compartment three-electrode cell equipped with
a Pt disk working electrode, Pt wire counter electrode, and Pt
wire pseudoreference electrode, and data collected on an Auto-
lab PG-STAT 30 potentiostat. The working electrode was
polished with alumina paste before each scan. All redox poten-
tials are reported with reference to an internal standard of the
ferrocene/ferrocenium couple (FcH/FcHþ = 0.00 V). Electro-
chemical measurements at subambient temperatures were per-
formed in the same cell, cooled by immersion in an external
bath. UV/vis/NIR and IR spectroelectrochemical experiments
were performed at room temperature with an airtight OTTLE
cell equippedwith Ptminigridworking and counter electrodes, a
Ag wire reference electrode, and CaF2 windows

25 using either a
Nicolet Avatar spectrometer or a Perkin-Elmer Lambda 900
spectrophotometer. EPR experiments were conducted on a
Bruker BioSPin EMX microspectrometer at X-band (9 GHz);
spectra were recorded at 243 K and are the average of 16 scans.
Spectral analysis and simulation were carried out using Bruker
WinEPR software (Bruker Biospin Ltd.).
Preparations. Preparation of [Mo(CtCPh)(dppe)(η-C7H7)]

(2a). A mixture of [MoBr(dppe)(η-C7H7)] 3 0.5CH2Cl2 (813 mg,
1.15 mmol), HCtCPh (587 mg, 5.75 mmol), and KOBut (387
mg, 3.45 mmol) in methanol (50 cm3) was heated at reflux for
3 h. The resulting deep brown precipitate was collected, washed
with hexane, and dried in vacuo. The solid was dissolved in
CH2Cl2 (ca. 5 cm

3), loaded onto a hexane/alumina column, and
eluted with CH2Cl2/hexane/acetone (45:45:10 v/v/v). The major
brown band was collected and evaporated to dryness to give a
deep brown solid, which was reprecipitated from CH2Cl2/
hexane; yield: 425 mg (54%). 1H NMR: δ 2.11 (m, 2H, CH2),
2.49 (m, 2H,CH2), 4.82 (t, 7H, JHP=2.1Hz,C7H7), 6.03 (d, 2H,
JHH 7 Hz, CtCPho), 6.74 (m, 1H, CtCPhp), 6.84 (m, 2H,
CtCPhm), 7.33-7.85 (m, 20H, Ph). 31P{1H} NMR (CDCl3): δ
64.6 (s, dppe). IR (CH2Cl2) ν(CtC) 2045 cm-1. MALDI-MS
(m/z): 687, [M]þ; 586 [(M - CtCPh)]þ. Anal. Calcd (%) for
C41H36MoP2: C, 71.7; H, 5.3. Found: C, 71.4; H, 5.2.
Preparation of [Mo(CtCBut)(dppe)(η-C7H7)] (2b). This was

prepared and purified in an identical fashion to 2a, using
HCtCBut (870 mg, 10.60 mmol), [MoBr(dppe)(η-C7H7)] 3
0.5CH2Cl2 (1.50 g, 2.12 mmol), and KOBut (0.71 g, 6.36 mmol).
The product was obtained as a dark brown solid; yield: 430 mg
(30%). 1HNMR: δ 0.40 (s, 9H, But), 2.20 (m, 2H,CH2), 2.60 (m,
2H, CH2), 4.66 (s, 7H, C7H7), 7.25-7.82 (m, 20H, Ph). 31P{1H}
NMR (CDCl3): δ 66.2 (s, dppe). IR (CH2Cl2): ν(CtC) 2057
cm-1. MALDI-MS (m/z): 668, [M]þ. Anal. Calcd (%) for
C39H40MoP2: C, 70.3; H, 6.1. Found: C, 70.3; H, 6.0.
Preparation of [Mo(CtCFc)(dppe)(η-C7H7)] (2c). A warm

(ca. 50 !C) solution of [MoBr(dppe)(η-C7H7)] 3 0.5CH2Cl2 (100
mg 0.14 mmol) in methanol (20 cm3) was treated with HCtCFc
(38 mg, 0.18 mmol), and the resulting mixture heated at reflux
point for 90 min. The solution was allowed to cool to room
temperature before addition of Nametal (100 mg, 4 mmol). The
solution was allowed to stir for 20 min, after which time

effervescence had ceased, and the solvent was removed in vacuo.
The solid residue was extracted with CH2Cl2 (5 cm3), the
extracts were filtered, and the filtrate was taken to dryness in
vacuo to give a dark-colored solid, which was washed with Et2O
(3 " 5 cm3) and hexane (3 " 5 cm3) or until the washings were
colorless and dried to afford 2c as a free-flowing brown powder;
yield: 10 mg (9%). 1H NMR: δ 2.17 (m, 2H, CH2), 2.64 (m, 2H,
CH2), 3.29 (t, JHH = 2 Hz, 2H, Cpβ), 3.60 (s, 5H, Cp), 3.69 (t,
JHH = 2 Hz, 2H, CpR), 4.71 (br, 7H, C7H7), 7.29-7.89 (m,
20H, Ph). 31P{1H} NMR: δ 65.6 (s, dppe). MALDI-MS (m/z):
796, [M]þ. Anal. Calcd (%) for C45H40FeMoP2: C, 68.0; H, 5.0.
Found: C, 68.4; H, 5.2.

Preparation of [Mo(CtCCO2Me)(dppe)(η-C7H7)] (2d). This
was prepared and purified in an identical fashion to 2a, using
methyl propiolate (288 mg, 3.43 mmol) in place of HCtCPh,
[MoBr(dppe)(η-C7H7)] 3 0.5CH2Cl2 (808 mg, 1.14 mmol), and
KOBut (211 mg, 1.88 mmol). The product was obtained as a
purple-red solid; yield: 240 mg (31%). 1H NMR: δ 1.89 (m, 2H,
CH2), 2.35 (m, 2H, CH2), 3.18 (s, 3H, Me), 4.71 (br, 7H, C7H7),
7.19-7.67 (m, 20H, Ph). 31P{1H} NMR (CDCl3): δ 62.2 (s,
dppe). IR (CH2Cl2): ν(CtC) 2020, ν(CdO) 1657 cm-1. MAL-
DI-MS (m/z): 669, [M]þ. Anal. Calcd (%) for C37H34MoP2: C,
66.5; H, 5.1. Found: C, 66.2; H, 5.1.

Preparation of [Mo(CtCC6H4-4-NH2)(dppe)(η-C7H7)] (2e).
The reaction between [MoBr(dppe)(η-C7H7)] 3 0.5CH2Cl2 (100
mg 0.14mmol) andHCtCC6H4-4-NH2 (27mg, 0.23mmol)was
carried out in a manner similar to that described for 2c, afford-
ing 2e as a deep green solid; yield 40mg (38%). 1HNMR: δ 2.06
(m, 2H, CH2), 2.48 (m, 2H, CH2); 3.40 (s, 2H, NH2), 4.75 (t,
JPH = 2 Hz, 7H, C7H7), 5.87 (d, (AB), 2H, JHH ≈ 8 Hz, C6H4),
6.20 (d, (AB) 2H, JHH ≈ 8 Hz, C6H4), 7.30-7.81 (m, 20H, Ph).
31P{1H} NMR: δ 65.7 (s, dppe). IR (CH2Cl2): ν(CtC) 2053.
ES(þ)-MS (m/z): 701 [M]þ. HR ES(þ)-MS (m/z): 703.14469
(MoNP2C41H37 requires 703.14552).

Preparation of [Mo(CtCC6H4-4-OMe)(dppe)(η-C7H7)] (2f).
A solution of Me3SiCtCC6H4-4-OMe (29 mg, 0.23 mmol) and
KF (26 mg, 0.452 mmol) in methanol (20 cm3) was treated with
[MoBr(dppe)(η-C7H7)] 3 0.5CH2Cl2 (100 mg, 0.14 mmol) and
NaPF6 (25 mg, 0.151 mmol). The resulting solution was heated
at reflux point for 90 min before the solvent was removed. The
residue was washed with hexane (2 " 10 cm3) and Et2O (2 " 10
cm3) or until the washings were clear. The remaining solid was
extracted with CH2Cl2 (5 cm3) and cannula filtered into stirred
hexane (15 cm3) to give 2f as a dark British racing green colored
precipitate; yield: 40 mg (37%). 1H NMR: δ 2.03 (m, 2H, CH2),
2.50 (m, 2H, CH2), 3.63 (s, 3H, OMe), 4.78 (br, 7H, C7H7), 5.96
(d, (AB), 2H, JHH≈ 9Hz, C6H4), 6.40 (d, (AB), 2H, JHH≈ 9Hz,
C6H4), 7.29-7.83 (m, 20H, Ph). 31P{1H}NMR: δ 64.1 (s, dppe).
IR (CH2Cl2): ν(CtC) 2051; ν(Ar) 1604 cm-1. ES(þ)-MS (m/z):
716, [M]þ. HR ES(þ)-MS (m/z): 718.1446 (MoOP2C42H38

requires 718.1466).
Preparation of [Mo(CtCC6H4-4-Me)(dppe)(η-C7H7)] (2g).A

mixture of [MoBr(dppe)(η-C7H7)] 3 0.5CH2Cl2 (1.46 g, 2.06
mmol), HCtCC6H4-4-Me (720 mg, 6.20 mmol), and KOBut

(485 mg, 4.32 mmol) in methanol (50 cm3) was heated at reflux
for 2 h. The reaction mixture was cooled and reduced in volume
to ca. 20 cm3. The deep brown precipitate was collected, washed
with hexane, and dried in vacuo; yield: 1.123 g (78%). 1HNMR:
δ 1.97 (m, 2H, CH2); 2.04 (s, 3H, C6H4CH3); 2.38 (m, 2H, CH2);
4.70 (br, 7H, C7H7); 5.81 (d, (AB), 2H, JHH≈ 8 Hz, C6H4), 6.54
(d, (AB), 2H, JHH ≈ 8 Hz, C6H4); 7.20-7.71 (m, 20H, Ph).
31P{1H} NMR (CDCl3): δ 64.6 (s, dppe). IR (CH2Cl2) ν(CtC)
2048 cm-1; MALDI-MS (m/z): 703, [M]þ. Anal. Calcd (%) for
C42H38MoP2: C, 72.0; H, 5.5. Found: C, 72.0; H, 5.4.

Preparation of [Mo(CtCC6H4-4-CHO)(dppe)(η-C7H7)] (2h).
The reaction between [MoBr(dppe)(η-C7H7)] 3 0.5CH2Cl2 (100
mg, 0.14 mmol), KF (0.013 g, 0.225 mmol), and SiMe3Ct
CC6H4-4-CHO (0.036 g, 0.180 mmol) in methanol (20 cm3)
was carried out in a manner similar to that described for 2f,
affording 2h as a dark purple solid; yield: 73 mg (68%). 1H
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NMR: δ 2.13 (m, 2H, CH2), 2.42 (m, 2H, CH2), 4.83 (br, 7H,
C7H7), 5.94 (d, (AB), 2H, JHH≈ 8Hz, C6H4), 7.31 (d, (AB), 2H,
JHH≈ 8Hz, C6H4), 7.29-7.84 (m, 20H, Ph), 9.65 (s, 1H, CHO).
31P{1H} NMR: δ 63.6 (s, dppe). IR (CH2Cl2): ν(CtC) 2023;
ν(CdO) 1680 cm-1. HR ES(þ)-MS (m/z): 716.12860 (MoOP2-
C42H36 requires 716.12953).
Preparation of [Mo(CtCC6H4-4-CO2Me)(dppe)(η-C7H7)]

(2i). The reaction between [MoBr(dppe)(η-C7H7)] 3 0.5CH2Cl2
(500 mg, 0.70 mmol) and HCtCC6H4-4-CO2Me (300 mg, 1.88
mmol) in methanol (100 cm3) was carried out in a manner
similar to that described for 2c, with deprotonation being
effected by addition of Na (250 mg, 10 mmol), affording 2i as
a black solid; yield: 280 mg (50%). 1H NMR: δ 2.14 (m, 2H,
CH2), 2.47 (m, 2H, CH2), 3.80 (s, 3H, Me), 4.85 (br, 7H, C7H7),
5.37 (d, (AB), 2H, JHH≈ 5Hz,C6H4), 7.50 (d, (AB), 2H, JHH≈ 5
Hz, C6H4), 7.35-7.85 (m, 20H, Ph). 31P{1H} NMR: δ 64.9 (s,
dppe). IR (CH2Cl2): ν(CtC) 2027, 1991; ν(CdO) 1702. ES(þ)-
MS (m/z): 744, [M]þ. HR ES(þ)-MS (m/z): 746.13946 (MoO2-
P2C43H38 requires 746.14150).
Crystallography. X-ray crystal structures of [Mo(CtCBut)-

(dppe)(η-C7H7)], 2b, [Mo(CtCCO2Me)(dppe)(η-C7H7)], 2d,
[Mo(CtC-C6H4-4-Me)(dppe)(η-C7H7)], 2g, [Mo(CtCC6H4-
4-CHO)(dppe)(η-C7H7)], 2h, [Mo(CtCC6H4-4-CO2Me)(dppe)-
(η-C7H7)], 2i, and [Mo(CtCBut)(dppe)(η-C7H7)][BF4], [2b]þ,
were obtained.

Themajority of details of the structure analyses carried out on
complexes 2b, 2d, 2g, 2h, 2i, and [2b]þ are given in Table 11.
Single crystals of the complexes were obtained as follows: 2b:
vapor diffusion of pentane into a CH2Cl2 solution of the
complex to give black, irregular shaped crystals; 2d: vapor
diffusion of pentane into a CH2Cl2 solution of the complex to
give red-brown plates; 2g: vapor diffusion of pentane into a
toluene solution of the complex to give brown plates; 2h: vapor
diffusion of diethyl ether into a CH2Cl2 solution of the complex
to give deep purple plates; 2i: vapor diffusion of diethyl ether
into a CH2Cl2 solution of the complex to give green plates; and
[2b]þ: vapor diffusion of diethyl ether into a CH2Cl2 solution of
the complex to give orange-brown plates. In all cases the X-ray
data were collected using graphite-monochromated Mo KR
(λ= 0.7103 Å) radiation. With the exception of 2h and 2i, data
collection, cell refinement, and data reduction were carried out
with Bruker SMART and Bruker SAINT software; SHELXS-
9741 was employed for the computing structure solution and

SHELXL-9742 for the computing structure refinement, and an
absorption correction was applied with the aid of the SADABS
program.43Diffractiondata for 2hand 2iwere collectedonaBruker
3-circle diffractometer with a SMART 6K area detector; reflection
intensities were integrated using the SAINT V6.45 program, and a
numerical absorption correction was applied. All structures were
solved by direct methods with refinement by full-matrix least-
squares based on F2 against all reflections. With the exception of
[2b][BF4], all non-hydrogen atoms were refined anisotropically and
hydrogen atomswere included in calculated positions. In the case of
[2b][BF4] the asymmetric unit contains four crystallographically
independent pairs of ions and 1.5 molecules of CH2Cl2, and the
crystal diffracted very weakly so the data were cut at 0.95 Å
resolution. One phenyl ring was constrained to a regular hexagon
with restraints also applied to some geometric parameters. The key
Mo-CR distances (Å) in the four independent cations [2b]þ in the
lattice are 2.070(11), 2.076(11), 2.050(13), and 2.067(13).

Electronic Structure Calculations. Electronic structure calcula-
tions were carried out on 2A and the corresponding cation, 2Aþ.
Starting from the crystallographic structure of 2A, full geometry
optimizations were performed on 2A and 2Aþ using the Def2-SVP
basis obtained fromtheTurbomole library.29ForH,C,andPatoms,
this constitutes an all-electron split valence plus polarization basis,
while for Mo an effective core potential is applied to account for 28
core electrons (K, L, and M shells) with a split valence orbital set
including a set of f-type polarization functions. This basis was also
used to obtain IR frequencies and the UV/vis spectra (via time-
dependent density functional theory). For calculations of EPR g
tensors and hyperfine coupling tensors, theMobasis was changed to
the all-electron TZVPP-All-S2 basis, again from the Turbomole
library.29 In the all-electron calculations, s-type functions on all
atoms were uncontracted. Convergence of the EPR parameters
was checked by the inclusion of additional tight s functions (the
exponents being obtained in geometric progression) on all atoms.
Typically it was found that the inclusion of two additional sets of s
functionswas sufficient, since any further additionproduced changes
of less than 1MHz (0.36 G) in the computed hyperfine tensors.

DFT calculations were performed in the generalized gradient
approximation (GGA) with the BP86 exchange-correlation
functional.44 For the TD-DFT, g tensor, and hyperfine tensor

Table 11. Crystal Data and Refinement Parameters for Complexes 2b, 2d, 2g, 2h, 2i, and [2b]þ

2b
C39H40MoP2

2d
C37H34MoO2P2

2g
C42H38MoP2

2h
C42H36 MoOP2

2i
C43H38MoO2P2

[2b]þ

C39.38H41MoP2BF4Cl0.75

mass 666.59 668.52 700.60 714.59 744.61 785.50
temperature (K) 293(2) 100(2) 100(2) 120(2) 120(2) 100(2)
cryst syst triclinic monoclinic orthorhombic triclinic monoclinic orthorhombic
space group P1 P2(1)/n Pbca P1 P21/c Pbca
a (Å) 9.4042(5) 8.4986(13) 9.3678(7) 9.7255(3) 21.834(2) 19.117(2)
b (Å) 10.0595(5) 18.382(3) 17.8334(14) 10.1112(3) 9.4090(10) 27.208(4)
c (Å) 17.0911(9) 19.712(3) 39.472(3) 18.3099(5) 17.5983(19) 55.768(8)
R (deg) 89.5460(10) 90 90 79.663(10) 90 90
β (deg) 88.0610(10) 95.361(2) 90 83.21(2) 109.75(3) 90
γ (deg) 82.4370(10) 90 90 70.905(10) 90 90
V (Å3); Z 1601.85(14); 2 3066.1(18); 4 6594.2(9); 8 1670.40(8); 2 3402.7(6); 4 29006(7); 32
absorp coeff (cm-1) 5.36 5.65 5.25 5.22 4 5.54
θ range (deg) 2.04-26.39 1.52-26.35 2.06-28.32 1.13-30.00 2.32-27.50 1.29-21.97
limiting indices (h,k,l) -11/11; -10/10; -12/12; -13/13; -18/28; -20/19;

-12/12; -22/22; -22/23; -14/14; -12/12; 27/28;
-21/21 -24/24 -51/52 -25/25 -22/2 -56/58

total reflns 12 830 24 108 54 369 22 417 21 624 110 282
indep reflns, I > 2σ(I) 6462 6257 8042 9720 7802 17 696
R1 0.0243 0.0276 0.0585 0.0344 0.0699 0.0601
wR2 0.0614 0.0708 0.0659 0.0882 0.1522 0.0998
completeness to θ (%) 98.5 100 100 99.6 99.8 99.9

(41) Sheldrick, G. M. SHELXS-97, Program for Crystal Structure
Solution; Universit€at G€ottingen, Germany, 1997.

(42) Sheldrick, G. M. SHELXL-97, Program for Crystal Structure
Refinement; Universit€at G€ottingen: Germany, 1997.

(43) Sheldrick,G.M. SADABS, an Empirical AbsorptionCorrections
Program; Universit€at G€ottingen: Germany, 1997.

(44) (a) Becke, A. D. Phys. Rev. A 1988, 38, 3098. (b) Perdew, J. P.
Phys. Rev. B 1986, 33, 8822.
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calculations, the B3LYP hybrid exchange-correlation func-
tional45 was used. Hybrid functionals are generally found to
give better predictions for UV/vis spectra and EPR parameters.
For the latter, the PBE0 functional46 was also used since this
functional was designed for use in calculations of magnetic
properties.

The IR frequencies were calculated from analytic second
derivatives using the Gaussian suite of programs.30 For g tensor
calculations the gauge-including atomic orbitals (GIAO), as
implemented in ref 30, were employed with a one-electron
spin-orbit operator with a scaled charge. The ORCA pro-
gram38 was also used for g tensor calculation employing a mean
field spin-orbit operator. In this work we are only interested in
isotropic values of the hyperfine coupling constants. Accord-
ingly, the Fermi contact term of the hyperfine interaction was
evaluated and also the spin-orbit contribution. The ORCA

code38 was used for the latter. The spin-spin dipole contribu-
tion is a traceless tensor and does not affect the isotropic
hyperfine couplings. The influence of relativistic effects on the
Mo hyperfine interaction was investigated within the zero-order
regular approximation (ZORA),47 including the picture change
transformation necessary for the correct treatment of the FC
term.48
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a b s t r a c t

Reactions between [M2(dppm)2(NCMe)2]X2 [M = Ag, X = ClO4; M = Cu, X = BF4] and Ru(C„CC„CM)(dp-
pe)Cp* [M = Ag, Cu; generated in situ from Ru(C„CC„CH)(dppe)Cp* and AgNO3 or CuCl(PPh3), respec-
tively] afford the cationic mixed-metal cluster diynyl complexes [M6{l3-C„CC„C[Ru(dppe)Cp*]}4(l-
dppm)2]X2, of which the structures were determined by single-crystal XRD studies. Electrochemical stud-
ies indicate that there is no interaction between the ruthenium centres. Reactions between [M2(l-
dppm)2(NCMe)2](BF4)2 and Ru(C„CC„CM0)(dppe)Cp* (M,M0 = Cu, Ag) afforded a mixture of Ag6!nCun

clusters, as shown by ES-MS and crystallographic studies. Preliminary studies suggest that extensive dis-
proportionation occurs in solution.

! 2010 Elsevier B.V. All rights reserved.

1. Introduction

The formation of trinuclear copper(I) clusters in which the Cu–
Cu vectors are bridged by dppm ligands, and bearing a variety of
alkynyl groups capping the Cu3 clusters, has been known for over
a decade, the compounds [Cu3(l-dppm)3(l3-C„CR)n](X)3!n having
been described by the groups of Gimeno and co-workers [1] and
Yam and co-workers [2]. Since that time, many other examples
have been described, including diynyl derivatives [3], extensive
studies resulting from the demonstration that some show unusual
luminescent behaviour. Some years later, Yam and coworkers de-
scribed analogous clusters containing silver(I) [4]. Tetranuclear
complexes Cu4(l3-C„CR)4(PR03)4 have also been described [5], as
well as [Cu4(l4-C„C)(l-dppm)4](BF4)2 [6].

Trinuclear alkynyl derivatives of Group 11 metals in which the
alkynyl is end-capped by other metal-ligand fragments have also
been described. For example, the reactions between [M2(l-

dppm)2(NCMe)2]X2 ([2-M]X2: M = Cu, Ag; X = BF4, PF6) with
Re(C„CC6H2R2C„CH-4)(NN)(CO)3 (R = H, Me; NN = bpy, Me2bpy,
But

2bpy) afforded complexes [M3{l3-C„CC6H2R2C„C[Re(NN)-
(CO)3]}2(l-dppm)3]X2 [7] while similar complexes containing
diynyl spacers have also been described [8]. Under different reac-
tion conditions, hexanuclear diynyl complexes [Ag6{l3-
C„CC„C[Re(NN)(CO)3]}4(l-dppm)4](PF6)2 could be obtained [9].
This Communication describes some related systems containing
ruthenium.

2. Results and discussion

The reaction of Ru(C„CC„CH)(dppe)Cp* (Cp* = g-C5Me5) with
AgNO3, in the presence of 1,8-diazabicyclo[5.4.0]undec-7-ene
(dbu) as base, affords a yellow insoluble, apparently non-explosive
and presumably polymeric material of composition
Ru(C„CC„CAg)(dppe)Cp* 1-Ag. The similar copper(I) analogue
1-Cu can be obtained from the reaction between
Ru(C„CC„CH)(dppe)Cp* and CuCl(PPh3) in the presence of
NaOMe. Both materials were characterised only on the basis of
their microanalyses and limited IR spectral data, the latter having
weak m(C„C) bands between 2025 and 2075 cm!1. The ES–MS of
1-Ag contains ions at m/z ca 1400 corresponding to [{Cp*(dppe)
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RuC4}2]+ and [{Cp*(dppe)RuC4}2 + Ag]+, possibly arising from impu-
rities, together with some 3+ ions at m/z ca 7000, indicating very
high mass aggregates. Further studies of these systems are neces-
sary for full characterisation.

Nevertheless, we have used both compounds as sources of the
diynyl-ruthenium fragment in their reactions with [M2(l-
dppm)2(NCMe)2]2+ (M = Cu, Ag) (Scheme 1). The reaction between
Ru(C„CC„CAg)(dppe)Cp* 1-Ag and [Ag2(l-dppm)2(NCMe)2]
(ClO4)2 [2-Ag](ClO4)2 was carried out in CH2Cl2/MeOH. Upon
work-up, crystalline [Ag6{l3-C„CC„C[Ru(dppe)Cp*]}4(l-dppm)2]
(ClO4)2 [3-Ag](ClO4)2 was obtained in 76% yield (Scheme 1). The
analogous Cu6Ru4 derivative [3-Cu](BF4)2 was obtained as a red
crystalline solid in 80% yield from the reaction between
Ru(C„CC„CCu)(dppe)Cp* 1-Cu and [Cu2(l-dppm)2(NCMe)2]
(BF4)2 [2-Cu](BF4)2.

The IR spectra of [3-Ag](ClO4)2 and [3-Cu](BF4)2 contain med-
ium intensity m(C„C) bands at 2039 (sh), 2003 (br) (Ag) or 2004
(sh), 1985 (br) cm!1 (Cu), while NMR spectra contain appropriate
resonances for the Cp*, dppe and dppm ligands. In particular, the
31P NMR spectra contain single resonances for the dppe ligands
at dP 80.5 (Ag) or 79.3 (Cu), together with broad multiplets at dP

6.5 (Ag) or !6.6, !11.0 (Cu) for the dppm ligands. The electrospray
mass spectra (ES–MS), discussed further below, contain the parent
dications [M]2+ at m/z 2073.5 (Ag) or 1941 (Cu), together with
weak, presently unassigned, 3+ and 4+ ions and, for [3-Cu]2+, weak
peaks at lower mass corresponding to [{Cp*(dppe)RuC4}2]+ and
[{Cp*(dppe)RuC4}2 + Cu]+.

A cyclic voltammetric study of [3-Ag](ClO4)2 showed only a sin-
gle quasi-reversible oxidation process at +1.29 V, with a second
irreversible wave at +2.02 V. This result is consistent with there
being no electronic communication between the four ruthenium
centres in [3-Ag]2+. Thus, insertion of the Ag6 unit into the Ru–
C4–C4–Ru fragment destroys the interaction found previously for
related Ru–C8–Ru systems [10].

The CV of [3-Cu](BF4)2 was dominated by a large, irreversible
anodic process from ca +0.38 V. The oxidation was accompanied
by significant fouling of the electrode, consistent with degradation
of the cluster core. The chemical stability of the redox products
was not enhanced at sub-ambient temperatures, and the process

remained electrochemically and chemically irreversible at scan
rates up to 800 mV s!1. Attempts to probe further the nature of
the oxidation processes were hampered by the instability of the re-
dox products on the longer timescale of spectro-electrochemical
experiments.

2.1. Molecular structures

Crystals of the 9MeCN-solvate of [3-Ag](ClO4)2 were obtained
from MeCN/diethyl ether, while a mixed CHCl3–C6H6 solvate of
[3-Cu](BF4)2 was isolated from a mixture of these solvents. Both
crystals proved suitable for XRD structure determinations. Fig. 1
is a plot of the cation [3-Ag]+, the copper analogue being similar.
Pertinent structural parameters are collected in Tables 1 and 2.

In the cation [3-Ag]2+, the core is a centrosymmetric distorted
octahedral Ag6 cluster (Fig. 2). Atom sets Ag(1)Ag(3a) and
Ag(1a)Ag(3) are each bridged by one dppm ligand [Ag(1)–P(5)
and Ag(3)–P(60) separations of 2.404(2), 2.411(2) Å, respectively]
leading to long Ag" " "Ag distances [3.5334(6) Å]. All other Ag" " "Ag
separations are in the range of 2.8104(8)–3.0056(9) Å, which are
shorter than the sum of van der Waals radii for Ag (3.4 Å) and
are thus suggestive of significant argentophilic interactions [11].
For [3-Cu]2+, a similar arrangement is found, with Cu(1)–P(5) and
Cu(3)–P(6) separations of 2.194(2), 2.222(2) Å, respectively, and
Cu" " "Cu distances between 2.446(1) and 3.301(2) Å.

Four of the triangular faces of the M6 octahedron are capped by
atoms C(4), C(40), C(8), C(80) (where the prime refers to the centro-
symmetrically related atom) of the butadiynyl-ruthenium group in
an asymmetric l3,g1-bridging mode [Ag(1,2,3)–C(4) 2.359(6),
2.075(6), 2.330(6); Ag(1,2,3)–C(8, or 80) 2.303(6), 2.109(6),
2.389(6); Cu(1,2,3)–C(4) 2.093(6), 1.900(6), 2.110(6); Cu(1,2,3)–
C(8, or 80) 2.075(6), 1.937(6), 2.043(6) Å]. The diynyl nature of
the carbon chain is shown by the short-long-short CC bond se-
quences [ranges 1.226(8)–1.240(8), 1.360(9), 1.365(8) (Ag),
1.224–1.231(8), 1.369(9), 1.372(9) (Cu)] which indicate that the
alternating C„C and C–C bonds are preserved in the chain. Angles
at C(1), C(2), C(3), and C(5), C(6), C(7) are close to linear [range
171.1(6)–179.8(7)!].

The geometries of the Ru(dppe)Cp* end-caps are similar to
those found in many related derivatives, with distances Ru–P
[2.269(2)–2.278(2) Å], Ru–C(Cp*) [2.228(7)–2.310(7) Å] and Ru–
C(diynyl) [1.965(6)–1.981(6) Å] and angles P–Ru–P [83.60(8)–
84.78(2)!] and P–Ru–C(diynyl) [82.0(2)–88.4(2)!], respectively.
These values may be compared to those found in
Ru(C„CC„CH)(dppe)Cp* [12]. There is no obvious contact be-
tween the four ruthenium centres, except that provided through
the Ag6 cluster via the diynyl links.

Overall, the structure has some features in common with those
found for [Ag6(l-dppm)4{l3-C„CC„C[Re(NN)(CO)3]}4](PF6)2

(NN = Me2bpy, Br2phen) [9], in which the central Ag6 unit has
Ag" " "Ag separations between 2.940(3)–3.007(3) and 3.0206(11)–
3.0415(10) Å, respectively. However, there are only two bridging
dppm ligands in [3-Ag]2+ and [3-Cu]2+. The extents of M" " "M inter-
actions are not obvious from the structural determinations and
would require computational studies to establish.

2.2. Mixed Ag/Cu complexes

In an effort to describe the reaction in more detail, we then
studied the reactions between the Ru(C„CC„CM0)(dppe)Cp* pre-
cursors 1-M0 and [M2(l-dppm)2(NCMe)2](BF4)2 [2-M](BF4)2 (M,
M0 = Cu, Ag) using a stoichiometry that generated equal amounts
of M and M0 in solution. From these reactions, we obtained pale
yellow solids [4A]2+ (from [1-Cu]2+ + [2-Ag]2+) and [4B]2+ (from
[1-Ag]2+ + [2-Cu]2+) as the BF4 salts, each of which afforded crystals

MuR)eppd(*pC

[M2(µ-dppm)2(NCMe)2]2+

Ru(dppe)Cp*Cp*(dppe)Ru

Cp*(dppe)Ru Ru(dppe)Cp*

M

M

M

M  =  Ag (3),  Ag / Cu  (4A, 4B)

2+

Ph2
P

PPh2

Ph2P
P
Ph2

M M

M

Scheme 1. Synthesis of [M6{l3-C„CC„C[Ru(dppe)Cp*]}4 (l-dppm)2]2+.

1570 M.I. Bruce et al. / Journal of Organometallic Chemistry 695 (2010) 1569–1575



suitable for structure determinations from CH2Cl2/hexane or MeCN /
Et2O, respectively (below).

Complexes [4A](BF4)2 and [4B](BF4)2 were also studied by sin-
gle-crystal X-ray analyses as their 8CH2Cl2 and 10MeCN solvates,
respectively. A plot of the dication [4A]2+ is shown in Fig. 3. The
cations are isostructural with [3-Ag]2+ and [3-Cu]2+ showing com-
mon features of distorted octahedral M6 clusters (M = Ag/Cu) in
which two M! ! !M vectors are bridged by dppm ligands and four
of the triangular faces of the octahedron are capped by the diy-
nyl-ruthenium fragments. The inter-Group 11 atom separations
are significantly different, as shown in Table 1.
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Fig. 1. Plot of the cation in [Ag6{l3-C„CC„C[Ru(dppe)Cp*]}4(l-dppm)2](ClO4)2 [3-Ag](ClO4)2.

Table 1
Core geometries (Å) for 3-Ag, 3-Cu, 4A and 4B.

Compound 3-Ag 3-Cu 4A 4B

Composition Ag6 Cu6 Ag2.8Cu3.2 Ag3.1Cu2.9

Meq–Meq (dppm-bridged) 3.53 3.30 3.30 3.45
Meq! ! !Meq (non-bridged) 2.81 2.45 2.68 2.59
Meq–Map (average) 2.96 2.67 2.79 2.86

Table 2
Some bond distances (Å) and angles (!).

Cation [3-Ag]2+ [3-Cu]2+

M(1)–P(5) 2.404(2) 2.194(2)
M(3)–P(6) 2.411(2) 2.222(2)
M(1)–C(4,8) 2.359(6), 2.303(6) 2.093(6), 2.075(6)
M(2)–C(4,8

0
) 2.075(6), 2.109(6) 1.900(6), 1.937(6)

M(3)–C(4,8) 2.330(6), 2.389(6) 2.110(6), 2.043(6)
C(1)–C(2) 1.239(8) 1.225(9)
C(2)–C(3) 1.365(8) 1.369(9)
C(3)–C(4) 1.230(8) 1.224(8)
C(5)–C(6) 1.240(8) 1.225(8)
C(6)–C(7) 1.360(8) 1.372(9)
C(7)–C(8) 1.226(8) 1.231(9)
Ru(1)–C(1)–C(2) 171.1(6) 178.7(7)
Ru(2)–C(5)–C(6) 176.8(5) 171.0(6)
C(1)–C(2)–C(3) 171.4(7) 174.3(8)
C(2)–C(3)–C(4) 179.8(7) 179.4(8)
C(5)–C(6)–C(7) 173.2(6) 171.0(6
C(6)–C(7)–C(8) 178.5(7) 179.7(6)

Symmetry operation:1"x, 1"y, 1"z.

C4
Ag2

P5 P6

Ag1

Ag3

C8

Fig. 2. Plot of the core of [3-Ag]2+ showing Ag, P and C atoms only. The cores in [3-
Cu]2+, [4A]2+ and [4B]2+ are similar.
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The Ag/Cu atoms are not statistically placed at each of the sites
in the cluster core, rather the refinements for the products from 1-
Ag and 1-Cu converge with the fraction of Ag at the M(1,2,3) sites
being 0.403(6), 0.287(7), 0.721(6) in [4A]2+, and 0.287(1), 0.713(1),
0.577(1) in [4B]2+, corresponding to compositions Ag2.8Cu3.2

([4A]2+) and Ag3.1Cu2.9 ([4B]2+). Strangely, the chemically equiva-
lent dppm-bridged equatorial sites M(1) and M(3) have very un-
equal occupancy values in each case (0.403/0.721 and 0.287/
0.577, respectively), while the unique apical site M(2) has the low-
est Ag contribution for [4A]2+ (0.287) but the largest for [4B]2+

(0.713). The overall composition deduced from the site occupancy
factors is supported by the M-M bond distances, with average val-
ues gradually decreasing from [3-Ag]2+ to [4B]2+ to [4A]2+ and fi-
nally, to [3-Cu]2+, as the fraction of the larger Ag decreases at the
expense of increasing Cu (Table 1), with longer bonds to compara-
ble sites of higher Ag contribution.

Electrospray mass spectra of solutions of [4A](BF4)2 and
[4B](BF4)2 in MeOH revealed that in each case, a mixture of com-
plexes containing Ag6!nCun (n = 1 ! 6) cores was present. Virtually
identical mass spectra were found for both [4A]2+ and [4B]2+

(Fig. 4). The highest mass ions of significance correspond to [M]2+

and are found between m/z 1940 and 2030, corresponding to com-
plexes with Cu6!nAgn (n = 1–6) cores. However, the distribution is
not the statistical one expected from an equal Cu/Ag ratio. The
measured ratios are 0.03:0.34:1.00:0.80:0.14:0:0 for n = 0–6,
respectively, corresponding to an overall composition Cu3.7Ag2.3

for the products from each of the reactions. Clearly there is a bias
towards the inclusion of more Cu than expected on a purely statis-
tical basis, irrespective of whether it is added as diynyl 1-Cu or the
dppm-bridged dimer 2-Cu. Further, the overall compositions cal-
culated from the ion relative intensities differ significantly from
those obtained from the X-ray studies, namely Ag2.8Cu3.2 ([4A]2+)

and Ag3.1Cu2.9 ([4B]2+). From the stoichiometry of the reaction mix-
ture, an Ag3Cu3 ratio might have been expected.

C312

C109

C40

C100

C105

C321

C622

P3

C512

C412

P4

P5

C322

C611

C621

C421

Ru1

P6

C112

Ru2

C612

C5
C6

C1

C203

P1

C122

C211 P2

C7

C2

C221

C204

C8

C3

C201

C4 M2

M3

Fig. 3. Plot of the cation in [(Cu/Ag)6{C„CC„C[Ru(dppe)Cp*]}4(dppm)2](BF4)2 [4A](BF4)2.

Fig. 4. ES mass spectrum (m/z 1900–2100) of [4A]2+ shows the distribution of core
compositions for the [(AgnCu6!n){C4Ru(dppe)Cp*}4(dppm)2]2+ ions. The mass spec-
trum of [4B]2+ shows essentially the same relative intensities.
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A possible explanation for the discrepancy is the occurrence of
redistribution reactions in solution. Further studies of the ES-MS
in MeCN as a function of time have given the following results:

! Within the time of mixing, solutions of a mixture of [3-Ag]2+

and [3-Cu]2+ contain cluster ions corresponding to Cu6, AgCu5,
Ag2Cu4 and Ag3Cu3, the concentrations of the silver-rich ions
increasing on standing. However, no Ag4Cu2 ions are present
after ten minutes, although this species would have been
expected to form statistically.
! A solution of pre-prepared Ag4Cu2 cluster contains Ag5Cu and

Ag4Cu2, with lesser amounts of Ag3Cu3 and Ag6. After ten min-
utes, the spectra were more complex.

These data suggest that these clusters are labile in solution,
with complex disproportionation reactions occurring, and in turn
provide an explanation for the broad resonances found in the 31P
NMR spectra. The differing compositions of materials studied by
XRD methods and ES-MS presumably reflect differing stoichiome-
tries of the isolated materials that were used in the separate
experiments.

3. Conclusions

Reactions between the Group 11 cations [M2(l-
dppm)2(NCMe)2]2+ (M = Ag, Cu) and the Ag and Cu derivatives of
the diynyl Ru(C„CC„CH)(dppe)Cp* have given a series of polynu-
clear complexes in which four C„CC„C{Ru(dppe)Cp*} fragments
and two dppm ligands are attached to a hexanuclear Group 11 me-
tal core. The stoichiometry requires addition of four Ag-diynyl frag-
ments to the disilver cation. Formation of the hexanuclear cation
may be envisaged as involving formation of the Ag6 assembly by
argentophilic combination of the precursor reagents 1 and 2, fol-
lowed by migration of the dppm ligands and capping of four Ag3

faces by the diynyl fragments.
Differing compositions of solid materials isolated from mixed-

metal reactions, together with extended ES–MS studies, suggest
that rapid disproportionation of the complexes is occurring in solu-
tion. In this study, it has not been possible to determine how these
reactions occur, but scrambling processes of the ligands about the
central core may account for the almost identical compositions of
the two products obtained in the mixed-metal reactions. This pro-
cess may involve migration of the dppm ligands between Group 11
metal centres, or migration of the face-capping diynyl ligands, or
both.

4. Experimental

4.1. General experimental conditions

All reactions were carried out under dry nitrogen using stan-
dard Schlenk techniques, although normally no special precautions
to exclude air were taken during subsequent workup. Common sol-
vents were dried, distilled under nitrogen, and degassed before
use.

4.2. Instruments

Infrared spectra: Bruker IFS28 FT-IR spectrometer. IR spectra
were obtained from samples in Nujol mulls mounted between NaCl
discs. NMR spectra: Varian ACP300 instrument (1H at 300.13 MHz,
31P at 121.503 MHz) at 298 K. Unless otherwise stated, samples
were dissolved in acetone-d6 (Aldrich) contained in 5 mm sample
tubes. Chemical shifts are given in ppm relative to internal tetra-
methylsilane for 1H spectra and external H3PO4 for 31P NMR spec-

tra. Electrospray mass spectra (ES–MS; positive-ion mode): Fisons
VG Platform II spectrometer. Solutions in MeOH were injected via a
10 ml injection loop; nitrogen was used as the drying and nebulis-
ing gas. Ions listed are the most intense peaks in the isotopic enve-
lope. CVs were recorded from solutions in CH2Cl2 ca 10"4 M in
analyte also containing 10"1 M [NBu4]BF4 in a gas-tight single-
compartment three-electrode cell equipped with platinum work-
ing, coiled platinum wire auxiliary and platinum wire pseudo-ref-
erence electrodes at scan rates of 50-800 mV s"1. All redox
potentials are reported vs SCE, with the FeCp*2/[FeCp*2]+ redox
couple ("0.07 V vs. SCE) used as internal reference. Data were col-
lected using a computer-interfaced EcoChemie PGSTAT-30 poten-
tiostat. Elemental analyses were performed by Campbell
Microanalytical Laboratory, University of Otago, Dunedin, New
Zealand.

4.3. Reagents

The compounds Ru(C„CC„CR)(dppe)Cp* (R = H, SiMe3) [12],
[Cu2(dppm)2(NCMe)2](BF4)2 [13], [Ag2(dppm)2(NCMe)2](ClO4)2

[14] and CuCl(PPh3) [15] were made by the cited methods.

4.4. Preparation of Ru(C#CC#CAg)(dppe)Cp* 1-Ag

To a solution of Ru(C„CC„CH)(dppe)Cp* (68.4 mg, 0.1 mmol)
in MeCN (15 mL) was added dbu (0.06 mL, 0.4 mmol), followed
by solid AgNO3 (34 mg, 0.2 mmol). The resulting suspension was
stirred overnight at r.t. before being filtered on a sintered glass fun-
nel and washed with MeCN (2 mL) to give yellow
Ru(C„CC„CAg)(dppe)Cp* 1-Ag which was dried under vacuum
(59 mg, 75%). IR/cm"1: m(C„CC„C) 2075m, 2045m. Anal. Calcd.
(C40H39AgP2Ru): C, 60.76; H, 4.94; Ag, 13.67. Found: C, 60.29; H,
5.01; Ag, 13.14%.

4.5. Preparation of Ru(C„CC„CCu)(dppe)Cp* 1-Cu

To a suspension of Ru(C„CC„CSiMe3)(dppe)Cp* (76 mg,
0.1 mmol) and CuCl(PPh3) (36 mg, 0.1 mmol) in THF (10 mL) was
added NaOMe (from 30 mg Na dissolved in 1 mL MeOH) to give a
deep red solution. The reaction mixture was stirred overnight at
r.t. The resulting light yellow precipitate was filtered under nitro-
gen, washed thoroughly with MeOH (2 mL) and dried under vac-
uum to give Ru(C„CC„CCu)(dppe)Cp* 1-Cu (55 mg, 73%). IR/
cm"1: m(C„CC„C) 2044w, 2025 w. Anal. Calcd. (C40H39CuP2Ru):
C, 64.38; H, 5.27. Found: C, 64.09; H, 5.43%.

4.6. Preparation of [Ag6{C„CC„C[Ru(dppe)Cp*]}4(dppm)2](ClO4)2 [3-
Ag](ClO4)2

CAUTION: Appropriate care should be taken with reactions
involving perchlorates and poly-ynes.

Ru(C„CC„CAg)(dppe)Cp* (80 mg, 0.1 mmol) was added slowly
to [Ag2(dppm)2(MeCN)2](ClO4)2 (32 mg, 0.025 mmol) dissolved in
CH2Cl2–MeOH (1/1) (15 mL). After stirring overnight with exclu-
sion of light a clear deep red solution resulted. After evaporation
to dryness, the solid residue was extracted with MeCN and subse-
quent diffusion of Et2O vapour into the concentrated solution re-
sulted in the formation of yellow crystals of [Ag6{C„CC„
C[Ru(dppe)Cp*]}4(dppm)2](ClO4)2$9MeCN [3-Ag](ClO4)2$9MeCN
(90 mg, 76%). Anal. Calcd. (C210H200Ag6Cl2O8P12Ru4.9MeCN): C,
58.08; H, 4.85; N, 2.67; M (cation), 4147. Found: C, 58.05; H,
4.68; N, 2.31%. IR/cm"1: m(C„CC„C) 2039 (sh), 2003m (br). 1H
NMR: d 1.53 (s, 60H, Cp*), 2.11 (s, 27H, MeCN), 3.48-3.68 (m, 4H,
CH2-dppm), 2.09, 3.03 (16H, CH2-dppe), 7.07-7.84 (m, 120H, Ph);
31P NMR: d 80.5 (br s, dppe), 6.5 (br m, dppm). ES–MS/m/z:
2073.5, [Ag6(dppm)2{Ru(dppe)Cp*}4]2+.
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4.7. Preparation of [Cu6{C„CCvC[Ru(dppe)Cp*]}4(dppm)2](BF4)2 [3-
Cu](BF4)2

A similar reaction used Ru(C„CC„CCu)(dppe)Cp* (74 mg,
0.1 mmol) and [Cu2(dppm)2(MeCN)2](BF4)2 (30 mg, 0.05 mmol).
After stirring overnight, solvent was removed from the clear dark
red solution and the residue was crystallized from CH2Cl2 to give
red [Cu6{C„CC„C[Ru(dppe)Cp*]}4(dppm)2](BF4)2 [3-Cu](BF4)2

(81 mg, 77%). Anal. Calcd. (C210H200B2Cu6F8P12Ru4): C, 62.21; H,
4.97; M (cation), 3882. Found: C, 61.81; H, 5.01%. IR/cm!1:
m(C„CC„C) 2004 (sh), 1985m (br); m(BF) 1092m. 1H NMR: d
1.57 (s, 60H, Cp*), 3.66 (m, 4H, CH2-dppm), 2.10, 2.84 (2 "m,
16H, CH2-dppe), 6.94–8.00 (m, 120H, Ph); 31P NMR: d 79.3 (br s,
dppe), !6.6, !11.0 (2 "m, dppm). ES–MS/m/z: 1941,
[Cu6(dppm)2{Ru(dppe)Cp*}4]2+. X-ray quality crystals were grown
from CHCl3/C6H6.

4.8. Preparation of [(Ag/
Cu)6{C„CC„C[Ru(dppe)Cp*]}4(dppm)2](BF4)2 [4A and 4B]

These mixed-metal compounds were made in reactions similar
to that used for 2, using either Ru(C„CC„CCu)(dppe)Cp* and
[Ag2(dppm)2(MeCN)2](BF4)2 [to give [4A](BF4)2] or Ru(C„
CC„CAg)(dppe)Cp* and [Cu2(dppm)2(MeCN)2](BF4)2 [to give
[4B](BF4)2]. Both products formed yellow solids. Anal. for 4B only.
Calcd. (C210H200Ag3.1B2Cu2.9F8P12Ru4): C, 60.09; H, 4.77. Found: C,
59.91; H, 4.99%. IR/cm!1: m(C„CC„C) 1989w. 1H NMR: d 1.46 (s,
60H, Cp*), 2.05, 2.81 (16H, CH2-dppe), 3.4-3.7 (m, 4H, CH2-dppm),
6.90–7.75 (m, 120H, Ph). 31P NMR: for 4A d 80.2 (br s, dppe), !2.8,
!10.9 (2 "m, dppm); for 4B d 79.8 (s, 8P, dppe) (dppm P not de-
tected). ES–MS/m/z: 1985, [Ag2Cu4(dppm)2{Ru(dppe)Cp*}4]2+;
1963, [AgCu5(dppm)2{Ru(dppe)Cp*}4]2+; 2029, [Ag4Cu2(dppm)2

{Ru(dppe)Cp*}4]2+; 2007, [Ag3Cu3(dppm)2{Ru(dppe)Cp*}4]2+.

4.9. Structure determinations

Diffractometer data were measured using an Oxford Diffraction
Xcalibur ([3-Ag](ClO4)2, [4A](BF4)2, [4B](BF4)2; Mo Ka radiation,
k = 0.71073 Å) or Gemini ([3-Cu](BF4)2; Cu Ka radiation,
k = 1.54178vÅ) CCD diffractometers at 100(2) K. Ntot reflections
were merged to N unique (Rint cited) after multi-scan or analytical

absorption corrections with No having I > 2r(I). Following solution
by direct methods, the structures were refined against F2. Aniso-
tropic displacement parameter forms were refined for the non-
hydrogen atoms, (x, y, z, Uiso)H being included following a riding
model. Neutral atom complex scattering factors were used; com-
putation used the SHELXL-97 program [16]. Pertinent results are gi-
ven in the Figures and in Tables 1–3.

5. Variata

[3-Ag](ClO4)2. Ph ring (62n) was found to be disordered over
two sets of sites with both components assigned occupancy factors
of 0.5 after trial refinement. Refinement of ring C42n with aniso-
tropic displacement factors gave unacceptable ellipsoids. A disor-
dered model gave two components with sof 0.85 and 1 ! 0.85
with some of the atoms of the minor component unacceptably
close to solvent atoms. The atoms of this ring were therefore re-
fined with isotropic parameters. The site occupancy of solvent
MeCN(5) was set at 0.5 after trial refinement. Atoms of disordered
groups were refined with isotropic displacement parameters, with
both rings being refined as rigid bodies.

[3-Cu](BF4)2. One Ru(dppe)Cp* group is disordered over two sets
of sites with occupancies refined to 0.578(2) and its complement
(with the exception of one Ph group which is common to both
components). One Ph ring of the minor component was modeled
as being further disordered over two sets of sites and refined with
isotropic displacement parameters and with occupancies set equal
after trial refinement. The BF4 anion and solvent CHCl3 molecule
were similarly disordered. The solvent C6H6 molecule was refined
with occupancies set at 0.5 after trial refinement, with C atoms re-
fined with isotropic displacement parameters. Residual electron
density not modeled as either solvent was effectively removed
by use of the program SQUEEZE [17], resulting in a significant de-
crease in the R-factor.

[4A](BF4)2. Site occupancy factors for the Ag atoms at the mixed
Ag/Cu sites 1, 2 and 3 were found to be 0.403(6), 0.287(6) and
0.721(6), respectively, with the occupancies for the Cu atoms being
the complements.

[4B](BF4)2. Site occupancy factors for the Ag atoms at the mixed
Ag/Cu sites 1, 2 and 3 were found to be 0.287(1), 0.713(1) and

Table 3
Crystal data and refinement details.

Complex [3-Ag](ClO4)2#9MeCN [3-Cu](BF4)2#2CHCl3#C6H6 [4A](BF4)2#8CH2Cl2 [4B](BF4)2#10MeCN

Formula C210H200Ag6P12Ru4

#2ClO4#9C2H3N
C210H200Cu6P12Ru4.2BF4#2CHCl3#C6H6 C210H200(Ag2.82Cu3.18)P12Ru4

#2BF4#8CH2Cl2

C210H200(Ag3.15Cu2.85)P12Ru4.2BF4

#10C2H3N
Formula weight 4715.23 4371.32 4859.11 4604.84
Crystal system Triclinic Triclinic Triclinic Triclinic
Space group P!1 P!1 P!1 P!1
a (Å) 17.2375(9) 16.4015(8) 16.3895(5) 16.4269(5)
b (Å) 18.0414(8) 17.4036(7) 17.6167(4) 17.4036(4)
c (Å) 19.3672(6) 20.7303(6) 21.3267(7) 20.8055(4)
a (!) 105.794(3) 79.070(3) 94.304(2) 78.167(2)
b (!) 92.668(3) 89.119(3) 107.006(3) 88.749(2)
c (!) 113.674(5) 66.041(4) 113.817(2) 65.372(2)
Volume (Å3) 5224 5297 5254 5278
Z 1 1 1 1
qc (Mg m!3) 1.499 1.370 1.536 1.449
Crystal size (mm3) 0.21 " 0.17 " 0.16 0.12 " 0.04 " 0.02 0.29 " 0.26 " 0.05 0.26 " 0.20 " 0.13
l (Mo Ka) (mm!1) 1.007 4.883 (Cu-Ka) 1.205 0.997
F(0 0 0) 2394 2230 2459 2349
Tmin/max 0.90 0.75/0.91 0.75 0.94
Ntot 35 274 55 190 66 926 80 412
N (Rint) 17 766 (0.050) 18 764 (0.1092) 31 695 (0.043) 33 579 (0.045)
No 9282 10 942 20 825 18 043
R1, wR2 [I > 2r(I)] 0.0471, 0.1036 0.0612, 0.1568 0.0622, 0.1624 0.0478, 0.1030
R1, wR2 (all data) 0.0922, 0.1138 0.1142, 0.1791 0.1003, 0.1777 0.0981, 0.1166
T (K) 100(2) 100(2) 100(2) 100 (2)
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0.557(1), respectively, with the occupancies for the Cu atoms being
the complements.
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Appendix A. Supplementary material

CCDC 734433 [3-Ag](ClO4)2, 768209 [3-Cu](BF4)2, 734434
[4A](BF4)2 and 734432 [4B](BF4)2 contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif. Supplementary data associ-
ated with this article can be found, in the online version, at
doi:10.1016/j.jorganchem.2010.03.016.
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Metal–Molecule–Metal Junctions in Langmuir–Blodgett Films Using a New
Linker: Trimethylsilane

Gorka Pera,[a, b] Santiago Mart!n,[a, b] Luz M. Ballesteros,[a, b] Adam J. Hope,[c]

Paul J. Low,[c] Richard J. Nichols,[d] and Pilar Cea*[a, b]

Introduction

The development of ever smaller sized electronic devices
has turned interest toward organic molecules as potential
circuit components, such as conductors, rectifiers, transistors
and logic gates.[1–3] To understand their electrical behaviour
direct current-voltage (I–V) measurements are a require-
ment for molecules arranged into metal-molecule-metal
junctions. There are now a number of methods capable of
achieving this feat and they include mechanical break junc-
tions,[4,5] nanopores,[6,7] cross-wire junctions,[8] scanning tun-
nelling microscopy (STM)[9–13] or conducting atomic force
microscopy (c-AFM).[14–16] Molecular conductance values
obtained from such devices, depend not only on the inherent
molecular features, but also on other important parameters,
such as the metal–molecule contact. Often, small variations
in the nature or characteristics of the metal–molecule con-

Abstract: Herein trimethylsilane
(TMS) is demonstrated to be an effi-
cient binding group suitable for con-
struction of metal–molecule–metal (M–
mol–M’) junctions, in which one of the
metal contacts is an atomically flat
gold surface and the other a scanning
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tion transport characteristics. Thirdly,
the symmetric behaviour of the I–V
curves obtained, despite the different
metal–molecule contacts, indicates that
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tact can have a pronounced effect on charge transport in the
junction.[17,18]

The Langmuir–Blodgett (LB) technique is an effective
tool for transferring well-ordered molecular films at the air–
water interface onto a solid support, permitting a degree of
control over the molecule–surface interaction or contact, as
it is applicable for forming both chemisorbed and physisor-
bed films.[19] Therefore, the use of the LB metal–organic as-
sembly technologies provides diverse opportunities for the
exploration of different metal–molecule contacts that, so
far, have been limited to a few interfaces formed by the tra-
ditional self-assembly (SA) method. The thiol moiety has
been used extensively to attach molecules to gold surfaces
using such SA methods. How-
ever, the shortcomings of the
Au!S attachment have become
apparent in recent years.[20] For
example, the Au!S bond is
mobile at room temperatures
giving rise to device instabilities
such as stochastic switch-
ing.[21–23] Measurements at the
single molecule level have dem-
onstrated that Au!S contacts
have multiple contact values,
which depend on the nature of
the coordination bond between
the sulphur and the gold con-
tact; moreover, these contacts
have shown unexpectedly high resistance.[24] To overcome
these problems it is clear that alternative contact chemistries
should be intensively investigated and LB technologies pro-
vide a powerful platform for achieving this.

To the best of our knowledge, trimethylsilane (TMS) has
not yet been employed in metal–molecule–metal junctions
studies, although oligothiophene derivatives[25] and n-alka-
nes[26] bearing the TMS group have been shown to form
long-range and highly-stable self-assembled monolayers
onto reconstructed AuACHTUNGTRENNUNG(111). Herein we examine the role of
this unexplored linker by measuring the conductivity of
both single molecules (SMC) and assemblies of molecules
positioned onto gold substrates by the LB technique. Thus,
the I–V response of an asymmetric oligomeric phenylene
ethynylene (OPE) derivative (TMS-OPE-NH2), functional-
ised at one of the terminal position with a TMS group

linked to the OPE core through a C"C triple bond, and fur-
ther functionalised with an amine binding group, is present-
ed here. TMS-OPE-NH2 lacks the supporting, but insulating,
alkyl chain (“tail”), which has been included in the molecu-
lar skeleton of OPE derivatives assembled into films by the

LB technique in previous studies.[27–31] Removing the alkyl
tail allows a direct contact between the conjugated skeleton
of the molecule through functional groups to the gold sub-
strate and the STM tip, thereby improving the electrical
transport through these molecular assemblies.[13,32–36]

Results and Discussion

Characterisation of Langmuir and Langmuir–Blodgett films :
Figure 1 a shows the representative surface pressure (p–A)
and surface potential (DV–A) isotherms of TMS-OPE-NH2

on a water subphase. The p–A isotherm is characterised by

a zero surface pressure in the 1.3–0.90 nm2 molecule!1 range,
featuring a lift-off at approximately 0.90 nm2 molecule!1 fol-
lowed by an increase of the surface pressure upon compres-
sion. Changes in the slope reveal a progressive orientation
and/or reorientation of the molecules at the interface during
compression. DV–A isotherms are well-known to anticipate
the phase changes, showing deviations a few !2 before they
are detected in the p–A isotherms.[37] The sudden decrease
of DV values at approximately 0.47 nm2 upon compression is
especially noteworthy and is consistent with a collapse of
the monolayer, in which the dipole moments are randomly
distributed in a three-dimensional arrangement of TMS-
OPE-NH2 molecules. Such a collapse can also be observed
at slightly lower areas per molecule in the p–A isotherm.

Molecular organisation in Langmuir films was investigat-
ed in situ by UV/Vis reflection spectroscopy through the re-
flection of unpolarised light under normal incidence. Nor-
malised reflection spectra (DRn =DR·Area per molecule, in
which DR is the reflection) recorded at different values of
the surface pressure are illustrated in Figure 2. As can be
observed, the intensity of the band at l=310 nm, character-
istic of the phenylene-ethynylene moiety,[38] decreases con-
siderably upon compression. This phenomenon is indicative
of a gradual decrease of the tilt angle formed by the normal
to the surface and the dipole transition moment of the mole-
cules revealing a progressive orientation of the molecules at
the interface upon compression.[39] In addition, the band has
a marked blue-shift of approximately 33 nm with respect to

Figure 1. a) p–A (solid line) and DV–A (dashed line) isotherms of TMS-OPE-NH2 on water; b) p–A isotherm
(left) and tilt angle, q , formed by the normal to the surface and the transition dipole moment of the molecule
(right) versus the area per molecule.
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the absorption band in solution (Figure 2, dotted line), at-
tributable to the formation of H-aggregates (side by side
alignment of transition dipole moments of dyes).[40] There is
a small red shift of 4 nm of the maximum wavelength of the
normalised reflection spectra upon compression, which
could be attributed to a less polar environment when the
surface pressure increases. In keeping with this suggestion, a
bathochromic shift of 2 nm in this characteristic absorption
band of TMS-OPE-NH2 is observed in CCl4 solution (non-
polar) compared to the CHCl3 solution (polar). The angle,
q, defined as the angle formed by the normal to the surface
and the transition dipole moment of the molecule (inset of
Figure 1 b) can be calculated from the normalised reflection
spectra.[39] The variation of this angle upon compression is
shown in Figure 1 b. Notably, the spectra recorded in the gas
phase of the isotherm (1.3–0.9 nm2) show a large dispersion
in the angle values, probably as a result of the presence of
non-uniform domains in the monolayer underneath the
fibre-optic detector, which produce significant fluctuations
in the signal.[41] However, as soon as the isotherm takes off,
all the spectra follow a logical evolution.

Brewster angle microscopy (BAM) investigations were
made during the compression of the Langmuir film and
gave further insight into the formation of the monolayer

(Figure 3). At a surface pressure of 5 mN m!1 the monolayer
features some domains, which coalesce as the surface pres-
sure increases. This phenomenon is accompanied by a cer-
tain increase in the brightness of the images indicative of a
gradual tilt of the molecules as confirmed by the reflection
experiments (Figures 1b and 2). At 15 mN m!1 a much more
homogeneous film can be observed, although some less well
covered regions can still be seen in the BAM images. At
20 mNm!1 a highly homogeneous monolayer is formed.

Langmuir monolayers were transferred onto solid sub-
strates, initially immersed in the subphase by the vertical
dipping method at a surface pressure of 20 mN m!1, to form
one-layer LB films. The transfer ratio calculated by the
trough software was 1. This deposition rate was also as-
sessed using a quartz crystal microbalance (QCM). Thus, the
frequency change (Df) for a QCM quartz resonator before
and after the deposition process was determined. Using the
Sauerbrey equation [Eq. (1)]:[42]

Df ¼ ! 2f 2
0 Dm

A11=2
q m1=2

q
ð1Þ

for which f0 is the fundamental resonant frequency of
5 MHz, Dm(g) is the mass change, A is the electrode area,
1q is the density of the quartz (2.65 g cm!3), and mq is the
shear module (2.95·1011 dyn cm!2), and TMS-OPE-NH2 mo-
lecular weight (389 g mol!1), the surface coverage (G) is
3.6·10!10 molcm!2, which is in excellent agreement with the
estimated value for the saturated surface coverage,
3.5·10!10 molcm!2, determined from the molecular area of
TMS-OPE-NH2 at the air–water interface at a surface pres-
sure of 20 mN m!1.

XPS experiments revealed that under these transference
process conditions, the amine group of the OPE derivative
bonds directly to the gold substrate giving the following
schematic structure: Au-NH2-OPE-TMS. Figure 4 shows the
XPS scans of the N 1s region in LB films, as well as in the
powder. The XPS spectrum of a solid sample of NH2-OPE-
TMS powder shows a peak at 400.9 eV, corresponding to a
free amine group (Figure 4a, top). In contrast, a peak corre-
sponding to N atoms in the LB film, with a binding energy
of 399.2 eV, is observed in the XPS spectrum of the LB

Figure 2. Left: Normalised reflection spectra, DRn, of TMS-OPE-NH2

spread onto water recorded at the indicated surface pressures (solid
lines). Right: The black dotted line shows the UV/Vis absorption spec-
trum of TMS-OPE-NH2 1!10!5 m in chloroform solution and the dashed
red line shows the UV/Vis spectrum of a one-layer LB film.

Figure 3. The Brewster angle microscopy (BAM) images of the Langmuir films, at the indicated surface pressures, for TMS-OPE-NH2 on water. The
field of view along the x axis for the BAM images is 3000 mm.
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films (Figure 4a, bottom). These observations are consistent
with the amine group being adsorbed onto the gold surface
in the LB films.[43]

The lack of alkyl chains in this OPE derivative, commonly
used to stabilise LB films by promoting strong van der
Waals interactions between
neighbouring molecules, and
the presence of the trimethylsi-
lane group opens the question
of whether the LB films of
TMS-OPE-NH2 prepared here
are well packed, forming an
uniform and homogeneous
monolayer, or not. The mor-
phology of the films transferred
onto freshly cleaved mica sub-
strates can be evaluated by
AFM imaging.[44] The image

and section analysis profile of a one-layer LB film are
shown in Figure 5, revealing a homogeneous surface (the
film roughness, calculated in terms of the root mean squared
(RMS), is quite low, !0.05 nm), in which the mica is wholly
covered by the monolayer (lower surface pressures of trans-
ference show the presence of holes or incompletely covered
surfaces).

A UV/Vis spectrum of a one-layer LB film of TMS-OPE-
NH2 on quartz was also obtained (dashed red line in
Figure 2). The spectrum is similar in profile to the reflection
spectra obtained at the air–water interface upon compres-
sion, with a maximum absorption feature at l= 310 nm. This
similarity in both spectra indicates that the 2D H-aggregates
formed at the air–water interface are preserved in LB films.

Electrochemical electron transfer currents at electrodes
under controlled potential provide an indirect measure of
defect densities in thin films[45] and can be conveniently
studied by cyclic voltammetry for the film coated electrodes.
Cyclic voltammograms (CVs) obtained from aqueous solu-
tions containing 1 mm K3[Fe(CN)6] and 0.1 m KCl for a bare
gold and for a gold working electrode modified by a one-
layer LB film deposited at 20 mN m"1 are shown in Figure 6.
The electrochemical response of a bare gold electrode ex-
hibits a clear voltammetric wave for ferricyanide. The ab-
sence of these peaks for the electrode modified by the LB
film indicates a large passivation of the electrode and a lack
(or low density) of holes or defects in the monolayer. This
indicates that TMS-OPE-NH2 yields high-quality films.

STM for I–V measurements : The electrical properties of a
one-layer LB film deposited onto gold substrates initially
immersed in the subphase at 20 mN m"1 were investigated
using a STM. Current-voltage (I–V) curves were recorded
and averaged from multiple (525) scans at different loca-
tions on the substrate and using different samples to ensure
the reproducibility and reliability of the measurements. Nev-
ertheless, the vertical position of the STM tip with respect
to the monolayer is a determining factor in the recorded
electrical properties of the assembled molecules. If the STM
tip is not in contact with the monolayer, a gap exists be-
tween tip and monolayer. Alternatively, at close enough tip
proximities the STM tip will penetrate the monolayer. In
such circumstances it is difficult to know how far the tip
penetrates and thus what portions of the molecules contrib-

Figure 4. a) XPS spectra of N1s region for the powder (top) and for a
one-layer LB film deposited at 20 mN m"1 onto a gold substrate
(bottom), b) XPS spectra of the Au4f region for bare Au substrate and a
Au substrate covered by one monolayer of NH2-OPE-TMS.

Figure 5. AFM image (left) and section analysis profile (right) of a one-layer LB film transferred at 20 mN m"1

onto freshly cleaved mica.
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ute to the current. Therefore, it
is necessary to know, before re-
cording the I–V curves, both
the thickness of the monolayer
and the tip-substrate distance
(s) in order to position the
STM tip in a defined manner
above the monolayer and so
avoid either penetration of the
STM tip into the film or the ex-
istence of a substantial gap be-
tween the STM tip and the
monolayer. The thickness of the
monolayer (1.49!0.04) nm,
was determined by using the at-
tenuation of the Au4f signal in
the XPS spectra (Figure 4b) as
explained in the Experimental
Section. This thickness gives an
average tilt angle for the mole-
cules in the LB film of 488 from the surface normal, taking
in account the molecule length (2.23 nm) estimated by mo-
lecular modelling. This value is in good agreement with the
tilt angle obtained from reflection spectroscopy at the air–
water interface (468) at a surface pressure of 20 mN m"1

(Figure 1 b). The tip-substrate distance (s) was measured
making use of a careful calibration where the set-point pa-
rameters (I0#“set-point current” and Ut#“tip bias”) can be
converted to an absolute gap separation (s), as follows. I(s)
scans (exponential dependence of current (I) on distance
(s)), which display a monotonic exponential decrease of the
tunnelling current (no wire formation) as the tip is retracted
were recorded at regular intervals during the measurements.
These monotonic exponential decay curves were then plot-
ted as ln(I) versus s. Averaging the slope of the correspond-
ing dln(I)/ds curves, (dln(I)/ds was typically in the order of
7.59!0.88 nm"1), and assuming that the conductance at the

point where metal-tip contact occurs is the conductance
quantum G0 (G0 =2e2 h$77.4 mS), provide the basis for an
estimation of the gap separation (tip-substrate distance) at a
given current according to Equation (2).

s ¼ ln G0 &Ut=I0ð Þ
d ln Ið Þ=ds

ð2Þ

I–V curves for a one-layer TMS-OPE-NH2 LB film using
several set-point parameters (Ut =0.6 V and I0 =0.3, 0.5 and
1.0 nA), which give different initial tip-substrate distances
(1.57, 1.50 and 1.42 nm) according to Equation (2), are
shown in Figure 7a. In agreement with the thickness of the
monolayer, 1.49!0.04 nm, at 0.5 nA and 0.6 V (s=1.50 nm)
the tip is positioned just above the monolayer. Meanwhile,
for 1.0 nA (s=1.41 nm) the tip penetrates inside the mono-
layer (conductance and rectification increase) and for
0.3 nA (s=1.57 nm) there is a notable gap between the tip
and the LB film (junction conductance decreases).

In addition to results from the conductance studies for the
monolayer covered surfaces, Figure 7a also shows an I–V
curve constructed from single molecule conductance (SMC)
values for TMS-OPE-NH2 obtained by using the I(s)
method at 10 different bias voltage values. The I(s) method
developed by Haiss et al. has been widely used to determine
the single-molecule conductance of several com-
pounds[10,24,46] and description of it can be found in the liter-
ature.[9,24, 47] The SMC-curve coincides with the I–V curve ob-
tained for the LB film covered surface recorded at 0.5 nA
setpoint current. These results indicate that with these pa-
rameters the STM tip is located directly above the LB film
and electronically coupled to a single molecule. Under such
conditions the STM tip probes the conductance of a single
TMS-OPE-NH2 molecule embedded in the LB film by using
the trimethylsilane group to form contact with the gold
STM tip. There is similarity between both I–V curves, de-

Figure 6. Cyclic voltammogram (CV) of a one-layer LB film of TMS-
OPE-NH2 deposited on a gold electrode at 20 mN m"1(dotted line). CVs
were recorded by immersing the LB film in aqueous solutions of 1 mm
K3[Fe(CN)6] and 0.1 m KCl using a scan rate of 0.05 V s"1 at 20 8C. A Ag j
AgCl j saturated KCl reference electrode was employed and the counter
electrode was a Pt sheet. The solid line shows the response of a bare gold
electrode in the same solution and conditions.

Figure 7. a) I–V curves of a one-layer LB film of TMS-OPE-NH2 transferred onto Au ACHTUNGTRENNUNG(111) at 20 mN m"1 using
several set-point parameters: 0.3 nA (s=1.57 nm) (black dashed line); 0.5 nA (s =1.50 nm) (red solid line);
and 1.0 nA (s =1.42 nm) (black dotted line). An I–V curve constructed from single-molecule conductance
values obtained by using the I(s) method is also shown (blue circles). The error bars represent the standard de-
viation. Ut =0.6 V. b) I–V curve of a one-layer LB film of TMS-OPE-NH2 at 0.5 nA (dashed line) and fitting
according to the Simmons equation, F =0.68 eV, a=0.42 (red solid line).
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spite the different molecular surroundings in the two cases.
In the LB film case the molecule is packed together with
neighbouring TMS-OPE-NH2 molecules, whereas no such
neighbours exist for the SMC determinations. This indicates
that for the LB film intermolecular electron hopping does
not significantly enhance the junction transport characteris-
tics and that the presence of neighbouring p systems does
not greatly influence the STM determined molecular con-
ductance. From this observation it is concluded that the exis-
tence of intermolecular interactions and 2D aggregates (H-
aggregates) in the LB films (as demonstrated by UV/Vis
spectroscopy) does not have a significant impact on the
junction electrical characteristics.

The I–V response for the SMC-curve and for the I–V
curve obtained at 0.5 nA is close to ohmic between bias vol-
tages of !0.6 to + 0.6 V giving a molecule conductance
value of approximately 1.2 !10!5 G0. This value is the same
order of magnitude as the conductance value obtained for
other OPE derivatives using thiols as anchoring groups
(1.8 !10!5 G0).[48,49] Therefore, it is concluded that both the
amino and trimethylsilane groups are alternative linkers
that provide electronic coupling between the electrodes and
the molecule which is essentially as efficient as that through
thiols. However, outside the !0.6 to + 0.6 voltage range the
response deviates from linearity showing a sigmoidal behav-
iour over the full voltage region. In addition, the SMC-curve
and the I–V curve at 0.5 nA set-point current are nearly
symmetrical despite the asymmetry of the molecule. This
implies that its behaviour is like that of a molecular wire for
which the molecule is simply an amphiphilic electron-donat-
ing wire, as has been previously reported for similar OPE
derivatives,[35,50–52] and does not behave like a molecular
diode with strong rectifying characteristic produced by the
asymmetric molecular junction.

The I–V curves characteristics indicate that the mecha-
nism of transport through these metal-molecule-metal junc-
tions is non-resonant tunnelling. A widely applied tunnelling
model that can be used for comparison with the experimen-
tal I–V data is the Simmons model.[53] In this model, the cur-
rent I is given by Equation (3),

I ¼ Ae
4p2!hs2 F! eV

2

! "
exp ! 2 2mð Þ1=2

!h a F! eV
2

! "1=2

s
# $

! Fþ eV
2

! "
exp ! 2 2mð Þ1=2

!h a Fþ eV
2

! "1=2

s
# $% &

ð3Þ

for which V is the applied potential, A is the contact area of
the molecule with the tip (0.48 nm2 in concordance with the
isotherm shown in the Figure 2 at the surface pressure of
20 mNm!1and since the STM tip is electronically coupled to
a single molecule in the LB films according to Figure 7 a), s
is the width of the tunnelling barrier which was assumed to
be the through-bond distance between the end groups in
OPE molecular wire as calculated with a molecular model-
ling program (2.23 nm), F is the effective barrier height of
the tunnelling junction (relative to the Fermi level of the
Au), a is related to the effective mass of the tunnelling elec-
tron and m and e represent the mass and the charge of an

electron. To fit the I–V data in Figure 7 b, F and a are the
fit parameters. A good agreement between the data and the
model is obtained with F= 0.68 eV, and a =0.42. In spite of
having molecular “asymmetry”, this effective barrier height
is slightly higher than that obtained by Lu et al.[13] for a sym-
metric OPE with amine groups in both ends (F&0.60 eV).
These collected electrical measurements indicate that the
TMS can be used as an effective anchoring group in metal–
molecule–metal junctions without significant impairment of
transport through the molecular wire, when bench marked
against thiol end-groups. This shows that TMS is an efficient
linker for electron transport through molecular junctions.

Conclusion

An antisymmetric OPE derivative, with an amine group on
one end and a trimethylsilane group linked to the aromatic
ring through a triple bond at the other, has been synthesised
and assembled into well-packed monolayer films by means
of the Langmuir–Blodgett technique. Langmuir films were
prepared at the air–water interface and characterised by p–
A and DV–A isotherms, which demonstrate that this mole-
cule can form true monolayers at the air–water interface.
Analysis of UV/Vis reflection spectra revealed the forma-
tion of two dimensional H-aggregates and a gradual transi-
tion of the molecules to a more vertical position upon com-
pression. These monomolecular films were transferred un-
disturbed onto solid substrates with a transfer ratio close to
1 with a Au-NH2-OPE-TMS structure as demonstrated by
XPS. Cyclic voltammograms showed the absence (or low
density) of holes or defects in the monolayers of this mole-
cule despite of the absence of alkyl chains commonly used
to stabilise LB films. Electrical characteristics of the LB
films on gold substrates were determined from I–V curves,
with a gold STM tip positioned sufficiently above the mono-
layer as determined from calibration of the tip–substrate dis-
tance and determination of the thickness of the LB film. I–
V curves recorded at different set-point parameters were
compared with those constructed from single-molecule con-

ductance values ob-
tained by using the
I(s) technique. The
coincidence be-
tween both curves

shows that the conductance of a single TMS-OPE-NH2 mol-
ecule embedded in the LB film is probed. Importantly, it is
concluded that TMS is an alternative anchoring group,
which provides effective electronic coupling at metal–mole-
cule contacts. Finally, analysis of the I–V curve showed a
non-resonant tunnelling mechanism with a symmetrical re-
sponse indicative of non-rectifying molecular wire-like char-
acteristics.
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Experimental Section

Film fabrication : 4-[4-{4-(Trimethylsilylethynyl)phenylethynyl}phenyl-ACHTUNGTRENNUNGethynyl]aniline (TMS-OPE-NH2) was prepared as described in the Sup-
porting Information. A Nima Teflon trough with dimensions 720 !
100 mm2 housed in a constant temperature (20!1 8C) clean room was
used to prepare the films. The surface pressure (p) of the monolayers
was measured by using a Wilhelmy paper plate pressure sensor. Ultra-
pure Milli-pore Milli-Q water (resistivity 18.2 MWcm) was used as sub-
phase. The spreading solutions (1 ! 10"5 m) in TMS-OPE-NH2 were pre-
pared in chloroform (HPLC grade, 99.9 % purchased from Sigma). To
construct the Langmuir films, the solution was spread using a Hamilton
micro-syringe held very close to the aqueous surface, allowing the surface
pressure to return to a value as close as possible to zero between each
addition. The spreading solvent was allowed to completely evaporate
over a period of at least 15 min before compression of the Langmuir film
at a constant sweeping speed of 0.02 nm2 molecule"1 min"1. Each com-
pression isotherm was recorded at least three times to ensure the repro-
ducibility of the results so obtained. Surface potential measurements
were carried out using a Kelvin Probe provided by Nanofilm Technologie
GmbH, Gçttingen, Germany. During monolayer compression, p–A and
DV–A isotherms were recorded simultaneously. Meanwhile, a commercial
UV/Vis reflection spectrophotometer, with a light source FiberLight
DTM 6/50 and an absolute wavelength accuracy <0.3 nm and a resolu-
tion (Raylight-criterion)> 3 nm, was used to obtain the reflection spectra
of the Langmuir films upon compression.[39] A commercial mini-Brewster
Angle Microscope (mini-BAM), from Nanofilm Technologie, was em-
ployed for the direct visualisation of the monolayers at the air/water in-
terface.

The films were deposited at a constant surface pressure by the vertical
dipping method with a dipping speed of 0.6 cm min"1. The solid substrates
used to support the LB films were quartz, mica, and gold. UV/Vis spectra
were acquired on a Varian Cary 50 spectrophotometer. Atomic Force Mi-
croscopy (AFM) experiments were performed by means of a Multimode
extended microscope with Nanoscope IIIA electronics from Digital In-
struments, using the tapping mode. The data were collected with a silicon
cantilever provided by Nanoworld, with a force constant of 42 mN and
operating at a resonant frequency of 285 kHz. The images were collected
with a scan rate of 1 Hz, an amplitude set point lower than 1 V, and in
ambient air conditions.

Cyclic voltammetry (CV) experiments were completed by using an elec-
trochemical cell containing three electrodes. The working electrode con-
sisted of either a gold electrode or a gold substrate with the deposited
LB film, the counter electrode was a platinum sheet, and the reference
electrode was Ag jAgCl j saturated KCl.

The XPS spectra of LB films on Au substrates were recorded using a
Kratos AXIS ultra DLD spectrometer with a monochromatic AlKa X-ray
source (1486.6 eV) employing a pass energy of 20 eV at photoelectron
take-off angles of 908 with respect to the sample plane. Surface charging
was compensated by referencing the adventitious Au ACHTUNGTRENNUNG(4f7/2) peak at
84.0 eV. The thickness of LB films on the gold substrates was estimated
using the attenuation of the Au4f signal from the substrate according to:
ILB film ¼ Isubstrate expð"d=l sin qÞ, where d is the film thickness, ILB film and
Isubstrate are the average of the intensities of the Au4f 5/2 and Au4f 7/2

peaks attenuated by the LB film and from clean gold, respectively, q is
the photoelectron take-off angle, and l=4.2!0.1 nm[54] is the effective
attenuation length of the photoelectron.

An Agilent STM running Picoscan 4.19 Software was used for all meas-
urements of molecular conductance. The tip potential is referred to as Ut.
STM tips were freshly prepared for each experiment by etching of a
0.25 mm Au wire (99.99 %) in a mixture of HCl (50 %) and ethanol
(50 %) at +2.4 V. Gold films employed as substrates were purchased
from Arrandee, Schroeer, Germany. These were flame-annealed at ap-
proximately 800–1000 8C with a Bunsen burner immediately prior to use
to prepare atomically flat Au ACHTUNGTRENNUNG(111) terraces.[55]
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A trinuclear assembly of two (η2-dppe)(η5-C5Me5)FeCtC(4-Py)
(Py = pyridyl)metalloligands apically coordinated to a ruthenium(II)
tetramesitylporphyrin is demonstrated to behave as a molecular
wire in the monooxidized state.

Since the pioneering work of Creutz and Taube,1 Marcus
and Hush,2 and Robin and Day,3 studies of intramolecular
electron-transfer processes have sustained both a vibrant
research base concerned with the most fundamental aspects
of the electron-transfer reaction4 and an increasing interest in
molecular electronics.5 In this latter context, various families
of carbon-rich organometallic complexes were envisioned as
potential wires, diodes, or related devices for information
storage or processing at themolecular level.5,6 It was recently
shown that carbon-rich organometallic complexes can be

interfacedwith (semi)conducting supports, further stimulating
the interest in these compounds for potential applications.7

More specifically, in the field of organoiron derivatives,
dinuclear architectures featuring {(η5-C5Me5)(η

2-dppe)FeCtC}
end groups in a mixed-valent (MV) state have been demon-
strated to possess very large electronic couplings between
remote metal centers over quite long distances.8 However,
synthetic access to suchmolecular-based bimetallic ironwires
is often conditioned by the availability of a suitable organic
bis(alkyne) precursor of the carbon-rich spacer and by the
existence of suitable metalation, purification, and oxidation
protocols. Thus, in order to open less synthetically demand-
ing routes toward organoiron wirelike molecules {(η5-C5-
Me5)(η

2-dppe)FeCtC}(μ-X){CtCFe(η2-dppe)(η5-C5Me5)},
we have investigated the coordination reactions of several
mononuclear compounds such as (η2-dppe)(η5-C5Me5)-
FeCtC(4-Py) (1) in which the redox-active organoiron frag-
ment was appended to a coordinating unit toward inorganic
complexes possessing two labile sites. In line with previous
related works,9-11 we anticipated that, from the conceptual
combinationof two such “metalloligands” andanappropriate
central metallic connector, a molecular wire could result after
monooxidation of the resulting assembly (2). In this respect,
ruthenium(II) tetramesitylporphyrin (TMP) complexes ap-
peared tous as promising connectors.12,13Accordingly,wenow
report a simple synthetic route to the trimetallicmolecular wire

*To whom correspondence should be addressed. E-mail: frederic.paul@
univ-rennes1.fr.
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2þ by “self-assembly” of the knownmetalloligand 1 possessing
a pendant 4-pyridyl group on this ruthenium connector and
subsequent in situ oxidation (Scheme 1).
The reaction of metalloligand 111 with the carbonyl/tetra-

hydrofuran (THF) precursor (THF)(CO)Ru(TMP) (4)14

afforded a purple dinuclear adduct (5; Scheme 1), demon-
strating that the steric effects of the mesityl groups at the
meso positions of the porphyrin ring were not detrimental to
the coordination chemistry of these fragments. The identity
of 5 was confirmed by the usual spectroscopic methods and
single-crystal X-ray diffraction (Figure 1A). The complexa-
tion of 1 to the RuII center of TMP is indicated by a slight
shift of the νC"C stretch to a lower wave numbers of ca.
40 cm-1,11 and more clearly evidenced by the characteristic
shifts to high field of the pyridyl protons in 1HNMRbecause
of their proximity to the porphyrin ring and associated ring
currents.15 Thus, doublets (3JHH=6.6Hz) corresponding to
the pyridyl protons appear at 4.32 and 1.38 ppm in chloro-
form-d1. Notably, the characteristic νC"O stretch of 5 at
1937 cm-1 is not significantly modified by substitution of
the THF ligand for 1.16a,b

The trinuclear assembly 2was obtained in fair yield (62%)
from the reactionof 2 equiv of 1with theRuII(TMP)precursor
3 containing two labile acetonitrile ligands in apical positions
(Scheme 1).17 Complex 2was also unambiguously character-
ized by mass spectrometry, IR and 1H NMR spectroscopy,
and single-crystal X-ray diffraction (Figure 1B). Character-
istic spectroscopic features include the small shift of the νC"C
stretch in 2 relative to 1by ca. 15 cm-1 to lowerwave numbers
and the observation of shielded pyridyl protons at 4.87 and
3.22 ppm (3JHH = 6.6 Hz) in benzene-d6.
Cyclic voltammetry (CH2Cl2/0.1 M [NBu4][PF6]) reveals

two chemically reversible oxidation processes for the por-
phyrinmonoadduct 5 (E=0.02, 0.79 V vs SCE; Figure 2). A
comparisonwith the redox potential of the freemetalloligand
1 (E=-0.03 V) allows us to attribute the first redox event to
oxidation of the FeII center. The small shift to more positive
potentials relative to 1 is consistent with coordination of 1 to
the Lewis acidic RuII(CO) center. The second oxidation in 5
corresponds to themonooxidation of the porphyrin ring.16 In
the case of the trimetallic complex 2, three reversible oxida-
tion waves are observed at -0.11, 0.02, and 0.27 V vs SCE.
The first two are again attributed to the stepwise oxidations
of the two FeII end groups, while the last one is attributed
to oxidation of the RuII center of the porphyrin ring.16c

This Ru-based oxidation now occurs at significantly lower

Scheme 1. Synthesis of Porphyrin Complexes 2 and 5 and of the
Molecular Wire 2[PF6] ([Fe] = Fe(η2-dppe)(η5-C5Me5); Fc = Fe(η5-
C5H5)2)

a

aThe Ru(TMP) core is shown schematically as a ring. Figure 1. ORTEP representation of the porphyrin complex 5 (A) and
2 (B)with probability displacement ellipsoids at the 50%probability level.
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potential than that for the ring-based oxidation of 5 (0.27 vs
0.79 V). According to the potential difference of the first two
iron-based redoxprocesses (ΔE!≈ 0.13V), a thermodynamic
comproportionation constant (Kc) of ca. 160 can be derived
for the FeIII/FeII MV complex 2þ.5g The MV form therefore
has sufficient thermodynamic stability to be generated in
solution by chemical or electrochemical oxidation. The same
separation of these redox processes was also observed in
CH2Cl2/0.1 M [NBu4][B(C6F5)4] and given the low reorga-
nization energy associated with oxidation of the (η2-dppe)-
(η5-C5Me5)Fe fragment,8 suggests that the separation of
the iron redox waves is more closely associated with electro-
nic effects between the metal centers than ion pairing, solva-
tion, or other factors.18 The significant separation (dFe-Fe ≈
19 Å based on the structural data available for 2) also argues
against significant Coulombic interactions between the redox
sites. IR spectroelectrochemical experiments further establish
the Fe-localized nature of the first redox process, with the
νC"C bands in 2 at 2035(m) and 2018(m) cm-1 evolving to
two bands in 2þ at 2016(w) and 1947(s) cm-1. Further
oxidation to 22þ was complicated by decomposition. The
similarity of the IR profile of 2þ with that of the 1,4-die-
thynylbenzene-bridged complex [{(η5-C5Me5)(η

2-dppe)-
FeCtC}(μ-1,4-C6H4){CtCFe(η2-dppe)(η5-C5Me5)}]

þ (6þ;
νC"C = 2016 and 1934 cm-1) is remarkable.8

To further explore the nature of the MV complex 2þ, the
near-IR (NIR) spectra were recorded after generation of
2[PF6] in the spectroscopic cell by the addition of ca. 1 equiv
of ferricinium hexafluorophosphate (Fc[PF6]) in dichloromethane
and also by spectroelectrochemical methods. TheNIR spectrum
of 2þ is apparently characterized by three relatively intense
Gaussian-shaped bands at ca. 3750, 5900, and 7700 cm-1

(Supporting Information), but additional sub-bands might
also be considered. None of these bands are associated

with the spectrum of 2. Furthermore, the addition of excess
(Fc[PF6]) or in situ electrochemical oxidation at higher
potentials resulted in the collapse of this absorption envelope,
the principal components of which are therefore likely
correspond to intervalence charge-transfer (IVCT) process-
(es).4a The band envelope and underlying absorption bands
are remarkably similar to the IVCT transitions observed
for the MV complex 6þ (4000, 6500, and 9000 cm-1),
further supporting the idea that these bands most likely arise
from Fe-Fe charge-transfer processes.8 The half-height
bandwidth of the lowest-energy component in 2þ arrived at
by deconvolution is only in modestly good agreement with
the Hush relationship for weakly coupled (class II) mixed-
valence systems [Δν1/2(obsd) = 2230 cm-1; Δν1/2(calcd) =
2940 cm-1]2 but is in good agreement with that derived
from the strongly coupled MV complex 6þ [Δν1/2(obsd) =
2110 cm-1].8 The close agreement of the spectroscopic para-
meters of 2þ and 6þ suggests a similarly strong coupling
of the Fe centers across both bridges. The possibility of
Ru f Fe processes lying within the band envelope cannot
be rigorously excluded, but given the higher oxidation
potential of the ruthenium/porphyrin moiety, such processes
are likely to be obscured by the electronic transitions detected.
Studies on binuclear complexes related to 5 are underway to
address this point in more detail.
In conclusion, thiswork establishes that efficientmolecular

wires can be obtained in a very straightforward way by
“plugging” redox-active metalloligands such as 10/þ into a
ruthenium(II) porphyrin connector (or socket). Considering
the previous attempts made with 1 using PdII or PtII con-
nectors,11 which resulted only in the isolation of localized,
very weakly coupled, or noncoupled MV complexes,11 this
study also evidences that the choice of a more electron-rich
central connector is crucial to obtaining an efficient wire.Work
is now in progress to better understand the exact nature of the
intramolecular electron-transfer events at theoriginof the IVCT
absorption detected for 2[PF6], to quantify the corresponding
electronic couplings, and to examine further the scope of such
self-assembled molecular wires in molecular electronics.
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Figure 2. Cyclic voltammograms of compounds 1, 2, and 5 in dichloro-
methane (0.1 M [NBu4][PF6]) at 25 !C.
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The complexes [{Cp¢(L2)Ru}C CC6H4C CC6H2(OMe)2C CC6H4C C{Ru(L2)Cp¢}](L2 = (PPh3)2,
Cp¢ = Cp; L2 = dppe, Cp¢ = Cp*) in which the metal centres are bridged by an oligomeric phenylene
ethynylene (OPE) ligand have been prepared and the electronic structure of these representative
ruthenium-capped OPEs investigated using a combination of electrochemical, UV-vis-NIR and IR
spectroelectrochemical methods, and DFT-based calculations. The diruthenium complexes are oxidised
to the thermodynamically stable dications [Cp¢Ru(L2)C CC6H4C CC6H2(OMe)2C CC6-
H4C CRu(L2)Cp¢]2+, which on the basis of the spectroelectrochemical and computational results can
be described in terms of two non-interacting Ru(C CAr)(L2)Cp¢ moieties. X-ray structures of the
oligophenyleneethynylene HC CC6H4C CC6H2(OMe)2C CC6H4C CH, the bis(gold) complex
Ph3PAuC CC6H4C CC6H2(OMe)2C CC6H4C CAuPPh3 and the precursor
1-ethynyl-4-(trimethylsilylethynyl)benzene are also reported.

Introduction

Metal complexes containing long unsaturated carbon chains,
especially complexes featuring acetylide ligands in the form
of the alkynyl, diynyl and polyynyl fragments have been the
subjects of a considerable attention for some time now.1 While
much of the early work was naturally concerned with syn-
thetic and structural issues, there is a considerable and grow-
ing body of contemporary interest concerning the electronic,
optical, non-linear optical and magnetic properties of these
compounds.2–5

Unsurprisingly, the optoelectronic and other physical properties
of acetylide complexes are sensitive to the nature of both of the
metal and the acetylide ligand, and as such detailed understanding
is often only achieved following combination of both computa-
tional methods and systematic studies of related members in larger
families of compounds. For example, comparisons of the prop-
erties of half-sandwich complexes such as ruthenium acetylides
Ru(C CR)(L2)(h5-C5R5), where L2 usually represents supporting
phosphine ligands, with analogous iron complexes have been
carried out,6 from which it can be concluded that iron centres give
rise to significant metal character in the frontier orbitals,4b,7 whilst
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the ruthenium analogues exhibit far greater Ru(d)-acetylide(p)
mixing.8 This greater delocalisation is also found to persist after
one-electron oxidation of the ruthenium complexes, and has been
used to rationalise the greater chemical reactivity of the 17-
electron radical cations [Ru(C C-1,4-C6H4X)(dppe)(h5-C5Me5)]+

and related systems6a,9 when considered alongside the radical
cations [Fe(C CC6H4-X)(dppe)Cp*]+ (X = CN, CF3, Br, F, Me,
tBu, OMe, NH2, NMe2), which have been isolated as the [PF6]-

salts.10

The long standing interest in the preparation of the mono
metallic acetylide complexes of electron rich metal centres, is
matched by a considerable and growing interest in the preparation
of the bimetallic ruthenium complexes in which two metal centres
are joined by ligands featuring two or more alkynyl groups
which often display a degree of electronic interaction between
metal-based redox groups located at the ligand termini.1b,11–16 The
exceptionally well-developed molecular wire-like characteristics
of 1,4-bis(phenylethynyl)benzene derivatives (or oligo(phenylene
ethynylene) systems, OPE)17–22 leads to considerations of similar
motifs as ligands and bridging elements in bimetallic metal
complexes.13,23,24 In this contribution we describe the preparation
and electronic structure of the bis(ruthenium) OPE derivatives
[{Cp¢(L2)Ru}C CC6H4C CC6H2(OMe)2C CC6H4C C{Ru-
(L2)Cp¢}]n+ [n = 0, 2; L2 = (PPh3)2, Cp¢ = Cp (4a); L2 = dppe, Cp¢ =
Cp* (4b)]. The one-electron oxidation products [4]+ are unstable
with respect to disproportionation, despite the presence of the
conjugated bridging ligand. By means of spectroelectrochemical
methods supported by DFT calculations the metal centres in
the dications [4]2+ are shown to be largely independent (i.e. a
high-spin, triplet structure), and despite the linear p-conjugated
framework in these complexes there is little effective charge
delocalisation taking place across the OPE fragment and no
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Scheme 1 Compounds synthesised in this study.

evidence for a cumulenic (low spin, singlet) structure in the
ligand.

Results and discussion

Synthesis

Oligomeric phenylene ethynylene (OPE) derivatives are conve-
niently prepared either by a sequence of Sonogashira cross-
coupling reactions, with protecting group strategies and func-
tional group interconversions employed as necessary,25–28 or from
sequential additions of lithiated acetylides to benzoquinone and
subsequent reduction.29 The preparation of 1 was achieved from
the cross-coupling of 1-ethynyl-4-(trimethylsilylethynyl)benzene30

with 1,4-diiodo-2,5-bismethoxybenzene (Scheme 1). Desilylation
of 1 (K2CO3/MeOH) afforded the crystalline terminal acetylene
derivative 2, or, in the presence of AuCl(PPh3), the bis(gold)
complex 3.

Each of the three compounds 1, 2 and 3 is a potential
precursor to OPE complexes featuring the ruthenium auxiliaries
Ru(PPh3)2Cp and Ru(dppe)Cp* through desilylation-metallation
processes,31 vinylidene rearrangements and deprotonations,32 or
gold transmetallation reactions.33 After exploration of these three
possible routes shown in Scheme 1, the most efficient syntheses
of the ruthenium complexes 4a and 4b were found to be from
reaction of the terminal bis(alkyne) 2 with two equivalents of
the chloro reagents RuCl(PPh3)2Cp and RuCl(dppe)Cp*, respec-
tively, to give bis(vinylidene) intermediates, which deprotonated
to afford the desired bimetallic complexes in ca. 50% isolated
yield.

The compounds 1, 2, 3, 4a and 4b were all readily characterised
by the usual spectroscopic methods, and also single crystal
X-ray diffraction studies in the case of 2 and 3. The 1H and 13C
NMR spectroscopic signature of the central aromatic ring was
essentially independent of the nature of the remote substituents
[SiMe3, H, Au(PPh3), Ru(PPh3)2Cp, Ru(dppe)Cp*]. The methoxy
protons were observed as singlets at dH 3.90 ppm in each case
while the aromatic protons of the central ring were found at ca. dH

7.0 ppm. The pseudo-doublets associated with the protons of the
“outer” aromatic rings were found at 7.45/7.48 and 7.51/7.53 ppm
for 1/2, but overlapped with the triphenyl phosphine resonances
in the case of 3. However, in the case of 4a and particularly 4b,
one part of the overall pattern were observed at significantly lower
frequencies (7.04 ppm for 4a, 6.69 for 4b), consistent with the
greater electron donor abilities of the Ru(L2)Cp¢ fragments. While
the 13C shifts at C(1) and C(2) are significantly influenced by the
substituents as expected, the C(3) and C(4) shifts in 4b are notably
shifted to lower frequencies by 10 ppm compared to 1–3 which
is consistent with the greater electron donor ability/influence of
the Ru(dppe)Cp* fragment (see Fig. 1 and 2 for the atom labelling
scheme). The IR spectra contained n(C C) bands associated with
the terminal/metal bonded [2155(1), 2101(2), 2109(3), 2068(4a),
2061(4b) cm-1] C C moieties. The very weak internal n(C C)
bands were observed for 4a and 4b (2198 and 2192 cm-1) but not
for 1–3.

Molecular structures

The structures of 2 (Fig. 1) and 3 (Fig. 2) were determined
by single crystal X-ray diffraction methods, together with the
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Fig. 1 A plot of a molecule of 2 showing the atom labelling scheme. Thermal ellipsoids are drawn with 50% probability here and in Fig. 3 and 4.
Selected bond lengths (Å): C(1)–C(2) 1.133(2); C(2)–C(3) 1.481(2); C(6)–C(9) 1.455(2); C(9)–C(10) 1.176(2); C(10)–C(11) 1.444(2). Selected bond angles
(◦): C(1)–C(2)–C(3) 175.51(15); C(6)–C(9)–C(10) 175.85(14); C(9)–C(10)–C(11) 178.72(14).

Fig. 2 A plot of a molecule of 3 showing the atom labelling scheme. Selected bond lengths (Å): Au(1)–P(2) 2.2687(12); Au(1)–C(1) 2.007(5); C(1)–C(2)
1.197(7); C(2)–C(3) 1.442(7); C(6)–C(9) 1.420(6); C(9)–C(10) 1.207(7); C(10)–C(11) 1.439(6). Selected bond angles (◦): P(2)–Au(1)–C(1) 178.4(2);
Au(1)–C(1)–C(2) 173.0(5); C(1)–C(2)–C(3) 176.2(6); C(6)–C(9)–C(10) 178.0(6); C(9)–C(10)–C(11) 179.7(7).

reagent 1-ethynyl-4-(trimethylsilylethynyl)benzene (5) (Fig. 3).
Crystallographic data are summarised in Table 1, with selected
bond lengths and angles listed in the relevant figure captions.
Both crystal structures of 2 and 3 contain inversion centres at
the bis(methoxy)phenylene rings.

Several linear 1,4-bis(phenylethynyl)benzene derivatives have
been structurally characterised,34,35 including some related systems
with impressive end-to-end length.36 However, to the best of
our knowledge, 2 represents the first structurally characterised
example with terminal C CH moieties, which contain unusually
short C C bond lengths [1.133(2) Å].37 Although angles at indi-
vidual atomic centres are essentially linear, the overall molecular
shape is bent into a graceful sigmoidal curve presumably due to
intermolecular interactions. There are a number of short inter-
molecular interactions in the crystal, the shortest one involving
the ethynyl hydrogen C(1)–H with the oxygen atom of a second
molecule with a H ◊ ◊ ◊ O distance of 2.28 Å, and another involving
the aromatic hydrogen C(4)–H with the oxygen atom of a third
molecule with a C ◊ ◊ ◊ O distance of 3.42 Å. There is no evidence for
extended p-conjugation along the pseudo molecular axis with the
plane of the “outer” C(3)–C(8) ring approximately perpendicular
to the central C(11)–C(13) ring with torsion angles of 80.5◦

and 86.7◦ for C(5)–C(6)–C(11)–C(12) and C(7)–C(6)–C(11)–C(13)
respectively.

The bis(gold) complex 3 offers an essentially linear molecular
backbone, with the bulky PPh3 ligands preventing the close
approach of the gold centres; consequently there are no Au ◊ ◊ ◊ Au
close contacts or aurophilic interactions. The molecules in the
crystal are linked together with a number of short intermolecular
contacts mainly of C–H ◊ ◊ ◊ p type between CH groups of the
aromatic rings and of disordered chloroform molecules to the
p-systems of the triple bonds and aromatic systems. However, the
shortest intermolecular contact is C(Ph)–H ◊ ◊ ◊ O with the H ◊ ◊ ◊ O
distance equal to 2.58 Å. The OPE fragment in 3 exhibits a twist
of 21.6◦ between the two distinct rings (Fig. 2). The Au–C(1) and
other parameters associated with the gold(I) acetylide portion of
the structure are similar to those of the many other gold(I) phenyl
acetylide complexes that have been reported,38 including ethynyl
tolan derivatives.24,39

The structure of the reagent 1-ethynyl-4-(trimethyl-
silylethynyl)benzene 5 is shown in Fig. 3. Although angles
at individual atomic centres are essentially linear, the overall
molecular shape is slightly bent, probably due to the asymmetric
environment of the molecule in the crystal. Three distinct
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Fig. 3 A plot of a molecule of 5 showing the atom labelling scheme. Selected bond lengths (Å): C(1)–C(2) 1.1876(18), C(2)–C(3) 1.4385(16),
C(6)–C(9) 1.4362(15), C(9)–C(10) 1.2060(16), C(10)–Si(1) 1.8467(12). Selected bond angles (◦): C(1)–C(2)–C(3) 177.75(13), C(6)–C(9)–C(10) 177.52(13),
C(9)–C(10)–Si(1) 178.67(11).

Table 1 Crystal and refinement data for 2, 3 and 5

2 3 5

Empirical formula C28 H18 O2 C64 H48 O2 P2 Au2 ¥ 2 CHCl3 C13 H14 Si
Form. weight (g mol-1) 386.42 1543.63 198.33
Crystal system Monoclinic Monoclinic Monoclinic
Space group P21/c P21/c C2/c
a/Å 12.0449(3) 14.424(2) 18.262(2)
b/Å 7.1061(2) 13.1309(19) 8.7436(9)
c/Å 12.6949(3) 21.740(3) 16.429(2)
b (◦) 115.26(1) 116.550(7) 110.70(4)
Volume/Å3 982.70(4) 3683.3(9) 2453.9(5)
Z 2 2 8
rc (mg mm-3) 1.306 1.392 1.074
m (mm-1) 0.081 4.276 0.153
F(000) 404 1268 848
Reflections collected 12310 29804 12479
Independent reflections 2380 [R(int) = 0.0351] 8876 [R(int) = 0.0363] 3379 [R(int) = 0.0275]
Data/restraints/parameters 2380/0/172 8876/48/375 3379/0/183
Goodness-of-fit on F 2 1.064 1.033 1.100
Final R indices [I > 2s(I)] R1 = 0.0455, wR2 = 0.1333 R1 = 0.0618, wR2 = 0.1791 R1 = 0.0409, wR2 = 0.1005
R indices (all data) R1 = 0.0538, wR2 = 0.1405 R1 = 0.0775, wR2 = 0.1876 R1 = 0.0483, wR2 = 0.1047

intermolecular H-bonding interactions exist in the crystal of
5. The ethynyl hydrogen atom interacts with the p-system
of the C(9) C(10) triple bond of a second molecule, with a
C–H ◊ ◊ ◊ p(C C midpoint) distance of 2.79 Å. The C(9) C(10)
triple bond is also an acceptor of two other interactions with the
aromatic hydrogens of two other molecules, with C–H ◊ ◊ ◊ p(C C
midpoint) distances of 2.74 and 2.84 Å. These interactions link
molecules in 3D-network and their lengths are typical for related
systems.11f,40,41 The triple bond lengths in 5 are similar with
values of 1.188(2) and 1.206(2) Å for C(1)–C(2) and C(9)–C(10)
respectively and are as expected for C CH and C CSiMe3

groups respectively.

Spectroelectrochemical investigations

The ruthenium complexes 4a and 4b each gave two overlapping
oxidation waves that were fully chemically reversible at low
temperatures (Table 2). The waves could not be further resolved
even with differential square wave voltammetry (SWV). The
SWV peaks for both complexes were broader than the internal
reference peak of decamethylferrocene with peak widths at half-

Table 2 Electrochemical data from 4a and 4b

E(1)oxid
a DEp

b DEp(Fc*)
b ia/ic (-40 ◦C) ia/ic (20 ◦C) E(2)pa

c

4a 0.57 110 65 1.0 2.1 1.5
4b 0.36 130 80 1.0 1.1 1.2

a All E values in V vs. SCE. E(1) apparent half-wave potential of
two overlapped waves. Conditions: -40 ◦C, CH2Cl2 solvent, 0.1 M
NBu4PF6 electrolyte, Pt working, counter and pseudo-reference electrodes,
n = 100 mV s-1. The decamethyl ferrocene/decamethyl ferrocenium
(Fc*H/Fc*H+) couple was used as an internal reference for potential
measurements (Fc*H/Fc*H+ taken as -0.02 V vs. SCE in CH2Cl2/0.1 M
[NBu4]PF6). b DEp = |Epa - Epc| in mV. c Irreversible oxidation wave.

height in a ratio of 1.4 : 1. At room temperature, the waves were
chemically reversible for 4b but they were irreversible for 4a. In
both cases, a third, irreversible oxidation was also observed at
much higher potentials, and likely corresponds to a more bridging-
ligand centred process. This higher potential irreversible oxidation
process has not been investigated further. We simply note at
this point that the limited separation of the first two oxidation
events reflects the limited thermodynamic stability of [4]+ with
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respect to disproportionation to 4 and [4]2+. The thermodynamic
stability of [4]+ does not necessarily reflect directly the magnitude
of any underlying ‘communication’ between the metal centres.
Indeed, the electrochemical results do not necessarily indicate if
the metal centres or the conjugated bridging ligand are the primary
sites of redox activity. Even if one assumes metal-centred redox
character, it has been noted elsewhere that the medium effects can
dramatically influence the relative stabilisation of charged states
in molecular systems that can undergo multiple redox processes.42

Thus whilst the intermediate oxidation state [M-bridge-M]+ may
be significantly delocalised, an effect which serves to decrease the
net charge density and hence reduce the solvation/ion-pairing
effects, in the doubly oxidised system [M-bridge-M]2+ pronounced
charge localisation at the “ends” of the molecule will lead to a
decrease in electrostatic effects due to the charge separation, and
a dramatic increase in solvation induced stabilisation as more
efficient charge localisation leads to greater solvation. Together
these effects can dramatically decrease the value of DE0, and
ultimately lead to a single, apparent 2e process.43 It is therefore
not possible to extract information pertaining to the electronic
structure of [4]+ from the (thermodynamic) electrochemical data.

The enhanced stability of oxidised Ru(C CR)(dppe)Cp* sys-
tems over the Ru(C CR)(PPh3)2Cp analogues has been noted
elsewhere.9b In addition Ru(C CR)(dppe)Cp* systems are gen-
erally more soluble than Ru(C CR)(PPh3)2Cp analogues. The
chemical stability of 4b and [4b]2+ under the conditions of the
cyclic voltammetry experiments and the increased solubility of
4b prompted us to adopt 4b for further investigations using
spectroelectrochemical techniques.44 In the spectroelectrochemical
cell (CH2Cl2/0.1 M NBu4PF6), the IR spectrum of 4b features
bands at 2060 (s) and 2196 (w) cm-1 which are assigned to the metal
coordinated [C(1) C(2)] and “inner” [C(9) C(10)] acetylene
moieties respectively (Fig. 4). Upon oxidation to [4b]2+, there was a
smooth shift in the spectral profile to bands at 1926 and 2190 cm-1,
without any indication of an intermediate monocation [4b]+ (Fig.
4, Table 3). The chemical reversibility of the system was verified by
the complete recovery of the spectrum of 4b upon reduction. The
significant shift of the metal acetylide n(C C) band on oxidation
of 4b to [4b]2+ [Dn(C C) = -134 cm-1] is entirely consistent with
the behaviour of the metal acetylide complex Ru(C CC6H4Me-
4)(dppe)Cp* on oxidation, for which a shift in the n(C C) band
on oxidation of -143 cm-1 was observed.6a,9b The higher frequency
band associated with the inner C C fragment is essentially
unperturbed by the oxidation event. These data strongly suggest

Fig. 4 The spectroelectrochemically generated IR spectra of 4b and [4b]2+.

Table 3 Selected observed IR vibrational frequencies (cm-1) from spec-
troelectrochemical data for 4b and [4b]2+ along with calculated IR data in
italics for 4-H and [4-H]2+

n[C(1) C(2)] n[C(9) C(10] Ring

4b 2060(s) 2196(w) 1594(m)
4-H 2091 2208 1546
[4b]2+ 1926(s) 2190(w) 1577(s)
[4-H]2+ 1985 2176 1521

that despite the extended structure, the oxidation is constrained
to the metal arylacetylide portions of the molecule, which behave
independently.

DFT calculations

The model system [{Ru(PH3)2Cp}2(m-C CC6H4C CC6-
H2(OMe)2C CC6H4C C)] (4-H) (B3LYP/3-21G*, no
symmetry constraints) was used to mimic complex 4b. The
corresponding high-spin dication [4-H]2+ was computed to be
0.17 eV more stable than the low-spin dication. The Ru–C(1),
Ru–P, C(1) C(2) and C(2)–C(3) bond lengths calculated for
4-H are comparable with those found for the simple ruthenium
derivatives Ru(C CPh)(PH3)2Cp at the same level of theory, and
agree well with experimental data from similar complexes.6a At
the level of theory employed, the aromatic rings in the bridging
ligand of 4-H are co-planar and are found approximately bisecting
the P–Ru–P angle. It is important to note here that in solution
all three rings are likely to exist in all possible orientations since
there are negligible rotation barriers between the rings and the
Ru fragments,6a,9b and also between the two distinct rings.45 The
computed geometry of 4a would maximise the p interactions
along the bridge but these p interactions may not be prevalent
in solution. A minor contribution from metal(d)-acetylide(p*)
back-bonding is evident in the small elongation of the C(1) C(2)
bond length in comparison to C(9) C(10) (Table 4), with
the extended conjugation present in the oligophenylethynylene
ligand reflected in the C(4)–C(5), C(6)–C(9), C(9)–C(10) and
C(11)–C(12) bond lengths. The HOMO and [HOMO–1] of 4-H
each feature an out-of-phase combination of the metal d and
C(1) C(2) p-system, with a more significant weighting of the
oligophenylene in the HOMO and more metal character in the
HOMO–1 (Fig. 5). The LUMO, which is well separated from
the other orbitals, is essentially the oligophenylene p* system,
with unoccupied metal d-orbitals comprising the LUMO+1 and
LUMO+2 (Fig. 5).

The high-spin dication [4-H]2+ features contracted Ru–C(1),
C(2)–C(3) and, to a lesser extent, C(4)–C(5) bond lengths, with
corresponding elongation in the C(1) C(2) and C(3)–C(4) bonds
(Table 4). The metal-phosphine bond lengths are sensitive to the
net electron density available for p back-bonding and as such
are elongated in [4-H]2+ relative to 4-H. Of additional interest
is the observation that the geometry of the central dimethoxy-
substituted ring is essentially unaffected by the double oxidation
of 4-H. Spin density calculations also reveal that the majority of
the unpaired spin density is associated with the Ru and C(2) atoms
and the C(3)–C(5) aromatic rings (Table 5).

It is also helpful to consider the spin-orbital structure of [4-H]2+.
The a-LUSO and b-LUSO+2 are very similar in composition to
the LUMO in 4-H (Fig. 5), and together can be described as
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Table 4 Optimised bond lengths (Å) for 4-H, and [4-H]2+, and difference
between these values (D)

4-H [4-H]2+ D

Ru–P 2.279 2.319 0.040
Ru–C(1) 2.013 1.949 -0.064
C(1) C(2) 1.229 1.245 0.016
C(2)–C(3) 1.420 1.396 -0.024
C(3)–C(4) 1.414 1.426 0.012
C(4)–C(5) 1.387 1.379 -0.008
C(5)–C(6) 1.412 1.421 0.000
C(6)–C(9) 1.418 1.406 -0.012
C(9) C(10) 1.215 1.218 0.003
C(10)–C(11) 1.415 1.407 -0.008
C(11)–C(12) 1.416 1.426 0.010
C(12)–C(13) 1.389 1.389 0.000
C(11)–C(13¢) 1.408 1.407 -0.001

Table 5 Spin densities for [4-H]2+ and twice the spin density on
[Ru(C CPh)(PH3)2Cp]+ for convenience of comparison

[4-H]2+ [Ru(C CPh)(PH3)2Cp]+

Ru 0.686 0.826
PH3 0.002 0.000
Cp 0.027 0.082
C(1) 0.080 0.086
C(2) 0.443 0.538
(C6H4) 0.471 0.492
C(9) 0.062 —
C(10) 0.063 —
C6H2(OMe)2 0.132 —
OMe 0.042 —

the oligo(phenylene ethynylene) p* system. The largely metal b-
LUSO and b-LUSO+1, which are close in energy and well removed
from the other spin orbitals, support the two “holes” in [4-H]2+

(Fig. 6, see also Figure S1 in the Supporting Information†).
These unoccupied spin orbitals are essentially the in- and out-
of-phase combinations of the two Ru–C C d/p systems, with
some C6H4 ring character. The b-HOSO (Fig. 6) and a-HOSO–2
are localized on the dimethoxybenzene ring. Taken together, the
IR spectroelectrochemical data and computational results indicate
that the oxidation of 4b takes place largely on the peripheral Ru–
C CC6H4- groups.

UV-vis-NIR spectroelectrochemistry

The UV-Vis spectra for 1–4 all show two strong distinct absorption
bands at 32000–30000 and 26500–23500 cm-1 (Fig. 7). These
arise from predominately p → p* transitions involving the
tri(phenyleneethynylene) moieties. The low energy maxima in
the spectra for 4a and 4b are red-shifted by 300–500 cm-1 and
2800–3000 cm-1 for the end caps, Ru(PPh3)2Cp and Ru(dppe)Cp*
respectively, compared to 1–3.

Given the better electrochemical response, 4b was chosen for
more extensive investigations by UV-vis-NIR spectroelectrochem-
ical methods (Fig. 8, Table 6). The electronic spectrum of 4b
was characterised by two intense absorption envelopes in the UV
region [32300 cm-1 (34100 M-1 cm-1); 23600 cm-1 (48100 M-1 cm-1)],
attributed to transitions within the bridging ligand, phosphine
based p–p* and mixed metal–ligand (Ru–C C) to ligand (phenyl
p*) charge transfer (MMLL¢CT) transitions. The lower energy

Fig. 5 The frontier orbitals of [4-H].

ligand based p–p* band tails into the visible region and is
responsible for the yellow colour of the complex.

The dication [4b]2+ offers four principal absorption bands
near 7700, 12100, 25800 and 31500 cm-1 (Fig. 8, Table 6). The
similarity of the spectroscopic profile of the lower energy bands
in [4b]2+ to that of [Ru(C CC6H4Me-4)(dppe)Cp*]+ and related
mononuclear compounds is remarkable.9b TD-DFT assignments
indicate the lowest energy feature (7700 cm-1) to be associated
with a transition from the relatively electron-rich C6H2(OMe)2

ring to the [Ru–C CC6H4]+ fragments which possibly mask
low energy transitions between the occupied and unoccupied
Ru–C C dp systems, a MLCT transition between the RuCp
fragment and the unoccupied Ru–C C dp system (12100 cm-1),

11610 | Dalton Trans., 2010, 39, 11605–11615 This journal is © The Royal Society of Chemistry 2010
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Table 6 The principal electronic absorption bands [nmax/cm-1 (emax/M-1 cm-1) observed from CH2Cl2/0.1 M NBu4PF6 solutions of [4b]n+ (n = 0, 2) and
assignments based on TD DFT calculations [nmax/cm-1 (calculated oscillator strength)]

4b 4-H assignment character

23 600 (48 100) 22 700 (f = 2.9134) 215 → 216 (k ia = 0.66) HOMO→LUMO Bridging ligand p–p *
32 300 (34 100) 33 100 (f = 0.6443) 210 → 216 (k ia = 0.54) HOMO-5→LUMO Metal to bridge MLCT
[4b]2+ [4-H]2+

7700 (880) 6000 (f = 0.8553) 213b → 214b (k ia = 0.90) b -HOSO→ b -LUSO C6H2(OMe)2 → [C6H4C CRu]+

12 100 (8700) 11 700 (f = 0.6086) 212b → 214b (k ia = 0.95) b-[HOSO-1] →b-LUSO Ru→[C6H4C CRu]+ M-MLCT
18 000 (f = 0.8318) 215a → 216 a (k ia = 0.77) a-HOSO→ a-LUSO Bridging ligand p–p*

198b → 214b (k ia = 0.52) b-[HOSO-15]→b-LUSO Ru→[C6H4C CRu]+ M-MLCT
25 800 (44 700) 22400 (f = 0.3534) 213b → 216b (k ia = 0.50) b-HOSO→b-[LUSO+2] Bridging ligand p–p*

b-[HOSO-15]→b-[LUSO+1]
198b → 215b (k ia = 0.56) b-HOSO→b-[LUSO+2] Ru → bridging ligand MLCT

22600 (f = 0.3249) 213b → 216b (k ia = 0.52) Bridging ligand p–p*
31 500 (31 400) 28900 (f = 0.3693) 212b → 216b (k ia = 0.55) b-[HOSO-1]→b-[LUSO+2] Ru → bridging ligand MLCT

213a → 216a (k ia = 0.51) a-[HOSO-2]→a-LUSO Bridging ligand p–p*

and the MMLL¢CT band, now blue shifted in the oxidised form
of the complex (25800 cm-1). The phosphine p–p* transitions
are, perhaps unsurprisingly, relatively unaffected by the oxidation
event. Critically, as expected from the voltammetry data and
consistent with the IR experiments, there was no evidence for
the accumulation of a ‘mixed valence’ intermediate monocation
[4]+, which disproportionates too rapidly to be observed in the
spectroelectrochemical experiments.

Conclusions

Despite the presence of an apparently well constructed ‘wire-like’
bridging ligand between two redox active ruthenium moieties
complexes [4]+ were not thermodynamically stable. Rather, the
closely spaced initial oxidation processes leads to the formation
of a stable dication that can be described in terms of two aryl
acetylide radicals, the independence of which leads to a high spin
structure rather than the alternative low spin cumulated form of
the bridge.

Experimental

All reactions were carried out under an atmosphere of nitrogen
using standard Schlenk techniques. Reaction solvents were
purified and dried using an Innovative Technology SPS-400,
and degassed before use. No special precautions were taken
to exclude air or moisture during work-up. The compounds
PdCl2(PPh3)2,46 1-trimethylsilylethynyl-4-ethynylbenzene,30

AuCl(PPh3),47 RuCl(PPh3)2Cp,48 RuCl(dppe)Cp* 49 were
prepared by literature routes. Other reagents were purchased and
used as received.

The NMR spectra were recorded on a 200 MHz Mercury,
400 MHz Bruker Avance or 500 MHz Varian Inova spectrometers,
from deuterated chloroform solutions and referenced against
solvent resonances or external phosphoric acid. IR spectra were
recorded using a Nicolet Avatar spectrometer from Nujol mull
suspended between NaCl plates or from KBr discs.

Electrospray ionisation mass spectra were recorded using
Thermo Quest Finnigan Trace MS-Trace GC or WATERS Mi-
cromass LCT spectrometers. Samples in dichloromethane (1 mg
mL-1) were 100 times diluted in either methanol or acetonitrile,
and analysed with source and desolvation temperatures of 120 ◦C,

with cone voltage of 30 V. High resolution spectra were recorded
using a Thermo Electron Finnigan LTQ FT mass spectrometer
with capillary temperature 275 ◦C and capillary voltage 100 V.
MALDI- TOF spectra were recorded using an ABI Voyager STR
spectrometer, with a 337 nm desorption laser, linear flight path and
2500 V accelerating voltage and trans-2-[3-(4-tert-Butylphenyl)-
2-methyl-2-propenylidene]malonitrile (DCTB), purchased from
Sigma–Aldrich, used as matrix. Samples were prepared from
solutions containing 10 mg/1 mL of the matrix and 1 mg mL-1

of the sample and mixed 1 : 9 sample:matrix. Only 1 mL of the
mixtures was used for analyses.

Electrochemical analyses were carried out using an EcoChemie
Autolab PG-STAT 30 potentiostat, with platinum working,
counter and pseudo reference electrodes, from solutions con-
taining 0.1 M NBu4PF6 electrolyte, Pt working, counter and
pseudo-reference electrodes, n = 100 mV s-1. The decamethyl fer-
rocene/decamethyl ferrocenium (Fc*H/Fc*H+) couple was used
as an internal reference for potential measurements (Fc*H/Fc*H+

taken as -0.02 V vs. SCE in CH2Cl2/0.1 M [NBu4]PF6).50

Spectroelectrochemical measurements were made in an OTTLE
cell of Hartl design51 from CH2Cl2 solutions containing 10-1 M
NBu4PF6 electrolyte. The cell was fitted into the sample compart-
ment of a Nicolet Avatar FT-IR or a Perkin Elmer Lambda 900
UV-vis-NIR spectrophotometer. Bulk electrolysis was performed
with a home-built potentiostat.

Preparation of Me3SiC CC6H4C CC6H2(OMe)2C CC6-
H4C CSiMe3 (1)

Triethylamine (220 ml) was degassed by three freeze-pump-
thaw sequences before 1,4-diiodo-2,5-bismethoxybenzene (2.00 g,
5.13 mmol), 1-trimethylsilylethynyl-4-ethynylbenzene (2.13 g,
11.00 mmol), CuI (20 mg, 0.10 mmol) and PdCl2(PPh3)2 (72 mg,
0.10 mmol) were added. The mixture was allowed to stir overnight
(ca. 15 h) under nitrogen. The solvent was removed and the residue
purified by column chromatography (silica, hexane: ethyl acetate
80 : 20) to afford a yellow band containing compound 1 (1.85 g,
68%). IR (KBr disc): n(C C) 2155(s) cm-1. 1H NMR (CDCl3,
400.13 MHz): d 0.25 (s, 18H, SiMe3); 3.90 (s, 6H, OMe); 7.02
(s, 2H, C6H2(OMe)2); 7.44 (pseudo-d, JHH = 8.8 Hz, 4H, C6H4);
7.49 (pseudo-d, JHH = 8.8 Hz, 4H, C6H4). 13C NMR (CDCl3,
125.7 MHz): d -0.1 (s, SiMe3); 56.5 (s, OMe); 87.6, 94.9 (C9, C10);
96.4 (C2); 104.8 (C1); 113.4 (C11), 115.6 (C13); 123.1, 123.3 (C3,

This journal is © The Royal Society of Chemistry 2010 Dalton Trans., 2010, 39, 11605–11615 | 11611
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Fig. 6 The b-spin orbitals from [4-H]2+.

C6); 131.7, 132.1 (C4, C5); 154.0 (C12). TOF+-MALDI(m/z): 530,
M+, 531, [M+H]+. Found: C 76.25; H 6.26%; C34H34O2Si2 requires:
C 76.87; H 6.41%.

Preparation of HC CC6H4C CC6H2(OMe)2-
C CC6H4C CH (2)

A solution of 1 (250 mg, 0.47 mmol) and K2CO3 (522 mg,
3.78 mmol) in methanol (70 ml) was stirred under nitrogen at
room temperature for ca. 48 h. The reaction mixture was added
with diethyl ether (100 ml) and water (100 ml). The organic layer
was collected, dried over MgSO4, and the solvent was removed
in vacuo. The residue was recrystallised from chloroform to afford 2
as yellow crystals (172 mg, 95%). IR (KBr disc): n(C H) 3271(s);
n(C C) 2101(w) cm-1. 1H NMR (CDCl3, 400.13 MHz): d 3.18 (s,

Fig. 7 UV-Vis spectra for compounds 1–4.

Fig. 8 The spectroelectrochemically generated UV-vis-NIR spectra of 4b
and [4b]2+.

2H, C CH); 3.90 (s, 6H, OMe); 7.02 (s, 2H, C6H2(OMe)2); 7.47
(pseudo-d, JHH = 8 Hz, 4H, C6H4); 7.52 (pseudo-d, JHH = 8 Hz,
4H, C6H4). 13C NMR (CDCl3, 125.7 MHz): d 56.5 (s, OMe); 79.0
(C1), 83.3 (C2); 87.6, 94.6 (C9, C10); 113.3 (C11), 115.6 (C13);
122.2, 123.7 (C3, C6); 131.6, 132.1 (C4, C5); 154.0 (C12). TOF+-
MALDI(m/z): 386, M+, 387, [M+H]+. Found: C 87.03; H 4.53%;
C28H18O2 requires: C 87.02; H 4.69%.

Preparation of {Au(PPh3)}2(l-C CC6H4C CC6H2(OMe)2-
C CC6H4C C) (3)

A suspension of 1 (75 mg, 0.142 mmol) and NaOH (162 mg,
4.05 mmol) in methanol (25 ml) and dichloromethane (20 ml) was
stirred for 30 min to give a clear yellow solution. This was treated
with AuCl(PPh3) (140 mg, 0.28 mmol) and stirred for a further 14h.
The yellow solution was concentrated and cooled to 0 ◦C until a
yellow precipitate formed. The precipitate was filtered and washed
with methanol (6 ml), diethylether (6 ml) and pentane (6 ml).
After drying in vacuo the orange solid was recrystallised from
chloroform–methanol to afford 3 as yellow crystals (152 mg, 82%).
IR (nujol): n(C C) 2109(m) cm-1. 1H NMR (CDCl3, 499.8 MHz):
d 3.88 (s, 6H, OMe); 7.00 (s, 2H, C6H2(OMe)2); 7.44–7.57 (m,
38H, aromatic CH). 31P{1H} NMR (CDCl3, 80.96 MHz): d (s,
43.3). 13C{1H} NMR (CDCl3, 125.67 MHz): d 56.4 (s, OMe);
86.9, 95.2 (C9, C10); 104.7 (d, 3JCP = 27 Hz, C2), 113.4 (C11),
115.5 (C13), 121.4, 124.9 (C3, C6); 129.2 (d, 3JCP = 12 Hz, Cm
PPh3), 129.4 (d, 1JCP = 56 Hz, Ci PPh3); 131.3, 132.2 (C4, C5);

11612 | Dalton Trans., 2010, 39, 11605–11615 This journal is © The Royal Society of Chemistry 2010
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131.6 (d, 4JCP = 2 Hz, Cp PPh3), 133.8 (d, 2JCP = 142 Hz, C1); 134.3
(d, 2JCP = 14 Hz, Co PPh3), 153.8 (C12). MALDI(+)-MS(m/z):
1761 [M+AuPP3]+; 1301, M+; 721, [Au(PPh3)2]+. Found: C, 58.20;
H, 3.53%; C64H46O2P2Au2 requires: C, 58.95; H, 3.53%

Preparation of {Ru(PPh3)2Cp}2(l-
C CC6H4C CC6H2(OMe)2C CC6H4C C) (4a)

A solution of RuCl(PPh3)2Cp (68 mg, 0.094 mmol),
HC CC6H4C CC6H2(OMe)2C CC6H4C CH (2) (18 mg,
0.046 mmol) and NH4PF6 (38 mg, 0.23 mmol) in methanol (15 ml)
was heated at reflux for two hours, resulting in the formation of a
yellow precipitate in an orange suspension. The reaction mixture
was filtered and the solids washed with methanol (10 mL) and
diethylether (10 mL). The combined precipitates were redissolved
in dichloromethane (15 mL) and treated with two drops of DBU,
resulting in a dark yellow solution. The solvent volume was
reduced to ca. 2 mL by rotary evaporation, with addition of
methanol (15 mL) affording the product (4a) as a bright yellow
precipitate that was collected by filtration and air-dried (46 mg,
0.026 mmol, 56%). IR(nujol, cm-1): n(C C) 2198(w), 2068(s);
n(ring) 1593(m). 1H NMR (CDCl3, 400 MHz): 3.91 (s, 6H, OMe),
4.33 (s, 10H, Cp), 7.01 (s, 2H, C6H2(OMe)2), 7.04 (d, JHH = 8 Hz,
4H, C6H4), 7.09 (m, 24H, meta CH PPh3), 7.20 (t, 12H, para CH
PPh3), 7.35 (d, JHH = 8 Hz, 4H, C6H4), 7.47 (m, 24H, ortho CH
PPh3). 13C{1H} NMR (CDCl3, 125.7 MHz): d 56.4 (s, OMe); 85.2
(Cp); 85.6, 96.4 (C9, C10); 113.4 (C11), 115.4 (C13), 127.3 (s, Cm
PPh3); 128.4 (s, Cp PPh3); 131.2, 131.4 (C4, C5); 133.8 (s, Co PPh3);
138.7 (m, Ci PPh3); 153.6 (C12). 13C peaks for C1, C2, C3 and C6
were not observed above noise levels due to low solubility in many
organic solvents. 31P{1H} NMR (CDCl3, 81 MHz): d 51.3 (s).
MALDI(+)-MS (m/z): 1767, [M+H]+. HR-ESI+-MS: m/z calcd
for C110H87O2P4Ru2 [M+H]+ 1767.37964; found: 1767.37631.

Preparation of {Ru(dppe)Cp*}2(lC CC6H4C CC6H2(OMe)2-
C CC6H4C C) (4b)

A solution of RuCl(dppe)Cp* (87 mg, 0.13 mmol),
HC CC6H4C CC6H2(OMe)2C CC6H4C CH (2) (25 mg,
0.065 mmol) and NH4PF6 (26 mg, 0.16 mmol) in methanol (25 ml)
was heated at reflux for six hours, resulting in the formation of a
yellow precipitate in an orange suspension. The reaction mixture
was filtered and the solids washed with methanol (20 mL) and
diethylether (20 mL). The combined precipitates were redissolved
in dichloromethane (15 mL) and treated with two drops of DBU,
resulting in a dark yellow solution. The solvent volume was
reduced to ca. 2 mL by rotary evaporation, with addition of
methanol (15 mL) affording the product (4b) as a bright yellow
precipitate that was collected by filtration and air-dried (53 mg,
0.032 mmol, 50%). IR (nujol). n(C C) 2192(w), 2061 (s); n(ring)
1591(m). 1H NMR (CDCl3, 400 MHz): d 1.56 (s, 30H, Me), 2.06
(m, 4H, CH2), 2.67 (m, 2H, CH2); 3.88 (s, 6H, OMe); 6.69 (d,
JHH ~ 8 Hz, 4H, C6H4); 6.97 (s, 2H, C6H2(OMe)2); 7.21–7.26
(m, 12H, PPh3 + C6H4); 7.26–7.39 (m, 24H, PPh3), 7.74 (m, 8H,
PPh3). 13C{1H} NMR (CDCl3, 125.7 MHz): d 10.0 (Me), 29.4
(m, CH2), 56.4 (OMe), 92.6 (Cp); 85.5, 96.5 (C9, C10); 111.1,
116.2 (C3, C6); 113.4 (C13), 115.4 (C11); 129.9, 130.9 (C4, C5);
126.9, 127.1 (dd, JCP/CCP ~ 5 Hz, Cm;m¢ Ph); 128.8 (Cp;p¢ Ph);
131.4 (C2); 133.9, 133.4 (dd, JCP/CCP ~ 5 Hz, Co;o¢ Ph); 136.1 (t,

JCP = 25 Hz, C1); 137.1, 139.0 (m, Ci;i¢ Ph); 153.6 (C12). 31P{1H}
NMR (CDCl3, 162 MHz): d 81.8 (s). MALDI(+)-MS(m/z): 1654,
[M+H]+. HR-ESI+-MS: m/z calcd for C100H96O2P4Ru2 [M+2H]2+

828.22402; found: 828.22557.

Crystallography

Single crystal X-ray diffraction data for the compounds 2, 3
and 5 were collected on a Bruker ProteumM APEX (3 and 5)
and SMART 6000 (2) diffractometers equipped with Cryostream
(Oxford Cryosystems) open-flow nitrogen cooling devices at 120 K
using graphite monochromated Mo-Ka-radiation (l = 0.71073 Å).
All structures were solved by direct method and refined by full-
matrix least squares on F 2 for all data using SHELXTL52 and
Olex253 software.

Computations

All ab initio computations were carried out with the Gaussian 03
package.54 The model geometries of the diruthenium derivatives,
[4-H] and [4-H]2+, were optimised using the B3LYP functional,55

with 3-21G* as the basis set.56 The 3-21G* basis set was also
found to be suitable for related ruthenium complexes discussed
elsewhere.9b,11e–f,57 Frequency calculations were computed on these
optimised geometries and shown to have no imaginary frequencies.
A scaling factor of 0.95 was applied to the calculated vibrational
frequencies for comparison with experimental data.58 The elec-
tronic structures and TD-DFT were also carried out at the same
level of theory. The MO diagrams and orbital contributions were
generated with the aid of Gabedit59 and GaussSum60 packages,
respectively.
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The first examples of vinylidene complexes of the cycloheptatrienyl tungsten system
[W(C CHR)(dppe)(h-C7H7)]+ (dppe = Ph2PCH2CH2PPh2; R = H, 3; Ph, 4; C6H4-4-Me, 5) have been
synthesised by reaction of [WBr(dppe)(h-C7H7)], 1, with terminal alkynes HC CR; a one-pot
synthesis of 1 from [WBr(CO)2(h-C7H7)] facilitates its use as a precursor. The X-ray structure of 4[PF6]
reveals that the vinylidene ligand substituents lie in the pseudo mirror plane of the W(dppe)(h-C7H7)
auxiliary (vertical orientation) with the phenyl group located syn to the cycloheptatrienyl ring. Variable
temperature 1H NMR investigations on [W(C CH2)(dppe)(h-C7H7)][PF6], 3, estimate the energy
barrier to rotation about the W Ca bond as 62.5 ± 2 kJ mol-1; approximately 10 kJ mol-1 greater than
for the molybdenum analogue. Deprotonation of 4 and 5 with KOBut yields the alkynyls
[W(C CR)(dppe)(h-C7H7)] (R = Ph, 6; C6H4-4-Me, 7) which undergo a reversible one-electron
oxidation at a glassy carbon electrode in CH2Cl2 with E 1

2
values approximately 0.12 V negative of Mo

analogues. The 17-electron radicals [6]+ and [7]+ have been investigated by spectroelectrochemical IR,
UV-visible and EPR methods. The electronic structures of representative vinylidene (3) and alkynyl (6)
complexes have been investigated at the B3LYP/Def2-SVP level. In both cases, electronic structure is
characterised by a frontier orbital with significant metal dz2 character and this dominates the structural
and spectroscopic properties of the system.

Introduction

Complexes of highly unsaturated carbon-chain ligands1,2 are the
focus of significant current activity in organometallic chemistry
with the expectation of future applications as molecular materials
in electronic,3 magnetic4 and optical5 devices. Two series of
complexes central to the development of this chemistry are the
metallacumulenylidenes M{ (C)n CR2} and alkynyl/poly-ynyl
complexes M{-(C C)n-C CR} and in a sequence of investiga-
tions, we have demonstrated the capacity of the cycloheptatrienyl
molybdenum auxiliary Mo(dppe)(h-C7H7) to support systems
of this type.6–10 A key requirement for materials applications
will be an in-depth understanding of the factors which control

aSchool of Chemistry, University of Manchester, Manchester, UK
M13 9PL. E-mail: Mark.Whiteley@manchester.ac.uk, joe.mcdouall@
manchester.ac.uk
bDepartment of Chemistry, Durham University, South Road, Durham, UK
DH1 3LE. E-mail: p.j.low@durham.ac.uk
cEPSRC National Service for EPR Spectroscopy, School of Chemistry,
University of Manchester, Manchester, UK M13 9PL
† Electronic supplementary information (ESI) available. CCDC refer-
ence numbers 791429 (1·CH2Cl2) and 791430 (4[PF6]). For ESI and
crystallographic data in CIF or other electronic format see DOI:
10.1039/c0dt01150a

the interaction between the metal centre and the carbon chain
ligand and our recent studies, supported by electronic structure
calculations,9,10 suggest that cycloheptatrienyl complexes of the
Group 6 metals have a significant contribution to make in this
respect. Thus, by comparison with analogous cyclopentadienyl
based, Group 8 complexes, M(dppe)Cp (M = Fe or Ru),11,12 the
energy ordering of the d-orbital manifold in the Mo(dppe)(h-
C7H7) fragment is altered by strong d interactions between the
e2 level of the C7H7 ring and the dxy and dx2 -y2 metal orbitals13,14

resulting in a metal-centred HOMO incorporating substantial dz2

character.9,10 The dz2 symmetry of the HOMO in Mo(dppe)(h-
C7H7) complexes is manifest both in the structural chemistry
of cumulenylidene derivatives9 and in the redox chemistry of
the alkynyl and poly-ynyl systems8,10 where the limited effect of
a one-electron oxidation process in perturbation of the alkynyl
ligand may, in part, be attributed to a poor symmetry match
between the metal dz2 HOMO (directed towards the centre of
the cycloheptatrienyl ring) and the alkynyl p-orbitals.

To explore further the relationship between frontier orbital
symmetry and the structural and redox chemistry of cumulenyli-
dene and alkynyl complexes, we now report the progression
of our studies to cycloheptatrienyl tungsten systems based on
the W(dppe)(h-C7H7) auxiliary. The principal objectives of this
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Scheme 1 Routes to the preparation of [WX(CO)2(h-C7H7)], R = Me, Prn.

investigation were first to establish that a metal-centred dz2 HOMO
is a consistent feature of the cycloheptatrienyl Group 6 metal
series and secondly to evaluate, by a combined experimental and
theoretical approach, the effect of the 5d orbital set of W vs. the
4d set of Mo upon the electronic structure and chemical reactivity
of carbon chain complexes of these systems.

Results and discussion

Synthesis of [WBr(dppe)(g-C7H7)]

The chemistry of the W(dppe)(h-C7H7) system was initiated
more than a decade ago,15 but our investigations were impeded
by the poor accessibility of precursor complexes of the type
[WX(dppe)(h-C7H7)]; the synthetic challenges involved have been
well documented.15,16 Recently however, we have developed a
direct synthesis9 of [MoBr(dppe)(h-C7H7)] from the dicarbonyl
precursor [MoBr(CO)2(h-C7H7)] and this led to a re-evaluation of
the analogous tungsten chemistry. Most known complexes of the
cycloheptatrienyl tungsten system are derived from [WX(CO)2(h-
C7H7)] (X = halide) which is obtained in a four step synthesis from
W(CO)6 in relatively low overall yield (Scheme 1).17

The final step, involving CO substitution by halide X, is reported
to proceed in very low yield for X = Br or Cl18 and therefore the
majority of syntheses utilise the iodide derivative [WI(CO)2(h-
C7H7)] as an entry to further chemistry of W(h-C7H7) complexes.
In the current investigation, the initial objective was to develop an
improved route to the bromide derivative [WBr(CO)2(h-C7H7)],
this being preferred to the commonly employed iodide system on
the basis of activation to carbonyl substitution19 and lability of the
W–X bond. Two modifications to the reaction sequence outlined
in Scheme 1 have been effected. First, [W(CO)3(h-C7H7)]+ can
be conveniently obtained in good yield as the PF6

- salt by direct
reaction of [W(CO)3(NCR)3] with [C7H7][PF6],20 thus avoiding the
need to isolate the cycloheptatriene complex [W(CO)3(h-C7H8)].
Secondly, modification of the conditions (reduced reaction time
and reagent excess) in the reaction of [W(CO)3(h-C7H7)]+ with
NaBr, reliably gave product yields in excess of 60%.

The availability of gram quantities of [WBr(CO)2(h-C7H7)]
facilitated an investigation of its direct reaction with dppe.
As reported previously, reaction of [WI(CO)2(h-C7H7)] with
dppe affords the ring-slipped adduct [WI(CO)2(dppe)(h3-C7H7)]
which is resistant to loss of CO even in refluxing toluene.21

However, in a modification to the procedure recently developed
for the analogous chemistry of molybdenum,9 a mixture of
[WBr(CO)2(h-C7H7)] and one half equivalent of dppe was added
to a refluxing 1 : 1 toluene/xylene solution followed one hour
later by a second half equivalent of dppe. This procedure
gave moderate yields of [WBr(dppe)(h-C7H7)], 1, formed as a
mixture with [W(CO)(dppe)(h-C7H7)]Br15 and small quantities
of [W(CO)4(dppe)] (IR, n(C O) cm-1, CH2Cl2) 2017, 1915 (sh),
1901, 1879),22 which were separated from 1, by column chro-
matography on alumina. The identity of complex 1 was confirmed
by microanalysis, mass spectrometry (see Experimental), 1H and
31P{1H}NMR spectroscopy (Table 1) and by a single crystal X-ray
structural study as the CH2Cl2 solvate (Fig. 1).

Fig. 1 Molecular structure of complex 1, with thermal ellipsoids plotted
at 50% probability. Hydrogen atoms, and solvent of crystallisation omitted
for clarity. Key bond lengths (Å) and angles (◦):W(1)–Br(1), 2.505(3);
W(1)–P(1), 2.469(3); W(1)–P(2), 2.462(3); P(1)–W(1)–P(2), 78.60(9);
P(1)–W(1)–Br(1), 83.31(9); P(2)–W(1)–Br(1), 83.92(9).
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Table 1 1H, 13C{1H} and 31P{1H} NMR dataa

1H NMR 13C{1H} NMR 31P{1H} NMR

R C7H7 dppe Ca Cb R C7H7 dppe

1 — 5.15 2.30, m, 4H, PCH2;
7.28–8.19, m, PPh2

40.3 {228}

2 2.53, t, (7.4), 2H,
Hb; 1.29, q, 2H, Hg ;
3.79, t, (7.2), 2H, Hd

4.79,
t, {3}

2.72, m, 2H; 3.01,
m, 2H, PCH2;
7.58–6.97, m, PPh2

307.7, t, {14} — 56.4, Cb;
24.0, Cg ;
80.6, Cd

84.6 29.9, m, PCH2;
136.8–128.7, PPh2

30.8 {321}

3 4.78, br, 1H; 5.69,
br, 1H; C CH2

5.04 2.58, br, 2H; 2.86,
br, 2H, PCH2;
7.85–7.01, m, PPh2

348.6, t, {25} 103.2, t, {9} — 87.0 28.0, m, PCH2;
137.8–126.0, PPh2

34.7 {316}

4b 5.74, t, {12.3},
C CHPh;
7.78–6.55, m,
C CHC6H5

5.07,
t, {3}

2.68, m, 2H; 2.95,
m, 2H, PCH2;
7.78–6.55, m, PPh2

352.2, t, {27} 123.2, t, {10} 136.2–127.1,
Ph

87.5 28.3, m, PCH2;
136.2–127.1, PPh2

34.4 {316}

5 5.67, t, {12.0},
C CHC6H4Me;
6.91, d, {7.6}, 2H;
6.37, d, {7.6}, 2H,
C6H4Me; 2.20, 3H,
C6H4Me

4.96,
t, {3}

2.58, m, 2H; 2.85,
m, 2H, PCH2;
7.68–6.86, m, PPh2

352.2, t, {26} 122.8, t, {10} 138.0–125.3,
C6H4Me;
21.1,
C6H4Me

86.9 28.0, m, PCH2;
138.0–125.3, PPh2

34.7 {317}

6 6.83, m, 2H; 6.65, m,
1H; 5.94, d, {5.6},
2H; C CC6H5.

4.84 2.26, br, 2H; 2.44,
br, 2H, PCH2;
7.84–7.25, m, PPh2

130.2, t, {22} 120.7 140.1–121.7,
Ph

81.3 28.6, m, PCH2;
140.4–121.7 PPh2

43.6 {329}

7 6.54, d, {7.6}, 2H;
5.74, d, {7.6}, 2H,
C CC6H4Me; 2.07,
3H, C CC6H4Me

4.73 2.15, m, 2H; 2.32,
m, 2H, PCH2;
7.72–7.14, m, PPh2

not observed 121.7 141.9–125.9,
C6H4Me;
21.0,
C6H4Me

82.5 29.7, m, PCH2;
141.9–125.9, PPh2

41.5 {321}

a 400 MHz 1H, 100 MHz 13C{1H}, 162 MHz 31P{1H} NMR spectra unless stated otherwise; d = doublet, t = triplet, q = quintet, m = multiplet, br = broad;
chemical shifts downfield from SiMe4, coupling constants in Hz, J(H–H) as (), J(H–P) or J(C–P) as {}; in CD2Cl2 solution unless stated otherwise,
labelling as in Scheme 2. All spectra recorded at ambient temperature. Spectra for complexes 1, 6 and 7 recorded with a trace of cobaltocene added to the
solution to prevent accumulation of paramagnetic W(I) species by aerial oxidation. b 31P NMR spectrum in CDCl3.

Carbene and vinylidene complexes
[W{(C)n CR2}(dppe)(g-C7H7)]+

The synthetic protocol outlined above unlocks the chemistry of
the cycloheptatrienyl tungsten system to a series of advances
based upon the electron-rich, d6, W(dppe)(h-C7H7) auxiliary.
To commence the investigation, the reactions of [WBr(dppe)(h-
C7H7)] with terminal alkynes HC CR to give carbene and
vinylidene products were explored. An extensive series of iron,
ruthenium and molybdenum, carbene and vinylidene complexes of
general formulation [M{ (C)n CR2}(dppe)(h-L)]+ {M = Fe, L =
Cp23 or Cp*;24 M = Ru, L = Cp;25,26 M = Mo, L = C7H7

9} has
been developed, based on the reaction of metal halide precursor
complexes [MX(dppe)(h-L)] with terminal alkynes HC CR in
methanol in the presence of a halide acceptor such as NH4[PF6] or
K[PF6]. The method depends upon ionisation of the halide ligand
and subsequent addition of the alkyne to the d6 metal centre which
promotes alkyne to vinylidene isomerisation. It was therefore our
expectation that the d6 tungsten centre of [WBr(dppe)(h-C7H7)]
would exhibit analogous reactivity.

The outcome of the reactions of [WBr(dppe)(h-C7H7)] with
terminal alkynes HC CR is summarised in Scheme 2 and
characterisation details for the complexes described are presented
in Table 1 and the Experimental section.

Clearly the cycloheptatrienyl tungsten centre is able to support
a range of metallacumulenylidene systems in an equivalent
manner to the molybdenum analogue. The 2-oxacyclopentylidene

2, was isolated as an

orange solid from the reaction of 3-butyn-1-ol/K[PF6] un-
der reflux in methanol. Similarly the vinylidene complexes
[W(C CHR)(dppe)(h-C7H7)][PF6], (R = H, 3; R = Ph, 4; R =
C6H4-4-Me, 5) were obtained by reaction of [WBr(dppe)(h-C7H7)]
with HC CSiMe3, HC CPh or HC CC6H4-4-Me respectively
and K[PF6] under methanol reflux. In common with their
molybdenum counterparts, the vinylidene complexes were stable
in refluxing methanol with no evidence for methoxide addition at
Ca. The availability of a series of carbene and vinylidene complexes
[M{(C)n CR2}(dppe)(h-C7H7)]+ (M = Mo or W, n = 0 or 1)
allows a direct comparison of spectroscopic and structural data
for molybdenum and tungsten analogues. The 13C{1H} NMR
chemical shift data for Ca of the Mo and W carbene and vinylidene
systems are summarised in Table 2 from which it is evident that
the tungsten derivatives exhibit a shift of d Ca to high field by
approximately 20 ppm. In each case the Ca resonance is a triplet
with 2J(P–C) values similar for the two metals but slightly smaller
for the tungsten derivatives.

Structural studies

We have previously reported structural studies on the cyclo-
heptatrienyl molybdenum carbene and vinylidene complexes

,27 and [Mo(C CHR)-
(dppe)(h-C7H7)]+ (R = Ph7 or (CH2)3OH27). A key observation
from this work is the orientation of the carbene or vinylidene
ligand substituents with respect to the pseudo mirror plane which

This journal is © The Royal Society of Chemistry 2011 Dalton Trans., 2011, 40, 1267–1278 | 1269
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Table 2 Comparison of 13C NMR shiftsa for Ca in complexes [M{(C)n CR2}(dppe)(h-C7H7)]+

(C)n CR2

C CH2 C C(H)Ph

M d Ca Solvent d Ca Solvent d Ca Solvent

Mo 331.7 {18} acetone-D6, 368.0 {30} CD3CN 372.8 {32} acetone-D6,
W 307.7 {14} CD2Cl2 348.6 {25} CD2Cl2 352.2 {27} CD2Cl2

a 2J(P–C) values in Hz in parentheses {}.

Scheme 2 Reagents and conditions (i) dppe ( 1
2

equivalent), toluene/xylene (1 : 1), reflux 1 h, then further dppe ( 1
2

equivalent) reflux 3 h. (ii)
HC C(CH2)2OH, in methanol, K[PF6], reflux 3 h. (iii) HC CR (R = SiMe3, Ph or C6H4-4-Me) in methanol, K[PF6], reflux 2–3 h. (iv) (R = Ph
or C6H4-4-Me), excess KOBut in thf, 40 min.

bisects the Mo(dppe)(h-C7H7) fragment. Thus the oxacarbene

ring of , is disposed ortho-

gonal to the mirror plane in a horizontal alignment whereas
in each of the vinylidene complexes, the substituents lie in the
mirror plane and are assigned to a vertical configuration. By

contrast, structural studies on the [M{(C)n CR2}(dppe)(h-L)]+

(n = 0 or 1; L = Cp or Cp*; M = Fe or Ru) series reveal that
carbenes adopt a vertical configuration,25 whilst vinylidenes are
horizontal.28 In terms of the classical, self-consistent field (SCF)
calculations on these systems,29 it appears that the preferred
plane of the p-interaction of the Mo(dppe)(h-C7H7) auxiliary

1270 | Dalton Trans., 2011, 40, 1267–1278 This journal is © The Royal Society of Chemistry 2011
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Table 3 Important bond lengths (Å) and angles (◦) for complex 4

Bond lengths/Å

W(1)–P(1) 2.5037(18) W(1)–C(2) 2.328(6)
W(1)–P(2) 2.5032(18) W(1)–C(3) 2.323(6)
W(1)–C(8) 1.941(7) W(1)–C(4) 2.331(6)
C(8)–C(9) 1.323(9) W(1)–C(5) 2.290(6)
C(9)–C(10) 1.463(9) W(1)–C(6) 2.339(6)
W(1)–C(1) 2.280(6) W(1)–C(7) 2.357(6)

Bond angles (◦)

P(1)–W(1)–P(2) 80.19(6) W(1)–C(8)–C(9) 172.4(5)
P(1)–W(1)–C(8) 78.40(19) C(8)–C(9)–C(10) 128.8(6)
P(2)–W(1)–C(8) 81.03(19) Ct–W(1)–C(8) 138

Ct = centroid of C7H7 ring

with the vacant p-orbital of the cumulenylidene Ca carbon is
the converse of that in the [M{(C)n CR2}(dppe)(h-L)]+ (M =
Fe or Ru) series and a recent DFT investigation on the vinylidene
complex [Mo(C CH2)(dppe)(h-C7H7)]+ has confirmed that the
atypical orientation of vinylidene ligands in the cycloheptatrienyl
molybdenum system can be attributed to a p-interaction between
the cumulenylidene LUMO and the metal dz2 based HOMO of
the Mo(dppe)(h-C7H7) unit.9 The main purpose of the current
study was therefore to establish the ligand orientation preference
imposed by the W(dppe)(h-C7H7) auxiliary.

The crystallographically determined structure of
[W(C CHPh)(dppe)(h-C7H7)][PF6], 4 with the crystallographic
numbering scheme is illustrated in Fig. 2. The asymmetric unit of
4 contains two molecules; in one of these the cycloheptatrienyl
ring is disordered over two sites and therefore the discussion here
is focussed on the non-disordered molecule although structural
parameters are very similar in each case. Important bond lengths
and angles for the non-disordered molecule are given in Table 3
and it is evident that the key W Ca (1.941(7) Å) and Ca–Cb

(1.323(9) Å) distances of the vinylidene ligand lie within normal
ranges.30 However the principal structural feature of interest

Fig. 2 Molecular structure of complex 4, with thermal ellipsoids plotted
at 50% probability. Hydrogen atoms [except H(9)] and PF6

- counter anion
omitted for clarity. The figure illustrates one of two crystallographically
independent molecules in the asymmetric unit.

in 4 is the orientation of the vinylidene ligand which adopts
a vertical configuration with the more bulky Ph substituent
located in the syn position relative to the cycloheptatrienyl ring
in accord with the structures of the molybdenum analogues;
this result suggests that the vertical orientation of the vinylidene
ligand substituents is a consistent feature of the Group 6 metal
systems, M(dppe)(h-C7H7) (M = Mo or W). The dihedral angle
between the planes defined by Ct–W–C(8) and C(8)–C(9)–C(10)
(Ct represents the centroid of the cycloheptatrienyl ring) is 1.5◦

in 4 (cf . [Mo(C CHPh)(dppe)(h-C7H7)][BF4], 10.6◦) indicating
a small deviation from the precise vertical configuration. An
additional salient structural feature of 4 is the large Ct–W–C(8)
angle (138◦). This is similar to that observed in the molybdenum
analogue (135◦),7 and consistent with the optimum value (135◦)31

for a p-interaction between the cumulenylidene LUMO and a
metal dz2 based HOMO.

Dynamic NMR Investigations

Variable temperature 1H NMR studies on complexes of the type
[M{ (C)n CH2}(dppe)(h-L)]+ (n = 0, L = Cp, M = Fe32 or Ru;33

n = 1, L = C7H7, M = Mo7) and [M( CH2)(CO)2(PPh3)Cp]+ (M =
Mo or W)34 in which the carbene or vinylidene H substituents
are disposed in a vertical orientation may be employed to
confirm low temperature solution conformations and to estimate
activation energies to rotation about the M Ca bond. In the case
of [Mo(C CH2)(dppe)(h-C7H7)]+ the two vinylidene hydrogen
substituents are inequivalent in the low temperature 1H NMR
spectrum consistent with a vertical vinylidene orientation with
two discrete vinylidene proton environments located syn or anti to
the cycloheptatrienyl ring. From the coalescence temperature of
268 K (±3 K) in CD3CN, the energy barrier to rotation about the
Mo Ca bond in [Mo(C CH2)(dppe)(h-C7H7)]+ was estimated
as 51.9 ±1 kJ mol-1,7 significantly larger than the equivalent
parameter in complexes of the type [M(C CHR)(dppe)Cp]+

(M = Fe23 or Ru35). The synthesis of the tungsten analogue
[W(C CH2)(dppe)(h-C7H7)][PF6], 3, now permits an evaluation
of the effect of the identity of the metal on the M Ca rotation
barrier in the complexes [M(C CH2)(dppe)(h-C7H7)]+.

Remarkably, the 1H NMR spectrum of 3 in CD3CN reveals that
the vinylidene protons are inequivalent at ambient temperature
(293 K) consistent with a vertical ligand orientation and a high
activation energy to rotation about the W Ca bond. On warming
above 293 K, the vinylidene proton resonances broaden and
a coalescence temperature of 330 K (±5 K) in CD3CN was
determined giving an estimated barrier to rotation about the
W Ca bond in 3 as 62.5 ±2 kJ mol-1. This is considerably larger
than the equivalent parameter for the molybdenum analogue
determined in the same solvent and may indicate an enhanced p-
interaction between the vinylidene ligand and the metal 5d orbitals.
A related metal-dependency of rotation barriers has been reported
for the Group 6 carbene complexes [M( CH2)(CO)2(PPh3)Cp]+

[M = W, 35 kJ mol-1; M = Mo, < 28 kJ mol-1].34

Alkynyl complexes [W(C CR)(dppe)(g-C7H7)]

The vinylidene complexes 4 and 5 undergo deprotonation on
treatment with KOBut in thf to afford alkynyl complexes
[W(C CR)(dppe)(h-C7H7)] (R = Ph, 6; R = C6H4-4-Me, 7;

This journal is © The Royal Society of Chemistry 2011 Dalton Trans., 2011, 40, 1267–1278 | 1271
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Table 4 Electrochemical, IR and UV-visible data for the alkynyl complexes [M(C CR)(dppe)(h-C7H7)]n+ (n = 0 or 1)a

Complex Electrochemical datab IR datac UV/visible datad

R M n = 0 n = +1 Dn (C C) n = 0 n = +1

Ph Mo -0.72 2045 2032 -13 32700 (21000), 27000
(12200), 18900 (1000)

33300 (15600), 28300 (8400),
18900 (2100), sh, 16900 (4800)

Ph W -0.84 2042, 1991 (w) 2029 -13 34300 (8120), 25300
(3640), 19100 (650)

34700 (6100), 29200 (3140),
26300 (2030), 20000 (970), sh,
18000 (1600)

C6H4-4-Me Mo -0.72 2050 2017 -33 32680 (18300), 27100
(12800), 19200 (800)

28250 (7800), 16600 (5300)

C6H4-4-Me W -0.86 2048, 2036 (sh) 2012, 2002 (sh) -35 25700 (7200), 20700
(1950)

29800 (7500), 25500 (4970),
20500 (1600), 17600 (1270)

a Data for M = Mo from reference 10. b E 1
2

(V), by cyclic voltammetry at a glassy carbon working electrode, Ag/AgCl reference electrode. All potentials
are reported vs. FeCp2/FeCp2

+ (FeCp2/FeCp2
+ = 0.00 V) at a scan rate of 0.100 V s-1 from 0.2 M [NBu4

n][PF6]/CH2Cl2 solutions at ambient temperature.
c n(C C)/cm-1, spectroelectrochemical measurement in 0.1 M [NBu4

n][PF6]/CH2Cl2. d nmax/cm-1, (e/M-1 cm-1) determined by spectroelectrochemical
methods in 0.1 M [NBu4

n][PF6]/CH2Cl2.

Scheme 2) which were isolated as red–brown solids following
purification by chromatography on Celite. The deprotonation
reactions proceeded to completion only with a large excess of
base, probably reflecting the high stability and low acidity of the
vinylidenes 4 and 5 conferred by the strongly electron donating
W(dppe)(h-C7H7) auxiliary. Complexes 6 and 7 were characterised
as summarised in Tables 1 and 4 and the Experimental section.
Key spectroscopic features are the IR active n(C C) stretching
bands which (with the exception of band splitting in 7) are almost
identical to the molybdenum analogues (see Table 4),6,10 and in the
13C NMR spectrum, the characteristic triplet resonance for the
alkynyl Ca carbon which is shifted to high field by ca. 10 ppm as
a result of substitution of Mo with W.

The redox behaviour of complexes 1, 6 and 7 was investigated
by cyclic voltammetry at a glassy carbon electrode in CH2Cl2

(details as in Table 4). Under these conditions, each of the
complexes undergoes a diffusion controlled (ip/v 1

2 is constant for
scan rates v = 50–500 mV s-1), chemically reversible one-electron
oxidation with the separation between cathodic and anodic peak
potentials comparable to that determined for ferrocene under
identical conditions. The formal reduction potentials E 1

2
for 6

and 7 are approximately 120 mV to negative potential of the
Mo analogues. In principle, the results of the cyclic voltammetry
indicate that the 17-electron radicals [W(C CR)(dppe)(h-C7H7)]+

(R = Ph, [6]+; R = C6H4-4-Me, [7]+) are isolable synthetic targets.
However, whilst the radicals were undoubtedly generated by
reaction of 6 and 7 with [FeCp2][PF6] in CH2Cl2, isolation as pure
materials was impeded by slow decomposition to the carbonyl
complex36 [W(CO)(dppe)(h-C7H7)]+, [n(CO), CH2Cl2, 1940 cm-1]15

and therefore in the investigations described below, [6]+ and
[7]+ were generated in situ or studied by spectroelectrochemical
techniques.

Spectroelectrochemical IR, UV-visible and EPR investigations on
the alkynyl radicals [W(C CR)(dppe)(g-C7H7)]+

A key feature of the redox chemistry of metal alkynyl systems
is the negative shift in the IR active n(C C) stretch resulting
from one-electron oxidation to the 17-electron radical cations.
The magnitude of the negative shift in n(C C) acts as a good
first order indicator of the metal vs. alkynyl ligand character

of the redox active frontier orbital within a series of similar
complexes. Thus the large negative shifts of n(C C) upon
oxidation observed for [Ru(C CR)(dppe)Cp*]n+, (> 100 cm-1)
are consistent with depopulation of an orbital with a substantial
degree of C C bonding character, and significant radical-ligand
character in the cations [Ru(C CR)(dppe)Cp*]+.12 Although less
extensively documented, available data from Os(dppe)Cp* based
ynyl systems also supports the notion of substantially ligand-
based frontier orbitals in the 5d analogues.37 Similar analyses
of the shift in alkynyl stretching frequency upon oxidation,
Dn(C C), for the iron complexes [Fe(C CR)(dppe)Cp*]0/+ are
complicated by splitting of the n(C C) band by Fermi coupling.38

However, it is generally agreed that the 3d cation-radical systems
feature more substantial metal-localised radical character than
their 4d (Ru) or 5d (Os) counterparts.11 By contrast with the
ruthenium complexes, the Mo(h-C7H7) complexes which also
contain a 4d6 formal electron configuration, feature a more metal-
centred oxidation process, with less alkynyl ligand character and
consequently much smaller shifts in n(C C).10 Given the essen-
tially identical structure of the complexes [M(C CR)(dppe)(h-
C7H7)] (M = Mo or W) with those of the group 8 complexes
M(C CR)(dppe)Cp*, a comparison of the shift in n(C C)
following one-electron oxidation should provide a good indicator
of the effect of 4d vs. 5d orbital overlap upon the metal–alkynyl
interaction.

The shift in n(C C) resulting from one-electron oxidation of 6
and 7 to the corresponding radicals [6]+ and [7]+ was investigated
by synthetic and spectroelectrochemical methods. Addition of
[FeCp2][PF6] to red–brown, CH2Cl2 solutions of 6 and 7 resulted in
the rapid formation of deep red ([6]+) or deep pink ([7]+) solutions
of the 17-electron radicals for which IR data were immediately
recorded; results were confirmed by an IR spectroelectrochemical
analysis (Fig. 3) which also demonstrated the reversibility of the
changes in the IR spectra. In both cases the negative shifts in
n(C C) resulting from one-electron oxidation are small (6/[6]+,
-13 cm-1; 7/[7]+, -35 cm-1) and almost identical to the Mo
series (see Table 4); (the interpretation of the data for 7/[7]+ is
complicated by band splitting in both 7 and [7]+, however both
bands assigned to n(C C) in complex 7 are Raman inactive and
consequently the splitting is attributed to Fermi coupling effects).38

The very similar response in n(C C) resulting from one-electron

1272 | Dalton Trans., 2011, 40, 1267–1278 This journal is © The Royal Society of Chemistry 2011

Pu
bl

ish
ed

 o
n 

24
 D

ec
em

be
r 2

01
0.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f W

es
te

rn
 A

us
tra

lia
 o

n 
04

/1
0/

20
17

 0
7:

12
:2

6.
 

View Article Online

http://dx.doi.org/10.1039/c0dt01150a


Fig. 3 The spectroelectrochemically generated IR [n(C C) region]
spectra of [7]n+ (n = 0, 1) recorded in CH2Cl2/0.1 M [NBu4

n][PF6].

oxidation of directly analogous complexes [M(C CR)(dppe)(h-
C7H7)] (M = Mo or W; R = Ph or C6H4-4-Me) suggests that the
metal alkynyl interaction is almost independent of the 4d vs. 5d
character of the metal centre; this result is in marked contrast to the
vinylidenes [M(C CH2)(dppe)(h-C7H7)]+ (M = Mo or W) where
the barrier to rotation about M Ca is significantly increased for
the 5d metal.

To probe further, the effects of substitution of Mo by W in
these systems, comparisons between 6/[6]+, 7/[7]+ and their Mo
analogues were extended to UV-visible and EPR studies. The UV-
visible electronic absorption spectra were recorded by spectro-
electrochemical methods in CH2Cl2 under identical conditions to
those previously reported for the Mo analogues;10 experimental
spectra for 6/[6]+ are shown in Fig. 4. The principal result
features the position of the band at the red end of the visible
region in the radical cations, which for the Mo analogues has
been assigned to a LMCT (alkynyl to metal) transition on the
basis of a TD-DFT treatment.10 In the tungsten complexes this
band is of reduced intensity and shifted to higher energy by ca.
1000 cm-1 [cf. [M(C CPh)(dppe)(h-C7H7)]+, M = Mo, 16900 cm-1

Fig. 4 Spectroelectrochemical UV-visible spectra for 6 (dotted
line)/[6]+(solid line) recorded in 0.1 M NBu4PF6/CH2Cl2.

Table 5 EPR data for the 17-electron radicals [WX(dppe)(h-C7H7)]+ (X =
Br, C CR)a

Complex Aiso(183W)/G aiso(31P)/G aiso(1H)/G giso

[1]+ 61 26 b 1.952
[6]+ 50 24 4.3 1.978
[7]+ 50 24 4.2 1.977

a X-band solution spectra in CH2Cl2 at 273 K ([1]+) or 193 K ([6]+, [7]+);
hyperfine couplings in Gauss. b hyperfine coupling to 1H not resolved.

(590 nm); M = W, 18000 cm-1 (555 nm)] consistent with the higher
lying 5d orbitals of the tungsten centre; the change in position of
this absorption may also account for the marked contrast in the
colours of the 17-electron radicals [M(C CPh)(dppe)(h-C7H7)]+

(M = Mo, deep blue; M = W, deep red). Consistent with the
description of oxidation of these W-alkynyl complexes in terms of
metal-centred redox processes, weak W d–d bands were observed
near 12,000 cm-1 (Fig. 4).

X-band EPR spectra of the radicals [1]+, [6]+ and [7]+ were
recorded on CH2Cl2 solutions of the complexes generated in situ
at 193 K by addition of [FeCp2][PF6] to the 18-electron precursors;
Fig. 5 illustrates a representative spectrum obtained for [6]+ and
details of the EPR parameters extracted from the spectra are
presented in Table 5. The spectra of the tungsten complexes
are slightly less well resolved than for their Mo analogues10,15,39

but hyperfine couplings to 183W and 31P were determined in all
cases and for the alkynyl derivatives it was possible to estimate
the hyperfine to the hydrogens of the C7H7 ring. By comparison
with Mo analogues, aiso(31P) is slightly larger for the W complexes;
values for Aiso(183W) are similar to those determined previously for
metal centred cation radical complexes.40 The shift in giso, typically
from 1.996 for the Mo alkynyl complexes to 1.978 for the W series,
is consistent with the larger spin orbit coupling constant for the
5d metal.

Fig. 5 X-band solution spectrum of [W(C CPh)(dppe)(h-C7H7)]+, [6]+,
recorded as a first derivative spectrum in CH2Cl2 at 193 K.

Electronic structure calculations

Density functional calculations were performed on the vinyli-
dene complex [W(C CH2)(dppe)(h-C7H7)]+, denoted 3-H to
distinguish experimental and calculated parameters, the C CH2

rotational transition state of 3-H, (3-Hπ), and the alkynyl com-
plexes [W(C CPh)(dppe)(h-C7H7)]n+, 6-H and [6-H]+, using the
Gaussian03 suite of programs.41 All calculations employed the

This journal is © The Royal Society of Chemistry 2011 Dalton Trans., 2011, 40, 1267–1278 | 1273
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Table 6 Important bond lengths (Å) and angles (◦) for complex 3-H
and the rotational transition state 3-Hπ from structures optimized using
the BP86 and B3LYP functionals and the Def2-SVP basis. For atom
numbering, see Fig. 2

3-H 3-Hπ

Bond lengths BP86 B3LYP BP86 B3LYP

W(1)–P(1) 2.553 2.582 2.507 2.534
W(1)–P(2) 2.572 2.601 2.511 2.539
W(1)–C(8) 1.942 1.944 1.982 1.985
C(8)–C(9) 1.332 1.321 1.329 1.318
W(1)–C(1) 2.326 2.325 2.340 2.345
W(1)–C(2) 2.357 2.354 2.381 2.386
W(1)–C(3) 2.346 2.345 2.337 2.339
W(1)–C(4) 2.353 2.352 2.383 2.387
W(1)–C(5) 2.319 2.320 2.337 2.340
W(1)–C(6) 2.401 2.401 2.448 2.458
W(1)–C(7) 2.430 2.429 2.450 2.460

Angles

P(1)–W(1)–P(2) 80.99 80.53 79.99 79.92
P(1)–W(1)–C(8) 80.87 81.33 82.81 83.64
P(2)–W(1)–C(8) 83.35 83.99 85.53 86.31
W(1)–C(8)–C(9) 178.83 178.90 178.36 178.02
Ct–W(1)–C(8) 135.52 135.07 129.65 128.71
W(1)–C(8)–C(9)–H(9) 3.49 1.51 98.72 101.44

Ct = centroid of C7H7 ring.

Def2-SVP basis set of Ahlrichs et al.42,43 For W, this basis
constitutes a relativistic effective potential with 60 electrons treated
in the core.44 All structures were fully optimized using both the
BP8645 and B3LYP46 functionals for purposes of comparison,
starting from crystal geometries where X-ray data were available.
All structures were confirmed as minima or transition states
through vibrational analysis.

Optimisation of the geometry of 3-H showed that the minimum
energy structure has the plane of the C CH2 moiety aligned
perpendicular to the plane of the C7H7 ring, in accord with the
observed structure of 4 shown in Fig. 2. The transition state for
rotation of the vinylidene ligand around the W–Ca–Cb axis (3-Hπ)
has the C CH2 plane aligned ‘horizontal’, essentially parallel
to the C7H7 plane. Some key geometric parameters for these
structures are given in Table 6 and may be compared directly with
those of 4 shown in Table 3. It can be seen that the main differences
in the geometries of 3-H and 3-Hπ, apart from the rotation of the
C CH2 group, are the reduction by some 6◦ of the Ct–W(1)–C(8)
angle and the general lengthening of the W–C distances of the
C7H7 ring (except for W–C(3) which eclipses the C C bond and
is shortened slightly in the transition state).

The rotational barrier for the 3-H → 3-Hπ conversion is
calculated to be 70.7 (BP86)/67.2 (B3LYP) kJ mol-1. The in-
clusion of zero-point energies reduces these to 67.8 (BP86)/64.0
(B3LYP) kJ mol-1 in good agreement with the experimentally
determined value of 62.5 ± 2 kJ mol-1. In our previous work9

we calculated the rotational barrier for the Mo-analogue of 3 to
be about 45 kJ mol-1, which compares with the experimental value
of around 52 kJ mol-1 observed in dynamic NMR experiments.
The current calculations concur with the experimental findings
that the W systems have larger rotational barriers than the
Mo analogues. To investigate the origin of this difference we

Table 7 B3LYP/Def2-SVP orbital components (%) of HOMO-1 of
[M(C CH2)(dppe)(h-C7H7)]+ (M = Mo or W) (sum of orbital populations
on non-hydrogen atoms only)

M Metal C C(H2) C7(H7) P2

Mo 56 8 27 2
W (3-H) 53 12 18 2

carried out a population analysis on 3-H and its Mo analogue
at the B3LYP/Def2-SVP level (for the Mo-analogue we used the
structure obtained previously in reference 9). There is remarkable
qualitative and quantitative similarity between the frontier orbital
energies and compositions of the W and Mo systems but a key
difference is between the HOMO-1 of 3-H and its Mo-analogue.
This orbital consists of p-type bonding interactions between
Ca and the metal centre in the [M(dppe)(h-C7H7)]+ (M = W,
Mo) fragment (we have previously established the importance
of this interaction in dictating the orientational preference of
these systems9). On rotation of the C CH2 unit, this p-bonding
interaction is removed and so it must be significant in determining
the rotational energy barrier. The HOMO-1 orbital is shown in
Fig. 6 and its composition in Table 7.

Fig. 6 HOMO-1 orbital of 3-H at the B3LYP/Def2-SVP level. For clarity
only the hydrogens of the C CH2 group are shown and the dppe unit is
shown in wireframe. Isosurface value is 0.04 au.

Inspection of Table 7 reveals that the bonding HOMO-1 orbital
of 3-H contains slightly more C CH2 character and less metal
character than in the Mo-analogue. Moreover, the contribution of
the C7H7 ring is substantially less in 3-H than in the Mo analogue,
indicating a change in the balance of the bonding between the
metal and the C7H7 ring or the C CH2 ligand. The M C CH2

p-interaction is therefore more efficient in the tungsten derivative
3-H and consequently this complex features a larger rotational
barrier, as observed experimentally in the dynamic NMR studies
described above.

For the alkynyl complex 6-H, we wished to establish the nature
of the HOMO orbital and compare it with the analogous Mo
system. For reasons that we have described elsewhere10 the HOMO
of [Mo(C CPh)(dppe)(h-C7H7)] is dominated by the dz2 orbital

1274 | Dalton Trans., 2011, 40, 1267–1278 This journal is © The Royal Society of Chemistry 2011

Pu
bl

ish
ed

 o
n 

24
 D

ec
em

be
r 2

01
0.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f W

es
te

rn
 A

us
tra

lia
 o

n 
04

/1
0/

20
17

 0
7:

12
:2

6.
 

View Article Online

http://dx.doi.org/10.1039/c0dt01150a


Table 8 B3LYP/Def2-SVP orbital energies and compositions of [W(C CPh)(dppe)(h-C7H7)], 6-H (values in parentheses for Mo analogue)

Orbital composition (%)

Orbital Energy/eV metal C7(H7) C C C6(H5) P2

LUMO –1.10 7 (14) 17 (34) 1 (2) 0 (2) 12 (12)
HOMO -3.94 61 (62) 4 (4) 16 (16) 9 (9) 4 (3)
HOMO–1 -4.82 23 (24) 40 (37) 23 (25) 6 (6) 4 (4)
HOMO–2 -5.08 44 (47) 39 (37) 6 (6) 2 (2) 3 (3)

Fig. 7 HOMO orbital of 6-H at B3LYP/Def2-SVP level. For clarity hydrogens are omitted and the dppe unit is shown in wireframe. Isosurface value is
0.04 au.

of the metal. Fig. 7 shows the HOMO of 6-H and it can be seen
that it has the same character as the analogous Mo system.

Table 8 presents a population analysis of the frontier molecular
orbitals of 6-H alongside equivalent data for the Mo analogue10

(shown in parentheses). The degree of similarity is striking and
MO plots for the HOMO-1 and HOMO-2 of 6-H (see ESI†)
confirm strong d interactions between the C7H7 ring and the
tungsten dxy and dx2 -y2 orbitals, identical to the Mo analogue and
key to the establishment of a HOMO with substantial metal dz2

character.10

For the 17-electron radical cation [6-H]+, spin density distribu-
tion is again dominated by the metal dz2 orbital with B3LYP/Def2-
SVP computed Mulliken spin densities revealing significant local-
isation of spin density at the W centre (W: 0.980, Ca: -0.123,
Cb: 0.234, see ESI†). Finally the shift in the alkynyl n(C C)
stretching frequency resulting from one-electron oxidation of
6-H to [6-H]+ was examined. We find n(C C) = 2039 cm-1

(BP86)/2126 cm-1 (B3LYP) in 6-H and n(C C) = 2000 cm-1

(BP86)/2091 cm-1 (B3LYP) in [6-H]+, giving a shift, Dn(C C) =
-39 cm-1 (BP86)/-35 cm-1 (B3LYP). Both levels of calculation
slightly exaggerate the shift but obtain the correct trend. The
BP86 functional gives better agreement with experiment for the
position of the stretching wavenumber but the B3LYP functional
is slightly better at predicting the magnitude of the shift. The
small experimental shift in n(C C) resulting from one-electron
oxidation of 6 to [6]+ is therefore consistent with the highly metal-
based frontier orbital character found in the calculated electronic
structures of these systems.

Conclusions

A simple, one-pot synthesis of [WBr(dppe)(h-C7H7)] from
[WBr(CO)2(h-C7H7)] has opened up investigations into the chem-
istry of the electron-rich, d6, cycloheptatrienyl tungsten auxiliary
W(dppe)(h-C7H7). The reactions of [WBr(dppe)(h-C7H7)] with
terminal alkynes in refluxing methanol proceed with alkyne to
vinylidene isomerisation to afford oxacyclocarbene and vinylidene
complexes of general formulation [W{(C)n = CR2}(dppe)(h-
C7H7)]+ (n = 0 or 1). An X-ray structural study on the
phenylvinylidene complex [W(C CHPh)(dppe)(h-C7H7)][PF6],
reveals that, in common with the Mo analogue, the vinylidene
ligand adopts a vertical orientation consistent with a strong
interaction between a filled metal dz2 orbital and the vacant
p orbital on Ca of the vinylidene ligand. Variable temperature
1H NMR investigations on [W(C CH2)(dppe)(h-C7H7)][PF6]
demonstrate that the energy barrier to rotation about the W Ca

bond is approximately 10 kJ mol-1 larger than for the analo-
gous molybdenum complex. Deprotonation of the vinylidenes
[W(C CHR)(dppe)(h-C7H7)][PF6] yields the alkynyl complexes
[W(C CR)(dppe)(h-C7H7)] which can be reversibly oxidised to
the 17-electron radicals [W(C CR)(dppe)(h-C7H7)]+. Substitu-
tion of Mo by its 5d counterpart W in the alkynyl complexes
[M(C CR)(dppe)(h-C7H7)]n+ has a relatively small effect on
the electronic properties of the system with the key parameter
Dn(C C) (the shift in the alkynyl stretching frequency resulting
from one-electron oxidation) essentially identical for Mo and
W analogues. Electronic structure calculations confirm the dz2

This journal is © The Royal Society of Chemistry 2011 Dalton Trans., 2011, 40, 1267–1278 | 1275
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character of the HOMO in the W(dppe)(h-C7H7) fragment and
successfully model the increase in activation energy to metal-
Ca bond rotation in [W(C CH2)(dppe)(h-C7H7)]+, which can be
attributed to the stronger M C p-bonding interactions in the
[HOMO-1]. The alkynyl complexes [W(C CR)(dppe)(h-C7H7)]
also feature a strongly metal-based dz2 HOMO, in common
with their Mo counterparts and this can account for the very
similar spectroscopic properties of the two series of complexes.
Fundamentally, the exchange of W in place of Mo in the vinylidene
complexes [M(C CHR)(dppe)(h-C7H7)]+ and alkynyl complexes
[M(C CR)(dppe)(h-C7H7)]n+ results in limited effects only. The
dominant feature which controls the electronic structure and
chemical properties of these systems is the strong d bonding
between the metal and the e2 level of the C7H7 ring leading
to substantial metal dz2 character in frontier orbitals and this
overrides the more subtle effects resulting from replacement of the
4d orbital set of Mo with the 5d set of W.

Experimental

General procedures

The preparation, purification and reactions of the complexes
described were carried out under dry nitrogen. All solvents were
dried by standard methods, distilled and deoxygenated before use.
The complex [W(CO)3(h-C7H7)][PF6] was prepared by a published
procedure.20 NMR spectra were recorded on a Varian Inova 400
(400 MHz 1H, 100 MHz 13C{1H}, 162 MHz 31P{1H}) spectrometer.
Infrared spectra were obtained on a Perkin Elmer FT RX1
spectrometer and MALDI mass spectra were recorded using a
Micromass/Waters TOF Spec 2E instrument. Microanalyses were
conducted by the staff of the Microanalytical Service of the School
of Chemistry, University of Manchester. Cyclic voltammograms
were recorded (n = 100 mV s-1) from 0.2 M [NBu4][PF6], CH2Cl2

solutions ca. 1 ¥ 10-4 M in analyte using a three-electrode
cell equipped with a glassy carbon working electrode, Pt wire
counter electrode and Ag/AgCl reference electrode. All redox
potentials are reported with reference to an internal standard of
the ferrocene/ferrocenium couple (FeCp2/FeCp2

+ = 0.00 V). UV-
visible and IR spectroelectrochemical experiments were performed
at room temperature with an air-tight OTTLE cell equipped with
Pt minigrid working and counter electrodes, a Ag wire reference
electrode and CaF2 windows47 using either a Nicolet Avatar
spectrometer or a Perkin Elmer Lambda 900 spectrophotometer.
EPR experiments were conducted on a Bruker BioSPin EMX
microspectrometer at X-band (9 GHz); spectra are the average of
16 scans. Spectral analysis and simulation was carried out using
Bruker WinEPR software (Bruker Biospin Ltd.).

Preparation of [WBr(CO)2(g-C7H7)]

A solution of [W(CO)3(h-C7H7)][PF6] (4.76 g, 9.44 mmol) in AR
acetone (70 cm3) was treated with NaBr (1.41 g, 13.69 mmol)
and the reaction mixture stirred for 1 h to give a green solution
before the solvent was removed in vacuo over a period of 30 min.
The residue was extracted with CH2Cl2 (50 cm3) and the resulting
solution filtered, treated with hexane and the volume reduced to
yield [WBr(CO)2(h-C7H7)] as a dark green solid; yield 3.17 g (82%).

Preparation of [WBr(dppe)(g-C7H7)], 1

A mixture of xylene (50 cm3) and toluene (50 cm3) was heated
to reflux point then dppe (1.21 g, 3.04 mmol) and [WBr(CO)2(h-
C7H7)] (2.50 g, 6.08 mmol) were added to the solution as a mixture
of solids. After 1 h the reaction mixture was treated with additional
dppe (1.21 g, 3.04 mmol) and reflux continued for 3 h. The resulting
solution was filtered hot to remove [W(CO)(dppe)(h-C7H7)]Br,
then evaporated to dryness. The green–brown residue, dissolved in
CH2Cl2 was transferred to an alumina/n-hexane chromatography
column. A yellow band, [W(CO)4(dppe)], was eluted first using
n-hexane–CH2Cl2 (1 : 1) followed by a red band. The required
product eluted as a green band using n-hexane–CH2Cl2/acetone
(2 : 2 : 1) solvent mixture as eluant. The green band was collected,
solvent removed, and the residue recrystallised from CH2Cl2–n-
hexane to give [WBr(dppe)(h-C7H7)] as a green solid, yield 0.97 g
(21%). Cyclic voltammetry: E 1

2
= -0.77 V vs. FeCp2/FeCp2

+. Anal.
Calcd. (%) for C33H31WP2Br: C, 52.6; H, 4.1. Found: C, 52.3; H,
4.0. Mass (MALDI): m/z 753 (M+), 673 (M+ - Br).

Preparation of 2

A mixture of [WBr(dppe)(h-C7H7)] (0.40 g, 0.53 mmol), 3-butyn-
1-ol (0.19 g, 2.71 mmol) and K[PF6] (0.20 g, 1.09 mmol) in AR
methanol (40 cm3) was heated at reflux for 3 h and the resulting
deep orange solution was evaporated to dryness. The residue
was recrystallised from CH2Cl2-diethyl ether and the resulting
orange solid washed with toluene. A further recrystallisation from
acetone–diethyl ether gave 2 as an orange solid; yield 0.07 g (15%).
Anal. Calcd. (%) for C37H37WOP3F6: C, 50.0; H, 4.2. Found: C,
49.6; H, 3.8. Mass (MALDI): m/z 744 (M+ + H), 673 (M+ -
CCH2CH2CH2O).

Preparation of [W(C CH2)(dppe)(g-C7H7)][PF6], 3

A mixture of [WBr(dppe)(h-C7H7)] (0.49 g, 0.65 mmol),
HC CSiMe3 (0.21 g, 2.14 mmol) and K[PF6] (0.24 g, 1.30 mmol)
in AR methanol (40 cm3) was heated at reflux for 2 h and the
resulting orange solution was evaporated to dryness. The orange
residue, dissolved in CH2Cl2 was transferred to a Celite/n-hexane
chromatography column, and the product eluted as an orange
band using n-hexane–CH2Cl2 (1 : 1) solvent mixture as eluant.
The orange band was collected, solvent removed, the residue was
recrystallised from CH2Cl2-diethyl ether and the resulting solid
washed with toluene. A further recrystallisation from acetone–
diethyl ether gave 3 as a yellow solid; yield 0.33 g (60%).
Mass (MALDI): m/z 699 (M+). HR ES+-MS (m/z): 699.1588
(WC35H33P2 requires 699.1561).

Preparation of [W(C CHPh)(dppe)(g-C7H7)][PF6], 4

A mixture of [WBr(dppe)(h-C7H7)] (0.55 g, 0.73 mmol), HC CPh
(0.42 g, 4.12 mmol) and K[PF6] (0.28 g, 1.52 mmol) in AR
methanol (40 cm3) was heated at reflux for 2 h and the resulting
deep orange solution was evaporated to dryness. The residue
was recrystallised from CH2Cl–diethyl ether and the resulting
orange solid washed with toluene. A further recrystallisation from
acetone–diethyl ether gave 4 as an orange solid; yield 0.54 g (80%).
Anal. Calcd. (%) for C41H37WP3F6: C, 53.5; H, 4.0. Found: C, 53.5;
H, 3.7. Mass (MALDI): m/z 775 (M+), 673 (M+ - C CHPh).
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Preparation of [W(C CHC6H4-4-Me)(dppe)(g-C7H7)][PF6], 5

A mixture of [WBr(dppe)(h-C7H7)] (0.81 g, 1.08 mmol),
HC CC6H4-4-Me (0.62 g, 5.35 mmol) and K[PF6] (0.39 g,
2.12 mmol) in AR methanol (80 cm3) was heated at reflux for
2 h and the resulting orange solution was evaporated to dryness.
The orange residue, dissolved in CH2Cl2 was transferred to a
Celite/n-hexane chromatography column, and the product eluted
as an orange band using n-hexane–CH2Cl2 (1 : 1) solvent mixture
as eluant. The orange band was collected, solvent removed, the
residue was recrystallised from CH2Cl2-diethyl ether and the
resulting solid washed with toluene. A further recrystallisation
from acetone–diethyl ether gave 5 as an orange solid; yield 0.82 g
(82%). Anal. Calcd. (%) for C42H39WP3F6: C, 54.0; H, 4.2. Found:
C, 53.5; H, 4.0. Mass (MALDI): m/z 789 (M+), 673 (M+ -
C C(H)C6H4-4-Me).

Preparation of [W(C CPh)(dppe)(g-C7H7)], 6

A mixture of [W(C CHPh)(dppe)(h-C7H7)][PF6] (0.27 g,
0.29 mmol) and KOBut (0.33 g, 2.95 mmol) in thf (50 cm3) was
stirred at room temperature for 40 min then the resulting red–
brown solution was evaporated to dryness. The residue, dissolved
in CH2Cl2 was transferred to a Celite/n-hexane chromatography
column, and the product eluted as a red band using n-hexane–
CH2Cl2 (1 : 1) as eluant. The red band was collected, solvent
removed, and the residue, dissolved in diethyl ether, was filtered
through a Celite covered sinter. The volume of solvent was reduced
and the solution left in the freezer overnight at -20 ◦C leading to
precipitation of the product. The mother liquors were removed
by syringe and the remaining solid dried in vacuo to give 6 as
a red–brown solid; yield 0.13 g, (58%). Mass (MALDI): m/z 774
(M+), 673 (M+ - C2Ph). HR ES+-MS (m/z): 774.1801 (C41H36P2W
requires 774.1796).

Preparation of [W(C CC6H4-4-Me)(dppe)(g-C7H7)], 7

Complex 7 was prepared as a red–brown solid by an identical
procedure to that described for 6 starting from [W(C CHC6H4-4-
Me)(dppe)(h-C7H7)][PF6] (0.40 g, 0.43 mmol) and KOBut (0.48 g,
4.29 mmol); yield 0.24 g, (71%). HR ES+-MS (m/z): 788.1962
(C42H39P2W requires 788.1953).

X-Ray crystal structures of [WBr(dppe)(g-C7H7)]·CH2Cl2,
1·CH2Cl2 and [W(C CHPh)(dppe)(g-C7H7)][PF6], 4[PF6].

The majority of details of the structure analyses carried out on
complexes 1·CH2Cl2 and 4[PF6] are given in Table 9. Single crystals
of 1·CH2Cl2 were obtained by vapour diffusion of diethyl ether
into a CH2Cl2 solution of the complex to give green needles;
single crystals of 4[PF6] were obtained by vapour diffusion of
diethyl ether into a CH2Cl2 solution of the complex to give
orange plates. X-ray data for 1·CH2Cl2 were collected with an
Oxford Diffraction X-Calibur 2 Diffractometer equipped with
an Oxford-Cryosystems low-temperature device, by means of
Mo-Ka (l = 0.7103 Å) radiation and w scans. Data were
corrected for Lorentz, polarisation and absorption factors. Data
collection, cell refinement and data reduction were carried out
with Oxford Diffraction Ltd., CrysAlis CCD and CrysAlis RED
software. X-Ray data for 4[PF6] was collected with a Bruker AXS

Table 9 Crystal data and refinement parameters

Formula C34H33P2BrCl2W,
1·CH2Cl2

C41H37P3F6W, 4[PF6]

Mass 838.20 920.47
T/K 100(2) 100(2)
Crystal system Orthorhombic Monoclinic
Space group Pcab P21/c
a/Å 23.3121(10) 33.250(5)
b/Å 9.3925(4) 12.061(5)
c/Å 27.8933(15) 18.645(5)
b (◦) 90.00 104.641(5)
V/Å3; Z 6107.5(5); 8 7234(4); 8
Absorption coefficient/mm-1 5.395 3.388
q range (◦) 3.15–28.54 1.27–26.42
Limiting indices (h,k,l) -30/30,

-12/12,-35/36
-38/41; -15/8;
-22/23

Total reflections 7189 40504
Independent reflections,
I > 2s(I)

4653 14741

R1 0.0731 0.0512
wR2 0.2155 0.0954
Completeness to theta (%) 99.3 99.3

Diffractometer using monochromated Mo-Ka (l = 0.7103 Å)
radiation and w scans; an absorption correction was applied
with the aid of the SADABS program.48 Both structures were
solved by direct methods with refinement by full-matrix least
squares based on F 2 against all reflections; SHELXS-97,49 was
employed for the computing structure solutions and SHELXL-
97,50 for the computing structure refinements. In the structure of
1·CH2Cl2, the anisotropic displacement parameters of the atoms
C(1)–C(7) of the cycloheptatrienyl ring, C(29)–C(34) of the dppe
ligand, and Br(1) were disordered and restrained since they tended
to become unrealistic (NPD). Constraints were applied to the
cycloheptatrienyl ring, Br(1) and C(29)–C(34), all non-hydrogen
atoms were refined anisotropically and hydrogen atoms were
included in calculated positions. The asymmetric unit of 4[PF6]
contains two molecules; in one of the cations the cycloheptatrienyl
ring is disordered over two sites, the occupancy of which was
constrained to sum to unity with restraints applied to the geometry
of the two disordered components. All non-hydrogen atoms were
refined anisotropically with constraints applied to the disordered
cycloheptatrienyl ring described above; hydrogen atoms were
included in calculated positions.
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The design and study of organometallic mixed-valence complexes is complicated by the mixing
of metal d and bridging ligand π orbitals, which oftenmakes the assignment of metal oxidation states
ambiguous. However, in the case of complexes based on the cycloheptatrienyl-ligated molybdenum
fragment, Mo(dppe)(η-C7H7), the strong ring to metal π bonding and metal to ring δ back-bonding
interactions stabilize four of the metal d orbitals, while the dz2 orbital is destabilized by filled-filled
interactions with the a-type MO of the C7H7 ring. When the Mo(dppe)(η-C7H7) auxiliary is used
in conjunction with a 1,12-bis(ethynyl)-1,12-carbaborane-based bridging ligand, a weakly coupled
(Robin and Day class II) mixed-valence system, [{Mo(dppe)(η-C7H7)}2{μ-1,12-(CtC)2-1,12-
C2B10H10}]

þ ([2]þ), with well-defined molybdenum oxidation states can be prepared. The near-IR
region of [2]þ exhibits three intervalence charge transfer (IVCT) transitions and two lower intensity
interconfigurational (or dd) transitions, which have been resolved through spectral deconvolution.
The band shape of the lowest energy IVCT transition associated with [2]þ, which arises from electron
exchange between the dz2-type orbitals at the two Mo centers, is in excellent agreement with the
predictions of the Hush two-state model for weakly coupled mixed-valence complexes. The half-
height bandwidths of the higher energy IVCT transitions, which arise from transitions between lower
lying metal orbitals that have symmetry properties that permit more significant mixing with
the bridging ligand, are in less good agreement with the Hush model, due to the breakdown of the
two-state approximation through the greater involvement of the bridge-based orbitals in those
transitions.

Introduction

Mixed-valence compounds contain two or more sites in
which an element (usually a metal) exists in different oxida-
tion states.1 Classic examples from the inorganic d-block
literature range from infinite lattice arrays in solids such as
Prussian Blue2,3 and numerous minerals4 to molecular com-
plexes such as the Creutz-Taube ion.5,6 The Creutz-Taube
ion andothermixed-valence complexes derived fromWerner
coordination complexes have played an important role in
elucidating many fundamental aspects of intramolecular
electron-transfer processes,7,8 and mixed-valence complexes

remain a source of considerable contemporary interest.9-17

Molecular mixed-valence compounds of general form
{LxM

n}(μ-bridge){Mnþ1Lx} (where n represents the formal
oxidation state of themetal,M, andLx and bridge are ancillary
and bridging ligands, respectively)18 typically exhibit a low-
energy absorption band arising from photoinduced charge
transfer between the donorMn and acceptorMnþ1 sites. This
metal-to-metal charge transfer band is usually termed an
intervalence charge transfer (IVCT) band.19 By describing

*To whom correspondence should be addressed. E-mail: david.
collison@manchester.ac.uk (D.C.); mark.whiteley@manchester.ac.uk
(M.W.W.); p.j.low@durham.ac.uk (P.J.L.).
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2001, 101, 2655.
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the mixed-valence system in terms of mixing (or
perturbation) of individual wave functions that represent
the fully localized redox isomers {LxM

n}(μ-bridge)-
{Mnþ1Lx} and {LxM

nþ1}(μ-bridge){MnLx}, Hush pro-
vided a set of important relationships that link the optical
parameters of the IVCT transitions in weakly coupled
systems with the electron transfer distance and extent of
coupling between the idealized localized redox isomers.19,20

At essentially the same time, recognizing the continuum of
mixed-valence states that can arise from the degree of mixing
between the two sites, Robin and Day suggested a simple
classification system for mixed-valence systems.21 Class I
systems have very weak coupling, and electron transfer
between Mn and Mnþ1 does not take place or is very slow.
The structural and spectroscopic properties of class I systems
are essentially a superposition of those of the individual sites,
and the optical IVCT band is extremely weak. Class II
systems are more strongly coupled. While class II complexes
remain valence trapped, with a double-well potential ground
state, they exhibit new spectroscopic and electronic proper-
ties arising from electron transfer between the redox sites in
addition to the features associated with the separate redox
states. Class III systems are those in which the degree of
mixing between the redox sites is so great that the ground-
state potential energy surface features a single minimum and
the electronic and spectroscopic identity of the individual
sites is lost: i.e., the system becomes delocalized.
The “two-state” model (i.e., the description of a mixed-

valence compound in terms of interactions between the two
localized states {LxM

n}(μ-bridge){Mnþ1Lx} and {LxM
nþ1}-

(μ-bridge){MnLx}) provides a backdrop againstwhich a host
of different and more complex electronic situations can be
contrasted. For example, the coupling of vibrational and
electronic processes has long been recognized, and various
models have been proposed to account for the effect of
vibrational modes associated with the bridging ligand on
the intramolecular electron exchange reaction.22-24 Mixed-
valence complexes that are “almost delocalized” have been
coined as class II-III and provide fascinating opportunities
to distinguish and compare the contributions from inner-
and outer-sphere reorganization in the electron-transfer
event.6,15,16 Mixed-valence complexes derived from heavy-
metal atomswith pronounced spin-orbit coupling constants
give rise to multiple IVCT processes as, for example, the
degeneracy of the metal orbitals in a pseudo-octahedral field
is lifted,6,15,25 and there is an increasing body of evidence that
suggests that similar effects can be observed inmixed-valence
complexes of the lighter metals with low local symmetry at
the metal centers.26,27 The mixing of electronic character
from the bridging and ancillary ligands with the metal in the
redox sites leads to more complex multiple-well potential

energy surfaces, which not only changes the shape of the
IVCT band but also introduces new transitions with impor-
tantMLCT character into the optical spectrum.28-32Within
systems where the bridge orbitals of the appropriate sym-
metry are close in energy to the metal-based orbitals, the role
of the bridge in mediating the electron-exchange event,
through either superexchange or hopping mechanisms, also
becomes important. This mixing of metal and ligand based
states should be distinguished from situations in which the
metal- and ligand-based orbitals mix significantly, the latter
situation being especially common in organometallic com-
plexes.28 The difficulty in assigning formal metal oxidation
states in organometallic complexes arises from the covalency
of the metal-ligand bond, which can include significant π
contributions. Such orbital mixing can lead to compounds in
which the electron-transfer distance is poorly estimated by
the geometric metal-to-metal distance in a bimetallic com-
plex of general form {LxM}(μ-bridge){MLx} or in which the
hole or unpaired electron resides largely on the bridging or
ancillary ligands and not themetal centers. In either case, the
redox activity of the ligands creates problems in even desig-
nating the compound as a (metal-based) mixed-valence
system.33-40

In this work we have sought to construct a genuine weakly
coupled mixed-valence organometallic complex, using a
combination of the Mo(dppe)(η-C7H7) auxiliary and a
1,12-diethynyl-1,12-dicarbodecaborane bridging ligand.
The well-separated dz2 and dπ orbitals offered by the Mo-
(dppe)(η-C7H7) moiety41 not only provide an opportunity to
explore the effects of removing d orbital degeneracy on the
number of IVCTbands offered by aweakly coupled complex
but also permit the effect of different degrees of metal-
ligandmixing on the shape of these various IVCTbands to be
distinguished.

Results and Discussion

Synthesis. We have previously shown that the alkynyl
complexes [Mo(CtCR)(dppe)(η-C7H7)] may be obtained
conveniently from [MoBr(dppe)(η-C7H7)] and the corre-
sponding terminal alkyneHCtCRviaavinylidene intermediate

(20) Creutz, C. Prog. Inorg. Chem. 1980, 30, 1.
(21) Robin, M. B.; Day, P. Adv. Inorg. Chem. Radiochem. 1967, 10,
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Inorg. Chem. 2003, 42, 926.
(33) Armitt,D. J.; Bruce,M. I.; Gaudio,M.; Zaitseva,N.N.; Skelton,

B. W.; White, A. H.; Le Guennic, B.; Halet, J.-F.; Fox, M. A.; Roberts,
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(34) Fox, M. A.; Farmer, J. D.; Roberts, R. L.; Humphrey, M. G.;
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or through a desilylation/metalation sequence commencing
with Me3SiCtCR and a source of fluoride.41,42 However,
while the mononuclear complex [Mo(1-CtC-1,12-C2B10-
H11)(dppe)(η-C7H7)] (1) was readily obtained as a light
brown powder in moderate yield (65%) from the reaction
of [MoBr(dppe)(η-C7H7)] with 1-Me3SiCtC-1,12-C2B10H11

and KF (Scheme 1), attempts to exchange SiMe3 for Mo-
(dppe)(η-C7H7) from similar KF-mediated reactions of
[MoBr(dppe)(η-C7H7)] and 1,12-(Me3SiCtC)2-1,12-C2B10-
H10 were unsuccessful.

Instead, it proved necessary to approach the synthesis
of the bimetallic complex [{Mo(dppe)(η-C7H7)}2{μ-1,12-
(CtC)2-1,12-C2B10H10}] (2) in a two-step procedure from
1,12-(HCtC)2-1,12-C2B10H10 (Scheme 2). Under optimized
conditions, initial reaction (4 h) of [MoBr(dppe)(η-C7H7)]
and equimolar 1,12-(HCtC)2-1,12-C2B10H10 with KOBut

afforded a mixture of both [Mo(1-CtC-1,12-C2B10H10-12-
CtCH)(dppe)(η-C7H7)] (3) and the desired bimetallic
complex [{Mo(dppe)(η-C7H7)}2{μ-1,12-(CtC)2-1,12-C2B10

H10}] (2), which precipitated as a mixture from the reaction
solution. Samples of themore solublemonometallic complex
[Mo(1-CtC-1,12-C2B10H10-12-CtCH)(dppe)(η-C7H7)] (3)
could be isolated in moderate yield from the saturated
mother liquor (optimized yields of 3 being obtained after a
24 h reaction). The precipitated mixture of mono- and
disubstituted complexes was suspended in fresh methanol
and treated with additional [MoBr(dppe)(η-C7H7)] andKO-
But. After a further 6 h at reflux, the pure bimetallic complex
could be isolated by simple filtration of the reaction solution
as a brown powder in very good overall yield (87%) based on
the diethynylcarborane. Further reaction of 2with 1 equiv of
[FeCp2]PF6 gave the mixed-valence complex [2]PF6 in good
yield (78%), after precipitation from Et2O (Scheme 2).

Each of the complexes 1-3 was characterized by 1H, 31P,
13C, and 11B NMR spectroscopy, infrared spectroscopy and
high-resolution mass spectrometry. Comparison of 1 with
other mononuclear [Mo(CtCR)(dppe)(η-C7H7)] complexes
reveals spectroscopic trends expected for the [Mo(dppe)
(η-C7H7)] moiety.41 Across the series 1-3 31P NMR reso-
nances of 65.8-66.3 ppm are observed for the dppe ligands,
whereas the 1H resonances of 4.56-4.62 ppm are seen for the
cycloheptatrienyl rings. The 11B NMR resonances corre-
sponding to the ethynylcarborane ligands in 1-3 are similar
to those of the ruthenium ethynylcarborane analogues
[Ru(1-CtC-1,12-C2B10H11)(dppe)Cp*] (1-Ru) and [{Ru(dp-
pe)Cp*}2{μ-1,12-(CtC)2-1,12-C2B10H10}] (2-Ru).

43 Carbon-
13 NMR data show the C(1) and C(2) resonances (for atom-
labeling schemes see Figures 1 and 2) for the Mo-ethynyl
moieties in 1-3 at 127.1-132.5 and 115.2-115.7 ppm,
respectively. These shifts are considerably upfield compared
to the C(1) and C(2) shifts of 114.2-122.0 and 104.5-
106.8 ppm, respectively, for the ruthenium analogues (1-Ru
and 2-Ru), thus indicating a greater electron-donating effect
of the molybdenum moiety to the ligand compared to the
ruthenium moiety.

Solution infrared spectroscopy gives two characteristic
bands for all three complexes, 1-3, coincidently at 2064 cm-1

(ν(CtC)) and 2612 cm-1 (ν(BH)) in each case. Although a
second ν(CtC) band for the uncoordinated CtCH moiety
was not observed for 3, the terminal ν(tCH) stretch was
observed near 3300 cm-1. The composition of the com-
pounds was further established by high-resolution mass
spectrometry, and structures were verified by single crystal
X-ray diffraction; the latter being described in more detail
below.
Molecular Structures. Crystals of 1 (Figure 1) and 2

(Figure 2) suitable for X-ray diffraction studies were ob-
tained as described in the Experimental Section. Poor-
quality crystals of 3 were also obtained, but while the data
support the identity of 3, the low precision of the structure

Scheme 1. Preparation of the Mononuclear Complex 1

Scheme 2. Preparation of the Mono- And Bimetallic Diethynyl
Complexes 3 and 2 and the Mixed-Valence Species [2]PF6

(42) Bruce,M. I.; Hall, B. C.; Kelly, B. D.; Low, P. J.; Skelton, B.W.;
White, A. H. J. Chem. Soc., Dalton Trans. 1999, 3719.

(43) Fox,M. A.; Roberts, R. L.; Baines, T. E.; LeGuennic, B.; Halet,
J.-F.; Hartl, F.; Yufit, D. S.; Albesa-Jov!e, D.; Howard, J. A. K.; Low,
P. J. J. Am. Chem. Soc. 2008, 130, 3566.
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determination precludes a detailed discussion. The analo-
gous Ru(dppe)Cp* complexes 1-Ru and 2-Ru have been
characterized structurally on previous occasions and provide
points for comparison with the molybdenum complexes
described here (Table 1).43

The general observation can be made that the metric
parameters at the metal centers in 1 and 2 are similar, with
the possible exception of the slightly longer Mo-P bond
lengths in the bimetallic complex 2, but are entirely con-
sistent with the structures of aryl alkynyl complexes of
this type.41 There is no difference of significance in the
Mo-C7H7 bond lengths between compounds 1 and 2: the
correspondingMo 3 3 3 (center of the ring) distances are 1.641
and 1.639 Å, respectively. The Mo-C(1) bond lengths are
longer than in the analogous ruthenium complexes, even
allowing for the larger covalent radius of molybdenum,44

and may be indicative of the limited d-π(alkynyl) interac-
tions in alkynyl complexes of MoL2(η-C7H7),

41 which are in
contrast with the significantly delocalized structures known
for alkynyl complexes of the RuL2Cp fragment.45,46 The
C 3 3 3Cdistance across the cage in 2 at 3.15 Å is identical with
that found in 2-Ru. However, the B-B bond lengths in 2 are,
on average, 0.01 Å longer than in 2-Ru, indicating a less
spherical cage is present in 2 in comparison to 2-Ru. Com-
parison with other structurally characterized diethynylcar-
boranes suggests that the ruthenium moieties have a greater
influence on the cage geometry than the molybdenum
moieties.47

Electrochemistry. The complexes 1-3 exhibit one (1, 3) or
two (2) diffusion-controlled, chemically reversible, one-elec-
tron-oxidation processes under the conditions stated in
Table 2, with the separation between the cathodic and anodic
peak potentials comparable to that determined for the
internal ferrocene (FeCp2) standard. Compound 3 is more
difficult to oxidize than 1 (by 40 mV), due to the electron-
withdrawing ethynyl CtCHgroup present in 3. As found for
the related aryl acetylide complexes,41 the Mo(dppe)(η-
C7H7) moiety is considerably easier (in the thermodynamic
sense) to oxidize than the analogous ruthenium complexes 1-
Ru (-0.07 V vs FeCp2) and 2-Ru (-0.14, -0.05 V vs
FeCp2).

43 The bimetallic complex 2 exhibits two oxidation
potentials resolved using differential pulse voltammetry and
deconvolution of the resultingwave shape. The separation of
these redox events in CH2Cl2 solution is only modestly
sensitive to the nature of the electrolyte NBu4X
(X=PF6, ΔE=85 mV; X=B(C6F5)4, ΔE=80 mV) and
suggests that ion pairing is only a minor contribution to
the thermodynamic stability of [2]þ with respect to dispro-
portionation.48,49

IR Spectroelectrochemistry. The various oxidation states
of 1-3were probed inmore detail by spectroelectrochemical
(UV-vis-near-IR and IR) methods. The key IR-active
features of the alkynylcarborane system are the ν(BH) and
ν(CtC) bands, which can be used to monitor the structural
changes upon the bridge during the oxidation of 1-3 (Table 3).
To confirm the species observed in the spectroelectro-
chemical cell is an electrochemically generated redox product
and not the product of a subsequent chemical reaction, each
experiment was conducted in a cycle of oxidation and
reduction with recovery of the original spectrum demon-
strating the chemical reversibility of the redox chemistry.
Oxidation of 1 to [1]þ caused a small shift (þ2 cm-1) in the
ν(BH) band, accompanied by a collapse of the ν(CtC) band.
The reduction in intensity of the ν(CtC) band appears to be
a common feature of complexes [Mo(CtCR)(dppe)(η-
C7H7)]

þ bearing strongly electron withdrawing groups.41

The ν(CtC) band of [3]þ still retains some intensity upon
oxidation, from which a small shift of -3 cm-1 relative to 3
could be determined. Oxidation of 3 causes no dis-
cernible change in the ν(BH) frequency. However, [3]þ

was not completely stable under the conditions of the

Figure 1. Molecular structure of [Mo(1-CtC-1,12-C2B10H11)-
(dppe)(η-C7H7)] (1), showing the atom-labeling scheme. Hydro-
gen atoms and one of the components of the disordered C7H7

ligand and C(41) phenyl ring have been omitted for clarity.
Thermal ellipsoids are plotted at the 50% probability level.

Figure 2. Molecular structure of [{Mo(dppe)(η-C7H7)}2{μ-
1,12-(CtC)2-1,12-C2B10H10}] (2), showing the atom-labeling
scheme. Hydrogen atoms and one of the components of the
disordered C7H7 ligand have been omitted for clarity. Thermal
ellipsoids are plotted at the 50% probability level.

(44) Pyykk€o, P.; Atsumi, M. Chem. Eur. J. 2009, 15, 186.

(45) Fox,M.A.; Roberts, R. L.; Khairul,W.M.; Hartl, F.; Low, P. J.
J. Organomet. Chem. 2007, 692, 3277.

(46) Koentjoro, O. F.; Rousseau, R.; Low, P. J. Organometallics
2001, 20, 4502.

(47) Fox, M. A.; Cameron, A. M.; Low, P. J.; Paterson, M. A. J.;
Batsanov, A. S.; Goeta, A. E.; Rankin, D. W. H.; Robertson, H. E.;
Schirlin, J. T. Dalton Trans. 2006, 3544.

(48) Barriere, F.; Camire, N.; Geiger, W. E.; Mueller-Westerhoff,
U. T.; Sanders, R. J. Am. Chem. Soc. 2002, 124, 7262.

(49) Geiger, W. E.; Barriere, F. Acc. Chem. Res. 2010, 43, 1030.
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spectroelectrochemical experiment, with oxidation of 3 also
resulting in formationofa small amountofanunknownproduct,
characterized by the presence of bands at 2447 and 2555 cm-1.

Successive oxidation of 2 to [2]þ and [2]2þresults in very
little shift in either of thekeyvibrational parameters,withonly
a small variation in the intensity of the ν(CtC) band and a
shift of onlyþ1 cm-1 for the ν(BH) band on progression from
2 to [2]þ. Furthermore, the low comproportionation constant,
Kc < 30, prevents the generation of samples of [2]þ entirely
free of 2 and [2]2þ. As ν(CtC) and ν(BH) change very little
upon oxidation of 2, the identity of [2]þ was confirmed by the
presence of a low-intensity electronic transition centered near
4000 cm-1, which was not present in the spectra of 2 or [2]2þ.
This feature is identified as the tail of the IVCTband envelope,
which is discussed in more detail below. The analogous
ruthenium carborane system, 2-Ru, demonstrates more sig-
nificant changes to the infrared spectra upon progressing
from 2-Ru (ν(BH) 2602, ν(CtC) 2082 cm-1) to [2-Ru]þ

(ν(BH) 2609, ν(CtC) 2074, 2002 cm-1) to [2-Ru]2þ (ν(BH)
2617, ν(CtC) 2012 cm-1), consistent with the greater inter-
action between the Ru and ethynyl systems.43 The negligible
shift (i.e., not resolved within the 1 cm-1 limit of resolution of
the experiment) in ν(CtC) frequency on oxidation of 2
through [2]2þ is consistent with very limited involvement of
the ethynyl π system in the redox-active orbitals. The signifi-
cant intensity of the ν(CtC) band in [2]2þ may be due to
coupling between the ν(CtC) mode and an LMCT-type
transition (see below).

EPR Spectroscopy. The ability to readily generate stable
17-electron complexes that produce well-resolved X-band
EPR spectra from which hyperfine coupling constants from
the metal center to the phosphorus nuclei of the dppe ligand
and protons of the C7H7 ring can be readily determined is a
characteristic feature of MoX(dppe)(η-C7H7) complexes.
X-band EPR spectra were recorded for samples of [1]þ

(from solutions of 1 treated with [FeCp2]PF6), [2]
þ (from

an isolated sample of [2]PF6) and [2]2þ (generated from
[2]PF6 by addition of AgPF6 in situ) in CH2Cl2 at 243 K
(i.e., fluid solution) (Table 4, Figures 3 and 4).

The well-resolved X-band EPR solution spectrum of
[1]PF6 is typical of radical cations [MoX(dppe)(η-C7H7)]

þ,
with hyperfine couplings to the metal center, phosphine
coligands and the protons of the C7H7 ring clearly resolved
(Table 4).41,50-53 There is no evidence of the electron cou-
pling to the protons of the carborane cage. The hyperfine
values are marginally larger than those found for closely
related aryl acetylide complexes [Mo(CtCC6H4R-4)(dppe)-
(η-C7H7)]

þ (R=H,CO2Me,Me, OMe)41 and are consistent
with confinement of the electron spin density largely on the
{Mo(dppe)(η-C7H7)} fragment.

The EPR spectrum of [2]þ (from [2]PF6) was essentially
identical with that of the mononuclear complex [1]þ, con-
sistent with a description of [2]þ in terms of a localized
mixed-valence (Mod5/d6) complex inwhich thermal electron
exchange is slow on the EPR time scale. Further oxidation of
[2]þ to [2]2þwas evidenced by a small change in the isotropic
g value, although individual hyperfine coupling constants
were essentially unchanged within the limits of precision of

Table 1. Selected Bond Lengths (Å) and Angles (deg) Associated with 1, 1-Ru,43 2, and 2-Ru43

1 1-Ru 2 2-Ru

Bond Lengths

M-C(1) 2.135(2) 2.004(2) 2.130(2) 1.991(4)
C(1)-C(2) 1.214(3) 1.212(2) 1.206(3) 1.205(4)
C(2)-C(3) 1.446(3) 1.437(2) 1.449(3) 1.454(5)
M-P(1), M-P(2) 2.4540(6), 2.4612(6) 2.2463(4), 2.2656(4) 2.4622(7), 2.4723(6) 2.2509(10), 2.2638(11)
M 3 3 3M 12.68 12.37

Bond Angles

M-C(1)-C(2) 176.0(2) 176.6(2) 176.7(2) 172.4(3)
C(1)-C(2)-C(3) 174.6(2) 176.0(2) 172.9(2) 171.8(4)
P(1)-M-P(2) 79.24(2) 81.16(2) 79.73(2) 83.52(4)

Table 2. Electrochemical Data for Complexes 1-3a

compd E1/2(1) /V E1/2(2) /V Kc
c

1 -0.68
3 -0.64
2 -0.71 -0.63 29
2b -0.77 -0.69 22

aAll E1/2 values are in V vs ferrocene (FeCp2/[FeCp2]
þ = 0.00 V).

Conditions: 10-1 M NBu4PF6 in CH2Cl2, Pt working electrode, Pt wire
counter and pseudoreference electrodes, 20 !C, v= 0.1 V s-1. b 10-1 M
NBu4[B(C6F5)4] in CH2Cl2.

c Kc = comproportionation constant.

Table 3. Observed IR Absorptions for Complexes [1]nþ and [3]nþ

(n = 0, 1) and [2]nþ (n = 0-2)

[1]nþ [3]nþa [2]nþ

n ν(CtC) ν(BH) ν(CtC) ν(BH) ν(CtC) ν(BH)

0 2067 2611 2064 2611 2065 2608
1 2613 2061 2611 2065 2609
2 2065 2609

aAlso ν(CtCH) at 3303 cm-1 in both oxidation states.

Table 4. X-band EPRData from [1]þ and [2]nþ (n=1, 2) as PF6
-

Salts in CH2Cl2 at 243 K

complex aiso(Mo) aiso(
31P) aiso(

1H) giso

[1]PF6 32.0 23.4 4.6 1.993
[2]PF6 32.0 23.4 4.6 1.992
[2][PF6]2 32.0 23.4 4.6 1.996

(50) Aston, G. M.; Badriya, S.; Farley, R. D.; Grime, R. W.; Ledger,
S. J.; Mabbs, F. E.; McInnes, E. J. L.; Morris, H. W.; Ricalton, A.;
Rowlands, C. C.; Wagner, K.; Whiteley, M. W. J. Chem. Soc., Dalton
Trans. 1999, 4379.

(51) Cambridge, J.; Choudhary, A.; Friend, J.; Garg, R.; Hill, G.;
Hussain, Z. I.; Lovett, S. M.; Whiteley, M. W. J. Organomet. Chem.
1999, 577, 249.

(52) Lancashire, H. N.; Ahmed, R.; Hague, T. L.; Helliwell, M.;
Hopgood,G.A.; Sharp, L.;Whiteley,M.W. J. Organomet. Chem. 2006,
691, 3617.

(53) Brown, N. J.; Collison, D.; Edge, R.; Fitzgerald, E. C.; Low,
P. J.; Helliwell, M.; Ta, Y. T.; Whitelely, M. W. Chem. Commun. 2010,
46, 2253.
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the fitting routine. The dication [2]2þ is perhaps best de-
scribed in terms of a singlet biradical, in which two largely
independent spin centers are tethered by the diethynylcar-
borane ligand but are not strongly interacting. The conclu-
sions drawn from the IR and EPR investigations strongly
support the description of [2]þ in terms of a weakly coupled
mixed-valence complex.
UV-vis-Near-IR Spectroelectrochemistry. The electronic

spectra of “mixed valence” complexes {LnM}-bridge-
{MLn}

þ contain a transition, often found in the near-IR
region, which in the valence-trapped limit are associatedwith
photoinduced redox processes between the two metal sites.
Hush derived relationships between the shape of the IVCT
band and the coupling parameters from a model based on
weakly coupled (Robin and Day class II) mixed valence
systems.19,21,54 Since that time, the Hush model and inter-
pretations of the IVCT band shape have been modified to
take into consideration the role of the bridging ligand, the
coupling of molecular vibrational modes to the electronic
transitions, solvent reorganization and electron transfer
rates, and other factors. Furthermore, multiple IVCT pro-
cesses can arise as a result of splitting of the metal d orbitals
at each site by the effects of ligand field asymmetry and
spin-orbit coupling, and these transitions can further gain
intensity by coupling to the bridging ligand. These same
effects lead to observable interconfigurational (IC) transi-
tions of energy similar to that of the IVCT processes, giving

rise to rich absorption features in the near-IR region ofmany
inorganic and organometallic mixed-valence systems.15,55

The interpretation of the near-IR spectra of many appar-
ently “mixed valence” complexes, especially organometallic
examples, is further complicated by the significant mixing of
ligand (including bridging ligand) and metal-based orbitals
and/or redox noninnocent ligand behavior, both of which
lead to difficulties in the assignment of genuine metal oxida-
tion states and confusion between “IVCT” processes and
other electronic transitions that are perhaps more accurately
assigned to MLCT processes.13,14

In the case of [1]þ there is an excellent opportunity to study
the IVCT characteristics of an organometallicmixed-valence
complex largely free of the complications associated with
strong metal-metal and metal-bridge coupling, redox non-
innocent ligands, spin-orbit coupling, fast electron ex-
change rates, and ligand orbitals in the frontier orbital
region. Electronic spectra for [1]nþ (n=0, 1) and [2]nþ (n=
0-2) were collected through a combination of spectroelec-
trochemical methods (Table 5), with studies of solvent
dependence made from isolated samples of [2]PF6.

The electronic spectra of 1 and [1]þ are similar to those of
molybdenum aryl acetylides [Mo(CtCC6H4R-4)(dppe)(η-
C7H7)]

nþ,41 with UV absorptions corresponding to transi-
tions associated with the Mo(dppe)(η-C7H7) fragment, and
an ethynyl-to-metal LMCT band in [1]þ at 20 800 cm-1,
somewhat higher in energy than the arylethynyl-to-metal
LMCT bands in [Mo(CtCC6H4R-4)(dppe)(η-C7H7)]

þ (ca.
17 000 cm-1) and consistent with the limited involvement of
the carborane cage in these transitions. Very similar LMCT
bands are observed in [2]þ, which gain intensity on further
oxidation to [2]2þ. The low-energy Mo d-d bands expected
to be associated with the d5 complex [1]þ and the bimetallic
dication [2]2þ were not resolved.

The near-IR spectrum of [2]PF6 generated spectroelectro-
chemically from 2 in CH2Cl2/0.1 M NBu4PF6 contained a
unique, broad band, spanning over 7000 cm-1, which was
not present in the spectra of [1]þ, 2, or [2]2þ. This broad
absorption envelope could only be deconvoluted accurately
as a sum of a minimum of five distinct Gaussian shaped

Figure 4. X-bandEPR fluid solution spectrum (CH2Cl2, 243K)
of the diradical in [2][PF6]2 (as a first derivative).

Figure 3. X-bandEPRfluid solution spectrumof (CH2Cl2, 243K)
of the mixed-valence complex [2]PF6 (as a first derivative) .

Table 5. Summary of the Electronic Spectra of [1]nþ and [2]nþ

(CH2Cl2/0.1 M NBu4PF6)

n transition/cm-1 (ε /M-1 cm-3) character of transition

[1]nþ

0 34 100 (21 200) C7H7 f Mo(dppe)
28 100 (6 600) sh Mo f C7H7

24 400 (4 200) Mo f C7H7

1 32 900 (8 500) CtC f dppe
24 300 (3 100) CtC f C7H7

20 800 (2 300) CtC f Mo

[2]nþ

0 33 800 (11 000) Mo0 f MoICtCCb
C7H7 f Mo(dppe)

27 800 (5 300) Mo f C7H7

Mo f CtCCb
1 38 000 (11 200) Mo f CtC

33 800 (10 400) Mo0C7H7 f MoICtCCb
27 850 (5 000) MoC7H7 f Mo(dppe)
20 600 (800) CtCCb f Mo

2 36 600 (11 600) Mo f C7H7

28 900 (2 900) Mo f C7H7

22 500 (1 800) CtC f Mo
20500 (3 300) CtC f Mo

(54) Hush, N. S. Prog. Inorg. Chem. 1967, 8, 391.
(55) Rocha, R. C.; Rein, F. N.; Jude, H.; Shreve, A. P.; Concepcion,

J. J.; Meyer, T. J. Angew. Chem., Int. Ed. 2008, 47, 503.
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bands, one of which overlapped in part with the LMCT
transition (Figure 5, Table 6). A similar five-band profile was
observed for samples of [2]PF6 in various solvents, although
the limited solubility in MeCN and acetone make accurate
determinations of molar absorptivity difficult. Nevertheless,
the solvatochromic behavior of the three most intense sub-
bands is consistent with assignment as intervalence transi-
tions, the lower intensity sub-bands being assigned as the
interconfigurational transitions. Generally, the intervalence
bands are also slightly broader than the IC transitions, which
as noted elsewhere can be used as an aid in assignment.15

Meyer has shown that weakly coupled d5/d6 mixed-
valence complexes exhibit up to three intervalence charge
transfer (IVCT) transitions and two interconfigurational
(IC) or d-d transitions (Figure 6). The formally forbidden
bands gain intensity through spin-orbit coupling interac-
tions in the case of heavier metal examples (e.g., Os)15 or in
systems in which the metal centers exist in a highly asym-
metric ligand field.26,27 Assuming a reorganization energy, λ,
associated with each IVCT process, the relationships in
eqs 1-3 can be written

EIVCTð1Þ ¼ λ ð1Þ

EIVCTð2Þ ¼ ΔG1
0þ λ % EICð1Þþ λ ð2Þ

EIVCTð3Þ ¼ ΔG2
0þ λ % EICð2Þþ λ ð3Þ

with a schematic representation of the associated energy level
diagramandband assignments given inFigure 6, whereΔG1

0

and ΔG2
0 can be approximated by the energy of the IC

transitions.
When the spectroscopic data from solutions of [2]PF6

in CH2Cl2 are considered, for IVCT(2), ΔG1
0 ≈ EIC(1) =

3000 cm-1 and λ=4300 cm-1. For IVCT(3), ΔG2
0 ≈ EIC(2) =

8800 cm-1 and λ=3650 cm-1.Given thatEIVCT(1)= λ=5300
cm-1, the reorganization energies for all three processes
display a degree of variation that indicates the transitions
involving different metal orbitals dπ1, dπ2, and dπ3 are likely
coupled to the ancillary ligands in substantively different
fashion.

From these data, and taking the electron-transfer distance
dAB = 12.68 Å as the Mo 3 3 3Mo distance from the crystal-
lographically determined structure of 2, the coupling con-
stants HAB can be calculated for each IVCT transition
through the relationship in eq 4.20

HAB ¼ 0:0206

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ενmaxΔν1=2

p

dAB
ð4Þ

For the three IVCT processes, HAB terms of 108, 53, and
120 cm-1 are obtained from IVCT(1), IVCT(2), and IVCT-
(3), respectively. Given thatHAB, λ and the EPR spectrum
from [2]PF6 is consistent with a strongly localized electronic
structure, it seems reasonable to describe [2]þ in terms of
localized oxidation states at each molybdenum center. As a

Figure 5. Near-IR band envelope from [2]PF6 recorded in
CH2Cl2, and Gaussian deconvolution.

Figure 6. Schematic energy level diagram for the d orbitals
involved in the IVCT and IC transitions in [2]þ.

Table 6. Summary of the Near-IR Spectra of [2]PF6 in CH2Cl2,
NCMe, and Acetone

IC(1) IVCT(1) IVCT(2) IC(2) IVCT(3)

CH2Cl2

ν/cm-1 3000 5300 7300 8800 12450
Δν1/2/cm

-1 1500 3200 2300 1500 2600
Δν1/2(calcd)

a/cm-1 3500 4100 5360

ε/dm3 mol-1cm-1 20 260 65 20 170

MeCN

ν/cm-1 3000 4700 7200 9300 12000
Δν1/2/cm

-1 1600 2900 2500 2600 2500

Acetone

ν/cm-1 2800 4700 7200 9300 12000
Δν1/2/cm

-1 1300 3400 3100 2900 3200

aValues calculated from eq 5.

Table 7. Calculated Bond Lengths (Å) and Angles (deg) for [2A]nþ

(n=0, 1), with Crystallographically Determined Data from 2 for
Comparison

2Aþ

2 2A Mo0CtC MoICtC

Bond Lengths

M-Ct 2.130(2) 2.105 2.050 2.101
CtC 1.206(3) 1.234 1.233 1.236
tC-Ccage 1.449(3) 1.432 1.432 1.427
M-P 2.4622(7), 2.4723(6) 2.493, 2.488 2.543, 2.539 2.491, 2.489

Bond Angles

M-CtC 176.7(2) 178.72 178.13 179.63
CtC-C 172.9(2) 179.17 179.30 176.49
P-M-P 79.73(2) 79.27 79.23 79.25
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final point in this analysis, we turn to the bandwidths of the
three IVCT processes.

In the current case, [2]þ approaches the classical descrip-
tion of a weakly coupled (i.e., class II) mixed-valence com-
plex, where HAB , λ. In such cases, the deep local potential
energy well is Gaussian in shape, and photoexcitation gives
rise to a Gaussian-shaped absorption band, in which the

band maximum EIVCT ≈ λ and the half-height bandwidth,
Δν1/2, is given by eq 5.

ðΔν1=2Þ2 ¼ 16kBTλ ln 2 ð5Þ

For [2]þ, the bandwidth of IVCT(1) fits the relationship in
eq 5 well (Δν1/2(calcd) = 3500 cm-1, Δν1/2(obsd) = 3200
cm-1). However, the other IVCT bands are considerably
narrower than the calculated values (IVCT(2)Δν1/2(calcd)=
4100 cm-1,Δν1/2(obsd)=2300 cm-1; IVCT(3)Δν1/2(calcd)=
5360 cm-1,Δν1/2(obsd)=2600 cm-1). IVCT bands narrower
than those predicted from the relationship in eq 5 point to
underlying differences in the shapes of the potential wells
that describe the ground states.

If the mixed-valence system is assumed to be operating on
near-classical (i.e., two-state) terms with regard to the elec-
tron transfer between dπ3[Mo(0)] and dπ3[Mo(I)], the rate
constant of charge transfer, kET, can be obtained from the
relationships in eqs 6 and 7.

ΔG%th ¼ ðλ- 2HabÞ2=4λ ð6Þ

kth ¼ Kνn expð-ΔG%th=RTÞ ð7Þ

Assuming adiabatic electron transfer (κ=1) and the nuclear
frequency factor,νn,which is related tobondvibrations, tobe ca.
1012 s-1, the upper limit of the electron-transfer rate can be
estimated to be 2.8& 109 s-1. Since the electron-transfer process
is slow on the X-band EPR time scale (ca. 109 s-1), this upper
estimate is realistic.

Figure 8. Selected group of β-spin orbitals from [2A]þ, plotted with isosurface 0.04 au,mapped against the five possible transitions in a
d6/d5 mixed-valence complex. Numerical values represent the composition of the orbitals in terms of percentage contributions from
Mo(0)/1,12-(CtC)-1,12-C2B10H10/Mo(I).

Table 8. Mulliken Spin Densities for [2A]þ a

atom Mo(0) Mo(I)

Mo -0.0008 1.2645
C1 0.0063 -0.2047
C2 -0.0022 0.3192
P1 0.0024 -0.0416
P2 0.0024 -0.0421

aMo(0) and Mo(I) refer to each Mo(dppe)(η-C7H7) fragment.

Figure 7. Plot of the spin density in [2A]þ.
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Electronic Structure Calculations. To rationalize further
the electronic structure of 2 and the associated redox prod-
ucts, DFT calculations were performed on the model com-
plexes [{Mo(dHpe)(η-C7H7)}2{μ-1,12-(CtC)2-1,12;C2B10-
H10}], [2A]

nþ (n=0, 1), with dHpe being used as a model
for the full dppe ligand for computational efficiency. The
model geometries, calculated with various functionals and
basis sets, were tested against the experimental structural and
infrared data. As for the ruthenium example,43 the functional
MPW1K proved to be effective in generating a localized
electronic structure for [2A]þ. The frozen core potential basis
set LANL2DZ and the split-valence basis set 3-21G* gave
essentially identical results in test calculations with 2A. Thus,
MPW1K/LANL2DZ was adopted for all calculations.

The model geometry 2A is in good agreement with the
crystallographically determined structure of 2 (Table 7), with
essentially identical bond parameters at each metal center.
The metal fragments are disposed such that the P-
Mo 3 3 3Mo-P torsion angle is ca. -91.8!. Calculated fre-
quencies contain two intense bands corresponding to the
symmetric ν(CtC) and ν(BH) stretches and one band of
near-zero intensity for the asymmetric stretch of ν(CtC),
which accounts for the weak infrared signature of 2.

The HOMO and HOMO-1 in 2A are degenerate, each
localized on a different metal center, and comprise the dz2
orbital (66%) admixed with smaller contributions from the
ethynyl C(2/20) carbon (12%). The dπ orbitals of more
appropriate symmetry to interact with the ethynyl π system
are stabilized through π-bonding and δ-back-bonding inter-
actions with the C7H7 ring and reside lower in energy,
comprising HOMO-18/HOMO-20 and HOMO-2/HOMO-4.
TheHOMOandHOMO-1 of 2A are well separated from the
almost degenerate LUMOandLUMOþ1, both of which are
derived from the antibondingδ-type combinations of theMo
d and C7H7 π orbitals.

In the optimized, spin-unrestricted geometry [2A]þ one
metal center features a contractedMo-C1 bond and elonga-
tion of Mo-P bond lengths relative to 2A, consistent with
the removal of an electron from that metal, as suggested by
the EPR data. The bonds in the associated alkynyl substi-
tuent remain undisturbed by the presence of the unpaired
electron and are similar to those in 2A and the experimental
X-ray data from 1 and 2. Frequency calculations contain two
closely separated (Δν(CtC) = 14 cm-1) infrared-active
stretching modes, which approximate the symmetric and
asymmetric stretching modes of the bridge. The calculations
also reproduce the small shift in the average ν(BH) stretching
frequency on oxidation of 2 (Table 3). However, the experi-
mental spectrum of 2 apparently only contains one, albeit
broad, ν(CtC) band, and the calculation may be over-
estimating one of the ν(CtC) frequencies, the asymmetric
and symmetric modes often being remarkably similar in any
event.56 The experimental mixed-valence complex [2]þ does
not possess a center of symmetry, a consequence of the
valence localized nature of this species. Thus, the rule of
mutual exclusion does not apply and the symmetric and
asymmetric ν(CtC) stretches may both have intensity in the
Raman and infrared spectra. To confirm the coincidence of
the experimental IR- and Raman-active vibrations in [2]þ,
the Raman spectrum of [2]PF6 was collected at λex 632.817
and 532.21 nm, with a single ν(CtC) band at 2067 cm-1

showing the anticipated resonance enhancement arising
from excitation coincident with the tail of the LMCT transi-
tion (νmax 485 nm). The two-band pattern in the calculated
spectrum of 2A is therefore not at odds with the experimen-
tal data.

Turning to the mixed-valence model [2A]þ, the R- and β-
HOSO are localized on the same metal center (denoted Mo(0)
for convenience) and largely (72%) comprise the Mo(0) dz2
orbital. The β-LUSO comprises the dz2 orbital on the “oxi-
dized” metal center, denoted Mo(I) (73%), a concept that is
reinforced by the distribution of spin density summarized in
Table 8 and Figure 7 and the orbitals plotted in Figure 8.

A selected group of the β-spin orbitals from [2A]þ are
plotted in Figures 8 and 9. The β-[HOSO-1] and β-[HOSO-2]
are both localized on the Mo(0) fragment and are largely
comprised of interactions between the metal center and the
C7H7 ring (Figure 9). Orbitals of similar composition local-
ized on Mo(I) can be identified as the β-[HOSO-5] and
β-[HOSO-6] (Figure 8). The β-[HOSO-3] and β-[HOSO-4]
are also localized at the Mo(0) side of the molecule and have
significantly more ethynyl character. Although the precise
character of the transitions involved in the near-IR absorp-
tion envelope cannot be assigned rigorously on the basis of
the available data, the β-HOSO to β-LUSO transition
(Figure 8) likely corresponds to the lowest energy IVCT
transition [IVCT(1)] in the near-IR spectrum of [2]þ

(Figure 5). The β-[HOSO-1] and β-[HOSO-2] (Figure 9) do
not appear to offer particularly good symmetrymatcheswith
the β-LUSO; however, transitions from their counterparts

Figure 9. (a) β-[HOSO-1] and (b) β-[HOSO-2] of [2A]þ, plotted
with an isosurface of 0.04 au. Numerical values represent the
composition of the orbitals in terms of percentage contributions
from Mo(0)/1,12-(CtC)2-1,12-C2B10H10/Mo(I).

(56) Markwell, R. D.; Butler, I. S.; Kakkar, A. K.; Khan, M. S.;
Al-Zakwani, Z. H.; Lewis, J. Organometallics 1996, 15, 2331.
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localized atMo(I) maybe involved inweak (Laporte forbidden)
d-dor interconfigurational transitions observed experimentally
(IC(1), IC(2)). The β-[HOSO-3] and β-[HOSO-4] orbitals
have Mo-ethynyl dπ character, and consequently the transi-
tions from these orbitals to the β-LUSO have considerably
more LMCT character (Figure 8). This increased mixing of
the bridge with the metal orbitals is consistent with the
narrower band shape of IVCT(2) and IVCT(3) compared
with the values obtained from the Hush model.

Conclusion

The strong ring to metal π-bonding and metal to ring
δ-back-bonding interactions in the cycloheptatrienyl-ligated
molybdenum fragment Mo(dppe)(η-C7H7) gives rise to a d6

metal fragment in which the metal d orbitals are well
separated, with a high-lying dz2 fragment orbital. The poor
symmetry match of the dz2 orbital with the ethynyl moieties
of the 1,12-(CtC)2-1,12-C2B10H10 bridging ligand in 2 leads
to metal-localized redox behavior, and one-electron oxida-
tion either chemically or electrochemically results in forma-
tion of the weakly coupled (class II) mixed-valence complex
[2]þ. The poor energy match of the carborane cage with the
metal centers also contributes to the relatively slow rates of
electron transfer by limiting hoppingmechanisms. The near-
IR region of [2]þ exhibits three IVCT transitions and two
lower energy interconfigurational (or d-d) transitions, re-
solved through spectral deconvolution. The band shape of
the lowest energy IVCT transition associated with [2]þ,
which presumably arises from electron exchange between
the dz2 type orbitals at the two Mo centers, is in excellent
agreement with the predictions of the Hush two-state model
for weakly coupled mixed-valence complexes. The half-
height bandwidths of the higher energy IVCT transitions,
which arise from transitions between lower lying metal
orbitals that have symmetry properties which permit more
significant mixing with the bridging ligand, are in less good
agreementwith theHushmodel, due to the breakdown of the
two-state approximation through the greater involvement of
the bridge-based orbitals in those transitions.

Experimental Section

All reactions were carried out under an atmosphere of nitro-
gen using standard Schlenk techniques. Reaction solvents were
purified and dried using an Innovative Technology SPS-400
and degassed before use. The compounds [MoBr(dppe)(η-
C7H7)],

57 1-Me3SiCtC-1,12-C2B10H11,
47 and 1,12-(HCtC)2-

1,12-C2B10H10
58,59 were prepared by literature routes. Other

reagents were purchased and used as received.
NMR spectra were recorded from CD2Cl2 solutions unless

otherwise stated, containing trace amounts of CoCp2 to prevent
accumulation of Mo(I) species by aerial oxidation, on Varian
Inova 300, 400, and 500 spectrometers or Bruker DRX-400
spectrometers at room temperature and referenced against
solvent resonances (1H, 13C) or external H3PO4 (

31P). IR spectra
were recorded using a Nicolet Avatar spectrometer from solu-
tion cells fitted with CaF2 windows. High-resolution mass
spectra (electrospray ionization) were recorded using a Thermo

Electron Finnigan LTQ FT mass spectrometer with capillary
temperature 275 !C and capillary voltage 100 V.

Electrochemical analyses were carried out using an Eco-
Chemie Autolab PG-STAT 30 potentiostat, with platinum
working, counter, and pseudoreference electrodes, from solu-
tions in CH2Cl2 containing 10

-1MNBu4PF6 electrolyte; v=100
mV s-1. Ferrocene was used as an internal reference for poten-
tial measurements, and data are reported against the ferrocene/
ferrocenium couple (i.e., FeCp2/[FeCp2]

þ=0.00 V in CH2Cl2/
0.1 M [NBu4]PF6).

IR and UV-vis-near-IR spectroelectrochemical measure-
ments were made in an OTTLE cell of Hartl design,60 from
CH2Cl2 solutions containing 10

-1 M NBu4PF6 electrolyte. The
cell was fitted into the sample compartment of a Nicolet Avatar
FT-IR or Thermo Scientific Nicolet 6700 FT-IR-UV-vis
spectrometer or a Perkin-Elmer Lambda 900 UV-vis-near-
IR spectrophotometer. Bulk electrolysis was performed with a
home-built potentiostat. EPR spectra of [1]þ and [2]nþ were
recorded on aBrukerEMXMicroX-band spectrometer at 243K.
In situ EPR spectra were recorded on samples of [1]PF6 in
dichloromethane generated by treatment of 1with [FeCp2][PF6]
at 243 K and on [2][PF6]2 generated from [2]PF6 and AgPF6.
Simulations were performed using Bruker Win-EPR Simfonia
software, and g values were corrected to strong pitch.

Preparation of Mo(CtC-1,12-C2B10H11)(dppe)(η-C7H7) (1).
A solution of [MoBr(dppe)(η-C7H7)] (100 mg, 0.150 mmol), KF
(13 mg, 0.225 mmol), and 1-Me3SiCtC-1,12-C2B10H11 (35 mg,
0.152 mmol) in methanol (20 cm3) was heated at reflux for
2 days, upon which a light brown solid precipitated from the
solution. The solution was removed by decantation, and the
brown solid was dried under vacuum to afford 1 (80 mg, 65%).
1H{11B} NMR (CD2Cl2): δ 1.80 (s, 10H, BH), 2.17 (m, 2H,
CH2), 2.25 (s, 1H, B10H10CH), 2.35 (m, 2H, CH2), 4.61 (s, 7H,
C7H7), 7.17-7.68 (m, 20H, Ph). 31P NMR (CD2Cl2): δ 66.1
(s, dppe). 11B NMR (CD2Cl2): δ -11.6 (d, JBH 154 Hz,
CB5H5B5H5CH), -16.5 (d, JBH = 152 Hz, CB5H5B5H5-
CH). 13C{1H} NMR (CD2Cl2): δ 27.0 (m, CH2), 54.8
(s, CB10H10CH), 76.7 (s, CB10H10CH), 87.2 (s, C7H7), 115.3
(s, C2), 128.2 (m, Phm), 128.8 (s, Php), 128.8 (t, JCP=25Hz, C1),
129.5 (s, Php), 131.4 (dd, JCP=4.8 Hz, Pho), 134.1 (dd, JCP=6.2
Hz, Pho), 135.7 (m, Phi), 141.4 (m, Phi). IR (CH2Cl2): ν(CtC)
2065 cm-1, ν(B-H) 2608 cm-1. Accurate mass, ES(þ)-MS (m/
z): found 755.2873, calcd for [{Mo(CtCC2B10H11)(dppe)(η-
C7H7)} þ H]þ 755.2985.

Preparation of [Mo(1-CtC-1,12-C2B10H10-12-CtCH)-
(dppe)(η-C7H7)] (3). A solution of [MoBr(dppe)(η-C7H7)] (100
mg, 0.150 mmol), KOtBu (50 mg, 0.446 mmol), NaPF6 (34 mg,
0.202 mmol), and 1,12-(HCtC)2-1,12-C2B10H10 (29 mg, 0.150
mmol) in methanol (20 cm3) was heated at reflux for 24 h. The
brown precipitate, a mixture of mono- and dimetalated carbor-
ane, was separated by filtration and the brown methanol solu-
tion was allowed to slowly evaporate, forming the light brown
crystalline product (24 mg, 21%). 1H{11B} NMR (CD2Cl2): δ
1.79 (s, 5H, BH), 2.08 (s, 5H, BH), 2.20 (m, 2H, CH2), 2.33 (m,
2H, CH2), 3.44 (s, 1H, CtCH), 4.62 (s, 7H, C7H7), 7.19-7.69
(m, 20H, Ph). 31P NMR (CD2Cl2): δ 66.3 (s, dppe). 11B NMR
(CD2Cl2): δ -11.8 (d, JBH = 150 Hz, MoCtCCB5H5-
B5H5CCtCH), -13.3 (d, JBH= 153 Hz, MoCtCCB5H5B5-
H5CCtCH). 13C{1H} NMR (CD2Cl2): δ 27.0 (m, CH2), 58.3
(s, CB10H10CCtCH), 66.6 (s, CtCH), 74.2 (s, MoCtCCB10-
H10C), 80.7 (s,CtCH), 87.3 (s, C7H7), 115.2 (s,MoCtC), 128.2
(m, Phm), 128.8 (s, Php), 129.6 (s, Php), 131.4 (dd, JCP=5 Hz,
Pho), 132.5 (t, JCP=26 Hz, MoCtC), 134.1 (dd, JCP=6 Hz,
Pho), 135.5 (m, Phi), 141.4 (m, Phi). IR (CH2Cl2): ν(CtC) 2064
cm-1, ν(B-H) 2612 cm-1, ν(CH) 3298 cm-1.

Preparation of [{Mo(dppe)(η-C7H7)}2{μ-1,12-(CtC)2-1,12-
C2B10H10}] (2). A solution of [MoBr(dppe)(η-C7H7)] (100 mg

(57) Grime, R. W.; Helliwell, M.; Hussain, Z. I.; Lancashire, H. N.;
Mason, C. R.; McDouall, J. J. W.; Mydlowski, C. M.; Whiteley, M. W.
Organometallics 2008, 27, 857.
(58) Fox, M. A.; Baines, T. E.; Albesa-Jov!e, D.; Howard, J. A. K.;

Low, P. J. J. Organomet. Chem. 2006, 691, 3889.
(59) Batsanov, A. S.; Fox, M. A.; Howard, J. A. K.; MacBride,

J. A. H.; Wade, K. J. Organomet. Chem. 2000, 610, 20.
(60) Krejcik, M.; Danek, M.; Hartl, F. J. Electroanal. Chem. 1991,

317, 179.



894 Organometallics, Vol. 30, No. 4, 2011 Brown et al.

0.150 mmol), 1,12-(HCtC)2-1,12-C2B10H10 (29 mg, 0.150
mmol), NaPF6 (20 mg, 0.117 mmol), and KOtBu (35 mg,
0.312 mmol) in methanol (20 cm3) was heated at reflux for 4 h.
The brown precipitate that formed, a mixture of mono- and
dimetalated carborane, was separated by filtration. Due to the
inherent difficulties in separatingmolybdenum cycloheptarienyl
complexes, this crude material was used in the subsequent
step. A solution of the crude material (85 mg, 0.109 mmol),
[MoBr(dppe)(η-C7H7)] (80 mg, 0.120 mmol), KOtBu (24 mg,
0.218 mmol), and NaPF6 (37 mg, 0.218 mmol) in methanol (20
cm3) was heated at reflux for 6 h. Upon cooling of the solution a
brown precipitate formed, which was isolated by filtration and
dried under vacuum to give 2 (89 mg, 81%). 1H{11B} NMR
(CD2Cl2): δ 1.43 (s, 10H, BH), 2.11 (m, 2H, CH2), 2.30 (m, 2H,
CH2), 4.56 (t, JHH=2 Hz, 7H, C7H7), 7.14-7.62 (m, 40H, Ph).
31P NMR (CD2Cl2): δ 65.8 (s, dppe). 11B NMR (CD2Cl2):
δ -12.9 (d, JBH 151 Hz, BH). 13C{1H} NMR (CD2Cl2): δ 27.0
(s, CH2), 67.8 (s, cage C), 87.4 (s, C7H7), 115.7 (s, C2), 127.1 (t,
JCP=26 Hz, C1), 128.2 (m, Phm), 128.8 (s, Php), 129.5 (s, Php),
131.6 (dd, JCP=5Hz, Pho), 134.2 (dd, JCP=6Hz, Pho), 136.1 (m,
Phi), 141.6 (m, Phi). IR (CH2Cl2): ν(CtC) 2064 cm-1, ν(BH)
2603 cm-1. Accurate mass, ES(þ)-MS (m/z): found 1361.37563,
calcd for [{Mo(dppe)(η-C7H7)}2{μ-CtC(C2B10H10)CtC}]þ

1 361.371 89.
Preparation of [{Mo(dppe)(η-C7H7)}2(μ-CtC(C2B10H10)-

CtC)]PF6 ([2]PF6). A solution of 1 (137 mg, 0.101 mmol) and
[FeCp2][PF6] (33 mg, 0.101 mmol) in CH2Cl2 (15 cm3) was
stirred at room temperature for 30 min, after which the brown
solution was reduced to 5 cm3 and Et2O (25 cm3) added. The
resulting light brown precipitate was collected on a sintered-
glass funnel and dried under vacuum (119 mg, 78%). IR/near-
IR (CH2Cl2): ν(CtC) 2065 cm-1, ν(B-H) 2609 cm-1, plus a
broad band at 6000 cm-1. Anal. Calcd for [2]PF6 3 2CH2Cl2: C,
53.03; H, 4.57. Found: C, 52.97; H, 4.10.
Computational Details. All calculations were carried out

using the Gaussian 03 package.61 The model geometries [1A]nþ

and [2A]nþ (n = 0, 1) discussed here were optimized using
MPW1K62,63 with no symmetry constraints. The pseudopoten-
tial LANL2DZ64-66 was used for all atoms. Similar results were
obtained using 3-21G*67,68 as the basis set for all atoms and thus
are not discussed here. Frequency calculations were carried out
on these optimized geometries at the corresponding levels and

shown to have no imaginary frequencies. Molecular orbital
computations were carried out on these optimized geometries
at the same level of theory and displayed usingGaussView 4.1.69

The orbital compositions were decomposed with the aid of
GaussSum.70

X-ray Crystallography. Single-crystal X-ray data for com-
pounds 1 and 2 were collected at 120 K on a Bruker SMART
CCD 6000 diffractometer equipped with a Cryostream (Oxford
Cryosystems) open-flow nitrogen cooling device using graphite-
monochromated Mo KR radiation (λ = 0.710 73 Å). Both
structures were solved by direct methods and refined by full-
matrix least-squares on F2 for all data using Olex2 software.
All nondisordered non-hydrogen atomswere refinedwith aniso-
tropic displacement parameters; H atoms were placed in calcu-
lated positions and refined using a “riding model”. Crystal-
lographic data for the structures have been deposited with the
Cambridge Crystallographic Data Centre as supplementary
publications CCDC-792911 and 792912.

Crystal Data for 1:C37H42B10MoP2,Mr=729.69,monoclinic,
space group P21/n, a=13.3792(3) Å, b = 18.2803(4) Å, c=
15.8979(5) Å, β = 109.28(1)!, U=3670.2(1) Å3, F(000)=1544,
Z=4, Dc=1.362 Mg m-3, μ=0.473 mm-1, 46 711 reflections
collected yielding 9744 unique data (Rmergd = 0.0555), final
wR2(F2) = 0.1060 for all data (422 refined parameters), con-
ventional R1(F)=0.0384 for 7409 reflections with Ig 2σ, GOF=
1.039.

Crystal Data for 2:C72H72Mo2P4B10 3 4CH2Cl2,Mr=1700.86,
monoclinic, space groupP21/n, a=8.5751(3) Å, b=38.3827(15) Å,
c=12.0345(5) Å, β=99.12(1)!,U=3910.9(3) Å3, F(000)=1732,
Z=2, Dc=1.444 Mg m-3, μ=0.719 mm-1, 54 095 reflections
collected yielding 10 410 unique data (Rmerge = 0.0506), final
wR2(F2)=0.0944 for all data (444 refined parameters), conven-
tional R1(F)=0.0421 for 8666 reflections with I g 2σ, GOF =
1.037.
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An alkynyl platinum(II) compound of [Pt(C^CPy)2(dppe)] (1) was prepared by reaction of

[PtCl2(dppe)] and 4-ethynylpyridine hydrochloride in the presence of base and CuI (dppe ¼ 1,2-

bis(diphenylphosphino)ethane). Single crystal X-ray diffraction analysis reveals that compound 1

crystallizes in a monoclinic system and Cc space group with a ¼ 17.8507(7), b ¼ 21.4219(7),

c ¼ 9.0526(5) !A, b ¼ 108.98(2)". Thermogravimetric analysis (TGA), powder X-ray diffraction

(PXRD), UV-vis spectra, photoluminescence, and catalysis properties of 1 are discussed. The

multilayer films formed with ruthenium trichloride by a layer-by-layer self-assembly method were

characterized by UV-vis spectra, atomic force microscopy (AFM) images and cyclic voltammograms

(CV).

Introduction

Design and synthesis of multiple functional organic ligands are

continually of significant interest in the chemistry of alkynyl

metal compounds, chiefly resulting from their novel physical

and/or chemical properties such as electrochemical, photo-

chemical, catalysis and optical.1–4 Previous work showed that the

cyanoacetylene PhC^CC^N was found to coordinate readily

to the [Ru(PPh3)2Cp] fragment, to form {[Ru(N^CC^CPh)-

(PPh3)2Cp]PF6};5 the alkyne moiety in the cyanoacetylene ligand

could bond to metal ions in h2-fashion following reaction with

[IrCl(CO)(PPh3)2] and nickelocene.6,7 These results prompted us

to develop a new investigation. Our present research is concerned

with the design and modification of organic ligands with conju-

gated spacing groups, which permit the assembly of the conju-

gated species into supramolecular nanoscale cages, tubles or

capsules.8–12 The physical–chemical properties of these systems

including electrochemical and catalysis were studied, together

with the ability of the system to reversibly bind metal ions,

hydrogen, or small organic molecules for extraction, storage,

separation or medical treatment applications. It has been proven

that the Pt-acetylide system is a potential candidate for the

assembly of functionalized supramolecular compounds.13–17 As

part of our interest in the preparation of metal compounds

containing unsaturated group ligands, we have carried out

a study of the pyridyl-acetylene platinum featuring a large

conjugated electronic group, which can offer both an alkyne-p
system and a pyridine nitrogen atom readily bonding to metal

centres and should be useful in the assembly of metallic

compounds. We here report the synthesis and properties of

[Pt(C^CPy)2(dppe)], AFM, electrochemical, catalysis and

spectral studies.

Experimental section

Materials and methods

Poly(ethylenimine) (abbreviated as PEI) was purchased from

Aldrich Chemical Company. All aqueous solutions were

prepared with doubly distilled water. Triethylamine was dried

over KOH and distilled under N2 prior to use. CH2Cl2, MeOH

and DMF were dried using an Innovative Technologies solvent

purification system, and degassed prior to use. Other solvents

were best-available commercial quality and used as received. The

compound PtCl2(dppe) was prepared by following literature

methods,18 or with the minor variation described below. All other

reagents were of analytical grade and used as received. All

synthetic reactions were carried out by using standard Schlenk

techniques utilizing a double-manifold vacuum system with high

purity nitrogen flow. Preparative TLC was carried out on 20 #
20 cm glass plates coated with silica gel (Merck G254, 0.5 mm

thick).

Physical measurements

Infra-red spectra were recorded on a Nicolet Avatar FTIR

spectrophotometer in the range 4000–400 cm$1 (1 cm$1 resolu-

tion, 16 scans). NMR spectra were obtained from solutions in

CDCl3 using Bruker DRX-400 spectrometers. UV-vis absorp-

tion spectra were recorded on a quartz slide using a Lambda35

spectrophotometer (Perkin Elmer, USA). Thermogravimetric

measurements were carried out in a nitrogen stream using

a Mettler Toledo TGA/851e apparatus. All the excitation and

emission spectra were measured with an Aminco Bowman Series

2 instrument with a xenon arc lamp as the excitation light source.

Electrochemical experiments were carried out on a Model

Epsilon Analyzer (BAS Inc., USA) in a three-electrode cell:

glassy carbon electrode (GCE, diameter 3 mm) as the working
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Ningbo, Zhejiang, 315211, P.R. China. E-mail: lixing@nbu.edu.cn
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† Electronic supplementary information (ESI) available: TGA, PXRD
patterns. CCDC reference number 780415. For ESI and
crystallographic data in CIF or other electronic format see DOI:
10.1039/c0ce00382d
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electrode, platinum wire as the counter electrode, and Ag/AgCl/

KCl (3 M) as the reference electrode. The solutions were used

immediately after their preparation and deaerated with oxygen-

free nitrogen for at least 15 min. Formal potentials Ep of the

redox couples were estimated and reported as the average values

of the anodic Epa and cathodic Epc peak potentials. AFM images

were taken on a single-crystal silicon slide using a Digital

Instruments Nanoscope operating in the tapping mode.

Synthesis of [PtCl2(dppe)]

A three-neck 150 mL round flask, equipped with a large football-

shaped stir bar, and condenser, was loaded with 3.16 g

(12.04 mmol) of dppe and filled with N2 gas. Then 50 mL of

degassed ethanol/CH2Cl2 (1 : 3) were added via syringe to the

dppe, the mixture was heated and stirred until all of the dppe

dissolved completely. At that point, 2.5 g (6.02 mmol) of K2PtCl4
dissolved in 25 mL of water was gradually added via syringe to

the solution. After addition was complete, the heating mantle

was turned off and the originally pink solution turned cloudy

white. The mixture was filtered on a medium grade frit, and the

white product was washed with several 25 mL portions of cold

ethanol, and three 20 mL portions of ethyl ether. The yield of the

product was 4.43 g, 93% based on the starting K2PtCl4.

Synthesis of [Pt(C^CPy)2(dppe)] (1)

A solution of [PtCl2(dppe)] (0.50 g, 0.75 mmol) in DMF (10 mL)

and NEt3 (10 mL) was successively treated with 4-ethynyl-

pyridine hydrochloride (250 mg, 1.80 mmol) and CuI (20 mg,

0.10 mmol), and the mixture allowed to stir at room temperature

overnight. The resulting brown-red coloured solution was

treated with CH2Cl2 (10 mL) and heated to reflux for 3 h before

being filtered and the more volatile solvents were removed.

Water (40 mL) was added to the filtrate, resulting in precipitation

of the title compound, which was washed with water, hexane and

Et2O and dried to give a pale yellow solid, which was purified by

recrystallization from CHCl3/MeOH (0.47 g, 78%). Anal. Calcd.

(%) for C40H32N2P2Pt, (Mr ¼ 797.74): C, 60.23; H, 4.04; N, 3.51.

Found: C, 59.50; H, 3.99; N, 3.45. 1H NMR (CDCl3): d 2.37 (m,

2H, dppe), 2.42 (m, 2H, dppe), 6.90 (br, 4H, C5H4N), 7.192–

7.816 (m, 20H, PPh2), 8.27 (br, 4H, C5H4N). 13C{1H} NMR

(CDCl3): d 28.5 (m, dppe), 110.14 (d, JCP ¼ 35 Hz, Cb), 112.41

(dd, JCP ¼ 143, 15 Hz, Ca), 126.19 (br, py-Co), 129.01 (s, dppe-

Cp,p0), 129.10, 129.20 (2 " dd, JCP ¼ 6 Hz, 2 Hz, dppe-Cm,m0),

129.46 (m, dppe-Ci,i0), 133.73, 133.65 (2 " dd, JCP ¼ 6 Hz, 3Hz,

dppe-Co,o0), 135.88 (br, py-Ci), 149.10 (s, py-Cm). 31P{H} NMR

(CDCl3): d 42.1 (s, JPPt ¼ 2290 Hz, dppe). IR (Nujol): n(C^C)

2111 cm#1. ES(+)-MS (m/z): 798.3 [M + H]+. IR (Nujol): n(C^C)

2111 cm#1.

X-Ray crystallography

Data collection for 1, was performed on a Bruker-AXS diffrac-

tometer equipped with graphite monochromated Mo-Ka radia-

tion (l ¼ 0.71073 !A) at 293 K. All absorption corrections were

applied using the SADABS program.19 The structure was solved

by direct methods, the metal atoms were located from the

E-maps, and other non-hydrogen atoms were derived from the

successive difference Fourier Syntheses. The hydrogen atoms

were located from the difference map and refined isotropically.

The structure was refined on F2 by full-matrix least-squares using

the SHELXTL-97 program package.20 The crystallographic data

of complex 1 are listed in Table 1 and the selected bond lengths

and angles are listed in Table 2.

Self-assembly of multilayer films

The quartz slides were cleaned with a ‘‘piranha solution’’ (H2SO4/

30% H2O2¼ 7 : 3, v/v) (Caution: piranha solution is an extremely

Table 1 Crystal data and structure refinement for 1

Identification code 1

Empirical formula C40H32N2 P2Pt
Formula weight/g mol#1 797.71
Temperature/K 120(2)
Wavelength/!A 0.71073
Crystal system Monoclinic
Space group Cc
a/!A a ¼ 18.208
b/!A b ¼ 21.385
c!A c ¼ 9.1594
a/$ 90
b/$ 109.892
g/$ 90
Volume/!A3 3353.6(7)
Z 4
Density (calculated)/Mg m#3 1.580
Absorption coefficient/mm#1 4.310
F(000) 1576
Crystal size/mm3 0.24 " 0.12 " 0.08
q range for data collection/$ 1.52–27.59
Reflections collected 14 415
Independent reflections 7761 [R(int) ¼ 0.0495]
Completeness 99.8%
Max. and min. transmission 0.7775 and 0.3071
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 7761/2/406
Goodness-of-fit on F2 0.927
Final R indices [I > 2s(I)] R1 ¼ 0.0243, wR2 ¼ 0.0552
R indices (all data) R1 ¼ 0.0284, wR2 ¼ 0.0614
Largest diff. peak and hole/e. !A#3 0.880 and #0.556

Table 2 Selected bond lengths (!A) and angles ($) for complex 1

Pt(1)–P(1) 2.2850(11)
Pt(1)–P(2) 2.2853(13)
Pt(1)–C(1) 2.046(5)
Pt(1)–C(8) 2.030(5)
C(1)–C(2) 1.136(7)
C(2)–C(3) 1.470(7)
C(8)–C(9) 1.195(7)
C(9)–C(10) 1.436(7)
C(17)–P(1) 1.817(4)
C(23)–P(1) 1.815(5)
C(29)–P(2) 1.800(4)
C(35)–P(2) 1.834(5)
P(1)–Pt(1)–P(2) 84.83(4)
C(1)–Pt(1)–C(8) 90.3(2)
C(1)–Pt(1)–P(1) 174.77(14)
C(1)–Pt(1)–P(2) 92.71(14)
C(2)–C(1)–Pt(1) 172.2(5)
C(1)–C(2)–C(3) 176.8(6)
C(8)–Pt(1)–P(2) 173.40(14)
C(9)–C(8)–Pt(1) 169.4(5)
C(8)–C(9)–C(10) 170.2(5)
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dangerous oxidizing agent and should be handled with care using

appropriate personal protection.) at 80 !C for 40 min, and

thoroughly rinsed with distilled water. Further purification was

carried out by immersion in a H2O/H2O2/NH4OH (5 : 1 : 1)

(v/v/v) bath at 70 !C for 30 min. The clean quartz slides were first

immersed in PEI solution for 20 min. Then the slides were

deposited into a RuCl3 solution or AgNO3 solution for 60 min.

The slides coated with PEI-Ru were immersed in

Pt(CCPy)2(dppe) ethanol aqueous solution for 60 min. By

repeating the two steps, PEI-(Ru3+/1)n multilayer films were

prepared. Between each immersion step, the substrates were

washed with water and dried with a nitrogen stream at room

temperature. Prior to modification, a glassy carbon electrode

(GCE) was successively polished with 1.0 and 0.3 mm a-Al2O3

and ultrasonically washed with acetone and water after each

experiment. Then, the GCE was modified with the multilayer.

Results and discussion

Synthesis of the compound

The complex Pt(C^CPy)2(dppp) (dppp ¼ 1,3-bis(diphenyl-

phosphino)propane), which is closely related to 1, has been

previously prepared by either lithium–halogen exchange reac-

tions, or from Cu(I)-mediated transmetallation reactions.16,21

Here, the platinum(II) bis(4-ethynylpyridine) complex

[Pt(C^CPy)2(dppe)] (1) was readily obtained from the CuX

catalysed coupling of 4-ethynylpyridine (introduced as the HCl

salt) with [PtCl2(dppe)]. Reactions were performed in solvent

systems containing NEt3 to both deprotonate the 4-ethynyl-

pyridine hydrochloride reagent and promote the formation of

the copper acetylide. A transmetallation reaction leads to the

transfer of the ethynylpyridine ligand from copper to platinum,

and regeneration of the copper halide.

The complex was characterised by the usual spectroscopic

methods. In the case of 1, the Ca acetylide carbon was coupled to

both 31P nuclei of the chelating bis(phosphine) ligand, with Cb

only coupled to the trans-P. In the 31P NMR spectra coupling to
195Pt was evidenced by a smaller doublet resonance centred on the

main singlet. In the complex the n(C^C) band was found near

2110 cm#1, and characterisation was completed by elemental

analysis.

Crystal structure of the compound

The molecular structures of a number of mononuclear plati-

num(II) bis(ethynylpyridine) complexes and supramolecular

assemblies based on these building blocks have been reported on

previous occasions.16,17 Each of these feature cis-geometries

imposed by chelating 2,20-bipyridine or dppp ligands. Of course,

there are a vast number of [trans-Pt(C^CR)2L2] complexes that

have been structurally characterised, a complete summary of

which is beyond the scope of this paper. However, the most

appropriate systems to draw comparisons with 1 are

[Pt(C^CPy)2(dppp)].22,23

A single crystal of 1 was grown from solvent systems described

in the Experimental section. Crystallographic and refinement

details are summarised in Table 1, and important bond lengths

and angles are given in Table 2, with a plot of the molecule shown

in Fig. 1, respectively. In keeping with previous observations, the

Pt–P bond lengths in related systems (Table 2) are considerable

shorter than those in 1.24 The P(1)–Pt–P(2) angle in 1 is con-

strained to 84.87(5)! by the restricted bite-angle of the dppe

ligand, the Pt-C^C-Py fragments are essentially linear, and the

geometry at Pt is essentially square planar. The Pt–C bond

lengths are within normal ranges (1.995–2.011 !A). With regard to

the use of compound 1 as building blocks for larger assemblies it

is worth noting that the pyridyl N/N distances and N–Pt–N

angles are 11.16 !A and 97.5!, respectively.

Thermogravimetric analysis (TGA) and powder X-ray

diffraction (PXRD)

Thermogravimetric analysis (TGA) of 1 was performed under

a flow of nitrogen gas from room temperature to 790 !C at

a heating rate of 10 !C min#1. The weight loss of 25.0% (calcd:

25.6%) corresponds to two ethynylpyridine units per molecular

formula [Pt(C^CPy)2(dppe)] from 275 to 460 !C, and then

mainly lose weight upon increasing temperature. TGA shows

that hardly any weight is lost from 25 to 275 !C, which indicates

the high stability of the framework of compound 1 (Fig. S1,

ESI†).

The phase purity of 1 was confirmed by the powder X-ray

diffraction (using a Bruker D8 Focus X-ray diffractometer

equipped with Cu Ka radiation) patterns of the bulk sample,

which is consistent with the calculated results (Fig. S2, ESI†).

UV–vis absorption and fluorescence spectra of the compound

Fig. 2 shows the UV-vis absorption spectrum of

[Pt(C^CPy)2(dppe)] in the EtOH–CH2Cl2 (1 : 2 v/v) solution.

The characteristic band of 225 nm corresponds to the intraligand

p–p* transitions. In the range from 250 nm to 350 nm, the

characteristic peaks are ascribed to MLCT processes, admixed

with ethynylpyridyl p–p* processes.15,25

Fig. 1 A plot of a molecule of [Pt(C^CPy)2(dppe)] (1) with 50%

probability thermal ellipsoids, the hydrogen atoms are removed for

clarity.
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The solid-state fluorescent patterns of 1 at room temperature

are shown in Fig. 3. The title complex exhibits weak fluorescence

in the range of 260–330 nm, and strong blue fluorescence in the

range of 360–480 nm on photo-excitation at 255 nm, which

would likely originate from the ligand-to-ligand pL / pL* (or

pL / pM*) charge transfer (LLCT) transition emission with

admixture of MLCT (d(Pt) / pL*(C^CPy)).26 This assignment

is supported by theoretical studies on the related platinum

compounds trans-Pt(PEt3)2(C^CPh)2 and model compounds

cis-Pt(dppe)(C^CC^CH)2.11,27 Furthermore, the change of

structural arrangement of 1 may decrease the intra-ligand

HOMO–LUMO energy gap, which is one important factor that

leads to the fluorescent enhancement or red-shift.

Preparation and UV-vis absorption spectra of the multilayer film

Self-assembled multilayer films play an important role in

fundamental and applied research,28 and although there has been

considerable interest in the use of cis-Pt(C^CPy)2L2 complexes

as building blocks for the construction of discrete molecular

squares, the assembly of ordered architectures on solid surfaces

using these particular species is much less well explored, despite

the rapid maturity of the area.29 In an initial survey of the

feasibility of using discrete organometallic building blocks in the

preparation of modified surfaces, we explored the layer-by-layer

assembly of mixed metal Pt/Ru films from 1 and RuCl3.

The layer-by-layer (LbL) self-assembly method is based on the

alternate electrostatic adsorption of oppositely charged species

from dilute solutions, and has proven effective in constructing

multilayer films.30 Various methodologies have been used for the

construction of supramolecular structures, including covalent

bonding, hydrogen bonding, and coordination bonding. The

multilayers containing metal ions rest on metal ion–ligand

interaction.31 Transition-metal coordination chemistry provides

new opportunities for preparing self-assembled multilayers.32

The (Ru3+/1)n multilayers were prepared through a layer-by-

layer self-assembly method, by alternate adsorption of 1 and

metal ion layers onto quartz slides, with UV-vis spectroscopy

used to monitor the growth process of the multilayer films.

Fig. 4 shows the UV-vis spectra of PEI-(Ru3+/1)n multilayers,

in which the self-assembly of the PEI-(Ru3+/1)n film is based on

the coordination bond between Ru3+ ions and pyridine N atoms

of the title compound. During the film self-assembly process,

only Ru3+ ions adsorption does not result in the changes in the

UV-vis spectra, whereas compound 1 with chromophoric groups

exhibits UV absorption. Therefore, we measured the UV-vis

spectra of Ru3+/1 in order to monitor the self-assembly of the

films. Since PEI does not absorb above 200 nm, the film exhibits

the characteristic band of 225 nm corresponding to the

[Pt(dppe)]2+ fragment. The absorbance increases with the number

of deposition cycles, suggesting that Pt(CCPy)2(dppe) was

incorporated in the films. However, the absorbance increase is

not linear after the number of bilayers reaches three. Clearly

adhesion of the reagents is not as effective for the thicker films.

The self-assembly behavior of silver ions with

Pt(CCPy)2(dppe) was also investigated. However, in this case,

the absorbance increase is not observed after the bilayers

(Fig. S3, ESI†).
Fig. 3 The photoluminescence emission spectra for complex 1.

Fig. 2 UV–vis absorption spectrum of [Pt(C^CPy)2(dppe)].

Fig. 4 UV-vis absorption spectra of the multilayer film PEI-(Ru3+/1))n,

n ¼ 1, 2, 3, 4,5 adsorbed on a quartz slide.
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Atomic force microscopy image of the films

AFM is a powerful technique for the measurement of three-

dimensional surface topography at the nanoscale. Here the AFM

images of the films were taken to provide detailed information of

the surface morphology and homogeneity. The morphologies of

self-assembled films were analyzed by AFM images at a scan area

of 1.0 ! 1.0 mm2 in air with tapping mode. The height images of

PEI-(Ru3+/1)n show that the composite film is relatively uniform

and smooth (Fig. 5). The surface exhibits the morphology with

small islets distributed in the films. The grain distribution of the

surface is rather compact and particle aggregates are observed.

The root-mean-square (RMS) roughness of (Ru3+/1)2, (Ru3+/1)5,

(Ag/1)2 surface is 0.614 nm, 0.631 nm and 0.379 nm calculated

over an area of 1.0 ! 1.0 mm2, respectively, indicating that the

composite film is relatively uniform. The height images of PEI-

(Ru3+/1)n show that the surface morphology is different from that

of (Ag+/1)n. The grain distribution of the surface is more

compact, and obvious boundaries of the particles are observed in

(Ru3+/1)n films, whereas the (Ag+/1)n film shows a blurry

boundary of the particles, and the particles of the film surfaces of

(Ag+/1)n are ill-defined.

Electrochemical behavior of the film

Cyclic voltammetry (CV) was used to investigate the electro-

chemical properties of the multilayers. The electrochemical

Fig. 5 Typical AFM images of the films (scan area: 1.0 ! 1.0 mm2), (a):

PEI-(Ru3+/1)2, (b): PEI-(Ru3+/1)5, (c): PEI-(Ag+/1)2.

Fig. 6 Cyclic voltammograms in DMSO solution (the supporting elec-

trolyte was tetramethylammonium hexafluorophosphate). (a) DMSO

solution of 1, scan rate: 100 mV s"1; (b) GCE coated with the film PEI-

(Ru3+/1) at different scan rates. Scan rate: 50, 100, 150, 200, 250, 300, 350,

400 mV s"1.

924 | CrystEngComm, 2011, 13, 920–926 This journal is ª The Royal Society of Chemistry 2011

Pu
bl

ish
ed

 o
n 

21
 O

ct
ob

er
 2

01
0.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f W

es
te

rn
 A

us
tra

lia
 o

n 
04

/1
0/

20
17

 0
7:

12
:2

1.
 

View Article Online



behavior of GCE modified with PEI-(Ru3+/1) film was studied in

DMSO solutions by cyclic voltammetry (CV) (the supporting

electrolyte was tetramethylammonium hexafluorophosphate).

Fig. 6 gives the electrochemical behavior of 1. As shown in

Fig. 6a, peaks at !1.194 V and +1.284 V are ascribed to the

redox peaks of compound 1. The CV of GCE modified with PEI-

(Ru3+/1) film shows two anodic peaks at +0.465 V and +1.360 V

and three cathodic peaks at +0.216 V, !0.608 V and !1.606 V

(Fig. 6b). The peaks at +1.360 V and !1.606 V from 1 remained

in the film. However, compared to the peaks at !1.194 V and

+1.284 V of 1, the shift occurred in 1 of the film due to the

presence of ruthenium metal ions. Peaks at !0.608 V, +0.216 V

and +0.465 V correspond to the redox of ruthenium ions of the

film.

Catalysis behavior of the compound

Cyclic voltammetry (CV) is a valuable and convenient tool for

providing electrocatalytic information regarding the modified

electrodes, as well as the activity and stability of immobilised

reagents.33 Here, The KH2PO4 buffer solution (PBS, C ¼
0.1 mol L!1, pH ¼ 7.0) was prepared by adding the moderate

NaOH, in which the CV experiments were carried out at a scan

rate of 50 mV s!1. The cyclic voltammograms of the electrodes in

different environments are shown in Fig. 7. The bare glassy

carbon electrodes (GCE) in PBS exhibited the anodic peak of

H2O2 at !0.60 after adding a H2O2 solution of 5.0 mmol L!1

(Fig. 7b). The modified electrodes of the GCE|Sample of 1

showed that the anodic current increased noticeably while the

cathodic current decreased (Fig. 7c), which indicates that sample

1 has an electrocatalytic response to H2O2
33,34 resulting from the

reduction reaction of H2O2 to H2O. A similar catalytic experi-

ment to HCHO for compound 1 was performed. The modified

electrodes of the GCE|Sample of 1 showed that the anodic

current increased slightly while the cathodic current decreased

(Fig. 8c), which indicates that sample 1 has a weak electro-

catalytic response to HCHO, resulting from the reduction

reaction of HCHO to CH3OH. The electrocatalytic behavior is

understandable, in which compound 1 holds active p electrons,

H2O2 and HCHO can obtain the electrons and are reduced to be

H2O and CH3OH, respectively in the experiments above.

Conclusion

In conclusion, the title compound has two pyridine moieties,

which allow facile bonding to the ruthenium ions. By a layer-by-

layer self-assembly method, (Ru3+/1)n multilayer films were

prepared on solid substrates. The films were characterized by

UV-vis spectra. AFM images show that the composite film is

relatively uniform and the surface exhibits a morphology with

small islets distributed in the films. TGA shows the high stability

of the framework of compound 1, which may be used for single

molecular fluorescent materials. CV indicates that GCE modified

with PEI-(Ru3+/1) film exhibits abundant electrochemical pro-

perties. The title compound has shown catalytic activity towards

H2O2 and HCHO.
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a b s t r a c t

Gold(I) alkynyl complexes are shown to efficiently couple with aryl iodides under mild conditions in the
presence of both Pd(II) and Cu(I) co-catalysts. The reaction is not gold catalysed, but rather the Au(I)
centre serves to transfer the alkynyl moiety to Cu(I), which then enters the conventional Sonogashira
cycles. Using this method, a small range of 1,4-disubstituted diynes, including examples of differentially
substituted compounds ArC^CC^CAr0, have been prepared directly from [(Ph3P)AuC^CC^CAu(PPh3)]
and aryl iodides ArI.

! 2010 Elsevier B.V. All rights reserved.

1. Introduction

Gold salts and complexes have found an important, rapidly
increasing and varied role in stoichiometric and catalytic trans-
formations of organic substrates, which often takes advantage of
the strong p-acidity of Au(I) and Au(III) species [1e7]. Whilst the
use of gold redox couples within catalytic transformations is not as
prevalent nor as well established as for other metals [8e12], recent
work has established the viability of cross-coupling reactions of
gold(III/I) couples in cross-coupling reactions, with an oxidative
agent not involved in the cross-coupling process used to return the
gold centre to the þIII oxidation state [11e18]. When coupled with
the propensity of Au complexes to activate different CeH bonds
some quite remarkable cross-coupling reactions of otherwise
‘unactivated’ substrates can be achieved (Scheme 1) [19,20].

However, as noted by Hashmi and colleagues [21], the potential
for organogold complexes to enter into transmetallation reactions
with other metals [22e27] coupled with the rather high redox
potential of Au(III) and stability (in the thermodynamic sense) of
many Au(I) species opens an alternative use for Au(I) species in
synthetic chemistry in which the orthogonal reactivity of the two
metals can be utilised to complete otherwise challenging synthetic
processes. The well-established isolobal relationship between [Au
(PPh3)]þ and Hþ allows further CeH activation chemistry to be

envisioned. Of particular relevance to the present study it must be
noted that in addition to the readily formed acetylide derivatives
[Au(C^CR)(PPh3)] [28], the bulky {Au(PPh3)} fragment is also able
to stabilise terminal alkynes and more highly reactive carbon-
containing compounds, including polyynes H(C^C)nR [29e31] and
H(C^C)nH [32,33] making these linear carbon fragments available
for use as cross-coupling partners through their gold synthons.

The use of gold polyynes as reagents in Pd/Cu catalysed
CadioteChodkiewicz style cross-coupling reactions with halo-
alkynes has been shown to be of considerable synthetic utility in
the preparation of linear polycarbon chains, including some of
substantial length, supported on a variety of organometallic
supports (Scheme 2) [34e43]. These reactions generally proceed in
moderate to excellent yield in ether-based solvents at ambient
temperatures. In this report we describe the use of gold(I)
complexes of alkynes and diynes as reagents in the Songashira
cross-coupling reaction that afford 1,2-di(aryl) acetylenes (tolans)
and 1,4-di(aryl)-buta-1,3-diynes. Under the conditions described
herein, both Pd(0) and Cu(I) species are necessary to promote the
cross-coupling reaction, which is initiated by a transmetallation
reaction that transfers the acetylide ligand from Au(I) to Cu(I) and
then Pd(II).

2. Results and discussion

The notion of ‘palladium-free’, gold-catalysed Sonogashira
cross-coupling reactions has attracted some attention [44], but very
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recent re-examination of the conditions suggests that the role of
adventitious palladium contamination of the gold salts used in
these processes must be considered carefully. Indeed, as little as
0.1 mol % Pd in the form of [Pd2(dba)3] and 2 mol% AuI/dppe in the
presence of K2CO3 can catalyse the cross-coupling reaction of 4-
iodoacetophenone with 1-ethynyl-4-methylbenzene (tolylacety-
lene) in refluxing toluene (Table 1) [45].

Similar results have been obtained from mixed Pd/Au catalysed
cross-coupling reactions of aryl halides [46,47] and arene diazo-
nium salts [48] with terminal alkynes in amine or amine containing
solvent mixtures, at temperatures ranging from ambient to the
reflux point of the solvent. In each case, no effective coupling was
observed in the absence of palladium, and the reactions can be
considered as analogues of the conventional Pd/Cu co-catalysed
Sonogashira reaction, with the gold reagent taking the place of the
Cu(I) salts more commonly employed. Very recently, pre-formed
gold-alkynyl complexes [Au(C^CAr)(L)] (L ¼ phosphine, Ar ¼ aryl

group) have also been cross-coupled with aryl iodides Ar’-I under
‘copper-free’ palladium-catalysed conditions to give the corre-
sponding tolan, AreC^CeAr0, in quantitative yield, albeit under
rather forcing conditions (Scheme 3) [45].

Given the considerably milder conditions under which organ-
ometallic halides and gold-alkynyl derivatives enter into cross-
coupling reactions in the presence of both Pd(II) and Cu(I)
complexes and salts (ether-based solvents, room temperature),
a range of simple cross-coupling reactions of [Au(C^CPh)(PPh3)]
(1) were explored. Treatment of 1 with iodo benzene in thf in the
presence of [PdCl2(PPh3)2] (1 mol %) and CuI (1 mol %) resulted in
complete conversion to diphenylacetylene (tolan) within 2 h at
60 "C. There was no significant conversion in the absence of either
of the co-catalysts. The reaction mechanism under these mild
conditions therefore likely involves transmetallation of the alkynyl
moiety from Au(I) to Cu(I), which then enters the normal Sonoga-
shira cycle. The more activated aryl iodides 4-iodo nitrobenzene

Scheme 1. A gold catalysed cross-coupling of unactivated substrates [19].

Scheme 2. The preparation of a C19 chain from a gold-modified CadioteChodkiewicz coupling reaction [43].

Table 1
The Au(I)/Pd(0) catalysed cross-coupling of 4-iodoacetophenone and tolylacetylene [45].

Pd/mol% conversion/% yield/%

e <2 <2
1.2 # 10$4 6 6
1.2 # 10$3 16 16
1.2 # 10$2 24 24
0.12 100 82
1.2 100 78
1.2 <2 <2a

a Room temperature.
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and 4-iodo methylbenzoate smoothly cross-coupled with 1 at
25 !C, and on a preparative scale 1-phenyl-2-(40-nitrophenyl)
acetylenewas isolated in 87% yield from 1 and 4-iodo nitrobenzene.
Bromobenzene coupled significantly more slowly, at 60 !C, whilst
chlorobenzene was essentially an inactive coupling partner: such
results fall completely in line with expectation based on the ease of
oxidative addition to the palladium catalyst (Table 2). When
compared with the conditions summarised in Scheme 3, it can be
seen that the introduction of CuI permits the cross-coupling of
a gold acetylide with, preferably, and aryl iodide under very mild
conditions, in ether-based solvent and without an additional base.
Although not generally superior to the ‘normal’ Sonogashira cross-

coupling protocol, the conditions described in Table 2may be useful
when attempting to cross-couple aryl halides bearing particularly
base-sensitive substituents. Despite the cost differential of gold-
and silyl-substituted alkynes, there are also some identifiable
advantages in the conditions employed in Table 2 over Nishihara’s
sila-Sonogashira protocol in terms of the quantity of copper salt
necessary to effect the cross-coupling and the use of the lower-
boiling thf solvent [49].

With these results in hand, attention was turned to the cross-
coupling reactions of the bis(gold) compound [(Ph3P)AuC^CC^-
CAu(PPh3)] (2). Preparative routes to symmetric 1,4- substituted
diynes are commonly based on oxidative homo-coupling reactions
of terminal alkynes [50e53], and as such end-group trans-
formations of a pre-formed 1,3-diyne such as 2 offer an interesting
alternative reaction sequence.

The bis(gold) reagent 2, which is readily available from [AuCl
(PPh3)] andMe3SiC^CC^CSiMe3, was only sparingly soluble in thf,
and consequently all reactions with this reagent were carried out
in CH2Cl2 to ensure homogenous reaction conditions. At room
temperature, 2 reacted smoothly and essentially completely with
2 M equivalents of 4-iodonitrobenzene, 4-iodo methyl benzoate
and 4-iodo methyl benzene in the presence of 0.5 mol% (per gold
equivalent) [PdCl2(PPh3)2] and CuI (Table 3). An entirely analogous
reaction with the bis(halide) 4-iodo bromobenzene also proceeded
smoothly and with excellent chemoselectivity to afford 1,4-bis(40-
bromophenyl)-buta-1,3-diyne as the only detectable product. Aryl
iodides bearing more electron donating groups were also quanti-
tatively converted in [PdCl2(PPh3)2]/CuI catalysed reactions with 2
to give the 1,4-disubstituted buta-1,3-diynes in reactions that
proceeded slowly at room temperature, but much more efficiently
at slightly elevated temperatures (Table 3). These results are
complementary to preparative routes involving Glaser, Hay or other
oxidative dimerisation reactions of 1-alkynes [54]. Clearly the
conditions set out in Table 3 will not be competitive with known
strategies in every case, and certainly not for the preparation of

Table 2
Effect of catalyst and halide on the Sonogashira cross-coupling of 1with aryl halides.

AreX [Pd]a/mol% CuI/mol% T/!C t/h %conversion

C6H5I e 5 60 17 e

C6H5I 5 e 60 17 e

C6H5I 1 1 60 2 100
C6H5Br 5 5 60 22 Trace
C6H5Cl 5 5 60 22 e

IC6H4NO2 1 1 25 1.5 100
IC6H4CO2Me 1 1 25 1.5 100
IC6H4NH2 1 1 25 16 e

IC6H4NH2 1 1 60 2 100
IC6H4OMe 1 1 60 2 100
BrC6H4NO2 1 1 25 20 e

a [Pd] ¼ [PdCl2(PPh3)2]

Table 3
Cross-coupling reactions of 2 with aryl halides.

AreX [Pd]a/mol% CuI/mol% T/!C t/h %conversion

IC6H4NO2 0.5 0.5 25 6 100
IC6H4CO2Me 0.5 0.5 25 24 97
IC6H4Br 0.5 0.5 25 24 90
IC6H4CH3 0.5 0.5 25 24 100
IC6H4NH2 0.5 0.5 60 2 100
IC6H4OMe 0.5 0.5 60 2 100

a [Pd] ¼ [PdCl2(PPh3)2]

Scheme 3. The palladium-catalysed cross-coupling of 4-iodoacetophenone with a gold(I) alkynyl complex [45].
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bulk quantities of material. However, there is a potential advantage
for the preparation of compound libraries in that only a single,
readily available diyne precursor is used in conjunctionwith an aryl
halide, as opposed to requiring the initial pre-synthesis of the
terminal alkyne, which normally entails a coupling and depro-
tection approach.

To further test the applicability of the reaction conditions, the
sequential reactions of 2 with two different aryl iodides was also
examined. Initial reactions of 2 with one equivalent of either
4-iodo methylbenzoate or 4-iodo nitrobenzene, followed by the
addition of a second aryl iodide were complicated by the facile
reaction of the activated iodide with both gold groups in the
initial stage of the reaction. Cleaner reactions were obtained from
initial reaction of iodobenzene and 2 for 3 h, presumably to
generate [Au(C^CC^CPh)(PPh3)] in situ, followed by treatment
with other aryl iodides (Table 4). Careful control of the stoichi-
ometry of the first reaction step is required if double coupling to
give 1,4-diphenyl-buta1,3-diyne is to be avoided. Nevertheless, this
sequence of cross-coupling reactions neatly illustrates the prepa-
ration of differentially substituted 1,4-diynes from a symmetrically
substituted precursor, and complements existing preparative
methods such as the CadioteChodkiewicz coupling protocol.

3. Conclusion

Gold(I) alkynyl and diyndiyl complexes can be cross-coupled
with aryl iodides under mild conditions in the presence of both
Pd(II) and Cu(I) co-catalysts, without the need for any additional
base. The reaction likely proceeds via the ready transmetallation
of the alkynyl fragment to Cu(I), followed by a conventional
Sonogashira cross-coupling mechanism. The simple conversion of
the masked butadiyne reagent Me3SiC^CC^CSiMe3, via [(Ph3P)
AuC^CC^CAu(PPh3)] to 1,4-diaryl buta-1,3-diynes has been
achieved, and stepwise functionalisation of each Au moiety has
been demonstrated to afford differentially 1,4-disubstituted
1,3-diynes.

4. Experimental

4.1. General details

The compounds [Au(C^CPh)(PPh3)] [28], [(Ph3P)AuC^CC^CAu
(PPh3)] [32] and [PdCl2(PPh3)2] [55] were prepared according to
literature methods, or the minor variations described below. Other

reagents were purchased and used as received. All reactions were
performed under nitrogen atmosphere in air-tight sealed test-tubes
or GC-vials which were prepared and filled in an Innovative Tech-
nologies glove box. GCeMS analyses were performed on an Agilent
Technologies 6890 N gas chromatograph equipped with a 5973
Inert Mass Selective Detector and a 10 m fused silica capillary
column (5% cross-linked phenylmethylsilicone). UHP helium was
used as the carrier gas. The percentage conversion of the starting
material was monitored with reference to an internal dodecane
calibrant, which was present in all solutions at 100 ml/100 ml
of solvent, and estimated to be accurate to within !10%.

4.2. General conditions

The gold reagent1 (25 mmol), arylhalide (25 mmol), [PdCl2(PPh3)2]
(1.0 ml of a 1.24 " 10#3 M stock solution in thf, 1.24 " 10#6 mol), CuI
(0.5 ml of a 2.47 " 10#3 M stock solution in NCMe, 1.24 " 10#6 mol)
were added successively to a vial, topped up to 5 ml with THF and
sealed with a rubber septum or crimp-cap. The reaction was stirred,
and heated if indicated, and monitored by GCeMS. For reactions
described in Table 3, 50 mmol of aryl iodide was employed. For the
reactions described in Table 4, 25 mmol of iodobenzene was added
initially. After 3 h of reaction at 35 $C, 25 mmol of the second aryl
iodide was added, and the reaction allowed to proceed overnight
before analysis.

4.3. Preparation of 1,4-bis-triphenylphosphinegold-buta-1,3-diyne
(2)

1,4-Bis-trimethylsilyl-buta-1,3-diyne [0.16 g, 0.8 mmol] and
sodium hydroxide [0.64 g, 16 mmol] were dissolved in methanol
[120 ml]. After stirring for 30 min, [AuCl(PPh3)] [0.75 g, 1.52 mmol]
was added, and the resulting white suspension stirred for 3 h. The
resulting solid was collected by filtration and recrystallised
(CH2Cl2/Et2O) to afford the title compound (0.5 g, 65%). 31P NMR
(CD2Cl2): d ¼ 43.39 ppm.

4.4. Preparation of 1-phenyl-2-(40-nitrophenyl) acetylene

A Schlenk flask was charged with compound 1 (0.150 g,
0.27 mmol) and 4-iodo nitrobenzene (0.067 g, 0.27 mmol) in
thoroughly degassed thf (10 ml) and treated with [PdCl2(PPh3)2]
[9 mg, 0.01 mmol] and CuI [2 mg, 0.01 mmol]. The reaction was
allowed to stir at room temperature for 4 h, after which time the

Table 4
The preparation of differentially substituted diynes from 2.

AreX [Pd]a/mol% CuI/mol% T/$C t/h %conversion

IC6H4NO2 0.5 0.5 35 24 100
IC6H4CO2Me 0.5 0.5 35 24 100
IC6H4NH2 0.5 0.5 35 24 100
IC6H4OMe 0.5 0.5 35 24 100
IC6H4Br 0.5 0.5 35 24 100

a [Pd] ¼ PdCl2(PPh3)2.
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solvent was removed. The residue was dissolved in the minimum
volume of benzene, and hexane added, causing the precipitation of
[AuI(PPh3)] as awhite solid (0.105 g, 67%). The solutionwas purified
by preparative TLC using hexane as eluant. The first band contained
PhC^CC^CPh (1.7 mg, 6%), the major slightly yellow band con-
tained the title compound (0.052 g, 87%). The last band contained
additional [AuI(PPh3)], together with some unidentified material.
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Much of the intense contemporary interest in the redox
properties of ligand-bridged bi- and polymetallic com-

pounds {LnM
(n)}-bridge-{M(n)Ln} arises from the potential

to use such systems as precursors to mixed-valence complexes
{LnM

(x)}-bridge-{M(y)Ln}, in which the extent of electronic
interaction and electron exchange rate between the metal centers
can be tuned by variations inmetal, supporting ligand, and nature
of the bridge.1-3 Fine levels of control over the electronic
properties in such systems is essential to the development of a
future molecular electronics technology based on metal-contain-
ing molecules.4-8 However, the design of mixed-valence com-
plexes based on the prototypical {LnM

(n)}-bridge-{M(n)Ln}
structure can be complicated by the presence of low-lying bridge
states, with oxidation (or reduction) leading to radical systems in
which the hole (or electron) is more or less localized on the
bridge. Distinction of the mixed-valence or bridge-localized state
is best made on spectroscopic grounds by taking advantage of any
redox-state-sensitive spectroscopic “handle” that may be offered
by the metal centers and/or the bridging ligands.

Winter and colleagues have demonstrated the redox noninno-
cence of the vinyl ligand in a variety of mono-,9 bi-,10,11 and
polymetallic12,13 complexes based on the [RuCl(CO)(PR3)2L]
(L = vacant coordination site or redox-innocent 2e donor; PR3 =
PPh3, PPr

i
3) auxiliary through observation of the limited shift in

the ν(CO) band as a function of molecular redox state, among
other methods. The same group has noted how the relative order
of the metal- and bridge-based redox states can be systematically
varied by the choice of supporting ligands at the metal center.14

In the context of the latter report, in a recent study the bimetallic
ruthenium vinyl complexes [{RuCl(CO)(PMe3)3}2(μ-CHd
CHArCHdCH)] (Ar = aryl) were shown to undergo two
sequential one-electron-oxidation processes (Chart 1).15,16 It
was hypothesized that the redox events were metal-centered,
which is reasonable at first inspection, given the strongly electron

donating properties of the PMe3 ligands. On the basis of the
electrochemical data and the magnitude of the comproportiona-
tion constant KC, it was concluded that modification of the
bridging ligand through introduction of donor and acceptor
substituents resulted in tuning of the intermetallic electronic
interactions.

However, as has been noted elsewhere, even when redox
processes inmultimetallic ligand-bridged systems can be robustly
attributed to the metal centers, the magnitude of KC is sensitive
to a variety of factors, including solvation and ion-pairing
energies, as well as the synergistic or resonance terms that relate
to the concept of “metal-metal interactions”.1,17-21 To further
explore the suggestion of inversion of the relative order of
oxidation of the metal centers and bridge in these RuCl(CO)-
(PMe3)3-based systems versus the five- and six-coordinate com-
plexes of Winter, we have carried out spectroelectroche-
mical investigations of both [Ru(CHdCHC6H4Me-4)Cl(CO)-
(PMe3)3] (1) and [{RuCl(CO)(PMe3)3}2(μ-CHdCHC6H4
CHdCH)] (2), supported by DFT studies on the related models
[Ru(CHdCHC6H5)Cl(CO)(PH3)3] ([1-H]nþ; n = 0, 1) and
[{RuCl(CO)(PH3)3}2(μ-CHdCHC6H4CHdCH)] ([2-H]nþ;
n = 0-2). Our results are consistent with the description of the
radical cations [1]þ and [2]þ in terms of a vinylaryl localized radical.

’RESULTS AND DISCUSSION

The complexes 1 and 2 were prepared by the previously
reported method15,21 and characterized by the usual spectro-
scopicmethods. The 31PNMR spectra exhibited an AM2 pattern,
clearly demonstrating the meridional configuration of the three
PMe3 ligands, and a single strong ν(CO) band (1, 1921 cm-1;

Received: November 9, 2010

ABSTRACT:A combination of IR spectroelectrochemistry and
DFT calculations has been used to demonstrate that the vinyl
ligands in the complexes [Ru(CHdCHC6H4Me-4)Cl(CO)-
(PMe3)3] and [{RuCl(CO)(PMe3)3}2(μ-CHdCHC6H4CHd
CH)] are redox noninnocent, and one-electron oxidation
results in radical cations that are best described in terms of
metal-stabilized organic radicals.
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2, 1921 cm-1). Single-crystal X-ray diffraction studies confirmed
the expected molecular geometries (Figures 1 and 2 and
Table 1). In each case, the metal centers exhibit a distorted-
octahedral geometry, with the vinyl ligand lying in the plane of
the CO ligand, as expected from orbital considerations.22 The
bond between the metal centers and the phosphine trans to
the vinyl ligand is elongated relative to the bond between the
metal and the mutally trans phosphines, reflecting the greater

trans effect of the vinyl ligand. There is no evidence for a
significant cumulenic contribution to the structure of the
bridiging ligand in 2.

It has been shown elsewhere that monometallic vinyl com-
plexes [Ru(CHdCHC6H4R-4)Cl(CO)(PMe3)3] undergo a sin-
gle, chemically irreversible, one-electron-oxidation process, the
potential of which tracks linearly with the Brown σþ parameter of
the vinyl ligand subsituent, R.21 The chemical reversibility of this
redox event is enhanced by strong donor substituents such as R =
OMe, NH2, NMe2. At room temperature in CH2Cl2/0.1 M
NBu4PF6, the CV of 1 (v = 100 mV/s) displays a single,
irreversible oxidation wave at a glassy-carbon electrode (Ep,a =
0.59 V). At lower temperatures the chemical reversibility of the
redox wave improves (ip,c/ip,a = 0.69 at ca. -50 !C). The redox
event never becomes perfectly chemically reversible, with a
substantial ΔE = |Ep,a - Ep,c| = 210 mV, which is larger than
that of the internal decamethylferrocene standard and indicative
of slow electron transfer. The CV of the bimetallic complex 2 is
characterized by a series of oxidation waves, the first two of which
(E1/2 = 0.13, 0.44 V) become chemically, but not electrochemi-
cally, reversible at ca. -50 !C.

To better assign the character of these redox processes, IR
spectroelectrochemical studies were carried out on both 1 and 2,
using the ν(CO) band as an indicator of the metal oxidation
state. For 1, the ν(CO) band at 1921 cm-1 shifted smoothly to
1974 cm-1 on oxidation to [1]þ in the spectroelectrochemical
cell (Table 2). The 53 cm-1 shift to higher wavenumbers is
somewhat smaller than the ca. 100 cm-1 shift expected for a
metal-based oxidation11 and indicates an appreciable fraction of
the charge lost on oxidation originates from the organicπ system.
In support of this proposal, the phenylene ring ν(CC) stretch is
observed to gain intensity (Table 2). Reduction of [1]þ resulted
in a significant recovery of the spectrum of 1, confirming the shift
in ν(CO) to be associated with the electrochemical formation of
[1]þ, although a degree of decomposition was evident by the
reduced intensity of the ν(CO) band observed after reduction,
and a secondary product band at 1944 cm-1 not present in the
original sample. Similarly, stepwise oxidation of the bimetallic
complex 2 caused the ν(CO) band to shift from 1921 (2) to 1934
([2]þ) and 1974 cm-1 ([2]2þ) (Figure 3), with recovery of 2 on
back-reduction accompanied by formation of a decomposition

Chart 1. Family of Bimetallic Bis(vinyl) Complexes and
Selected Electrochemical Dataa

aConditions: CH2Cl2/0.1MNBu4PF6; Ag/Ag
þ (0.01MAgNO3/0.1M

NBu4PF6/NCMe) reference, separated by a salt bridge containing
CH2Cl2/0.1 M NBu4PF6 at ambient temperature.15 ΔE = E2 - E1;
KC = exp((ΔE)F/RT).

Figure 1. Plot of a molecule of 1, showing the atom-labeling scheme. Thermal ellipsoids are plotted at the 50% probability level.
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product (ν(CO) 1950 cm-1). The small changes in ν(CO)
frequency as a function of oxidation state in the bimetallic
complex [2]nþ are not consistent with a metal-localized redox
event. In addition, the phenylene ring ν(CC) stretch remains
silent in all oxidation states of [2]nþ, consistent with a symmetric
electronic structure.

The UV-vis spectrum of [2]þ features a vibrationally struc-
tured absorption between 22 000 and 16 000 cm-1, characteristic

of a phenylene radical cation not present in 2 or [2]2þ and
supporting the notion of considerable phenylene ligand chara-
cter in the orbital supporting the unpaired electron/hole
(Figure 4).23,24 The near-IR spectrum of [2]þ featured a unique
absorption envelope not found for 1, [1]þ, 2, or [2]2þ. Decon-
volution of this absorption band into a sum of Gaussian-shaped
curves reveals two transitions (ν1 = 8400 cm-1, ε = 3200 M-1

cm-1,Δν1/2 = 2200 cm
-1; ν2 = 9800 cm

-1, ε = 1700M-1 cm-1,

Figure 2. Plot of a molecule of 2, showing the atom-labeling scheme. Thermal ellipsoids are plotted at the 50% probability level.

Table 1. Selected Bond Lengths, Bond Angles, and Torsion Angles from the Crystallographically Determined Structures of 1
and 2, together with Analogous Data from the Computational Models [1-H]nþ (n = 0, 1) and [2-H]nþ (n = 0-2)a

1 1-H [1-H]þ 2 [2-H] [2-H]þ [2-H]2þ

Bond Lengths (Å)

Ru(1)-P(1) 2.3633(6) 2.3514 2.3947 2.3611(11) 2.3510 2.3744 2.4028

Ru(1)-P(2) 2.3940(6) 2.4350 2.5091 2.4064(11) 2.4347 2.4697 2.5281

Ru(1)-P(3) 2.3617(6) 2.3514 2.3947 2.3663(11) 2.3508 2.3744 2.4039

Ru(1)-C(1) 2.092(3) 2.107 2.009 2.112(4) 2.108 2.051 1.981

C(1)-C(2) 1.311(4) 1.346 1.396 1.333(6) 1.347 1.377 1.415

C(2)-C(3) 1.488(4) 1.480 1.431 1.483(6) 1.477 1.436 1.401

C(3)-C(4) 1.398(4) 1.408 1.428 1.399(6) 1.407 1.428 1.448

C(4)-C(5) 1.413(4) 1.392 1.382 1.388(6) 1.390 1.372 1.359

C(7)-C(8) 1.369(4) 1.395 1.383 1.387(6) 1.390 1.372 1.359

C(6)-C(9) 1.512(4) 1.481(6) 1.477 1.436 1.401

C(9)-C(11) 1.327(6) 1.347 1.377 1.415

C(11)-Ru(2) 2.115(4) 2.108 2.051 1.981

Ru(2)-P(4) 2.3597(12) 2.3510 2.3744 2.4028

Ru(2)-P(5) 2.3969(12) 2.4347 2.4697 2.5281

Ru(2)-P(6) 2.3614(13) 2.3508 2.3743 2.4039

Bond Angles (deg)

P(1)-Ru(1)-P(3) 168.10(2) 161.86 166.74 161.97(4) 161.63 166.41 166.37

P(2)-Ru(1)-C(1) 177.55(7) 169.74 169.80 178.27(12) 169.76 169.72 170.20

Ru(1)-C(1)-C(2) 134.0(2) 130.3 130.8 131.3(3) 130.1 131.2 131.5

C(9)-C(11)-Ru(2) 130.4(3) 130.1 131.2

P(4)-Ru(2)-P(6) 163.44(4) 161.63 166.41 166.34

P(5)-Ru(2)-C(11) 178.92(13) 169.76 169.72 170.20

Torsion Angles (deg)

C(10)-Ru(1)-C(1)-C(2) -0.04 0.00 0.76 0.00 -0.07

C(1)-C(2)-C(3)-C(4) 0.06 0.00 -1.42 0.01 -0.15

C(7)-C(6)-C(9)-C(11) -1.42 0.01 -0.15

C(21)-Ru(2)-C(11)-C(9) 0.76 0.00 -0.07
a For atom labeling schemes, see Figures 1 and 2.
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Δν1/2 = 2600 cm-1), although we cannot rule out the presence
of additional bands of much lower intensity (Figure 5). Genuine
mixed valence complexes often exhibit multiple intervalence
charge transfer (IVCT) bands in the near-IR region, arising from
a lifting of degeneracy of the metal d orbitals at the metal donor
site by spin-orbit coupling25,26 or low metal complex local
symmetry imposed by a combination of supporting and bridging
ligand.27,28 IVCT bands can also exhibit vibrational progressions
which can complicate the appearance of these transitions.29 In
addition, interconfigurational (dd) bands can also be found
in the near-IR region and overlap with genuine IVCT
bands,25,30-32 as can transitions to higher-lying bridge states.33

In the present case, the observation of two low-energy optical
transitions in [2]þ is also entirely consistent with a three-state
model in which the bridge is appreciably involved in the
stabilization of the charge, although the number of bands alone
cannot distinguish between a bridge-localized or mixed-va-
lence ground state.33,34 However, taken together, the IR ν-
(CO) and UV-vis data are compelling in the assignment of a
bridge-localized ground state to [2]þ.

To further explore the electronic structures of [1]nþ (n = 0, 1)
and [2]nþ (n = 0-2), DFT calculations were carried out on
the model systems [Ru(CHdCHC6H5)Cl(CO)(PH3)3] ([1-
H]nþ) and [{RuCl(CO)(PH3)3}2(μ-CHdCHC6H4CHdCH)]
([2-H]nþ) using the B3LYP/3-21G* basis set and functional
found suitable for studies of related acetylide complexes.35 Se-
lected bond lengths and angles from the optimized geometries of
[1-H]nþ and [2-H]nþ are summarized in Table 1, together with
the crystallographically determined data from 1 and 2. Key
vibrational frequencies from the spectroelectrochemical work
and those calculated from the models are given in Table 2. The
small shift in ν(CO) frequency to higher wavenumbers observed
upon oxidation of 1 and 2 in the spectroelectrochemical experi-
ments is reproduced in the computational model systems [1-H]
and [2-H]. Overall, the excellent agreement between the observed
and calculated structural and IR parameters gives considerable
confidence in the accuracy of the models.

Oxidation of [1-H] to [1-H]þ causes a small elongation of the
Ru-P bond lengths of 0.04 Å for Ru-P(1,3) and 0.07 Å for Ru-
P(2). These variations are accompanied by changes in the Ru-C
and C-C bond lengths in the vinyl ligand, which can be
represented by an increased contribution from the cumulenic
tautomer shown in Figure 6. These structural changes are readily
understood when the orbital structures of [1-H] and [1-H]þ are
compared. In the case of [1-H], the HOMO is heavily (84%)
localized on the vinyl ligand, antibonding in character between
Ru and C(1) and between C(2) and C(3), and bonding between
C(1) and C(2) (Figure 7a). In the case of [1-H]þ the R-HOSO
and β-LUSO offer essentially the same orbital characteristics as
the HOMO in [1-H], and a plot of the spin density in [1-H]þ

clearly shows the dominant role of the unsaturated ligand in
supporting the unpaired electron/hole (Figure 7b). The struc-
tural variations noted above are likely due to decreased metal-to-
phosphine back-bonding, and enhanced metal-vinyl π bonding
brought about by depopulation of the HOMO in 1. In essence,

Table 2. Spectroelectrochemically Determined and Calcu-
lated ν(CO)/ν(CdC)ring Vibrational Frequencies (cm

-1) for
[1]nþ, [1-H]nþ, [2]nþ, and [2-H]nþ

n [1]nþ [1-H]nþ [2]nþ [2-H]nþ

0 1921 s/not obsd 1984 s/1637 vw 1921/not obsd 1984 s/1643 vw

1 1974 s/1607 m 2015 m/1611 m 1934/not obsd 2001 s/1633 vw

2 1974/not obsd 2025 s/1645 vw

Figure 3. ν(CO) spectra of [2]nþ (n = 0-2) collected during in situ
oxidation in a spectroelectrochemical cell (CH2Cl2/0.1 M NBu4PF6).

Figure 4. UV-vis-near-IR spectra of [2]nþ (n = 0-2) collected
during in situ oxidation in a spectroelectrochemical cell (CH2Cl2/0.1
M NBu4PF6).

Figure 5. Near-IR spectrum of [2]þ showing deconvolution into two
Gaussian shaped sub-bands.
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the vinyl ligand becomes a better π acceptor on oxidation,
leading to an increase in the trans-located Ru-P bond and a
decrease in the metal electron density available for back-bonding
to the phosphine and carbonyl ligands, the latter being reflected
by the small increase in ν(CO) frequency.

For the bimetallic model complex [2-H], the HOMO is again
largely localized on the unsaturated bridging ligand (86%)
(Figure 8a), and this orbital is sequentially depopulated upon
oxidation to [2-H]þ and [2-H]2þ. This is reflected in the small
increases in the Ru-P bond lengths, with the most significant
elongation associated with those ligands trans to the bridge and
the evolution of a significant degree of quinoidal character in the
structure (Figure 9). A plot of the spin density in [2-H]þ is given
in Figure 8b, with a summation of the Mulliken charges on key
molecular fragments given in the caption. With regard to the
vis-near-IR spectra of [2]þ, TD-DFT calculations with the
model [2-H]þ predict two low-energy transitions, which can
be described as metal to bridge (MLCT) and chloride to bridge
(LLCT) in character.

The computational model of the dication [2-H]2þ only gave a
stable minimum for the singlet state; the triplet state is some 18
kcal mol-1 higher in energy and will not be discussed further
here. An examination of the bond lengths and angles in Table 1
indicate that the structure is best represented in terms of a
quinoidal form (Figure 9). The LUMO of [2-H]2þ offers
essentially the same composition as the HOMO in 2-H and

the β-LUSO in [2-H]2þ and is heavily (74%) based on atoms
associated with the bridging ligand, with only 22% of the
character coming from the metal centers.

In summary, the small shifts of ν(CO) frequencies to higher
wavenumbers observed on oxidation of mono- and bimetallic
vinyl complexes 1 and 2 are not consistent with metal-based
redox processes. DFT studies of model compounds indicate that
the HOMOs of 1 and 2 are vinyl ligand in character, and
consequently the oxidation processes observed in the experi-
mental system can be rationalized in terms of depopulation of
this unsaturated ligand orbital. Given the large contribution of
the bridging ligand to the β-LUSO in [2-H]þ, [2]þ is better
described in terms of a radical cation with a low-lying bridge state
rather than as a mixed-valence compound. The trends in the
electrochemical responses of the related complexes shown in
Chart 1 can therefore be rationalized in terms of the electronic
effect of the substituent groups on the redox properties of the
divinylbenzene moiety. With 2 as a reference, the electron-
donating aryl substituents (CH3, OMe) make oxidation of the
divinyl ligand more facile (in the thermodynamic sense), while
the electron-withdrawing substituents have the anticipated
opposite effect on the first redox potential. The range of first
oxidation potentials spans some 0.47 V. There is less variation in
the second oxidation potentials, which span only 0.28 V, reflect-
ing the diminished inductive effects of the substituents on the
oxidation of the aryl radical cation. The greater KC values

Figure 6. Oxidation of 1 to [1]þ and valence tautomers.

Figure 7. Plots of (a) the HOMO of 1-H and (b) the spin density in
[1-H]þ. Mulliken atomic spin densities for key fragments of [1-H]þ:
Ru, 0.2944; CHdCH, 0.3840; C6H5, 0.3629.

Figure 8. Plots of (a) the HOMO in 2-H and (b) the spin density in
[2-H]þ. Sum of Mulliken atomic spin densities for key fragments in
[2-H]þ: Ru(1), 0.0923; C(1)HdC(2)H, 0.2461; C6H4, 0.3432; C-
(9)H-C(11)H, 0.2461; Ru(2), 0.0924.
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observed for the complexes bearing donor substituents therefore
reflects the greater thermodynamic stability of the aryl cation
bearing these groups, and not a more significant delocalization of
charge between the metal centers, or intermetallic “communica-
tion”. This family of complexes therefore serves as another
example of the important role spectroscopic studies can play
when coupled with electrochemical measurements in the assess-
ment of the properties and redox behavior of ligand-bridged
bimetallic compounds {LnM}-bridge-{MLn}.

’EXPERIMENTAL SECTION

General Conditions. The complexes 1 and 2 were prepared as
described elsewhere.15,21 Electrochemical analyses were carried out
using an EcoChemie Autolab PG-STAT 30 potentiostat, from solutions
in CH2Cl2 containing 0.1 M NBu4PF6 electrolyte, glassy-carbon work-
ing, Pt counter, and Pt pseudoreference electrodes; v = 100mV s-1. The
data are reported against ferrocene (E(Fc) = 0 V) with the decamethyl-
ferrocene/decamethylferrocenium couple used as an internal reference
for potential measurements (E([Fc*]/[Fc*]þ) =-0.48 V]).36 Spectro-
electrochemical measurements were carried out in an OTTLE cell of
Hartl design,37 from CH2Cl2 solutions containing 0.1 M NBu4PF6
electrolyte. The cell was placed in the sample compartment of a Thermo
6700 FT-IR or a Perkin-Elmer Lambda 900 UV-vis-near-IR spectro-
photometer. Bulk electrolysis was performed with a home-built
potentiostat.

Crystallography. Single-crystal X-ray data were collected on a
Bruker SMART 6000 diffractometer equipped with a Cryostream
(Oxford Cryosystems) nitrogen cooling device at 120 K using graphite-
monochromated Mo KR radiation (Mo KR, λ = 0.710 73 Å). The
structures were solved by direct methods and refined by full-matrix least
squares on F2 for all data using SHELXTL andOLEX2 software. All non-
disordered non-hydrogen atoms were refined with anisotropic displace-
ment parameters; H atoms were placed in calculated positions and

refined in riding mode. Disordered atoms of solvent CH2Cl2 molecules
in structure 2 were refined isotropically. Crystallographic data for the
structures have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publications CCDC 809635 and 809636.

Crystal Data for 1: C19H36ClOP3Ru,Mr = 509.91, monoclinic, space
group P21/n, a = 14.3554(5) Å, b = 12.3124(4) Å, c = 14.8419(5) Å, β =
111.26(1)!,U = 2444.7(1) Å3, F(000) = 1056, Z = 4,Dc = 1.385Mgm-3,
μ = 0.953 mm-1, 32 201 reflections (1.69 e θ e 30.00!) collected (ω
scan, 0.2!/frame), yielding 7117 unique data (Rmerg = 0.0276), final
wR2(F2) = 0.0933 for all data (226 refined parameters), conventional
R1(F) = 0.0352 for 6539 reflections with I g 2σ, GOF = 1.070.

Crystal Data for 2: C30H62O2Ru2Cl2P6 3 3CH2Cl2, Mr = 1168.43,
monoclinic, space group C2/c, a = 55.2276(11) Å, b = 9.4525(2) Å, c =
21.2707(4) Å, β = 106.95(1)!,U = 10621.8(4) Å3, F(000) = 4768,Z = 8,
Dc = 1.461 Mg m-3, μ = 1.179 mm-1, 63 667 reflections collected (ω
scan, 0.2!/frame), yielding 14 109 unique data (Rmerg = 0.0317), final
wR2(F2) = 0.1277 for all data (485 refined parameters), conventional
R1(F) = 0.0568 for 12 694 reflections with I g 2σ, GOF = 1.015.

Computational Details. All DFT computations were carried out
with the Gaussian 03 package.38 The model geometries of the dinuclear
systems [1-H]nþ and [4-H]nþ (n= 0-2) discussed here were optimized
at the B3LYP/3-21G* level of theory,39-42 to reduce computational
effort, with no symmetry constraints. MOs and frequencies were
computed on these optimized geometries at the same level of theory.
All geometries were identified as minima (no imaginary frequencies).
The MO contributions were generated using the GaussSum package.43
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’ INTRODUCTION

Metal-molecule-metal junctions are convenient models that
can be used to explore the structural and electronic factors
affecting electrical transport through molecules. In these junctions
individual molecules or molecular assemblies are contacted by two
metal electrodes, and a growing number of experimental techni-
ques are now being utilized to fabricate and measure charge
transport through such junctions. These techniques include break
and contact junctions formed in which one contact is based on the
tip of either a scanning tunnelling microscope (STM)1-6 or a
conducting atomic force microscope (c-AFM).7-10

Molecular conductance values obtained frommetal-molecule-
metal junctions depend not only on the inherent molecular
features of the junction, but also on other important parameters
such as the metal-molecule contact; small variations in the
nature or characteristics of the metal-molecule contact can
often have a pronounced effect on charge transport in the
junction.11,12 Consequently, the exploration of different organic-
metal contacts is a matter of current interest in order to
determine the role that the interface plays in measurements
of the conductance of single molecules or assembles of molec-
ules.13-15 The gold-sulfur contact has been widely used for
connecting molecules to metal surfaces, but other combinations
are also known.3,16-21 In this context, the amino group is also a

convenient functionality for coupling the molecules to metal
surfaces in molecular junctions.16,22-25

To date the major focus on conductance studies of molecular
assemblies has been centered on “symmetric” molecules, where
the respective chemical contacting groups at either end of the
molecule that bind to the electrode surfaces are identical.
However, systems where the contacting groups at either end
of the molecule are different are also of potential interest for a
number of reasons, such as facilitating efficient contact to
different electrode materials or directed orientation of molecules
between pairs of nonsimilar electrodes.26-30 One of the best-
known and most widely employed techniques to fabricate well-
ordered monolayers on metal surfaces is the self-assembly (SA)
method since it permits the fabrication of thin films with high
internal order and homogeneous arrangements. Certain limita-
tions are nevertheless inherent to this fabricationmethod, such as
the requirement for specific sites of interaction with the substrate
and restrictions on the nature of both the surface material and
chemical contacting group. In addition, there is an inherent
ambiguity in determining the surface-bound groupwhen utilizing
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ABSTRACT: Langmuir films have been fabricated from 4-[40-(400-thioacetyl-phenyleneethynylene)-
phenyleneethynylene]-aniline (NOPES) after cleavage of the thioacetyl protecting group. Char-
acterization by surface pressure vs area per molecule isotherms and Brewster angle microscopy
reveal the formation of a high quality monolayer at the air-water interface. One layer Langmuir-
Blodgett (LB) films were readily fabricated by the transfer of the NOPES Langmuir film onto solid
substrates. X-ray photoelectron spectroscopy (XPS), surface polarization-modulated infrared
reflection-absorption spectroscopy (PM-IRRAS), and quartz crystal microbalance (QCM)
experiments conclusively demonstrate the formation of one layer LB films in which the functional
group associated with binding to the substrate can be tailored by the film transfer conditions. Using
LBmethods this molecule could be transferred to gold samples with either the amine or thiol group attached to the gold surface. The
amine group is directly attached to the gold substrate (Au-NH2-OPE-SH) when the substrate is initially immersed in the subphase
and withdrawn during the transfer process; in contrast, monomolecular films in which the thiolate group is attached to the gold
substrate (Au-S-OPE-NH2) are obtained when the substrate is initially out of the subphase and immersed during the transfer
process. The morphology of these films was analyzed by atomic force microscopy (AFM), showing the formation of homogeneous
layers. Film homogeneity was confirmed by cyclic voltammetry, which revealed a large passivation of gold electrodes covered by
NOPES monolayers. Electrical properties for both polar orientated junctions have been investigated by scanning tunnelling
microscopy (STM), with both orientations featuring a nonrectifying behavior.
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molecular wires which have different terminal groups at each
ends, when both of which are capable of binding to the substrate
(we refer to such molecules with different terminal chemical
groups at each end as “antisymmetric” molecular wires).

Prompted by this picture of the current landscape, we have
sought to employ alternative self-assembly methodologies for
the preparation of oriented molecular films from an “antisym-
metric” oligomeric phenylene ethynylene oligomer (OPE)
derivative, namely 4-[40-(400-thioacetyl-phenyleneethynylene)-
phenyleneethynylene]-aniline (Figure 1, NOPES). OPE deri-
vatives exhibit a wide range of interesting physicochemical
properties31-35 and have been shown to act asmolecular wires36-41

and other components for molecular electronics.42-44 The
majority of these OPE derivatives have been introduced into
metal-molecule-metal based device structures in the form of self-
assembled monolayers. The Langmuir-Blodgett (LB) techni-
que is an alternative method that permits the formation of well-
ordered molecular films on surfaces. From a device point of view,
the LB method is especially interesting due to the capacity of the
technique to form not only chemisorbed films but also physi-
sorbed films, which significantly broadens the range of molecular
systems and surfaces that can be employed in a junction.45 In this
regard NOPES allows for a comparative study of junctions in
which either the thiol functional group that is revealed after
removal of the acetyl protecting group or amine is initially bound
to the substrate. In this paper we will demonstrate that the LB
technique provides a method for selectively anchoring the
NOPES molecule to the substrate through either nitrogen or
sulfur based functional groups, depending on the movement
direction of the substrate during the film transfer step, affording a
stable and controlled monomolecular architecture. In addition,
this OPE derivative does not feature a poorly conductive terminal
alkyl-chain tail, which has been included inmanyOPE derivatives
previously assembled into highly ordered molecular films by
the LB technique.14,46-49 The direct connections between the
conjugated skeleton of the molecule through functional
groups with the gold substrate and the gold tip of the STM
are expected to improve the conductance through these
molecular assemblies.

’EXPERIMENTAL SECTION

General Synthetic Conditions. All reactions were carried out
under an atmosphere of nitrogen using standard Schlenk techniques.
Nonaqueous solvents were purified and dried using an Innovative
Technology SPS-400, or in the case of NEt3 by distillation from CaSO4,
and degassed before use. No special precautions were taken to
exclude air or moisture during workup. The compounds 1-ethynyl-4-
((40-aminophenyl)ethynylene)benzene,50 1-iodo-4-thioacetylbenzene,51

[PdCl2(PPh3)2],
52 and [Pd(PtBu3)2]

53 were prepared by the literature
methods. Other reagents were purchased and used as received. NMR
spectra were recorded on a Varian VNMRS-700 spectrometer from
CDCl3 solutions and referenced against residual solvent resonances
(CDCl3, δH 7.26 ppm/δC 77.16 ppm). IR spectra were recorded on a
Nicolet-6700 spectrometer utilizing samples prepared as a Nujol mull

suspended between NaCl plates. Electrospray ionization mass spectra
were recorded on an Acquity LCT Premier XE (Waters UK Ltd.) TOF
mass spectrometer.

Synthesis of 4-[40-(400-Methylthioacetate-Phenylethynyl)-
Phenylethynyl]-Aniline (Thioacetyl Protected NOPES).

A Schlenk flask was charged with 1-iodo-4-thioacetylbenzene
(258 mg, 0.928 mmol), 1-ethynyl-4-((40-aminophenylene)ethynylene)
benzene (200 mg, 0.922 mmol), [PdCl2(PPh3)2] (61 mg, 0.086 mmol)
and CuI (15 mg, 0.079 mmol) and triethylamine (20 mL) to give a
suspension. The mixture was stirred at ambient temperature for 20 h,
and the resulting precipitate collected, washed with hexane, and subse-
quently purified through silica gel chromatography by elution with 1:1
dichloromethane:hexane. Recrystallization of the main fraction from
tetrahydrofuran/methanol afforded the title compound as a yellow
powder (130 mg, 0.36 mmol, 39%). A similar reaction using 5 mol %
[Pd(PtBu3)2]/CuI as catalyst afforded the protected form of NOPES in
ca. 60% isolated yield. IR/cm-1: 3468 (w), 3372 (m), 2206 (m), 2173
(w), 1687 (s), 1620 (m), 1607 (m), 1596 (m), 1585 (m), 1519 (s).
1HNMR:δ (ppm) 7.550 (d, 2H, 3JHH = 8.37Hz, H3), 7.474 (m, 4H,H9
and H8), 7.400 (d, 2H, 3JHH = 8.37 Hz, H2), 7.342 (d, 2H, 3JHH = 8.56
Hz, H14), 6.642 (d, 2H, 3JHH = 8.56 Hz, H15), 3.843 (br.s, 2H, NH2),
2.437 (s, 3H, Ac). 13C{1H} NMR: δ (ppm) 193.57 (CO), 147.02
(C13), 134.37 (C2), 133.20 (C14), 132.30 (C3), 131.70 (C9/C8),
131.41 (C9/C8), 128.31 (C1), 124.57 (C4), 124.33 (C10/C7), 122.09
(C10/C7), 114.89 (C15), 112.46 (C16), 92.53 (C12), 91.11 (C11/C6),
90.27 (C5), 87.31 (C11/C6), 30.44 (Me). ESþ-MS: m/z 368.3
[MþH]þ. HR-ESþ-MS calcd. for C24H18N1O1S1 ([MþH]þ): m/z
368.1109; found: 368.1123.

Film Fabrication and Characterization. The films were pre-
pared on a Nima Teflon trough with dimensions 720" 100 mm2, which
was housed in a constant temperature (20 ( 1 !C) clean room. A
Wilhelmy paper plate pressure sensor was used to measure the surface
pressure (π) of the monolayers. The subphase was an aqueous (Millipore
Milli-Q, resistivity 18.2 MΩ cm) solution of HCl (pH 3.0) in which the
amine groups are expected to be protonated, leading to a more expanded
isotherm due to the repulsive Coulombic forces between the positively
charged amine groups, which should reduce the formation of 3D
aggregates at the air-water interface. Three μL of concentrated NH4OH
were added to 5 mL of a 10-5 M solution of the protected NOPES
derivative in 4:1 chloroform:ethanol (both HPLC grade, 99.9%, Sigma-
Aldrich). This mixture was incubated at room temperature for 15 min to
deprotect the thioacetyl group and generate the free NOPES molecule in
solution. To construct the Langmuir films the deprotected NOPES
solution was spread by a syringe held very close to the surface, allowing
the surface pressure to return to a value close to zero between each
addition. After waiting about fifteen minutes to allow the solvent
to evaporate, slow compression of the film began at a speed of
0.025 nm2/(molecule min). The use of ethanol in the spreading solvent
serves to limit the formation of hydrogen-bonded amine aggregates.
Under these experimental conditions the isotherms were highly repro-
ducible. The direct visualization of the monolayer formation at the
air/water interface was studied using a commercial mini-Brewster angle
microscope (mini-BAM) fromNanofilmTechnologieGmbH,G€ottingen,
Germany.

The monolayers at the air-water interface were transferred onto
solid supports at a constant surface pressure by the vertical dipping
method (dipping speed was 6 mm/min) onto cleaved mica, gold, or
quartz substrates. Deposition of the monolayer onto quartz substrates
during the downstroke process required a pretreatment of the substrates

Figure 1. 4-[40-(40 0-Thioacetyl-phenyleneethynylene)-phenyleneethy-
nylene]-aniline (thioacetyl protected NOPES).
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with the aim of obtaining a good deposition ratio (the substrates were
immersed for 24 h in hexamethyldisilazane, 99.9% Sigma-Aldrich). All
the substrates were initially dried under N2 flow for 1 h, followed by
drying for at least 24 h in a desiccator before being subjected to the
different characterization techniques. Quartz crystal microbalance
(QCM) measurements were carried out using a Stanford Research
Systems instrument and with AT-cut, R-quartz crystals with a resonant
frequency of 5MHz and circular gold electrodes patterned on both sides.
UV-visible (UV-vis) spectra of the LB films were acquired on a Varian
Cary 50 spectrophotometer and recorded using a normal incident angle
with respect to the film plane.

X-ray photoelectron spectroscopy (XPS) spectra were acquired on a
Kratos AXIS ultra DLD spectrometer with a monochromatic Al KR X-ray
source (1486.6 eV) using a pass energy of 20 eV. The photoelectron takeoff
angle was 90!with respect to the sample plane. To provide a precise energy
calibration, the XPS binding energies were referenced to the C1s peak at
284.6 eV. The thickness of LB films on gold substrates was estimated using
the attenuation of the Au 4f signal from the substrate according to
ILB film = Isubstrate exp(-d/λ sin θ), where d is the film thickness, ILB film
and Isubstrate are the average of the intensities of the Au 4f5/2 and Au 4f7/2
peaks attenuated by the LB film and from bare gold, respectively, θ is the
photoelectron takeoff angle, and λ is the effective attenuation length of the
photoelectron (4.2 ( 0.1 nm).54 Surface polarization-modulated infrared
reflection-absorption spectroscopy (PM-IRRAS) was performed using a
Bruker PMA37 coupled with a Bruker IFS 66v/s Fourier transform infrared
spectrometer. A Hinds Instruments PEM-90 Photoelastic Modulator and a
Stanford Research Systems Model SR830 DSP lock-in amplifier were also
employed. The software used was Bruker Opus 5.5. The spectra are an
average of 500 scans and the resolution was 2 cm-1. Atomic force
microscopy (AFM) experiments were performed bymeans of a multimode
extended microscope with Nanoscope IIIA electronics from Digital Instru-
ments, using tappingmode. The data were collectedwith a silicon cantilever
provided byNanoworld, with a force constant of 42mN/mand operating at
a resonant frequency of 285 kHz. The imageswere collectedwith a scan rate
of 1 Hz, an amplitude set point lower than 1 V, and in ambient air
conditions.

Cyclic voltammetry (CV) experiments were carried out in an
electrochemical cell containing three electrodes. The working electrode
was made of a gold substrate modified by the deposited LB film, the
counter electrode was a platinum sheet, and the reference electrode was
Ag|AgCl|saturated KCl.

An Agilent STM running Picoscan 4.19 software was used for the
characterization of the electrical properties of the LB films. In these
measurements the tip potential is referred to asUt. STM tips were freshly
prepared for each experiment by etching of a 0.25 mmAu wire (99.99%)
in a mixture of HCl (50%) and ethanol (50%) at þ2.4 V. Gold films
employed as substrates were purchased from Arrandee, Schroeer,
Germany. These were flame-annealed at approximately 800-1000 !C
with a Bunsen burner immediately prior to use. This procedure is known
to result in atomically flat Au(111) terraces.55

’RESULTS AND DISCUSSION

Fabrication of Langmuir and Langmuir-Blodgett Films.
Figure 2 illustrates a reproducible surface pressure-area per
molecule (π-A) isotherm of a NOPES Langmuir film fabricated
onto an aqueous HCl subphase. The π-A isotherm is character-
ized by a zero surface pressure in the 1.8-0.65 nm2/molecule
range, featuring a lift-off at ca. 0.65 nm2/molecule followed by a
monotonous increase of the surface pressure upon compression.
Brewster angle microscopy (BAM) investigations were made
during the compression of the Langmuir film and gave further
insight to the characteristics of the monolayer (inset of Figure 2).
It is important to note that in spite of the tendency for molecules

containing polyaromatic moieties to aggregate because of strong
π-π lateral interactions, no three-dimensional aggregates were
observed in BAM images under the experimental conditions used
to fabricate these films. A rapid increase in the brightness of
the monolayer after the lift-off is indicative of an increase in
the tilt angle of themolecules with respect to the water surface. At
higher surface pressures (e.g., 15 mN/m) BAM images show
that the monolayer almost totally covers the water surface.
Langmuir monolayers were transferred onto solid substrates

(cleaved mica, gold, and quartz) by the vertical dipping method
at 15 mN/m since this is the optimum surface pressure for
transference according to AFMdata (vide infra). Specifically, two
deposition modes were explored (Scheme 1):
(1) When the substrates were initially inside the water sub-

phase and they were withdrawn, a monolayer was depos-
ited onto the substrates with a transfer ratio of 1. This
deposition rate was also assessed using a quartz crystal
microbalance (QCM). Thus, the frequency change (Δf)
for a QCM quartz resonator before and after the deposi-
tion process was determined. Taking into account the
Sauerbrey equation56

Δf ¼ -
2f 0

2Δm
AFq1=2μq1=2

ð1Þ

where f0 is the fundamental resonant frequency of 5 Hz,
Δm is the mass change (g), A is the electrode area, Fq is
the density of the quartz (2.65 g/cm3), and μq is the shear
modulus (2.95 % 1011 dyn/cm2). Using the Sauerbrey
equation the surface coverage (Γ) is determined as 6.7%
10-10 mol/cm2. This value is in excellent agreement with
that estimated for the saturated surface coverage, 6.7 %
10-10 mol/cm2, determined from the molecular area of
NOPES at the air-water interface at a surface pressure of
15 mN/m. X-ray photoelectron spectroscopy (XPS) was
used to provide some insight into the organization of
NOPES molecules onto a gold substrate deposited under
these experimental conditions. An XPS spectrum of the
S2p region for a powdered sample of acetyl-protected
NOPES (Figure 3, top), together with the spectrum of a
one layer LB film of the deprotected sample deposited

Figure 2. Surface pressure versus area per molecule isotherm of NOPES
on a HCl aqueous subphase (pH 3.0) at 20 !C, and, inset, BAM images of
NOPES at the air-liquid interface at the indicated surface pressures. The
field of view along the x axes for the BAM images is 1650 μm.
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onto a substrate initially immersed in the subphase
(Figure 3, middle), are shown in Figure 3. The XPS
spectrum of the LB film (Figure 3, middle) features a
doublet at 164.52 and 163.20 eV. The binding energies for
this doublet are associated with thiol species not bound to
the Au surface,57,58 in agreement with the doublet at
164.78 and 163.38 eV observed for a solid sample of the
acetyl-protected NOPES powder (Figure 3, top), both of
which correspond to an organic sulfur-containing group.
The doublet at 162 eV (sp3/2), which is characteristic of a
thiolate-gold bond,57,59 is clearly not present in the
spectrum of this film. Therefore, these results seem to
indicate that when the substrate is initially immersed in
the subphase, the NOPES molecules are attached to the
gold substrate by the amine group (Scheme 1). More
evidence supporting this conclusion will be provided later
on. Henceforward, we will refer to these films as Au-NH2-
OPE-SH for brevity.

(2) Substrates initially out of the subphase were immersed
into the water subphase when the monolayer had reached
a surface pressure of 15 mN/m (Scheme 1). The deposi-
tion process took place during the downstroke of the
substrate with a transfer ratio of ca. 1. Under these
conditions, the QCM experiments revealed a surface

coverage of 6.5 ! 10-10 mol cm-2, again in very good
agreement with the surface density at the air-water
interface. Figure 3, bottom shows the XPS spectrum of
a one layer film transferred during the downstroke of the
substrate. This spectrum features a doublet at 161.70 and
160.50 eV characteristic of a thiolate-gold bond.57,59 The
doublet at 164.78 and 163.38 eV, associated with organic
sulfur species that do not interact with the Au surface57,58

is not observed. These results suggest that the molecules
are chemisorbed onto the gold substrate through con-
nection to the thiol group, resulting in a thiolate-gold
bond. These films are designated as Au-S-OPE-NH2.
Finally, it should be noted that the spectra obtained just
after mounting the sample in the XPS and after long
irradiation time showed not differences in the position of
the peaks revealing that no degradation of the samples
took place.

Conclusive information regarding the orientation of the LB
films was obtained through surface polarization-modulated infra-
red reflection-absorption spectroscopy (PM-IRRAS). Repre-
sentative spectra of the two types of LB films and a self-assembled
(SA, prepared by immersion of a gold substrate into a NOPES
CHCl3 solution for 24 h) film are shown in Figure 4. The

Scheme 1. Organization of the NOPES Molecules in the LB Films Formed When the Substrate Is: (a) Initially Immersed in the
Subphase and (b) Outside the Subphase before Starting the Transfer Process
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magnitude of the PM-IRRAS signal is very sensitive to the
position of the sample and hence data cannot be reliably
compared from one sample to the other. Data is therefore
reported here in arbitrary units. The band at 1524 cm-1 is
attributable to an IR-active benzene ring stretching mode and its
position remains unchanged in the three types of films. The peak
centered at 1679 cm-1 in the self-assembled film as well as in the
Au-S-OPE-NH2 film is assigned to the -NH2 scissoring mode.
This peak is shifted to 1650 cm-1 in the Au-NH2-OPE-SH, with
the shift in frequency attributable to the chemisorption of the
amine group onto the gold surface.
The XPS and PM-IRRAS experiments confirmed the presence

of directionally oriented films from the two different LB deposi-
tion sequences. However, the question of whether these films
exhibit a preferential orientation of the sample, or are truly
homogeneous films of anisotropically aligned NOPES molecules
may still be open. To further address the homogeneity of the
molecular order, a quantitative study based on the different
chemical reactivity of the -NH2 and -SH terminal groups with a

fatty acid was undertaken (Scheme 2). The frequency change
(Δf) for aQCMquartz resonator before and after the exposure of
an Au-S-OPE-NH2 film to a behenic acid solution (10-2 M in
CHCl3, 30 min) indicates that a monolayer of behenic acid was
deposited on the NOPES film with a surface coverage of 6.3 !
10-10 mol/cm2, corresponding to 97% of the terminal groups
reacting with the carboxylic acid. In contrast, no frequency
change (Δf) for the QCM quartz resonator was observed before
and after the exposure of an Au-NH2-OPE-SH film to a behenic
acid. These results are indicative of a complete orientation of the
NOPESmolecules in the films according to the depositionmode.
Atomic force microscopy (AFM) was used to provide topo-

graphic images of the LB films, and thus, to check the homo-
geneity and quality of the films transferred onto mica substrates.
Representative images and section analysis profile for the two
types of films (mica-S-OPE-NH2 and mica-NH2-OPE-SH) are
shown in Figure 5. It is important to note here that XPS spectra of
these films deposited onto mica showed a doublet at 167.8 and
169.1 eV (mica-S-OPE-NH2) and at 163.2 and 164.3 eV (mica-
NH2-OPE-SH), which again are consistent with the transfer of
directionally oriented Langmuir films on to the mica substrate
(Scheme 1). Both types of films are of high quality, with a low
root-mean-square (rms) roughness (0.089 nm for mica-NH2-
OPE-SH films and 0.045 nm for mica-S-OPE-NH2 films). AFM
images of films transferred at lower and higher surface pressures
were also obtained with the purpose of optimizing the transfer
conditions. The results indicated that films transferred at lower
surface pressures featured some pinhole defects (especially in
mica-NH2-OPE-SH films) whereas films transferred at higher
surface pressures (e.g., 18 mN/m) showed evidence of local
disorder and collapse.
An indirect evaluation of defect densities in thin solid films60

may be conveniently obtained by cyclic voltammetry using
surface modified electrodes and following electron transfer
reactions between a redox couple in an electrolyte solution and
the underlying electrode. Figure 6 shows the cyclic voltammo-
grams obtained from aqueous solutions containing 1 mM
K3[Fe(CN)6] and 0.1 M KCl, using a bare gold substrate
and two series of gold working electrodes, each modified series
being composed of films of one orientation of NOPES mono-
molecular LB films deposited at several different transfer
surface pressures. The electrochemical response of the bare gold
electrode exhibits a clear voltammetric wave for ferricyanide.

Figure 4. PM-IRRAS spectra of a self-assembled (SA) monolayer and a
one-layer LB film deposited at 15 mN/m onto a gold electrode with the
substrate initially immersed into the subphase and out of the subphase.

Figure 3. XPS spectra of the S2p region for the powder (top), and for a
one-layer LB film deposited at 15 mN/m onto a gold electrode with the
substrate initially immersed into the subphase (middle) and out of the
subphase (bottom).
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In contrast, the electrode is largely passivated for the system
covered by one monolayer (either Au-S-OPE-NH2 or Au-
NH2-OPE-SH) transferred at 15 mN/m, indicating a low
density of holes in the monolayer. The lower passivation effect
for films deposited at low surface pressures indicate that
15 mN/m is an optimum surface pressure of transference.
Higher surface pressures of transference did not improve the
passivation effect.

The optical properties of the transferred films offer additional
insight into the molecular arrangement and degree of order
within the film. Langmuir films of NOPES were transferred onto
quartz substrates at 15 mN/m either during the upstroke or
downstroke of the substrate and the UV-vis absorption spectra
were recorded (Figure 7). For the purpose of comparison, the
UV-vis spectrum of acetyl-protected NOPES in chloroform
solution is also plotted. The spectra of the LB films show a main
band centered at 314 nm (quartz-NH2-OPE-SH) and 320 nm
(quartz-S-OPE-NH2), while the solution spectrum exhibits a
band centered at 350 nm, corresponding to a π-π* transition of
the conjugated molecular backbone and at an energy comparable
to that of the parent molecule 1,4-bis(phenylethynylene-
benzene).34 The blue shift of 36 and 30 nm of the spectra of
the films with respect to that of the solution spectrum is
attributable to the formation of two-dimensional H-aggregates.
These aggregates are commonly found in LB films in which the
chromophore has the main dipole transition moment arranged
more or less along the backbone, such as trans-stilbenes,61,62

trans-azobenzenes,63 hemicyanine derivatives,64 tolan,65 and
OPE derivatives.47

Electrical Characteristics of the LB Films. To determine the
electrical characteristics of the LB films deposited as described
before, I-V curves were recorded using a scanning tunnelling
microscope (STM) and averaged from 350 scans. To ensure
reproducibility and reliability of the results, I-V curves were
obtained at different locations on the substrate and using
different samples. Before determining I-V curves, the thickness
of the monolayer as well as the tip-substrate distance (s) must
be evaluated so that the vertical placement of the tip with respect
to the monolayer is known. Depending on the set-point condi-
tions the STM tip can be above the monolayer, just touching the

Figure 5. AFM images (left) and section analysis profile (right) of a
one-layer LB film transferred at 15 mN/m onto freshly cleaved mica,
with the substrate initially immersed into the subphase (top) and with
the substrate initially out of the subphase (bottom).

Scheme 2. Chemistry Used to Verify the Formation of Directionally Oriented Films
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monolayer or embedded within the monolayer. If the STM tip is
not in contact with the monolayer, the tunnelling current
measured represents tunnelling through both the monolayer
and the gap which exists between the top of the monolayer and
the tip. Calibration of the tip-substrate distance is required in
order to determine the vertical displacement of the tip. In
particular, we need to determine the set-point conditions where
the tip is located directly on-top of the LB film. In order to
evaluate this distance at which contact between the tip and top of
the film occurs, a quantification of the current decay (d ln(I)/ds)
within the LB film is required. For conditions where the tip is
embedded within the film, current-distance scans which display a
monotonic exponential decrease of the tunneling current were
recorded at regular intervals during the measurements. These
monotonic exponential decay curves were then plotted as ln(I)
versus s. Averaging the slope of the corresponding d ln(I)/ds
curves yields d ln(I)/ds values typically on the order of 6.22 (
1.04 nm-1, which is in good agreement with values reported for
other highly conjugated compounds incorporated in monomo-
lecular films.66 This d ln(I)/ds value for within the LB film,
together with the assumption that the conductance at the point
where metal-tip contact occurs is the conductance quantum

G0 (G0 = 2e2/h = 77.4 μS), provide the basis for an absolute
calibration of the gap separation at a given current according to
the following equation:

s ¼ lnðG0U t=I0Þ
d lnðIÞ=ds

ð2Þ

where I0 and Ut are the set-point parameters of the STM (I0 =
“set-point-current” and Ut = “tip bias”).
Using this calibration method, and the thicknesses of these LB

films, 1.77( 0.05 and 1.71( 0.05 nm for Au-NH2-OPE-SH and
Au-S-OPE-NH2 LB films, respectively (calculated using the
attenuation of the Au 4f signal from the substrate as explained in
the experimental section), the I-V curves can be measured with
the tip directly in contact with the monolayer. Set-point condi-
tions can also be selected where either the tip is within the film or
displaced above the top of the film. In the former case the
measured d ln(I)/ds values together with eq 2 can be used to
estimate the distance of the tip within the film, while in the latter
case it cannot since d ln(I)/ds above the film will differ from that
within.
Figure 8 shows I-V curves obtained for a one layer LB film

transferred onto Au(111), at 15 mN/m with the substrate
initially immersed in the subphase (Au-NH2-OPE-SH) using
several set-point parameters (Ut = 0.6 V and I0 = 1.5, 0.75, and
0.1 nA). According to eq 2 the set-point parameters of 0.6 V and
1.5 nA place the tip within the film at s = 1.66 nm. At set-point

Figure 7. UV-vis spectra of the acetyl-protected NOPES dissolved in
chloroform (solid line) and UV-vis spectra of a one-layer film of
NOPES transferred at 15 mN/m onto a quartz substrate during the
withdrawal of the substrate from the water subphase (dotted line:
quartz-NH2-OPE-SH) and during the immersion of the substrate into
the water subphase (dashed line: quartz-S-OPE- NH2).

Figure 6. Cyclic voltammograms (CVs) of a bare gold and monomolecular LB film of NOPES deposited onto gold electrodes at the indicated transfer
surface pressures: (a) with the substrate initially immersed in the subphase (Au-NH2-OPE-SH); and (b) out of the subphase (Au-NH2-OPE-SH).
The gold working electrode was immersed in an aqueous solution of 1 mM K3[Fe(CN)6] and 0.1 M KCl and CVs were recorded at 0.05 V/s with
the scan direction being from positive to negative potentials. An Ag|AgCl|saturated KCl reference electrode was employed and the counter electrode
was a Pt sheet.

Figure 8. I-V curves of a one-layer LB film of NOPES transferred onto
Au(111) at 15 mN/m using several set-point parameters: 0.75 nA (s =
1.77 nm) (solid line); 1.5 nA (s = 1.66 nm) (dashed line); and 0.1 nA (tip
displaced above the LB film) (dotted line). Ut = 0.6 V.
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parameters of 0.6 V and 0.75 nA s = 1.77 nm. Since the thickness
of a one-layer LB film is 1.77 ( 0.05 nm, at these set-point
values the tip is positioned directly on the monolayer.
Meanwhile, decreasing the set-point current to 0.1 nA
(for Ut = 0.6 V) causes the tip to move away from the top of
the monolayer.
The profile of all the I-V curves is nearly symmetrical and

each exhibits an approximately sigmoidal profile over the full
voltage region. Nevertheless, the I-V curves become linear in
the low voltage region (from -0.5 to þ0.5 V), the ohmic
region, where the conductance value for the I-V curve at
0.75 nA is 1.37" 10-5G0, which is in good agreement with the
conductance value ((1.84( 0.42)" 10-5 G0) obtained by the
I(s) technique with a low current amplifier for a one-layer LB
film, Figure 9.
The I(s) STM method developed by Haiss et al.2,67 has been

widely used to determine the conductance of single
molecules3,68,69 and molecules assembled into monolayers.24,25,70

In the present case, the junctions were formed by placing the gold
STM tip at a given distance determined by the set-point
parameters (Ut = 0.6 V and I0 = 5 nA). We found that these
parameters were sufficient to penetrate the monolayer (s =
1.47 nm, according to eq 2). When the proper distance was
achieved, the feedback was disabled, and the STM tip was
retracted while keeping a constant x-y position. One (or more)
chemical Au-S or Au-NH2 linkages between the STM tip and
monolayer are thereby established, and the current as a function
of distance was recorded until this linkage(s) breaks. This
procedure results in a current plateau followed by a step in the
I(s) retraction curve (Figure 9), which may be attributed to
conduction through a molecular bridge simultaneously bound to
the tip and the substrate.1,2 Current-distance [I(s)] curves were
analyzed statistically in the form of histogram plots to determine
the molecule conductance. These histograms (inset of Figure 9)
were built by adding all the current (or conductance) points from
ca. 150 current versus distance curves showing a discernible

plateau. It should be noted here that this method ofmeasurement
is obviously destructive for the monolayer structure, since the
initial distance between the tip and the substrate is less than the
LB film thickness; that is, the tip penetrates into monolayer. As a
consequence themolecule (ormolecules) initially trapped within
the junction must presumably tilt toward the horizontal in order
to compensate for the vertical approach of the tip. Then, during
measurement, the molecule is “lifted” until the molecule bridge-
(s) breaks.
The nearly symmetrical profiles of the I-V curves (Figure 8),

despite the asymmetry of the molecule, indicate that NOPES
does not behave like a molecular diode with strong rectifying
behavior. In other words, the molecule is essentially acting as a
nonrectifying molecular bridge. Similar nonrectifying behavior
has been previously reported for other “antisymmetric” π-con-
jugated compounds.14,71-74

We have shown that films can be assembled with either the
thiol of amine group of NOPES in contact with the gold
substrate. This clearly gives a directionality to the film and we
now examine if the headgroup which is in contact with the gold
substrate can have any influence on the electrical response of the
films. With this in mind, Au-S-OPE-NH2 monolayers have also
been studied with STM and compared with Au-NH2-OPE-SH
films. I-V curves for Au-S-OPE-NH2 LB films were determined
using the same protocol explained above for Au-NH2-OPE-SH
LB films. The following set point parameters were used: Ut = 0.6
V and I0 = 0.75 nA (d ln(I)/ds = 6.58( 1.98), resulting in a tip-
substrate distance of 1.69 nm. This value corresponds to the
thickness of the film determined by the XPSmeasurements (1.71
( 0.05 nm), and the resulting I-V curve (Figure 10) is
practically identical to the one obtained for Au-NH2-OPE-SH
monolayers. This result conveys new possibilities for the assem-
bly of well-defined sandwich-type structures, as either of the
functional groups may be utilized to bind to the substrate (while
the remaining functional group allows for further chemical
modification at the film), without affecting the conductance
profile of the molecule.
The sigmoidal I-V curves and absence of any spectroscopic

peaks in these I-V curves points toward a nonresonant
tunnelling mechanism of transport through these metal-mole-
cule-metal junctions. The Simmons model75 is one of the
simplest tunnelling barrier models which has been widely
used for describing transport through metal |SAM|metal
junctions,76,77 and single molecules.78,79 The Simmons model
is used here to fit the experimental I-V data for an Au-NH2-

Figure 9. Representative conductance-distance curves (solid lines)
using the I(s) method at low set-point current (5 nA) for a one layer
film. The curves are shifted horizontally for clarity and the dashed line
shows an exponential decay curve in the absence of molecular wire
formation. The inset shows a conductance histogram built by adding
together all the points of 150 conductance traces that showed a
discernible plateau. Conductance data are presented in units of the
conductance quantum G0 = 2e

2/h = 77.4 μS. Utip = 0.6 V. The solid line
is a constrained Gaussian fit to the peak.

Figure 10. I-V curves of a one layer LB film of NOPES transferred
onto Au(111) at 15 mN/m for the indicated films. Ut = 0.6 V, I0 = 0.75
nA (s = 1.69 nm) and 0.75 nA (s = 1.77 nm) for Au-NH2-OPE-SH and
Au-S-OPE-NH2, respectively.
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OPE-S-Au(tip) junction (Figure 11). In this model, the current
I is defined as

I ¼ Ae
4π2ps2

Φ-
eV
2

! "
exp -

2ð2mÞ1=2

p
R Φ-

eV
2

! "1=2
s$

"(

- Φþ eV
2

! "
exp -

2ð2mÞ1=2

p
R Φþ eV

2

! "1=2
s$

" )

ð3Þ

where V is the applied potential, A is the cross-sectional area of
the molecular junction between substrate and tip (taken as the
area occupied per molecule which is 0.254 nm2 from QCM
experiments), s is the width of the tunnelling barrier (assumed
to be the through-bond distance between the functional groups
in OPE calculated with a molecular modeling program as
2.03 nm), Φ is the effective barrier height of the tunnelling
junction (relative to the Fermi level of the Au), R is related to
the effective mass of the tunnelling electron, and m and e
represent the mass and the charge of an electron.Φ and R are
the parameters which are then used to best fit the I-V data in
Figure 11. Good agreement between the data and the model
obtained forΦ = 0.83 eV and R = 0.56. Despite the molecular
asymmetry of NOPES, this effective barrier height is only
slightly larger than that obtained by Liu et al.39 for a symmetric
OPE with thiol functional groups at both ends (Φ = 0.77 eV);
and much lower than that found in saturated systems.68,80-82 It
is worth emphasizing that eq 3, which is based on a very simple
model of nonresonant tunnelling, gives a reasonable descrip-
tion of our experimental I-V data, and it is therefore reason-
able to assume that the mechanism of transport through these
metal-molecule-metal junctions is nonresonant tunnelling.

’CONCLUSIONS

4-[40-(400-Thioacetyl-phenyleneethynylene)-phenyleneethy-
nylene]-aniline has been synthesized, subsequently deprotected
to afford the free thiol derivative NOPES, which has been
assembled into well-packed monomolecular films by means of
the Langmuir-Blodgett method. Langmuir films of NOPES
were prepared at the air-water interface and characterized by
surface pressure vs area per molecule isotherms and Brewster
angle microscopy, which revealed that this molecule can form
true monomolecular films at the air-water interface. LB films
were transferred onto solid substrates which were either initially
immersed in the water subphase or out of the water subphase. In

both cases a transfer ratio close to unity was obtained. XPS, PM-
IRRAS, and QCM experiments demonstrated that NOPES was
linked through the amino group to the gold substrate (Au-NH2-
OPE-SH) when the deposition took place during the upstroke of
the solid support, whereas the molecule was bonded to the gold
substrate through the thiol group when the transfer occurred
during the immersion of the gold substrate (Au-S-OPE-NH2).
Atomic force microscopy images together with cyclic voltamme-
try experiments revealed the formation of highly homogeneous
films free of three-dimensional defects at an optimized transfer
surface pressure of 15 mN/m. The presence of a reactive, “free”,
terminal functional group at the LBmonolayer additionally raises
the prospect of chemically anchoring a second layer, of a different
compound, to the monolayer, thereby offering a new route to the
construction of well-defined sandwich-type structures. Electrical
characteristics of the LB films on gold substrates were deter-
mined, via I-V curves, by positioning a gold STM tip in contact
with the monolayer (as determined from calibration of the tip-to-
substrate distance and knowing the thickness of the LB film
determined from XPS measurements). I-V curves were sym-
metric, despite antisymmetric contacts of the molecule with
respect to the tip and the substrate. These I-V curves and good
Simmonsmodel fit indicate that charge flow through the NOPES
metal-molecule-metal junction is via a nonresonant tunnelling
mechanism.
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a b s t r a c t

A small series of half-sandwich bis(phosphine) ruthenium acetylide complexes [Ru(C„CC6H4C„CSiMe3)
(L2)Cp0] and [Ru(C„CC6H4C„CC6H4R-4)(L2)Cp0] (R = OMe, Me, CO2Me, NO2; L2 = (PPh3)2, Cp0 = Cp;
L2 = dppe; Cp0 = Cp⁄) have been synthesised. One-electron oxidations of these complexes gave the corre-
sponding radical cations, which were significantly more chemically stable in the case of the Ru(dppe)Cp⁄

derivatives. The representative complex [Ru(C„CC6H4C„CC6H4OMe-4)(dppe)Cp⁄] was further examined
by spectroelectrochemical (IR and UV–Vis–NIR) methods. The results of the spectroelectrochemical stud-
ies, supported by DFT calculations, indicate that the hole is largely supported by the ‘RuC„CC6H4’ moiety
in a manner similar to that described previously for simple aryl ethynyl complexes, rather than being
more extensively delocalized along the entire conjugated ligand.

! 2011 Elsevier B.V. All rights reserved.

1. Introduction

Metal complexes containing ‘carbon-rich’ ligands have been
extensively investigated over the last 20 years, with many studies
focusing on, for example, the synthesis, reactions and electronic
structure of complexes bearing extended cumulated ligands
(allenylidenes, butatrienylidenes and higher culumenic ligands)
[1–3], the synthesis, physical and electronic structures of metal–
polyynyl and polyyndiyl complexes [4–14], NLO properties of
metal complexes bearing carbon-rich ligands [15], and the
potential for carbon-rich ligands to mediate electron transfer pro-
cesses in both solution state studies [16–20] and in metal|mole-
cule|metal junctions [21–23]. In the context of many of these
areas, the recognition of the varying degrees of redox non-inno-
cence [24–28] of the carbon rich ligand as a convoluted function
of metal, supporting ligands and ligand substituents has provided
a new framework within which to consider the electrochemical,
electronic and optical properties of this vibrant area of ‘carbon-
rich’ organometallic chemistry [29–32].

The oligo(phenylene ethynylene) moiety is one member of the
family of ‘carbon-rich’ ligands that has attracted recent interest
particularly from the point of view of their NLO [33–35] and redox
[29,36] properties. In this report we describe the preparation of a
series of metal complexes bearing 1-ethynyl-4-(aryl ethynyl)-
benzene (i.e. tolan) ligands, and representative molecular struc-

tures. Spectroelectrochemical methods, supported by DFT calcula-
tions, have been used to examine the effects of one-electron
oxidation on the physical and electronic structure of these
complexes, revealing the important role of the tolan ligand,
especially the metal-coordinated ethynyl phenylene fragment, in
supporting the unpaired electron.

2. Results and discussion

2.1. Syntheses

The complex [Ru(C„CC6H4C„CSiMe3)(PPh3)2Cp] (1a), which
can be considered as one of the simplest examples of a metal com-
plex bearing a phenylene ethynylene ligand extended beyond a
phenyl acetylide, was reported some time ago from the desilyla-
tion/metallation reaction of [RuCl(PPh3)2Cp] with 1,4-bis(trimeth-
ylsilylethynyl)benzene in the presence of KF (Scheme 1) [37].
Although the mechanism of the desilylation/metallation reaction
has not been elucidated, an intermediate silylvinylidene may be in-
volved, with nucleophilic cleavage of the activated silylvinylene
and precipitation of the monometallic acetylide product occurring
before activation of the second trimethylsilyl ethynyl moiety [38–
40]. The analogous complex [Ru(C„CC6H4C„CSiMe3)(dppe)Cp⁄]
(1b) was prepared here in a similar fashion from 1,4-bis(trimethyl-
silylethynyl)benzene and [RuCl(dppe)Cp⁄] for reference purposes.

However, attempts to prepare the tolan complexes
[Ru(C„CC6H4C„CC6H4R-4)(L2)Cp0] [R = OMe (2), Me (3), CO2Me
(4), NO2 (5); L2 = (PPh3)2, Cp0 = Cp (series a); L2 = dppe; Cp0 = Cp⁄

0020-1693/$ - see front matter ! 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.ica.2011.02.043
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(series b)] from the various trimethylsilyl-protected ethynyl tolan
precursors Me3SiC„CC6H4C„CC6H4R were often inconsistent, or
gave the desired complexes only in low yield. Only in the case of
2a did the ‘KF’ route yield consistently acceptable results. It is pos-
sible to speculate on the possible formation of the various isomeric
vinylidene side products that might intercept the reaction pathway
en route to the desired products, given the surprisingly facile for-
mation of vinylidene complexes from internal alkynes [41–43].
However, further discussions must await a more detailed study of
the migratory aptitude of the various fragments that comprise these
apparently simple alkyne derivatives, Me3SiC„CC6H4C„CC6H4R,
within the coordination environment of half-sandwich ruthenium
centres. The complexes 2b and 3–5 were therefore prepared
from the parent ethynyl tolans via the intermediate protio-
vinylidenes and deprotonation in situ and isolated in acceptable
yield (Scheme 2) [44,45]. The preparation of similar complexes by
Sonogashira cross-coupling of [Ru(C„CC6H4C„CH)(PPh3)2Cp] with
iodobenzene has been described elsewhere (Scheme 1) [46].
Complex 1a may also be prepared from [RuCl(PPh3)2Cp] and
HC„CC6H4C„CSiMe3 (Scheme 1), albeit in lower yield (33%) than
that reported earlier from the bis(silyl) precursor (64%).

Within each series (1a–5a, 1b–5b), the spectroscopic properties
associated with the Ru(PP)Cp0 fragment are remarkably invariant
with the Cp (dH = 4.33–4.50; dC = 85.5–85.6 ppm), Cp⁄ (dH = 1.56–
1.62; dC = 92.5–92.6 ppm), PPh3 (dP = 51.3 ppm) and dppe (dP =
81.8 ppm) resonances falling in a narrow range across the relevant
series. The IR spectra are characterised by two distinct m(C„C)
bands, one associated with the metal-coordinated (2058–
2064 cm!1) acetylide moiety, the other with the pendant group
(2153 (1a), 2149 (1b), 2202–2215 (2–5) cm!1). In the case of the
Ru(dppe)Cp⁄ containing complexes 1b–5b the pseudo doublets
(AB spin system) associated with the phenylene rings were usually
resolved, with the proton resonances on the pendent ring being
influenced by the electronic nature of the substituent in the usual
fashion.

2.2. Molecular structures

The structures of 1a [37] and 5a [45] have been previously re-
ported. The structure of 5a has been re-determined here at 120 K

together with the structures of 3a and 4a. Representative plots of
3a, 4a and 5a are given in Fig. 1, with bond lengths and angles sum-
marised in Table 1.

The most immediately apparent structural feature in the series
relates to the relative disposition of the aromatic rings within the
tolan ligand fragment, and the orientation of the C(3)–C(8) ring with
respect to the half-sandwich metal moiety. The Ru(PR3)2Cp frag-
ment offers two almost degenerate, high-lying dp orbitals of appro-
priate symmetry to conjugate with the orthogonal p-components of
an acetylide ligand. There are therefore two possible orientations of
the phenylene ring which will lead to a degree of conjugation with
the metal centre, one in which the ring plane bisects the P–Ru–P an-
gle and therefore lies approximately ‘perpendicular’ to the Cp plane,
and the other, orthogonal conformation in which the plane of the
aromatic portion of the ligand is closer to ‘parallel’ to the plane of
the Cp ligand. Whilst gas-phase calculations usually favour the ‘par-
allel’ conformation [12,31] the difference in energy between the
conformations is small (0.3–0.4 kcal mol!1) [32]. In the solid state
both perpendicular [32,47–49] and parallel [32,50–52] conforma-
tions have been observed, with both forms having been structurally
characterised in the case of the parent system Ru(C„CPh)(PPh3)2Cp
[53,54]. In the case of 3a, 4a and 5a the observed conformation ap-
pears to be influenced by intermolecular contacts.

The structural data from 3a, 4a and 5a (at both 296 and 120 K)
can be compared with those of the related phenyl acetylide com-
plexes [Ru(C„CC6H4R-4)(PPh3)2Cp] (R = H [53,54], CN [51], NO2

[49]) and trends established from the series [Ru(C„CC6H4R-
4)(dppe)Cp⁄] (R = NH2 [55], F [55], OMe [55], Me [56], H [55], CN
[55], NO2 [55]) (Table 2). As has been noted elsewhere, a small
back-bonding contribution leads to shorter Ru–C1 bonds in the
case of acetylide ligands bearing electron withdrawing groups,
whilst p-donating substituents generally lead to elongations of
the same bond [55,57,58]. The Ru–P and C1„C2 bond lengths gen-
erally display little significant variation, although variations in the
precision of data and the temperature of data collection may mask
small underlying trends (Table 2). The relatively high precision of
the structure determinations from the tolan complexes 3a, 4a
and 5a reveal identical Ru–C1 and C1„C2 bond lengths, with a
contraction of the Ru–P bond lengths associated with 4a and 5a
that falls at the borderline of statistical significance (Table 1). It

Scheme 1. The preparation of 1a, 1b and related complexes.
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would appear that the small trends in bond lengths in the coordi-
nation sphere of the metal centre as a function of acetylide substi-
tuent are even less prevalent in the structures of the tolan
derivatives determined here.

2.3. Electrochemistry and IR spectroelectrochemistry

Typically, half-sandwich ruthenium acetylides undergo a single
electron oxidation in common solvents to give the corresponding
radical cations, the electrode potential and chemical stability of
which are sensitive to both the supporting ligands on the ruthe-
nium centre and the acetylide substituent. The additional steric
bulk and enhanced donor properties of the supporting ligand set
leads to more facile oxidation (i.e. oxidation at less positive poten-
tials) of [Ru(C„CC6H4R)(dppe)Cp⁄] complexes in comparison to
those based on [Ru(C„CC6H4R)(PPh3)2Cp] and generally greater
chemical stability of the oxidation products [31,55]. These general
trends are reproduced in the tolan series 2–5 (Table 3). Each com-
plex in the series underwent a well defined oxidation event, with
the chemical instability of the radical cations [Ru(C„CC6H4R)
(PPh3)2Cp]+ being evidenced by ipc: ipa < 1; in the case of 5a the cur-
rent ratio and shape of the voltammetric waves points to deposi-
tion of the cation on the electrode surface, and subsequent
stripping behaviour. The radical cations [Ru(C„CC6H4R)(dppe)
Cp⁄]+ were more stable on the timescale of the CV experiments,
although the substantial peak to peak separations indicate sluggish
electron transfer kinetics. The nitro containing complexes also
exhibited a reduction wave near !0.85 V (versus SCE). In all cases,
a large, multi-electron wave near the anodic limit of the solvent
was also apparent. The chemical complications that accompany

these subsequent oxidation events were not investigated further
in the present study. However, the most striking feature of these
data is the remarkable consistency of the anodic half-wave poten-
tials, which span only 50 mV, despite the variation in the tolan li-
gand substituent, R ranging from relatively strongly electron
donating OMe to electron withdrawing NO2. This compares with
the ca. 250 mV difference in formal oxidation potential of the anal-
ogous acetylide complexes [Ru(C„CC6H4R)(dppe)Cp⁄] (R = OMe,
NO2) [55].

Given the greater stability of the redox couples based on the
Ru(dppe)Cp⁄ systems evidenced by these electrochemical data,
and the greater solubility of the complexes 1b–5b as compared
with 1a–5a, complex 2b was chosen as a representative system
for spectroelectrochemical investigation [59]. The characteristic
m(C„C) band in metal acetylide complexes has proven to be a use-
ful diagnostic tool for the evaluation of the extent to which the
acetylide fragment contributes to redox processes [30,31,60]. The
characteristic m(C„C) band of the metal coordinated acetylide in
4b was found at 2072 cm!1, and decreased in frequency on oxida-
tion. A product species with IR bands at 1925 and 1576 cm!1 was
observed as the oxidation proceeded, and assigned as [4b]+ (Table
4, Fig. 2). In the neutral state the m(C„C) band of the non-coordi-
nated alkyne moiety (C9„C10) was also observed at 2207 cm!1

(Table 4); this latter band changes little in the band frequency dur-
ing oxidation. On the basis of these IR data, it can be surmised that
the hole generated as a result of oxidation resides on the
RuC„CC6H4– moiety with little contribution from the more ex-
tended portion of the tolan ligand. These suggestions can be ad-
dressed further with reference to calculations of the electronic
structures of related model systems (see below).

Scheme 2. The preparation of complexes 2–5.
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2.4. Electronic structure calculations

For calculations at the DFT level, the model system
[Ru(C„CC6H4C„CC6H4OMe)(PH3)2Cp] (2-H) was used together
with the corresponding radical cation [2-H]+. The discussion which
follows refers to results obtained from calculations at the B3LYP/3-
21G⁄ level of theory with no symmetry constraints (Table 5). Ener-
gies and composition of selected frontier orbitals are summarised

in Table 6 with those most relevant to the discussions of electronic
structure and spectroscopic properties below being illustrated in
Figs. 3–5. The labelling scheme for the electronic calculation stud-
ies follows that employed in the crystallographic section.

The Ru–C1, Ru–P, C1„C2 and C2–C3 bond lengths in 2-H are
comparable with those found for the simple phenyl acetylide
derivative 6-H at similar levels of theory (Table 5) [31]. At the level
of theory employed, the aromatic rings of the tolan ligand in 2-H

Fig. 1. Molecular structures of 3a (top), 4a (middle) and 5a (bottom) showing the atom labelling scheme. The different ring orientations observed in the crystals are likely due
to crystal packing effects.

Table 1
Bond distances for 3a, 4a and 5a.

3a
R = Me

4a
R = CO2Me

5a (120 K)
R = NO2

5a (296 K)a

R = NO2

Ru(1)–C(1) 2.0051(19) 2.000(3) 2.009(2) 1.986(4)
Ru(1)–P(1) 2.3020(5) 2.2866(7) 2.2894(6) 2.283(1)
Ru(1)–P(2) 2.3020(5) 2.2862(7) 2.2976(6) 2.300(1)
C(1)–C(2) 1.215(3) 1.217(4) 1.218(3) 1.211(6)
C(2)–C(3) 1.429(3) 1.422(4) 1.432(3) 1.440(6)
C(3)–C(4, 8) 1.406(2), 1.403(3) 1.393(4), 1.416(4) 1.397(3), 1.407(3) 1.379(6), 1.387(6)
C(4)–C(5), C(7)–C(8) 1.379(3), 1.382(3) 1.379(4), 1.408(4) 1.382(3), 1.400(3) 1.361(6), 1.385(6)
C(6)–C(5, 7) 1.397(3), 1.396(3) 1.401(4), 1.375(4) 1.396(3), 1.385(3) 1.391(6), 1.383(7)
C(6)–C(9) 1.439(3) 1.437(4) 1.445(3) 1.449(6)
C(9)–C(10) 1.204(3) 1.195(4) 1.193(3) 1.167(6)
C(10)–C(11) 1.436(3) 1.433(4) 1.446(3) 1.433(6)
C(11)–C(12, 16) 1.384(3), 1.396(3) 1.403(5), 1.386(4) 1.397(4), 1.390(4) 1.389(7), 1.372(7)
C(12)–C(13), C(16)–C(15) 1.386(3), 1.383(3) 1.372(5), 1.394(4) 1.393(3), 1.378(4) 1.398(8), 1.373(7)
C(14)–C(13, 15) 1.375(3), 1.385(3) 1.383(4), 1.389(4) 1.369(4), 1.389(4) 1.333(8), 1.366(8)

a From [45].
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are co-planar (C7–C6!!!C11–C16 "0.005!) and lie in the plane
approximately perpendicular to the Cp ring (C0–Ru!!!C3–C8
"0.023!, C0 is the centroid of the Cp ring) and bisecting the
P–Ru–P angle. The OMe group lies in the plane of the associated
phenylene ring (C15–C18–O–CH3 0.002!), the geometry with a
C15–C18–O–CH3 torsion angle of 180! being virtually isoenergetic
(0.002 kcal mol"1). The conformational characteristics of [2-H]+ are
similar (C7–C6!!!C11–C16 0.014!; C0–Ru!!!C3–C8 0.063!). The
HOMO and [HOMO"1] of 2-H are approximately orthogonal and
derived from mixing the metal d and C1„C2 acetylide p-systems,
with the HOMO containing appreciable contributions from the to-
lan p-system, especially the C1„C2 moiety (25%) and C3–C8 phe-
nylene ring (27%) (Table 6, Fig. 3). Occupied orbitals with more
C11–C16 phenyl ring p- (HOMO"2), and metal and Cp (HOMO"3)
character are found only slightly lower in the orbital manifest. The
LUMO can be described in terms of a p⁄ orbital with considerable
character derived from the C3–C8 phenylene ring and lies below
a nest of empty orbitals (LUMO+1, LUMO+2, LUMO+3) associated
with the Ru(PH3)2Cp fragment. A p⁄ orbital more significantly

localised on the C11–C16 ring comprises the LUMO+4. The frontier
orbital order therefore more closely resembles that of the 9-anthryl
derivative Ru(C„CC14H10)(PH3)2Cp (7-H) than the phenylacetylide
analogue (6-H) (Fig. 6) [31].

The a- and b-spin frontier orbitals of [2-H]+ are of similar com-
position to the frontier orbitals described for 2-H with a small
change in relative ordering. The geometry differences calculated
for 2-H and [2-H]+ (Table 5) are entirely in keeping with the orbi-
tals characteristics of the HOMO in 2-H and the b-LUSO in [2-H]+

(Table 6, Figs. 3 and 5). The metal–phosphine bond lengths are sen-
sitive to the net electron density available for p-back bonding and
consequently are elongated in [2-H]+ relative to 2-H, reflecting a
decrease in the net electron density at the metal centre as the mol-
ecule is oxidised. The elongation of the acetylide C1„C2 bond in
[2-H]+ when compared with 2-H is consistent with a decrease in
the net acetylide p-bonding character and the character of the b-
LUSO. There is a greater distortion towards a cumulenic structure
in the C3–C8 phenylene ring in [2-H]+ than in [6-H]+, although
the structural distortion in the C11–C16 ring is far less pronounced.

The spin density distribution calculated for [2-H]+ is informa-
tive when considered alongside similar calculations for [6-H]+

and [7-H]+ (Table 7). Taking the phenyl acetylide complex [6-H]+

as a point of reference, the net spin density on the metal centre
decreases as the ligand p-system is extended, with a concomitant
increase in the spin density on the conjugated ligand. The tolan
complex [2-H]+ follows the trend established by [6-H]+ and

Table 2
Selected bond lengths from a series of reference compounds Ru(C„CC6H5R-4)(L2)Cp0 [(L2)Cp0 = (PPh3)2Cp; (dppe)Cp⁄]. See Fig. 1 for atom labelling scheme.

Ru–C Ru–P(1, 2) C1„C2 C2–C3 References

Ru(C„CC6H4R-4)(PPh3)2Cp
H 2.016(3) 2.285(1), 2.303(1) 1.215(4) 1.456(4) [53,54]
CN 2.011(2) 2.3031(5), 2.3134(5) 1.219(3) 1.432(3) [51]
NO2 1.994(5) 2.297(2), 2.301(2) 1.202(8) 1.432(7) [49]
Ru(C„CC6H4R-4)(dppe)Cp⁄

NH2 2.026(3) 2.2625(11), 2.2622(11) 1.202(4) 1.444(4) [55]
F 2.014(3) 2.2715(7), 2.2583(7) 1.209(4) 1.445(4) [55]
OMe 2.015(2) 2.2652(2), 2.2643(6) 1.216(3) 1.433(3) [55]
Me 2.0205(19) 2.2621(5), 2.2622(5) 1.211(3) 1.437(3) [56]
H 2.011(4) 2.2622(12), 2.2563(12) 1.215(5) 1.431(5) [55]
CN 2.004(2) 2.2755(6), 2.2639(5) 1.209(3) 1.434(3) [55]
NO2 1.997(6)/2.004(6) 2.2639(14)/2.2676(14), 2.2747(14)/2.2650(15) 1.221(8)/1.225(8) 1.437(8)/1.413(8) [55]

Table 3
Electrochemical data for complexes 2–5.

E(1/2)oxd
a DEp

b ipc/ipa E(1/2)red
a

2a 0.59 113 0.9
3a 0.60 127 0.8
4a 0.63 171 0.8
5a 0.64 156 1.4 "0.85
2b 0.39 83 1.0
3b 0.37 103 1.0
4b 0.41 135 1.0
5b 0.42 149 1.0 "0.84

a All E values in Volt vs. SCE. Conditions: CH2Cl2 solvent, 0.1 M [NBu4]PF6 elec-
trolyte, Pt working, counter and pseudo-reference electrodes, m = 100 mV s"1 at
20 !C. The decamethyl ferrocene/decamethyl ferrocenium (Fc⁄/Fc⁄+) couple was
used as an internal reference for potential measurements (Fc⁄/Fc⁄+ taken as "0.02 V
vs. SCE in CH2Cl2/0.1 M [NBu4]PF6).

b DEp = |Epa " Epc|.

Table 4
Spectroelectrochemical IR data (m(C„C)/m(Aryl)) for complex 2b, with calculated
vibrational frequencies from the models [2-H]n+.a,b

0 +1

m(CC) m(Aryl) m(CC) m(Aryl)

2b 2207w
2060s

1592m 2206m
1923s

1577s

[2-H]+ 2208w
2091s

1561m 2153m
2002 m

1554m

a m(Aryl) = m(CC) of the C6H4OMe ring, weakly coupled with C6H4.
b A scaling factor of 0.95 has been applied to all calculated frequencies [61].

Fig. 2. The IR spectra of 2b (solid line) and [2b]+ (broken line) collected from a
spectroelectrochemical experiment (CH2Cl2/0.1 M [NBu4]PF6). The small band at
1970 cm"1 is m(CO) from a small amount of [Ru(CO)(dppe)Cp⁄]+ formed by
decomposition of the sample in solution prior to measurement.
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[7-H]+, with the total spin density on the metal (0.251) and tolan
ligand (0.495) clearly indicating the substantive role of the conju-
gated ligand in supporting the hole generated on oxidation [26].
The spin density is not distributed evenly throughout the tolan li-
gand, with the C1„C2 ethynyl moiety and C3–C8 ring bearing
some +0.47e as compared with +0.26e for C9„C10 and the
C6H4OMe fragments (Table 7, Fig. 7).

2.5. TD DFT and UV–Vis–NIR spectroelectrochemistry

The calculated electronic structure of the model systems can
also be related to the experimental system through a combination
of TD DFT calculations and electronic spectroscopy. UV–Vis–NIR
spectroelectrochemical studies were conducted to give access to
the electronic spectra of both 2b and [2b]+ (Fig. 8), with assign-
ments made on the basis of comparison with the spectra of
[Ru(C„CC6H4Me-4)(dppe)Cp⁄]n+ (n = 0, 1) and TD DFT calculations
of [2-H]n+ (Table 8). The electronic spectrum of 2b is characterised
by a pronounced p–p⁄ transition characteristic of the tolan ligand
near 26000 cm!1, which is not present in the spectra of simple me-
tal acetylides based on the Ru(dppe)Cp⁄ moiety, and a dp–p⁄

(pseudo-MLCT) band at higher energy (32100 cm!1) [31]. On oxi-
dation, these transitions which involve the ligand p⁄ system (i.e.
LUMO) as an acceptor shift to higher energy (Table 8, Fig. 3). In
addition, three new, much weaker bands are observed at 21 800,
12 600 and 7500 cm!1. The lowest energy of these bands in [2b]+

are attributed to the symmetry forbidden ‘dd’-type transitions,

Table 5
Optimised bond lengths (Å) for [2-H]n+, [6-H]n+ and [7-H]n+ (n = 0, 1).

2-H [2-H]+ D 6-H [6-H]+ 7-H [7-H]+

Ru–P(1, 2) 2.2799 2.3108 +0.0309 2.278 2.324 2.280 2.309
Ru–C1 2.0145 1.9540 –0.0605 2.018 1.944 2.013 1.954
C1„C2 1.2286 1.2443 +0.0157 1.228 1.247 1.230 1.246
C2–C3 1.4205 1.3928 !0.0277 1.426 1.400 1.420 1.385
C3–C4 1.4144 1.4280 +0.0136 1.412 1.423 1.425 1.448
C4–C5 1.3872 1.3759 !0.0113 1.392 1.386 1.444 1.437
C5–C6 1.4119 1.4249 +0.0130 1.398 1.403 1.400 1.407
C6–C7 1.4120 1.4248 +0.0128
C7–C8 1.3873 1.3757 !0.0116
C8–C3 1.4144 1.4285 +0.0141
C6–C9 1.4207 1.3980 !0.0227
C9„C10 1.2153 1.2226 +0.0073
C10–C11 1.4213 1.4032 !0.0181
C11–C12 1.4145 1.4220 +0.0075
C12–C13 1.3842 1.3768 !0.0074
C13–C14 1.4042 1.4123 +0.0081
C14–C15 1.3987 1.4067 +0.0080
C15–C16 1.3932 1.3847 !0.0085
C16–C11 1.4071 1.4160 +0.0089
C14–OMe 1.3841 1.3625 !0.0216

Table 6
Energy (eV) and composition (%) of selected orbitals from 2-H and [2-H]+.

eV Cp P(1)H3 P(2)H3 Ru C1 C2 ArC3–C8 C9 C10 ArC11–C16 OMe

2-H
LUMO+4 0.17 0 0 0 0 0 0 0 0 0 99 0
LUMO+3 !0.06 4 10 10 74 1 0 0 0 0 0 0
LUMO+2 !0.23 16 6 6 62 8 0 0 0 0 0 0
LUMO+1 !0.86 24 13 13 50 0 0 0 0 0 0 0
LUMO !0.88 1 0 0 2 7 0 41 8 10 28 2
HOMO !4.63 4 1 1 18 11 14 27 3 8 10 2
HOMO!1 !5.40 5 2 2 55 10 24 2 0 0 0 0
HOMO!2 !5.51 4 1 1 19 1 8 8 12 3 33 11
HOMO!3 !5.95 24 6 6 41 10 11 1 0 0 0 0
HOMO!4 !6.48 9 2 2 22 8 0 24 0 4 18 11
HOMO!5 !6.60 0 0 0 0 0 0 100 0 0 0 0
[2-H]+

Alpha (a)
LUSO+5 !2.57 1 1 1 4 6 3 18 9 0 54 3
LUSO+4 !2.69 2 15 15 68 0 0 0 0 0 0 0
LUSO+3 !2.70 0 0 0 0 0 0 100 0 0 0 0
LUSO+2 !3.44 20 8 8 55 9 1 0 0 0 0 0
LUSO+1 !4.09 26 13 13 48 0 0 0 0 0 0 0
LUSO !4.21 1 0 0 3 11 1 51 5 11 16 2
HOSO !7.79 2 1 1 8 6 6 22 9 7 29 9
HOSO!1 !8.58 7 2 2 23 3 13 10 4 0 24 11
HOSO!2 !8.83 6 2 2 55 8 24 2 0 0 0 0
HOSO!3 !9.17 31 5 5 41 8 9 1 0 0 0 0
HOSO!4 !9.55 3 1 1 3 1 0 5 1 2 82 3
HOSO!5 !9.66 14 2 2 11 4 0 19 1 8 30 9
Beta (b)
LUSO+6 !2.38 1 1 1 5 4 2 14 6 0 63 2
LUSO+5 !2.56 0 0 0 0 0 0 100 0 0 0 0
LUSO+4 !2.69 2 15 15 68 0 0 0 0 0 0 0
LUSO+3 !3.36 19 8 8 56 9 1 0 0 0 0 0
LUSO+2 !3.96 2 0 0 5 10 0 44 4 12 19 2
LUSO+1 !4.01 25 13 13 47 0 0 1 0 0 0 0
LUSO !6.67 4 1 1 19 9 13 25 4 7 13 3
HOSO !8.05 3 1 1 15 0 8 10 11 1 35 14
HOSO!1 !8.73 5 2 2 55 9 26 3 0 0 0 0
HOSO!2 !9.11 30 6 6 44 7 7 1 0 0 0 0
HOSO!3 !9.27 8 2 2 17 6 0 24 1 9 18 13
HOSO!4 !9.53 0 0 0 1 0 0 1 0 0 97 0
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which, given the mixing of metal and ethynyl orbitals that charac-
terise the occupied frontier orbitals of ruthenium acetylide com-
plexes, should probably be described as a dp/dp transition. The

Fig. 3. The (a) HOMO!2, (b) HOMO!1, (c) HOMO, (d) LUMO, (e) LUMO+1, (f)
LUMO+2, (g) LUMO+3, (h) LUMO+4 from 2-H. In this and all subsequent figures,
orbitals are plotted with contour values at ±0.04 (e/bohr3)1/2.

Fig. 4. The (a) a-HOSO and (b) a-LUSO of [2-H]+.

Fig. 5. The (a) b-[HOSO!6], (b) b-[HOSO!1], (c) b-HOSO, (d) b-LUSO, (e) b-
[LUSO+1], (f) b-[LUSO+2] of [2-H]+.
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12 600 cm!1 band has significant b-HOSO ? b-LUSO character, and
is an LMCT-like transition, whilst the band at 21 800 cm!1 has p–
p⁄ character. The band at 32 100 cm!1 retains the dp–p⁄ (pseudo
MLCT) character noted for 2-H, and is shifted somewhat to lower
energy as a result of the significant tolan ligand-character in the re-
dox and acceptor orbitals.

3. Conclusion

The combination of crystallographic, spectroscopic and compu-
tational work demonstrates that the tolan ligand in complexes
such as 2–5 has significant redox non-innocent character. The ano-

dic redox character of these complexes is not well described in
terms of simple Ru(II/III) pairs, but rather descriptions of the oxida-
tive electrochemistry should acknowledge the involvement of the
conjugated carbon-rich ligand in the oxidation process.

4. Experimental

4.1. General conditions

All reactions were carried out under an atmosphere of nitrogen
using standard Schlenk techniques. Reaction solvents were puri-
fied and dried using an Innovative Technology SPS-400, and de-
gassed before use. No special precautions were taken to exclude
air or moisture during work-up. The compounds [RuCl(PPh3)2Cp]
[62], [RuCl(dppe)Cp⁄] [63] and the ligand precursors Me3SiC„
CC6H4C„CSiMe3 [64], HC„CC6H4C„CSiMe3 [65], HC„CC6H4C„
CC6H4R (R = Me, NO2, CO2Me, OMe) and their trimethylsilyl pro-
tected analogues were prepared by literature routes [66,67]. Other
reagents were purchased and used as received. All E values in Volt
versus SCE from CH2Cl2 solutions containing 0.1 M [NBu4]PF6 elec-
trolyte, using an air-tight three-electrode cell with Pt working,
counter and pseudo-reference electrodes, m = 100 mV s!1 at 20 !C.
The decamethyl ferrocene/decamethyl ferrocenium (Fc⁄/Fc⁄+) cou-
ple was used as an internal reference for potential measurements
(Fc⁄/Fc⁄+ taken as !0.02 V versus SCE in CH2Cl2/0.1 M [NBu4]PF6)b

DEp = |Epa ! Epc|. Spectroelectrochemical experiments in CH2Cl2/
0.1 M [NBu4]PF6 were conducted in a manner similar to that de-
scribed elsewhere [30,31].

NMR spectra were recorded on a Bruker Avance (1H
400.13 MHz, 13C 100.61 MHz, 31P 161.98 MHz) or Varian Mercury
(31P 161.91 MHz) spectrometers from CDCl3 solutions and refer-
enced against solvent resonances (1H, 13C) or external H3PO4

(31P). IR spectra were recorded using a Nicolet Avatar spectrometer
from Nujol mull suspended between NaCl plates. Electrospray ion-
isation mass spectra were recorded using Thermo Quest Finnigan
Trace MS-Trace GC or WATERS Micromass LCT spectrometers.
Samples in dichloromethane (1 mg/mL) were 100 times diluted
in either methanol or acetonitrile, and analysed with source and
desolvation temperatures of 120 !C, with cone voltage of 30 V.
High resolution spectra were recorded using a Thermo Electron
Finnigan LTQ FT mass spectrometer with capillary temperature
275 !C and capillary voltage 100 V.

4.2. Preparative work

4.2.1. Alternative preparation of [Ru(C„CC6H4C„CSiMe3)(PPh3)2Cp]
(1a)

A solution of [RuCl(PPh3)2Cp] (103 mg, 0.142 mmol),
HC„CC6H4C„CSiMe3 (37 mg, 0.18 mmol) and NH4PF6 (48 mg,

Fig. 6. The model complexes 6-H and 7-H [26].

Table 7
Calculated spin density distribution in the model radical cations [2-H]+, [6-H]+ and [7-
H]+ (B3LYP/3-21G⁄) [31].

[2-H]+ [6-H]+ [7-H]+

Cp 0.030 0.041 0.021
P 0.003 0.000 0.000
Ru 0.251 0.413 0.220
C1 0.083 0.043 0.079
C2 0.148 0.269 0.114
C6H4/C6H5/C14H9 0.234 0.246 0.598
C9 !0.020
C10 0.111
C6H4OMe 0.170

Fig. 7. A plot of the spin density calculated for [2-H]+.

Fig. 8. The UV–Vis–NIR spectra of 2b (solid line) and [2b]+ (broken line) collected
from a spectroelectrochemical experiment (CH2Cl2/0.1 M NBu4PF6).

Table 8
Summary of observed electronic transition in 2 and [2]+ from spectroelectrochemical
studies (CH2Cl2/0.1 M [NBu4]PF6), and results of TD DFT calculations on the models 2-
H and [2-H]+.

2 2-H

Electronic transitions (cm!1) (Molar extinction coefficient / M!1 cm!1 or
calculated oscillator strength)

HOMO ? LUMO 26 200 (18 000) 28 000 (1.6306)
HOMO!2 ? LUMO 34 100 (19 900) 34 700 (0.2996)

[2]+ [2-H]+

b-HOSO!1 ? b-LUSO 7500 (60) 7700 (0.000)
b-HOSO ? b-LUSO 12 600 (1300) 9700 (0.7137)
a-HOSO ? a-LUSO

b-HOSO!6 ? b-LUSO
21 800 (1890) 21 900 (0.5118)

23 000 (0.3181)
b-HOSO ? b-LUSO+2 32 100 (18 700) 26 400 (0.3980)

468 W.M. Khairul et al. / Inorganica Chimica Acta 374 (2011) 461–471



0.30 mmol) in MeOH (10 ml) was heated at reflux for 3.5 h. Treat-
ment of the dark solution with four drops of DBU gave a fine yellow
precipitate which was collected by filtration, washed with MeOH
(5 ml), and air-dried to afford 1a as a yellow solid (42 mg,
0.047 mmol, 33%). IR: m(C„C) 2080, 2153 cm!1.1H NMR: d 0.26
(s, 9H, SiMe3); 4.34 (s, 5H, Cp); 6.99–7.49 (m, 34H, Ar). 31P{1H}
NMR: d 51.3 (s, PPh3). ES(+)-MS (m/z): 888, [M+H]+.

4.2.2. Preparation of [Ru(C„CC6H4C„CSiMe3)(dppe)Cp⁄] (1b)
A suspension of [RuCl(dppe)Cp⁄] (102 mg, 0.15 mmol),

Me3SiC„CC6H4C„CSiMe3 (54 mg, 0.20 mmol), and KF (10 mg,
0.17 mmol) in MeOH (10 ml) was heated at reflux for 3.5 h under
a nitrogen atmosphere. The yellow precipitate formed was col-
lected by filtration, washed with MeOH and hexanes, and air-dried
to afford 1b as a yellow powder (57 mg, 0.068 mmol, 45%). IR:
m(C„C) 2058, 2149 cm!1

.
1H NMR: d 0.29 (s, 9H, SiMe3); 1.62 (s,

15H, Cp⁄); 2.21 (2 " dd, 2H, JHP = JHH = 7 Hz); 2.83 (2 " dd, 2H,
JHP = JHH = 7 Hz); 6.65 (pseudo-d, JHH = 8 Hz, 2H, C6H4); 7.10 (pseu-
do-d, JHH = 8 Hz, 2H, C6H4); 7.18–7.79 (m, 20H, Ar). 13C{1H} NMR: d
0.14 (s, SiMe3); 10.0 (Me at Cp); 29.4 (dd, JCP/CCP #23 Hz, CH2);
89.3, 90.6 (C9, C10); 92.6 (Cp); 106.7, 110.9, 116.1 (C2, C3, C6);
127.0, 127.3 (dd, JCP/CCP #5 Hz, Cm;m0); 128.7 (Cp;p0); 129.3,
130.3 (C4, C5); 133.4, 133.1 (dd, JCP/CCP #5 Hz, Co;o0); 135.6 (t,
JCP = 25 Hz, C1); 138.4, 138.7 (m, Ci;i0). 31P{1H} NMR: d 81.8 (s,
dppe). ES(+)-MS (m/z): 833, [M+H]+.

4.2.3. Preparation of [Ru(C„CC6H4C„CC6H4OMe)(PPh3)2Cp] (2a)
A solution of [RuCl(PPh3)2Cp] (100 mg, 0.14 mmol),

HC„CC6H4C„CC6H4OMe (44 mg, 0.21 mmol) and NH4PF6

(44 mg, 0.14 mmol) in MeOH (10 ml) was heated at reflux for
30 min to form a bright yellow precipitate in red-coloured solution,
2–3 drops of DBU was added to form more yellow precipitate
which was collected by filtration, washed with cold MeOH (3 ml),
and air-dried to afford 2a as a yellow solid (101 mg, 0.11 mmol,
78%). Recrystallisation from CHCl3/hexane yields bright yellow
crystals of 2a. IR: m(C„C) 2064, 2215 cm!1.1H NMR (400 MHz): d
3.99 (s, 3H, OMe), 4.50 (s, 5H, Cp), 7.03–7.64 (m, 38H, Ar).
13C{1H} NMR (125.7 MHz): d 55.5 (OMe), 85.5 (Cp); 89.3, 89.5
(C9, C10); 114.2 (C13); 115.4, 116.3, 117.5 (C2, C3, C6); 122.8 (t,
JCP = 25 Hz, C1); 127.5 (dd, 3JCP/6JCP #5 Hz, Cm); 128.7 (Cp); 130.6,
131.2, 133.1 (C4, C5, C12); 131.3 (C11); 134.1 (dd, 2JCP/5JCP #5 Hz,
Co); 139.0 (dd, 1JCP/4JCP #11 Hz Ci); 159.5 (C14). 31P{1H} NMR: d
51.3 (s, PPh3). ES(+)-MS (m/z): 945, [M+Na]+; 923, [M+H]+; 691,
[M!C17H11O]+.

4.2.4. Preparation of [Ru(C„CC6H4C„CC6H4OMe)(dppe)Cp⁄] (2b)
A solution of [RuCl(dppe)Cp⁄] (100 mg, 0.15 mmol),

HC„CC6H4C„CC6H4OMe (35 mg, 0.15 mmol) and NH4PF6

(24 mg, 0.15 mmol) in MeOH (10 ml) was heated at reflux for
30 min to form a bright yellow precipitate in red-coloured solution,
at which point 2–3 drops of DBU were added to form more yellow
precipitate which was collected by filtration, washed with cold
MeOH (3 ml), and air-dried to afford 2b as a yellow solid (81 mg,
0.094 mmol, 63%). IR: m(C„C) 2061, 2206 cm!1. 1H NMR: d 1.56
(s, 15H, Cp⁄); 2.09 (2 " dd, 2H, JHP = JHH = 6 Hz); 2.68 (2 " dd, 2H,
JHP = JHH = 6 Hz); 3.30 (s, 3H, OMe); 6.68 (pseudo-d, JHH = 8 Hz,
2H, C6H4); 7.11 (pseudo-d, JHH = 8 Hz, 2H, C6H4); 7.17–7.75 (m,
24H Ar). 13C{1H} NMR: d 10.0 (Me at Cp); 29.5 (dd, JCP/CCP

#23 Hz, CH2); 55.5 (s, OMe); 89.1, 89.6 (C9, C10); 92.5 (Cp);
111.0, 114.1, 116.4 (C2, C3, C6); 114.2 (C13), 127.7, 127.5 (dd,
JCP/CCP #5 Hz, Cm;m0); 128.8 (Cp;p0); 130.3, 131.0, 133.0 (C4, C5,
C12); 131.4 (C11); 133.8, 133.2 (dd, JCP/CCP #5 Hz, Co;o0); 135.3
(t, JCP = 25 Hz, C1); 137.1, 139.0 (m, Ci;i0); 159.4 (C14). 31P{1H}
NMR: d 81.8 (s, dppe). ES(+)-MS (m/z): 867, [M+H]+.

4.2.5. Preparation of [Ru(C„CC6H4C„CC6H4Me)(PPh3)2Cp] (3a)
A solution of [RuCl(PPh3)2Cp] (100 mg, 0.14 mmol),

HC„CC6H4C„CC6H4Me (44 mg, 0.15 mmol) and KF (1.2 mg,
0.021 mmol) in MeOH (10 ml) was heated at reflux for 20 min to
form a bright yellow precipitate, which was collected by filtration,
washed with MeOH (3 ml), and air-dried to afford a yellow solid
(82 mg, 0.090 mmol, 63%). Recrystallisation from CH2Cl2/MeOH
gave bright yellow crystals of 3a. IR: m(C„C) 2063, 2212 cm!1.
1H NMR: d 2.36 (s, 3H, Me); 4.33 (s, 5H, Cp); 7.03–7.49 (m, 38H,
Ar). 13C{1H} NMR: d 21.7 (Me), 85.5 (Cp); 89.6, 90.2 (C9, C10);
115.4, 117.4, 121.0 (C2, C3, C6); 123.2 (t, JCP = 25 Hz, C1); 127.5
(dd, 3JCP/6JCP #5 Hz, Cm); 128.7 (Cp); 128.8 (C11); 129.3, 130.3,
131.1, 131.5 (C4, C5, C12, C13); 134.0 (dd, 2JCP/5JCP #5 Hz, Co);
137.9 (C14); 139.0 (dd, 1JCP/4JCP #11 Hz Ci). 31P{1H} NMR: d 51.3
(s, PPh3). ES(+)-MS (m/z): 906, M+; 691 [M!C17H11]+. Found: C,
76.17; H 5.03%. C58H46P2Ru requires: C, 76.91; H, 5.08%.

4.2.6. Preparation of [Ru(C„CC6H4C„CC6H4Me)(dppe)Cp⁄] (3b)
A solution of [RuCl(dppe)Cp⁄] (100 mg, 0.15 mmol),

HC„CC6H4C„CC6H4Me (32 mg, 0.15 mmol) and NH4PF6 (24 mg,
0.15 mmol) in MeOH (10 ml) was heated at reflux for 30 min to
form a bright yellow precipitate in red-coloured solution, at which
point 2–3 drops of DBU were added to form more yellow precipi-
tate which was collected by filtration, washed with cold MeOH
(3 ml), and air-dried to afford 3b as a yellow solid (84 mg,
0.099 mmol, 66%). IR: m(C„C) 2062, 2206 cm!1. 1H NMR: d 1.56
(s, 15H, Cp⁄); 2.08 (2 " dd, 2H, JHP = JHH = 8 Hz); 2.68 (2 " dd, 2H,
JHP = JHH = 8 Hz); 3.82 (s, 3H, Me); 6.70 (pseudo-d, JHH = 8 Hz, 2H,
C6H4); 6.86 (pseudo-d, JHH = 8 Hz, 2H, C6H4); 7.16–7.34 (m, 20H
Ar); 7.43 (pseudo-d, JHH = 8 Hz, 2H, C6H4); 7.75 (pseudo-d,
JHH = 8 Hz, 2H, C6H4). 13C{1H} NMR: d 10.3 (Me at Cp); 21.7 (Me);
29.6 (dd, JCP/CCP #23 Hz, CH2); 89.3, 90.4 (C9, C10); 92.9 (Cp);
111.1, 116.7, 121.1 (C2, C3, C6); 127.7, 127.5 (dd, JCP/CCP #5 Hz,
Cm;m0); 128.8 (Cp;p0); 129.4 (C11); 129.3, 130.3, 131.1, 131.5 (C4,
C5, C12, C13); 133.2, 133.5 (dds, JCP/CCP #5 Hz, Co;o0); 135.6 (t,
JCP = 25 Hz, C1); 137.9 (C14); 138.4, 138.7 (m, Ci;i0). 31P{1H} NMR:
d 81.8 (s, dppe). ES(+)-MS (m/z): 851, [M+H]+.

4.2.7. Preparation of [Ru(C„CC6H4C„CC6H4CO2Me)(PPh3)2Cp] (4a)
A solution of [RuCl(PPh3)2Cp] (100 mg, 0.14 mmol),

HC„CC6H4C„CC6H4CO2Me (54 mg, 0.21 mmol) and NH4PF6

(44 mg, 0.27 mmol) in MeOH (10 ml) was heated at reflux for
30 min to form a bright yellow precipitate in red-coloured solution,
at which point the addition of 2–3 drops DBU to form more yellow
precipitate which was collected by filtration, washed with cold
MeOH (3 ml), and air-dried to afford 4a as a yellow solid (95 mg,
0.01 mmol, 71%). Recrystallisation from CHCl3/hexane giving
bright yellow crystals of 4a. IR: m(C„C) 2064, 2202; (C@O)
1724 cm!1. 1H NMR: d 3.92 (s, 3H, OMe); 4.33 (s, 5H, Cp); 7.05–
8.01 (m, 38H, Ar). 13C{1H} NMR: d 52.4 (OMe); 85.5 (Cp); 89.0,
94.3 (C9, C10); 115.6, 116.5 (C2, C3); 125.1 (t, JCP = 25 Hz, C1);
127.5 (dd, 3JCP/6JCP #5 Hz, Cm); 128.8 (Cp); 129.0, 129.1, 132.3
(C6, C11, C14); 129.7, 130.4, 131.5, 131.5 (C4, C5, C12, C13);
134.0 (dd, 2JCP/5JCP #5 Hz, Co); 138.9 (dd, 1JCP/4JCP #11 Hz, Ci);
166.9 (C@O). 31P{1H} NMR: d 51.3 (s, PPh3). ES(+)-MS (m/z): 950,
M+; 691, [M!C18H11O2]+.

4.2.8. Preparation of [Ru(C„CC6H4C„CC6H4CO2Me)(dppe)Cp⁄] (4b)
A solution of [RuCl(dppe)Cp⁄] (100 mg, 0.15 mmol),

HC„CC6H4C„CC6H4CO2Me (39 mg, 0.15 mmol) and NH4PF6

(24 mg, 0.15 mmol) in MeOH (10 ml) was heated at reflux for
20 min to form a bright yellow precipitate in red-coloured solution,
at which point 2–3 drops of DBU were added to form more yellow
precipitate which was collected by filtration, washed with cold
MeOH (3 ml), and air-dried to afford 4b as a yellow solid (66 mg,
0.074 mmol, 49%). IR: m(C„C) 2061, 2208; (C@O) 1717 cm!1. 1H
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NMR: d 1.56 (s, 15H, Cp⁄); 2.08 (2 ! dd, 2H, JHP = JHH = 6 Hz); 2.68
(2 ! dd, 2H, JHP = JHH = 6 Hz); 3.92 (s, 3H, OMe); 6.70 (pseudo-d,
JHH = 8 Hz, 2H, C6H4); 7.19–7.74 (m, 22H, Ar); 7.52 (pseudo-d,
JHH = 8 Hz, 2H, C6H4); 7.98 (pseudo-d, JHH = 8 Hz, 2H, C6H4).
13C{1H} NMR: d 10.0 (Me at Cp); 29.5 (dd, JCP/CCP "23 Hz, CH2);
52.4 (s, OMe); 88.8, 94.6 (C9, C10); 92.5 (Cp); 111.4, 115.8 (C2,
C3); 127.2, 127.7 (dd, JCP/CCP "5 Hz, Cm;m0); 128.9, 129.1, 132.3
(C6, C11, C14); 129.7, 130.7, 131.3, 131.4 (C4, C5, C12, C13);
128.8 (Cp;p0); 133.2, 133.8 (dd, JCP/CCP "5 Hz, Co;o0); 137.8 (t,
JCP = 25 Hz, C1); 137.1, 139.0 (m, Ci;i0); 167.0 (C@O). 31P{1H}
NMR: d 81.8 (s, dppe). ES(+)-MS (m/z): 895, [M+H]+.

4.2.9. Preparation of [Ru(C„CC6H4C„CC6H4NO2)(PPh3)2Cp] (5a) [45]
A solution of [RuCl(PPh3)2Cp] (100 mg, 0.14 mmol),

HC„CC6H4C„CC6H4NO2 (51 mg, 0.21 mmol) and NH4PF6 (44 mg,
0.14 mmol) in MeOH (10 ml) was heated at reflux for 30 min to
form a bright red precipitate. The addition of 2–3 drops DBU gave
more red precipitate, which was collected by filtration, washed
with cold MeOH (3 ml), and air-dried to afford 5a as a red solid
(87 mg, 0.093 mmol, 66%). Recrystallisation from CHCl3/MeOH
gave bright red crystals of 5a. IR: m(C„C) 2063, 2200 cm#1. 1H
NMR: d 4.34 (s, 5H, Cp); 7.08–8.52 (m, 38H, Ar). 13C{1H} NMR: d
85.6 (Cp); 88.2, 97.1 (C9, C10); 115.8, 115.9 (C2, C3); 123.9
(C13); 126.9 (t, JCP = 25 Hz, C1); 127.5 (dd, 3JCP/6JCP "5 Hz, Cm);
128.8 (Cp); 130.8, 131.3 (C6, C11); 131.7, 132.1, 132.6 (C4, C5,
C12); 134.1 (dd, 2JCP/5JCP "5 Hz, Co); 138.9 (dd, 1JCP/4JCP "11 Hz Ci);
146.7 (C14). 31P{1H} NMR: d 51.3 (s, PPh3). ES(+)-MS (m/z): 938,
[M+H]+; 691, [M#C16H8NO2]+.

4.2.10. Preparation of [Ru(C„CC6H4C„CC6H4NO2)(dppe)Cp⁄] (5b)
A solution of [RuCl(dppe)Cp⁄] (100 mg, 0.15 mmol),

HC„CC6H4C„CC6H4NO2 (37 mg, 0.15 mmol) and NH4PF6 (24 mg,
0.15 mmol) in MeOH (10 ml) was heated at reflux for 30 min to
form a bright red precipitate, 2–3 drops of DBU were added to form
more red precipitate which was collected by filtration, washed
with cold MeOH (3 ml), and air-dried to afford 5b as a red solid
(66 mg, 0.075 mmol, 50%). IR: m(C„C) 2063, 2207 cm#1. 1H NMR:
d 1.56 (s, 15H, Cp⁄); 2.10 (2 ! dd, 2H, JHP = JHH = 6 Hz, CH2), 2.69
(2 ! dd, 2H, JHP = JHH = 6 Hz, CH2); 6.72 (pseudo-d, JHH = 8 Hz, 2H,
C6H4); 7.20–7.34 (m, 20H, Ar); 7.60 (pseudo-d, JHH = 9 Hz, 2H,
C6H4); 7.74 (pseudo-d, JHH = 8 Hz, 2H, C6H4); 8.20 (pseudo-d,
JHH = 9 Hz, 2H, C6H4). 13C{1H} NMR: d 10.0 (Me at Cp); 29.5 (dd,
JCP/CCP "23 Hz, CH2); 87.8, 97.1 (C9, C10); 92.5 (Cp); 111.6, 114.8
(C2, C3); 123.6 (C13); 127.5, 127.2 (dd, JCP/CCP "5 Hz, Cm;m0);
128.8 (Cp;p0); 129.8, 131.2 (C6, C11); 130.2, 131.3, 131.7 (C4, C5,
C12); 132.7 (t, JCP = 25 Hz, C1); 133.2, 133.8 (dd, JCP/CCP "5 Hz,
Co;o0); 137.1, 139.0 (m, Ci;i0); 146.4 (C14). 31P{1H} NMR: d. 81.7
(s, dppe). ES(+)-MS (m/z): 882, [M+H]+.

4.3. X-ray crystallography

Single crystal X-ray data were collected on a Bruker APEX
Proteum-M diffractometer equipped with a Cryostream (Oxford
Cryosystems) nitrogen cooling device at 120 K using graphite
monochromated Mo Ka radiation (Mo Ka, k = 0.71073 Å) from
Bede Microsource generator. The structures were solved by direct
method and refined by full-matrix least squares on F2 for all data
using SHELXTL and OLEX2 software [68]. All non-disordered non-
hydrogen atoms were refined with anisotropic displacement
parameters, H-atoms were placed in the calculated positions and
refined in riding mode.

4.3.1. Crystal data for 3a
C58H46P2Ru ! 0.5CH2Cl2, M = 958.42, monoclinic, space group

P21/c, a = 9.0871(16), b = 25.811(4), c = 12.291(5) Å, b = 90.932(4)!,
U = 4524(1) Å3, F(0 0 0) = 1956, Z = 4, Dcalc = 1.392 mg m#3,

l = 0.516 mm#1. Reflections (32 842) were collected yielding
11 440 unique data (Rmerg = 0.0420). Final wR2(F2) = 0.1091 for all
data (568 refined parameters), conventional R1 (F) = 0.0488 for
10 246 reflections with I $ 2r, GOF = 1.152.

4.3.2. Crystal data for 4a
C59H46O2P2Ru ! 2CHCl3, M = 1188.70, triclinic, space group P!1,

a = 8.8607(14), b = 16.062(3), c = 20.357(3) Å, a = 108.503(3), b =
99.969(3), c = 95.193(3)!, U = 2673.0(7) Å3, F(0 0 0) = 1212, Z = 2,
Dcalc = 1.477 mg m#3, l = 0.698 mm#1. Reflections (26 680) were
collected yielding 12 781 unique data (Rmerg = 0.031). Final
wR2(F2) = 0.2104 for all data (636 refined parameters), conven-
tional R1 (F) = 0.0825 for 11 206 reflections with I $ 2r, GOF =
1.124.

4.3.3. Crystal data for 5a
C57H43O2P2Ru, M = 936.93, monoclinic, space group P21/c,

a = 8.9330(11), b = 26.063(3), c = 18.991(2) Å, b = 91.754(3)!, U =
4419.5(9) Å3, F(0 0 0) = 1928, Z = 4, Dcalc = 1.408 mg m#3, l = 0.473
mm#1. Reflections (36 023) were collected yielding 13 273 unique
data (Rmerg = 0.0401). Final wR2(F2) = 0.0998 for all data (568 re-
fined parameters), conventional R1 (F) = 0.0422 for 9945 reflections
with I $ 2r, GOF = 1.029.
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’ INTRODUCTION

The chemistry of carbon chain ligands attached to redox-
active, half-sandwich metal support groups is the focus of
intense current research activity. A series of monometallic1 [M-
(CtC)nR] and ligand-bridged bimetallic2 [M-(CtC)n-M]
complexes has been investigated, notably for the electron-rich
d6 metal centers, M = Fe(dppe)Cp*,3 Ru(P2)Cp0 (P2 = 2PPh3,
Cp0 = Cp;4 P2 = dppe, Cp0 = Cp*5), Re(NO)(PPh3)Cp*,

6 and
Mo(dppe)(η-C7H7),

7 which confer enhanced stability to the
products of oxidative redox chemistry. Each of these half-
sandwich metal support groups imparts a distinctive character
to the redox chemistry of their carbon chain complexes, and this
can be attributed, in part, to their electronic structure and the
composition of the redox orbital. For example, alkynyl derivatives
of Ru(P2)Cp0 and Re(NO)(PPh3)Cp* systems feature HOMOs
with significant carbon chain contribution derived from good
overlap between metal 4d/5d orbitals and the filled π-orbitals of
the CtC bond. By contrast, the metal auxiliaries Fe(dppe)Cp*
and Mo(dppe)(η-C7H7) possess HOMOs which are substan-
tially more metal localized. In the case of Fe(dppe)Cp* this has
been rationalized by the reduced overlap of the 3d-orbitals of a
first-row metal with the carbon chain ligand π-system. However
the metal-centered character of the HOMO of the cyclohepta-
trienyl-molybdenum complex [Mo(CtCR)(dppe)(η-C7H7)]
arises from a fundamental difference in electronic structure to

that of related complexes of the Fe, Ru, and Re systems. Thus the
increase in ring size from Cp to C7H7 promotes strong metal!
ring δ-interactions, leading to a reordering of the metal d-orbital
manifold and a HOMOwith substantial metal dz2 character. This
in turn results in a reduced interaction between the metal and the
alkynyl π-orbitals.7a

These observations suggested that an understanding of the
correlation between electronic structure and the redox chemistry
of carbon chain complexes could be applied to the fine-tuning of
key properties of half-sandwich alkynyl complexes, including
reactivity at the carbon chain and spin density distribution, via
alteration of variables such as ring size, d-transition series, and the
molecular geometry at the metal center. To explore this concept
further, we have initiated a series of investigations into the
electronic structure and redox chemistry of an extended set of
electron-rich, half-sandwich, metal alkynyl complexes.8 This
report describes the synthesis, redox chemistry, and electronic
structures of the cyclopentadienyl molybdenum alkynyl com-
plexes [Mo(CtCR)(CO)(L2)Cp0] (R = Ph, C6H4-4-Me; L2 =
dppe or 2PMe3, Cp0 = Cp or Cp*). These complexes provide the
opportunity to assess the effect of molecular geometry with the
“four-leg piano stool” configuration, representing a departure
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ABSTRACT: Two series of bis-phosphine-substituted cyclopentadienyl
molybdenum alkynyl complexes, [Mo(CtCR)(CO)(dppe)Cp0] and
trans-[Mo(CtCR)(CO)(PMe3)2Cp0] (R = Ph or C6H4-4-Me, dppe =
Ph2PCH2CH2PPh2, Cp0 = Cp or Cp*), have been prepared and structurally
characterized. One-electron oxidation to the 17-electron radical cations has
been investigated by cyclic voltammetry and, for selected Cp* derivatives, by
spectroelectrochemical IR and UV!visible methods. Through a combination
of experimental measurements (IR and EPR spectroscopy) and DFT-based
calculations some important differences between the two series of complexes
[Mo(CtCR)(CO)(dppe)Cp0] and trans-[Mo(CtCR)(CO)(PMe3)2Cp0] have been established. In particular, the change in
molecular geometry leads to enhanced alkynyl character in the HOMOof [Mo(CtCR)(CO)(dppe)Cp0] when compared with the
largely metal-centered HOMO of trans-[Mo(CtCR)(CO)(PMe3)2Cp0].
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from previous studies. Moreover the location of the alkynyl ligand
trans to a P-donor or CO ligand in [Mo(CtCR)(CO)(dppe)Cp0]
and trans-[Mo(CtCR)(CO)(PMe3)2Cp0], respectively, presents a
further possibility for the control of electronic structure and redox
properties by variation of coordination geometry. Finally the combi-
nation of CO and CtCR ligands in these complexes provides a dual
IR spectroscopic probe for monitoring changes in electron density at
the metal and alkynyl ligand resulting from variation in redox state.

’RESULTS AND DISCUSSION

Synthetic Studies. A series of precursor halide derivatives
[MoX(CO)(L2)Cp0] and the alkynyl complexes [Mo(CtCR)
(CO)(L2)Cp0] were synthesized starting from [MoX(CO)3Cp0];
a summary of the systems investigated is presented in Table 1.
Each of the halide complexes (1a, 1b, 2a, 3a, 4b) was obtained

by direct reaction of [MoX(CO)3Cp0] with the selected phos-
phine ligand in refluxing toluene and purified by column
chromatography on alumina to give the products as orange or
yellow solids in moderate yield. All are known complexes,9!13

but a direct thermal substitution method has not been previously
employed for the Cp* derivatives 1b and 4b. Replacement of Cp
by Cp* (complexes 1b and 4b) resulted in increased reaction
times, but the syntheses still proceeded cleanly; in fact, the
additional stability conferred by the Cp* ligand is advantageous
to the synthesis of 4b since attempts to obtain trans-[MoCl-
(CO)(PMe3)2Cp] by direct reaction of [MoCl(CO)3Cp] with
PMe3 led to partial decomposition. Selected characterization
details (microanalysis, IR, mass, 1H and 31PNMR spectroscopy),
sufficient to establish the identity and purity of the materials
obtained by the direct carbonyl substitution route, are given in
the Experimental Section. The different molecular geometry of
the two series of complexes, the cis-phosphine, dppe complexes
1a, 1b, and 2a, and the trans-phosphine, PPh3 and PMe3 systems
3a and 4b, is evident from the number of phosphorus environ-
ments in the 31P{1H}NMR spectra (see Experimental Section).
The successful synthetic routes to the bis-phosphine-substi-

tuted alkynyl complexes, as dppe derivatives, 5a, 5b, 6a, and 6b,
and trans-PMe3 complexes 8a, 8b, and 9b are summarized in
Scheme 1. Isomerization of a terminal alkyne to a coordinated
vinylidene followed by deprotonation is a well-established

protocol for the synthesis of alkynyl complexes at a d6 metal
center such as Ru(PPh3)2Cp or Mo(dppe)(η-C7H7).

4,7a In the
current investigation, the Mo(CO)(L2)Cp0 unit is formally
Mo(II), d4, and, as well-documented, the lower d-electron count
leads to a reduced preference for the intermediate vinylidene
complex [Mo(CdCHR)(CO)(L2)Cp0]

+ versus the decarbonylated
four-electron alkyne product [Mo(HCtCR)(L2)Cp0]

+.14,15 How-
ever, as reported previously by Lin et al.,16 reaction of [MoCl-
(CO)(dppe)Cp], 1a, with HCtCPh in refluxing MeOH, followed
by sequential treatment with CO and NaOMe, can afford [Mo-
(CtCPh)(CO)(dppe)Cp], 5a, via the intermediate η2-alkyne and
η1- vinylidene complexes [Mo(HCtCPh)(dppe)Cp]Cl and [Mo-
(CdCHPh)(CO)(dppe)Cp]Cl. This method was extended to the
preparation of the new derivatives [Mo(CtCC6H4-4-Me)(CO)-
(dppe)Cp], 6a, and the pentamethylcyclopentadienyl analogues
[Mo(CtCR)(CO)(dppe)Cp*] (R = Ph, 5b, R = C6H4-4-Me,
6b), demonstrating flexibility of the synthetic route in terms of
alkynyl substituent and substitution at the cyclopentadienyl ring.
The intermediate Cp* vinylidene complexes [Mo(CdCHR)(CO)
(dppe)Cp*]+ exhibited enhanced stability with respect to loss of CO,
but the syntheses of the Cp* alkynyls 5b and 6b were still best con-
ducted including CO as a reagent.
Attempts to effect an analogous synthesis of trans-phosphine

alkynyl complexes commencing from trans-[MoCl(CO)(PPh3)2-
Cp], 3a, or trans-[MoCl(CO)(PMe3)2Cp*], 4b, were unsuccess-
ful; however an alternative route starting from [Mo(CtCR)-
(CO)3Cp0] (R = Ph or C6H4-4-Me) involving stepwise substitu-
tion of CO by PMe3 was productive. In the first step, Me3NO-
assisted decarbonylation of [Mo(CtCR)(CO)3Cp0] in NCMe17

in the presence of PMe3 afforded the monosubstituted
derivatives [Mo(CtCR)(CO)2(PMe3)Cp0] (isolated and fully
characterized for the examples R = Ph, Cp0 = Cp, 7a; Cp0 = Cp*,
7b). Subsequent photolysis of [Mo(CtCR)(CO)2(PMe3)Cp0]
with excess PMe3 in toluene resulted in partial conversion to

Table 1. Compound Numbering Scheme for
[MoX(CO)(L2)Cp0] and [Mo(CtCR)(CO)(L2)Cp0]

complex X/CtCR L2 Cp0

1a Cl dppe Cp

1b Cl dppe Cp*

2a Br dppe Cp

3a Cl 2PPh3 Cp

4b Cl 2PMe3 Cp*

5a CtCPh dppe Cp

5b CtCPh dppe Cp*

6a CtCC6H4-4-Me dppe Cp

6b CtCC6H4-4-Me dppe Cp*

7a CtCPh (CO)(PMe3) Cp

7b CtCPh (CO)(PMe3) Cp*

8a CtCPh 2PMe3 Cp

8b CtCPh 2PMe3 Cp*

9b CtCC6H4-4-Me 2PMe3 Cp*

Scheme 1. Synthetic Routes to [Mo(CtCR)(CO)(L2)Cp]
Complexesa

aReagents and conditions (i) (a) HCtCR/MeOH reflux, (b) CO gas;
(ii) NaOMe or KOBut in MeOH; (iii) PMe3, Me3NO in CH3CN
(1!2 h.); (iv) PMe3 in toluene, UV (3 h).
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the required bis-substituted complexes trans-[Mo(CtCR)(CO)-
(PMe3)2Cp0] (R = Ph, Cp0 = Cp, 8a; Cp0 = Cp*, 8b; R = C6H4-4-
Me, Cp0 = Cp*, 9b), which were separated from their precursors by
chromatography on alumina and isolated as yellow-orange solids.
With the exception of [Mo(CtCPh)(CO)(dppe)Cp], 5a, the
alkynyl complexes presented in this work have not been reported
previously, although analogues of 7a and 8a (notably trans-[Mo-
(CtCBut)(CO)(PMe2Ph)2Cp])

14 are known. The phosphine-
substituted derivatives of the Cp* system, i.e., 5b, 6b, 7b, 8b, and 9b,
appear to be the first examples of complexes of this type.
The alkynyl complexes 5a/b, 6a/b, 7a/b, 8a/b, and 9b were

characterized by microanalysis, mass spectrometry, infrared
spectroscopy, and by 1H, 31P{1H}, and 13C{1H}NMR spectros-
copy (see Experimental Section and Table 2). Parameters
diagnostic of the presence of the alkynyl ligand in these systems
are the CR resonance in the

13C{1H}NMR spectrum and the IR-
active ν(CtC) band. In the case of the cyclopentadienyl dppe
complexes [Mo(CtCR)(CO)(dppe)Cp] (5a and 6a), δ CR is
located in the range 117!120 ppm; for 6a, a resolved doublet of
doublets pattern [J(P!C) ≈ 50, 4 Hz] was observed for CR,
consistent with coupling to two inequivalent phosphorus envi-
ronments. In the Cp* derivative [Mo(CtCPh)(CO)(dppe)
Cp*], 5b, CR is shifted to low field by comparison with 5a and
is observed at δ 135.2 as a broad doublet with J(P!CR)≈ 53Hz.
For [Mo(CtCC6H4-4-Me)(CO)(dppe)Cp*], 6b, a shift in CR
to high field by ca. 2 ppm is expected, resulting from the more
strongly donating alkynyl substituent, and attempts to locate CR
were unsuccessful, probably as a consequence of overlap of the
CR resonance with the Co/m carbons of the dppe Ph groups. A
doublet resonance was also observed for CR in the monophosphine
complexes [Mo(CtCPh)(CO)2(PMe3)Cp0], 7a/b, and the detec-
tion of two discrete resonances for the carbonyl carbons establishes a
cis-carbonyl geometry.17,18 In the trans bis-phosphine complexes
trans-[Mo(CtCR)(CO)(PMe3)2Cp0], 8a/b and 9b, CR is observed
as a triplet around130!135ppmwith a J(P!C) coupling of ca. 50Hz
to the two equivalent phosphorus atoms.

The ν(CtC) band in the IR spectra of the dppe derivatives 5a/b
and 6a/b lies in a narrow range around 2070 cm!1, toward the high
end of values observed for [M(CtCR)(dppe)(η-L)] (R = Ph,
C6H4-4-Me; M = Fe or Ru, L = Cp, Cp*; M = Mo, L = C7H7).

4,6,7

However, complexes trans-[Mo(CtCR)(CO)(PMe3)2Cp0] (8a/b
and 9b), in which the alkynyl ligand is positioned trans to the strongly
π-accepting CO ligand, exhibit ν(CtC) approximately 20 cm!1

lower than the analogous dppe systems where the alkynyl ligand is
arranged trans to a P-donor atom. An additional IR spectroscopic
handle in complexes of the type [Mo(CtCR)(CO)(L2)Cp0], not
available to related investigations on the systems [M(CtCR)
(dppe)(η-L)] (M = Fe or Ru, L = Cp, Cp*; M = Mo, L = C7H7),
is the carbonylν(CO) band.The principal factor governingν(CO) is
the cis versus trans geometry of the complex with trans-phosphine
complexes exhibiting ν(CO) significantly lower (60!70 cm!1) than
analogous dppe derivatives. This feature is also evident for halide
analogues (cf. [MoCl(CO)(dppe)Cp], 1a, and trans-[MoCl(CO)-
(PPh3)2Cp],3a;ν(CO), (CH2Cl2):1a, 1847 cm

!1;3a, 1792 cm!1)
and probably reflects the strong π-donor capacity of both halide and
alkynyl ligands positioned trans to the carbonyl. In fact for any two
related complexes [MoX0(CO)(L2)Cp0] (X0 = Cl or CtCR), the
change in ν(CO) on substitution of Cl by CtCR is not more than a
few wavenumbers. This π-donor halide to π-acceptor carbonyl
interaction may strengthen the Mo!Cl bond in complexes 3a and
4b and account for their lack of reactivity toward terminal alkynes.
Finally, ν(CO) is sensitive to substitution of Cp byCp* with a shift of
approximately 20 cm!1 to lower wavenumber in all Cp* derivatives.

Structural Investigations. The X-ray crystal structures of the
bis-phosphine alkynyl complexes 5b, 6a, 6b, 8a, 8b, and 9b have
been determined, and important bond lengths and angles are
summarized in Table 3. Representative structures, 6a, 6b, 8a, and
8b, are shown in Figures 1 to 4, respectively, together with details
of the structure of the monophosphine derivative 7b (Figure 5).
In the series of complexes 5b, 6a/b, 8a/b, and 9b, theMo!CR

bond length lies in the approximate range 2.12!2.14 Å, con-
sistent with typical values for 18-electron molybdenum alkynyl

Table 2. 13C{1H} NMR Data for [Mo(CtCR)(CO)(L2)Cp0]
a

CR Cβ CO Cp0 (Cp or Cp*) L/L2 = dppe or PMe3 R

5a 119.8, d,

br, J(P!C) ca. 47
123.6 245.2, d,

J(P!C) 22.1
91.1 141.8!127.2, PPh2;

31.8, m, CH2; 28.6, m, CH2

b

5b 135.2, d, br,

J(P!C) ca. 53
123.1 246.1, d,

J(P!C) 19.1
101.5, 10.7 138.5!127.5, PPh2;

31.0, m, CH2; 27.0, m, CH2

b

6a 117.1, dd,

J(P!C), 49, 3.9
126.1 245.2, d,

J(P!C) 22.1
91.0 141.9!127.6, PPh2;

31.7, m, CH2; 28.7, m, CH2

21.8, C6H4-Me-4b

6b not observed 121.6 245.9, d,

J(P!C) 20.1
101.4, 10.7 138.7!126.9, PPh2; 31.1,

m, CH2; 27.0, m, CH2

21.1, C6H4Me-4b

7a 109.6, d,

J(P!C) 48.3
126.9 252.9, d,

J(P!C) 31.2; 238.1, br
91.8 19.7, d, J(P!C) 33.2 130.3, d, J(P!C) 3, Co/m; 128.0, Ci/o/m;

125.1, Cp

7b 120.8, d,

J(P!C) 7.3
126.3, br 256.4, d,

J(P!C) 0.2; 241.5, br
104.2, 11.2 18.0, d, J(P!C) 30.2 130.1, d, J(P!C) 2, Co/m; 128.8, d,

J(P!C) 3, Ci ; 128.0, s, Co/m; 124.7, Cp

8a 129.7, t,

J(P!C) 47.8
124.5, br 259.0, t,

J(P!C) 30.5
88.7 18.8, m 128.6, m, Co/m; 128.0, br, Ci ; 127.0, Co/m;

123.0, Cp

8b 137.0, t,

J(P!C) 49.2
126.0, br 267.2, t,

J(P!C) 33.2
100.6, 10.8 17.7, m 128.4, br, Ci; 128.3, m, Co/m; 127.0, Co/m;

122.7, Cp

9b 134.8, t,

J(P!C) 49.8
125.6, br 267.6, t,

J(P!C) 33.2
100.6, 10.8 17.7, m 138.5, Cp, 128.9, Ci; 128.1, 127.8 Co/m; 21.3,

C6H4Me-4
a 100 MHz spectra; s = singlet, d = doublet, t = triplet, m = multiplet, br = broad; chemical shifts downfield from SiMe4, coupling constants in Hz. In
CDCl3 solution unless stated otherwise. bAssignment of aryl carbons of the alkynyl substituent R impeded by overlap with dppe Ph carbons.
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complexes ([Mo(CtCPh)(dppe)(η-C7H7)], 2.138(5) Å,7a

[MoH3(CtCBut)(dppe)2], 2.175(10) Å,
19 and [Mo(CtCPrn)

(CO)2(dppe)(NO)], 2.182(4) Å
20). The Mo!P distances also

lie within normal ranges, although the trend of elongation of
Mo!Pcis with respect to Mo!Ptrans observed for [MoX(CO)-
(dppe)Cp] (X = Br,3 Cl21) is not seen in 5b, 6a, or 6b. The
Mo!CObond length is sensitive to the identity of the Cp ligand,
with shorter bond distances normally observed for the more
electron rich Cp* complexes.
A key structural feature of four-leg piano stool systems

[ML4Cp0] is distortion of the positions of the tetrapodal L ligands
out of the pseudosquare plane. These distortions can be quantified
by consideration of (i) the angles between mutually trans ligands
and (ii) the parameterθ22 (also designatedR23), which defines the
Cp!!Mo!(Ligand) angle (Cp! = centroid of the Cp0 ring).
These data for the alkynyl complexes 5b, 6a/b, 8a/b, and 9b

together with the related chloride complexes [MoCl(CO)(dppe)-
Cp], 1a,21 and trans-[MoCl(CO)(PMe2Ph)2Cp*], 4b0,24 are
summarized in Table 4.
Inspection of Table 4 reveals that there is a much greater

disparity in the magnitudes of the trans angles in the dppe
complexes 5b and 6a/b than for the PMe3 complexes 8a/b
and 9b. For example, in [Mo(CtCPh)(CO)(dppe)Cp*], 5b,
the trans angles differ by more than 40! [140.9! vs 97.6!],
whereas in trans-[Mo(CtCPh)(CO)(PMe3)2Cp*], 8b, the dif-
ference is less than 1! [117.9! vs 117.0!]. A similar trend is
observed for the halide derivatives 1a and 4b0, although here the
difference in trans angles for 4b0 is rather larger. The dppe alkynyl
complexes 5b and 6a/b therefore exhibit a much larger distortion
in molecular geometry away from the pseudo-C4v symmetry of a
four-legged piano stool toward C2v than the related trans-PMe3
systems 8a/b and 9b. Considering now the Cp!!Mo!(Ligand)
or θ parameters, a variation in the approximate range 104!141!
is observed. Specific ligands can adopt θ values over a significant

Table 3. Key Bond Lengths (Å) and Angles (deg) for [Mo(CrtCβR)(CO)(L2)Cp0]

5b 6a 6b 8a 8b 9b

Mo!CR 2.120(3) 2.135(9) 2.113(4) 2.129(6) 2.118(3) 2.118(2)

Mo-CO 1.899(3) 1.97(1) 1.920(4) 1.923(6) 1.909(3) 1.937(2)

CtO 1.186(3) 1.15(1) 1.175(4) 1.168(7) 1.183(3) 1.171(3)

Mo!Pcis 2.4756(7) 2.429(2) 2.460(1) 2.423(2) 2.426(2) 2.4347(7) 2.4413(8) 2.4150(6) 2.4381(6)

Mo!Ptrans 2.4755(7) 2.467(2) 2.468(1)

CR!Cβ 1.216(3) 1.21(1) 1.210(5) 1.221(9) 1.217(3) 1.215(3)

Cβ!C(substituent) 1.431(4) 1.43(1) 1.441(5) 1.432(8) 1.442(4) 1.433(3)

Pcis!Mo!Pcis 123.24(6) 116.97(3) 113.79(2)

CR!Mo! Pcis 73.35(7) 72.9(2) 71.2(1) 74.2(2) 73.6(2) 72.09(7) 73.65(7) 74.05(6) 73.06(6)

CR!Mo!Ptrans 140.91(7) 136.0(2) 134.8(1)

CR!Mo!CO 80.6(1) 78.7(3) 78.5(1) 115.0(2) 117.9(1) 121.61(9)

Pcis!Mo!CO 97.60(8) 108.0(3) 104.4(1) 77.0(2), 76.1(2) 75.98(8) 75.82(8) 75.72(7) 75.39(7)

Ptrans!Mo!CO 81.74(8) 80.5(3) 80.0(1)

Mo!CR!Cβ 173.2(2) 173.8(7) 175.3(3) 175.2(5) 176.9(2) 173.4(2)

CR!Cβ!C(substituent) 176.0(3) 175.9(9) 175.2(4) 176.4(7) 175.3(3) 176.6(2)

Figure 1. Plot of the molecular structure of 6a showing the atom-
labeling scheme. In this and all subsequent structural figures, thermal
ellipsoids are plotted at 50% probability. Hydrogen atoms have been
omitted for clarity.

Figure 2. Plot of the molecular structure of 6b showing the atom-
labeling scheme.
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range dependent on the trans ligand and electron configuration,
but in general, large θ parameters (typically 120!130!) are
exhibited by good acceptor ligands such as CO or PR3, whereas
σ- or σ-/π- donor ligands such as halide and CtCR normally have
rather smaller θ values (typically 105!120!).22 The rationalization
for these observations is intimately connected with electronic
structure,22,23 and this will be reviewed at a later point in the paper.
However, a feature of the alkynyl complexes 5b, 6a/b, 8a/b, and 9b
is the combination of a double-facedπ-acceptor ligand (CO) with a
good σ/π-donor ligand (CtCR) in cis or trans arrangements,
respectively. The salient θ parameters presented in Table 4 concern
θ(X0) and θ(Pcis) (i.e., the phosphorus located trans to the CO
ligand) for the dppe alkynyl complexes5b and 6a/b. In particular for
the Cp* derivatives 5b and 6b, the small θ(CtCR) and large
θ(Pcis) angles lie close to the outer limits of observed values for
[ML4Cp0] and indicate a significant distortion away from the parent
pseudo-C4v molecular symmetry.

Electrochemistry. To commence investigations on the redox
chemistry of [Mo(CtCR)(CO)(L2)Cp0], the cyclic voltammetry
of complexes 5b, 6a/b, 8a/b, and 9b at a glassy carbon electrode in
CH2Cl2/0.2 M [Bun4N] PF6 was examined; previous electroche-
mical studies on cyclopentadienyl molybdenum alkynyl complexes
are restricted to the tricarbonyl derivatives [Mo(CtCPh)(CO)3-
Cp0].25 The results are presented in Table 5, alongside data for the
corresponding halide complexes [MoX(CO)(L2)Cp0], which have
been included for comparison.

Under the conditions given in Table 5, each of the complexes
undergoes a diffusion-controlled, chemically reversible, one-
electron oxidation with the separation between cathodic and
anodic peak potentials comparable to that determined for the
internal ferrocene standard. The electrochemistry of the majority
of the halide complexes 1 to 4 has been reported previously,10,13,26

and the literature data are included in Table 5, but E1/2 values were
redetermined in the current work to provide a self-consistent set
of values for comparison with the alkynyl analogues. A second
irreversible oxidation was observed at higher potentials, as de-
scribed previously for trans-[MoCl(CO)(PMe3)2Cp*], 4b;

13 the
potential for this process is reported as Ep(A) in Table 5,
determined at a scan rate of 100 mV s!1.
The E1/2 values for the first oxidation of [MoX0(CO)(L2)Cp0]

show a dependence upon X0, L2, and Cp0. Consideration of
[MoCl(CO)(dppe)Cp], 1a, and trans-[MoCl(CO)(PPh3)2Cp],
3a, suggests that the trans-phosphine arrangement of 3a leads to a
reduction in E1/2 of approximately 40 mV. Similarly, the re-
placement of Cp by Cp* results in a shift of E1/2 to negative
potential by approximately 100 mV, although the magnitude of
the change is slightly larger for the dppe series of complexes.
Comparison of the halide/phenyl-alkynyl pairs [MoX0(CO)-
(dppe)Cp] (1a with 5a) and trans-[MoX0(CO)(PMe3)2Cp*]
(4bwith 8b) demonstrates that E1/2 is shifted slightly negative by
the replacement of Cl by CtCPh; a similar trend is observed for
[MoX0(dppe)(η-C7H7)] (E1/2 (V) vs FeCp2/[FeCp2]

+ in
CH2Cl2; X0 = Cl, !0.61 V; X0 = CtCPh, !0.72 V). However,
this feature is not reproduced in the [MoX0(CO)(dppe)Cp*]
series, for which the alkynyl complexes 5b and 6b are slightly
harder to oxidize than the chloride analogue 1b; this result may
indicate an enhanced alkynyl contribution to the redox orbital in
these examples. The absolute magnitudes of the E1/2 values for
the bis-phosphine alkynyl complexes 5a/b, 6a/b, 8a/b, and 9b lie
intermediate between the potentials for [Ru(CtCPh)
(dppe)Cp*] (!0.16 V vs FeCp2/[FeCp2]

+ in CH2Cl2), in which
the redox process features a substantial contribution from the alkynyl
ligand,5a and [Mo(CtCPh)(dppe)(η-C7H7)] and [Fe(CtCPh)
(dppe)Cp*] (!0.72, !0.61 V vs FeCp2/[FeCp2]

+ in CH2Cl2,
respectively), in which the redox process is strongly metal based.3a,7a

Spectroelectrochemical Analysis. To probe further the
character of the redox orbital in the alkynyl complexes

Figure 5. Plot of the molecular structure of 7b showing the atom-
labeling scheme. Key bond lengths (Å) and angles (deg): Mo(1)!C(1)
2.137(4); C(1)!C(2) 1.198(6); Mo(1)!C(19) 1.953(5); Mo(1)!C-
(20) 1.969(5); Mo(1)!P(1) 2.451(1); C(1)!Mo(1)!P(1) 74.0(1);
C(1)!Mo(1)!C(19) 74.7(2); C(1)!Mo(1)!C(20) 126.1(2);
P(1)!MoC(19) 113.0(2); P(1)!Mo(1)!C(20) 76.8(2).

Figure 3. Plot of the molecular structure of 8a showing the atom-
labeling scheme.

Figure 4. Plot of the molecular structure of 8b showing the atom-
labeling scheme.
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[Mo(CtCR)(CO)(L2)Cp0], the spectroscopic properties of
the 17-electron Mo(III) radical cations [Mo(CtCR)(CO)
(L2)Cp0]

+ invite examination. One approach to this objective
is the direct chemical synthesis and isolation of the required
radicals as achieved for [Mo(CtCR)(dppe)(η-C7H7)]

+,
[Fe(CtCR)(dppe)Cp*]+, and [MoCl(CO)(L2)Cp*]

+ (L2 =
dppe, 2PMe3). Reaction of representative examples of [Mo-
(CtCR)(CO)(L2)Cp0] with one equivalent of [FeCp2]PF6 in
solution in cold (!40 !C) CH2Cl2 resulted in an immediate
color change to deep turquoise-blue. However on slow warming
to ambient temperature, the blue coloration faded to brown, and
monitoring by solution IR spectroscopy revealed only decom-
position products. The exception to these observations was 17-
electron trans-[Mo(CtCC6H4-4-Me)(CO)(PMe3)2Cp*]

+,
[9b]+, which persisted in solution for several minutes at room
temperature; this derivative therefore defines the variables (R =
C6H4-4-Me; L2 = trans-(PMe3)2; Cp0 = Cp*) conferring opti-
mum stability to the radical cations [Mo(CtCR)(CO)(L2)-
Cp0]+. In view of the relatively poor thermal stability of the 17-
electron complexes [Mo(CtCR)(CO)(L2)Cp0]

+, the synthetic
studies were discontinued and the generation and observation of
the radicals by spectroelectrochemical methods pursued.
Spectroelectrochemical investigations permit the convenient

and rapid collection of spectroscopic data from each member of a

redox-related family of compounds.27 In the case of metal alkynyl
complexes, the characteristic, IR-active ν(CtC) band reflects a
convolution of σ/π-donation, π-back-bonding, and physical/
kinematic effects. Nevertheless, the changes in ν(CtC) that
occur as a result of a redox change within a series of closely
related alkynyl complexes can be used to assess the degree of
involvement of the alkynyl ligand in the redox orbital,4a,b,28

especially when coupled with observation of other IR-active
bands elsewhere in the molecule.6c,29 In the case of [Mo-
(CtCR)(CO)(L2)Cp0]

n+ in addition to the ν(CtC) band,
the ν(CO) band offers a spectroscopic handle not available to
analogous studies on the d6 systems [Mo(CtCR)(dppe)-
(η-C7H7)]

n+ and [M(CtCR)(dppe)Cp*]n+ (M = Fe or Ru).
Guided by the results of the cyclic voltammetry, an IR

spectroelectrochemical investigation was carried out on the bis-
phosphine alkynyl complexes 5a/b, 6a/b, 8a/b, and 9b. The 17-
electron radicals formed from the Cp complexes 5a, 6a, and 8a
proved to be too reactive to be accessible to room-temperature,
spectroelectrochemical investigations. However the radicals de-
rived from the Cp* analogues 5b, 6b, 8b, and 9b exhibited
enhanced stability, sufficient for study in the spectroelectrochem-
ical cell. In each case the stability of the radical cation (and hence
the validity of ν(CO) and ν(CtC) data) was established by
back-reduction, which resulted predominantly in recovery of the
IR spectrum assigned to the 18-electron precursor, although
small quantities of secondary products were also observed. The
IR data obtained and the shifts in carbonyl and alkynyl stretching

Table 4. Analysis of Angular Parameters in [MoX0(CO)(L2)Cp0] (X0 = Cl or CtCR)a

geometric trans angles (deg) Cp!!Mo!(Ligand) (deg)

complex X0!Mo!Ptrans Pcis!Mo!CO X0!Mo!CO Pcis!Mo!Pcis θ(X0) θ(CO) θ(Ptrans) θ(Pcis)

5b 140.91(7) 97.60(8) 104.0 120.4 115.1 141.3

6a 136.0(2) 108.0(3) 106.9 125.0 116.8 126.3

6b 134.8(1) 104.4(1) 105.0 120.6 120.2 133.4

1a 142.4(2) 113.7(5) 106.8 121.5 110.2 124.8

8a 115.0(2) 123.24(6) 118.2 126.8 117.0, 119.3

8b 117.9(1) 116.97(3) 121.1 121.0 121.0, 121.9

9b 121.61(9) 113.79(2) 114.4 124.0 123.1, 122.6

4b0 130.4(2) 116.6(1) 111.9 117.8 121.2, 122.1
aDefinitions of Ptrans, Pcis as in Table 3.

Table 5. Cyclic Voltammetric Data for [MoX(CO)(L2)Cp0]
(X0 = halide, CtCR; L2 = 2 PMe3 or dppe; Cp0 = Cp, Cp*)a

compound E1/2 (V) (this work) Ep(A) (V) E1/2 (V) (literature)

1a !0.24 0.69 !0.25b (26)
1b !0.46 0.48 !0.44c (10)
2a !0.23 0.72 !0.24b (26)
3a !0.28 0.83

4b !0.54 0.75 !0.48c (10)!0.54b (13)
5a !0.29 0.53

5b !0.41 0.45

6a !0.31 0.42

6b !0.44 0.48

8a !0.48 0.45

8b !0.56 0.61

9b !0.57 0.55
aAll potentials are reported with reference to the FeCp2/[FeCp2]

+

couple (E1/2 = 0.00 V). Experimental conditions (this work): 0.2 M
[Bun4N]PF6/CH2Cl2 solutions at a glassy carbon working electrode.
Ep(A) = irreversible oxidation, at 100 mV s!1. b In CH2Cl2.

c In thf.

Table 6. Infrared Spectroscopic Data (cm!1) for the Com-
plexes [MoX0(CO)(L2)Cp0]

n+ (n = 0 or 1; X0 = Cl or CtCR;
L2 = 2 PMe3 or dppe, Cp0 = Cp or Cp*)

n = 0 n = 1

ν(CO) ν(CtC) ν(CO) ν(CtC) Δν(CO) Δν(CtC)

1aa 1847 (1853) 2013 (2002) 166 (149)

1ba 1822 (1835) 1981 (1971) 159 (136)

4ba 1776 (1782) 1929 (1920) 153 (138)

5bb 1828 2065 1969 2021 141 !44
6bb 1828 2068 1971 2012 143 !56
8bb 1776 2056 1931 2045 156 !11
9bb 1772 2056 1931 2047 159 !9

aData recorded in CH2Cl2 by generation of radicals in situ with
[FeCp2]PF6 or (shown in parentheses) on isolated samples in thf.10
b Spectroelectrochemical measurement in 0.1 M [Bun4N]PF6/CH2Cl2.
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frequencies resulting from one-electron oxidation [Δν(CO) and
Δν(CtC), respectively] are summarized in Table 6, and the
experimental spectra obtained for the redox pair trans-[Mo-
(CtCPh)(CO)(PMe3)2Cp*]

n+, 8b/[8b]+, are presented in
Figure 6. Data for the related chloride complexes 1a/[1a]+,
1b/[1b]+, and 4b/[4b]+ are also included to provide a direct
comparison of the Δν(CO) parameter. These latter data are either
literature values, recorded on isolated samples of the radicals in thf,10

or values obtained in the current work in CH2Cl2 (to allow direct
comparison with alkynyl analogues) in which green-brown solutions
of the radicals [1a]+, [1b]+, and [4b]+ were generated in situ by
addition of [FeCp2]PF6 to solutions of the 18-electron precursors. It
became clear from these investigations that the halide radicals
[MoCl(CO)(L2)Cp0]

+ are significantly more stable than their alky-
nyl counterparts.
One-electron oxidation of all complexes of the type [MoX0-

(CO)(L2)Cp0] (X0 = Cl or CtCR) results in a shift in ν(CO) to
higher wavenumber by 140!160 cm!1, indicative of significant
metal character in the redox orbital in all cases.30 However, a
slightly smaller shift in ν(CO) is observed for the alkynyl
complexes [Mo(CtCR)(CO)(dppe)Cp*], 5b and 6b, a feature
of significance when considered together with shifts in ν(CtC);
see below. A more direct measure of the extent of the alkynyl
contribution to the redox orbital is provided by the shift in
ν(CtC) following one-electron oxidation. For example the
magnitude ofΔν(CtC) resulting from the metal centered, one-
electron oxidation of [Mo(CtCPh)(dppe)(η-C7H7)] (!13 cm!1
in CH2Cl2)

7a contrasts with the corresponding parameter of
!143 cm!1 (CH2Cl2) observed for oxidation of [Ru(CtCPh)
(dppe)Cp*], where the redox process results in significant depopula-
tion of the alkynyl π-bonding orbitals.4a The key Δν(CtC) para-
meter was not readily determined for all complexes of formulation
[Mo(CtCR)(CO)(L2)Cp0]

n+ because of overlap of ν(CtC) and
ν(CO) stretches in the 17-electron radicals, a problem compounded
by reduction in the intensity of the ν(CtC) band in the oxidized
products. However, in the case of the Cp* complexes selected for
investigation, determination of Δν(CtC) was facilitated by the

lower wavenumber for ν(CO) intrinsic to the Cp* derivatives. In all
cases considered, themagnitude ofΔν(CtC) is relatively small, with
a maximum value of !56 cm!1 observed for [Mo(CtCC6H4-4-
Me)(CO)(dppe)Cp*],6b.However, the results inTable 6 show that
the size of the negative shift in ν(CtC) resulting from one-electron
oxidation is molecular geometry dependent. Thus in the dppe
complexes 5b and 6b, the shift in ν(CtC) (in the range !44 to
!56 cm!1 for the alkynyl R substituents selected) is similar to that
found for [Fe(CtCR)(dppe)Cp*]n+ for equivalent R substituents.3a

By comparison amuch smaller change inν(CtC) is observed for the
trans-PMe3derivatives8b and9b (ca.!10 cm!1),more comparable7
to the behavior of [Mo(CtCR)(dppe)(η-C7H7)]

n+. Taken to-
gether the Δν(CO) and Δν(CtC) data suggest that the redox
orbital in the complexes [Mo(CtCR)(CO)(L2)Cp0] is strongly
metal based but with some alkynyl character, particularly in the dppe
complexes 5b and 6b.
Previous investigations on the UV!visible spectra of metal alkynyl

complexes [Fe(CtCR)(dppe)Cp*]n+ and [Mo(CtCR)(dppe)(η-
C7H7)]

n+ (n= 0 or 1) have demonstrated3b,7a the operation of charge
transfer bands involving the alkynyl ligand with excitation energies in
the visible region. In the neutral 18-electron complexes these are
MLCT bands with energies at the blue end of the visible region,
whereas in the 17-electron radicals, strong LMCT bands are observed
with energies around 18000 cm!1 (550 nm) giving rise to a deep
green or blue coloration. The intense turquoise-blue color of solutions
of the 17-electron radicals formed at low temperature in the pre-
liminary synthetic investigations on [Mo(CtCR)(CO)(L2)Cp0]

+

suggested that analogous charge transfer processes may occur in these
complexes. To investigate further, the UV!visible spectra of the Cp*
alkynyl complexes 5b, 6b, 8b, and 9b and the corresponding radicals
were recorded using spectroelectrochemical methods; the experimen-
tal spectra for trans-[Mo(CtCC6H4-4-Me)(CO)(PMe3)2Cp*]

n+,
9b/ [9b]+, are illustrated in Figure 7, with all data summarized
in Table 7.
The key feature in the spectroelectrochemically generated

UV!visible spectra of 5b/[5b]+, 6b/[6b]+, 8b/[8b]+, and
9b/[9b]+ is the appearance of a new band in the visible region

Figure 6. IR spectra of 8b/[8b]+ generated in situ using spectroelectrochemical methods (CH2Cl2/0.1 M [Bun4N]PF6);— = 8b (with trace of [8b]+

also present); ---- = [8b]+.
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in the spectra of the 17-electron radicals ([5b]+, 15 800 cm!1,
633 nm; [6b]+, 15 770 cm!1, 634 nm; [8b]+, 16 700 cm!1,
599 nm; and [9b]+, 16 000 cm!1, 625 nm). Similar absorptions
in the visible region of 17-electron alkynyl complexes have been
reported previously (for example [Mo(CtCPh)(dppe)(η-
C7H7)]

+, 16 900 cm!1, 592 nm)7a and assigned with the aid of
a TD-DFT treatment to an alkynyl-to-metal LMCT process.

EPR Investigations. The 17-electron radicals [MoX0(CO)(L2)-
Cp0]+ (X0 = halide or CtCR) were further investigated by X-band
solution EPR spectroscopy in CH2Cl2. Previous work on the EPR
spectra of isolated samples of the chloride derivatives [MoCl-
(CO)(dppe)Cp]+, [1a]+, [MoCl(CO)(dppe)Cp*]+, [1b]+, and
trans-[MoCl(CO)(PMe3)2Cp*]

+, [4b]+, recorded in solution in thf
reports isotropic spectra with resolved hyperfine coupling to
95/97Mo and 31P.10 In the current investigation, samples of the 17-
electron radicals were generated by in situ oxidation with [FeCp2]-
PF6 in CH2Cl2 followed by immediate cooling to 243 K. These
modified conditions allowed observation of the full range of radical
cations, including the unstable alkynyl Cp complexes. Additionally,
enhanced spectral resolution was obtained leading in the case of
[MoCl(CO)(dppe)Cp]+, [1a]+, to the observation of hyperfine
coupling both to the Cl ligand and to H of the Cp ring. A sample of
[1a]+ was also generated from 1a and [FeCp2]PF6 in thf. The
resulting EPR spectrum was almost identical to that reported for an
isolated sample of [1a]+ and to the spectrum obtained in CH2Cl2
except that the hyperfine couplings to Cl and H of the Cp ring were
now unresolved. A full analysis of the EPR spectral parameters,
confirmed by spectral simulation, is presented in Table 8.
The solution EPR spectra of the dppe halide derivatives [1a]+,

[1b]+, and [2a]+ exhibit excellent resolution of hyperfine cou-
plings, as shown in Figure 8a!c, respectively. For [1a]+ and
[1b]+, the underlying spectral pattern is a doublet of doublets
due to coupling to the inequivalent phosphorus atoms of the

dppe ligand and a series of satellites from the spin-active
molybdenum isotopes 95Mo and 97Mo. The hyperfine couplings
to 95/97Mo and 31P are in close agreement with those previously
reported and similar to those determined for the related complex
[MoCl(dppe)(η-C7H7)]

+ (aiso, G, CH2Cl2 solution, 243 K: Mo,
40.0; 31P, 23.2) in which the unpaired electron is strongly metal
centered.31 Additional hyperfine interactions, superimposed
upon the basic pattern, are clearly evident in Figure 8a,b. For
the Cp* complex [1b]+, the spectrum can be simulated by
inclusion of additional hyperfine coupling to 35Cl/37Cl, but for
[1a]+, the spectrum exhibits further complexity arising from
hyperfine coupling to the hydrogens of the Cp ring, a feature also
observed in the EPR spectrum of the 17-electron radical
[Mo(dppe)2Cp]

2+.32 The EPR spectrum of the bromide deriva-
tive [2a]+ (Figure 8c) confirms the contribution of the halide
ligand, but in this case, the much larger hyperfine coupling to Br
(12.5 G) leads to significant perturbation of the spectral pattern.
The key spectral feature of the trans-phosphine chloride

complexes [MoCl(CO)(PPh3)2Cp]
+, [3a]+, and [MoCl(CO)-

(PMe3)2Cp*]
+, [4b]+, is a 1:2:1 triplet confirming that the trans-

phosphine geometry is retained in the 17-electron radicals. In
addition to hyperfine coupling to 95/97Mo and 31P, superimposed
coupling to Cl (and in [3a]+, H of the Cp ring) was also observed
albeit with poorer resolution than for the dppe complexes. The
hyperfine values computed for trans-[MoCl(CO)(PR3)2Cp0]

+

appear almost invariant with the identity of PR3 and Cp0,
although aiso(Mo) values are approximately 3 G smaller than
for the corresponding dppe complexes.
The EPR spectra of the alkynyl cyclopentadienyl complexes

[Mo(CtCR)(CO)(dppe)Cp]+ (R = Ph, [5a]+, R = C6H4-4-Me,
[6a]+) are similar to the spectrum of the chloride analogue [1a]+,

Figure 7. UV!visible spectra of 9b/ [9b]+ generated in situ by spectro-
electrochemical methods (CH2Cl2/0.1 M [Bun4N]PF6).

Table 7. UV!Visible Data for the Complexes [Mo(CtCR)(CO)(L2)Cp*]
n+ (n = 0 or 1)a

complex n = 0 n = +1

5b 42 500 (29 000), 29 200 (11 200), 22 400, sh, (1300) 42 500 (29 000), 33 100, sh, (10 700), 25 000 (2500), 15 800 (1800)

6b 30 500 (12 160) 15 770 (1370)

8b 40 300, br, (13 960), 29 400 (10 540), 26 320, sh, (5460) 35 700 (11 500), 23 400 (2430), 16 700 (1700)

9b 40 500 (14 500), 29 100 (9200), 24 800, sh, (3100) 42 200 (14 700), 35 500 (11 100), 25 900 (1700), 23 400 (1800), 16 000 (1500)
a νmax/cm

!1 (ε/M!1 cm!1) determined by spectroelectrochemical methods in 0.1 M [Bun4N]PF6/CH2Cl2.

Table 8. EPR Data for the 17-Electron Radicals
[MoX0(CO)(L2)Cp0]

+.a

giso/

G

aiso(Mo)/

G

aiso(
31P1)/

G

aiso(
31P2)/

G

aiso(other)/

G

[1a]+ 1.996 31.0 27.9 14.3 1.9, 1.6 (Cl), 2.2 (H, Cp)

[1b]+ 1.999 31.0 27.9 18.3 1.9, 1.6 (Cl)

[2a]+ 2.019 25.5 27.0 15.0 12.5 (Br)

[3a]+ 1.998 28.5 18.0 18.0 1.1, 1.4 (Cl), 2.6 (H, Cp)

[4b]+ 1.998 27.5 24.0 24.0

[5a]+ 1.999 26.4 23.8 14.4

[5b]+ 1.997 15.5 20.5 6.0

[6a]+ 1.999 26.0 23.6 14.0

[6b]+ 1.998 15.8 20.2 5.8

[8a]+ 2.005 25.0 20.0 20.0

[8b]+ 2.001 26.0 25.2 25.2

[9b]+ 2.001 26.0 25.2 25.2
aX-band solution spectra in CH2Cl2 at 243 K; hyperfine couplings
in Gauss.
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although no hyperfine coupling to H of the Cp ring was observed
and hyperfine couplings to 95/97Mo and 31P are slightly smaller.
However, substitution of Cp by Cp* produces a dramatic effect
with very significant reduction in aiso(Mo) and aiso(P), as evident
from a comparison of Figure 9a and b. Thus, in the Cp* complexes
[Mo(CtCR)(CO)(dppe)Cp*]+, [5b]+ and [6b]+, aiso(Mo) and
the averaged value of aiso(P) are approximately one-half of the
corresponding parameters both for the Cp* chloride derivative [1b]+

and in theCp alkynyl analogues [5a]+ and [6a]+.Of particular note is
the very small hyperfine (ca. 6 G) to one of the phosphorus nuclei
in the Cp* alkynyl systems [5b]+ and [6b]+; this effect is observed
only for the combination of variables Cp0 = Cp*, X0 = CtCR in
[MoX0(CO)(dppe)Cp0]+. The reduced hyperfine couplings to Mo
and phosphorus in the pentamethylcyclopentadienyl alkynyl com-
plexes [5b]+ and [6b]+may be indicative of enhanced delocalization
of spin density onto the alkynyl ligand.
In contrast with the dppe alkynyl complexes, the EPR spectra

of the PMe3 alkynyl complexes trans-[Mo(CtCR)(CO)-
(PMe3)2Cp0]

+ ([8a]+ and its Cp* analogues [8b]+ and [9b]+)

were almost identical to the chloride derivatives [3a]+ and [4b]+.
The principal 1:2:1 triplet pattern arising from hyperfine cou-
pling to two equivalent PMe3 ligands was observed, confirming
retention of the trans-PMe3 geometry in the alkynyl radicals.
However, unlike the dppe complexes, the changes in aiso(Mo)
and aiso(P) resulting from exchange of Cl for CtCPh or Cp* in
place of Cp are very small.

Electronic Structure Calculations. The experimental inves-
tigations outlined above suggest that the redox orbital in
[Mo(CtCR)(CO)(L2)Cp0] has substantial metal-centered
character, evident from the large increase in ν(CO) following
one-electron oxidation to the 17-electron radicals and the
correspondingly rather small negative shift in ν(CtC). How-
ever, EPR investigations on [MoX0(CO)(L2)Cp0]

+ (X0 = halide
or CtCR) indicate some spin delocalization onto the X0 ligand,
either from the direct observation of aiso(Cl/Br) in the halide
radicals [MoX0(CO)(L2)Cp0]

+ or indirectly via the reduced
magnitude of the hyperfine couplings, aiso(

95/97Mo) and aiso-
(31P) in the Cp* alkynyl complexes [5b]+ and [6b]+. Moreover
the two series of complexes [Mo(CtCR)(CO)(dppe)Cp0]n+

and trans-[Mo(CtCR)(CO)(PMe3)2Cp0]
n+ exhibit distinctive

structural and spectroscopic characteristics with evidence for
enhanced participation of the alkynyl ligand in the redox orbital
of the dppe systems.
To rationalize these observations in terms of the electronic

structure of [Mo(CtCR)(CO)(L2)Cp0], a computational study
was conducted at the DFT level using the B3LYP functional and
the def-SVP basis set; this level of theory was used to provide
consistency with previous investigations on [M(CtCPh)
(dppe)(η-C7H7)]

n+ (M =Mo7a or W8). For purposes of compu-
tational efficiency, the model systems [Mo(CtCPh)(CO)
(dHpe)Cp], 5-H (dHpe = H2PCH2CH2PH2), and trans-[Mo-
(CtCPh)(CO)(PH3)2Cp], 8-H, were investigated as the
closed-shell, 18-electron complexes. The calculated complexes
are denoted -H to distinguish computational and experimental
systems.
Key bond length and angle parameters from the DFT-opti-

mized geometries of complexes 5-H and 8-H are summarized in
Table 9. The calculated structural data, including trans angles
across the tetrapodal ligand set, are in good agreement with the
crystallographically determined structures of the related experimen-
tal systems [Mo(CtCC6H4-4-Me)(CO)(dppe)Cp], 6a (given in
place of the phenyl-alkynyl derivative 5a, for which X-ray data are
not available), and trans-[Mo(CtCPh)(CO)(PMe3)2Cp], 8a,
respectively. The energies and composition of the principal frontier
orbitals (LUMO,HOMO,HOMO!1, andHOMO!2) are shown
inTable 10, and plots of these orbitals for 5-H and 8-H are presented
in Figures 10 and 11, respectively.
The electronic structures of the two model systems [Mo(Ct

CPh)(CO)(dHpe)Cp], 5-H, and trans-[Mo(CtCPh)(CO)-
(PH3)2Cp], 8-H, appear strikingly different. This is a direct
consequence of the cis versus trans molecular geometry of the
two systems and not a result of the identity of the P-donor ligands
since calculations on the computational model species cis-[Mo-
(CtCPh)(CO)(PH3)2Cp] reveal an electronic structure analo-
gous to that of the dHpe complex 5-H. In both 5-H and 8-H, a
key aspect of electronic structure [not encountered for the widely
reported tripodal alkynyl complexes [M(CtCPh)(dppe)(η-L)]
(M = Fe, Ru, L = Cp; M =Mo, L = C7H7)] involves the bonding
interactions between filled metal d-orbitals and the empty CO
π*-level. The different molecular geometries of 5-H and 8-H
require different orbital interactions to optimize back-bonding

Figure 8. Fluid solution (CH2Cl2, 243 K), second derivative X-band
EPR spectra of (a) [MoCl(CO)(dppe)Cp]PF6, [1a]PF6; (b) [MoCl(CO)-
(dppe)Cp*]PF6, [1b]PF6; and (c) [MoBr(CO)(dppe)Cp]PF6, [2a]PF6.
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with the CO π*-orbitals, and this is reflected in the resulting
electronic structures.
The electronic structure of the more straightforward case, the

trans-PH3 complex 8-H, is considered first; the principal com-
ponents of the frontier orbitals are illustrated in Figure 11. The
HOMO of 8-H features the metal dz2-orbital, and therefore the
local symmetry is defined with the z axis coincident with a line
between the metal and the centroid of the cyclopentadienyl ring.
This arrangement of the d-orbital manifold, in which dxy
contributes to the HOMO!1 (just slightly lower in energy than
the dz2-based HOMO) and dyz- and dxz-orbitals are involved in
π-bonding interactions with the e1-level of the Cp ligand
(identified as HOMO!6 and HOMO!14, respectively, in
Figure 11), is consistent with previous theoretical treatments
for four-leg piano stool systems.23,33 The HOMO of 8-H is
strongly metal centered (59%) with significant components on
CO (16%) and Cβ of the alkynyl ligand (12%). The principal
metal!ligand interactions are bonding to the CO ligand and a
filled!filled, antibonding interaction with the alkynyl π-orbital;
these filled!filled overlaps are a recurrent feature of theHOMOs
of electron-rich metal alkynyl systems.3b,4a,7a However in 8-H the
poor symmetry match of the alkynyl π-orbital with the metal dz2-
orbital, combined with a competing bonding overlap with the
CO π*-level, prescribes only a weak metal alkynyl interaction. In
HOMO!1, the dxy-orbital similarly serves a dual function of
a bonding overlap with the CO π*-orbital and a filled!filled

antibonding interaction with the remaining alkynyl π-level; this
latter interaction is more efficient in the xy plane, evident from
much greater alkynyl contribution (40%) to the orbital composi-
tion. HOMO!2 (which is significantly lowered in energy with
respect to HOMO!1 and almost 60% localized on the alkynyl
ligand) involves metal!ligand bonding interactions with both
the filled alkynyl π- and empty CO π*-levels. The transfer of
electron density from a filled alkynyl π-orbital to the empty π*-
level of the trans-CO ligand may be facilitated by the configura-
tion of HOMO!2.
The frontier molecular orbitals of the cis-phosphine, dHpe

complex 5-H are shown in Figure 10. As for 8-H, interactions
with the filled alkynyl π- and empty CO π*-orbitals dominate the
composition of HOMO, HOMO!1, and HOMO!2, but the
energy ordering of the d-orbital manifold appears to be very
different, with dxy replacing dz2 as the frontier metal orbital
contributing to the HOMO (assuming a common coordinate
system in which the z direction is located along the metal!ring
axis). However, further consideration shows that the electronic
structure of 5-H can be interpreted as a perturbation of the
structure of 8-H.
The HOMO of 5-H comprises a filled!filled, antibonding

overlap between the alkynyl π-level and the metal dxy-orbital,
equivalent to that observed in the HOMO!1 of 8-H. This is a
strong interaction, similar to that found in the HOMO of
[M(CtCPh)(dppe)Cp] (M = Fe, Ru)3b,4a and unconstrained
by symmetry or competition with a trans-carbonyl ligand.
Accordingly the HOMO of 5-H has increased alkynyl character

Figure 9. Fluid solution (CH2Cl2, 243 K), second derivative X-band EPR
spectra of (a) [Mo(CtCC6H4-4-Me)(CO)(dppe)Cp]PF6, [6a]PF6, and
(b) [Mo(CtCC6H4-4-Me)(CO)(dppe)Cp*]PF6, [6b]PF6.

Table 9. Selected Bond Lengths (Å) and Angles (deg) for the
Calculated Systems [Mo(CtCPh)(CO)(L2)Cp], 5-H and
8-H, and Experimental Counterparts 6a and 8aa

5-H 6a 8-H 8a

Mo!CR 2.141 2.134(9) 2.148 2.129(6)

CR!Cβ 1.232 1.21(1) 1.235 1.221(9)

Mo!P 2.460,

2.456

2.428(2),

2.467(2)

2.447,

2.447

2.423(2),

2.426(2)

Mo!CO 1.970 1.97(1) 1.955 1.923(6)

Pcis!Mo!Pcis 120.3 123.23(6)

CR!Mo!CO 117.7 115.0(2)

Pcis!Mo--CO 105.8 108.0(3)

CR!Mo!Ptrans 136.9 136.0(2)
a See Table 3 for key to atom-labeling scheme.

Table 10. Energy and Composition of Frontier Orbitals in
the Calculated Systems [Mo(CtCPh)(CO)(L2)Cp], 5-H
and 8-H

complex orbital

energy

(eV)

%

Mo

%

Cp

%

L2

%

CO

%

CR

%

Cβ

%

Ph

5-H LUMO !0.81 35 15 30 7 4 5 5

HOMO !4.76 34 5 6 4 12 20 19

HOMO!1 !5.01 52 5 9 13 5 12 4

HOMO!2 !5.88 31 4 8 5 19 8 25

8-H LUMO !0.78 17 8 26 5 7 4 33

HOMO !4.91 59 3 6 16 2 12 1

HOMO!1 !5.08 41 5 4 10 8 15 17

HOMO!2 !6.15 25 2 10 7 19 5 32
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(51%) and reduced metal (34%) and CO (4%) composition by
comparison with the HOMO of 8-H. The composition of
HOMO!1 and HOMO!2 of 5-H is not readily defined in
terms of simple metal d-orbital components, although the “on
axis” z component of HOMO!1 pointing directly toward the Cp
ring is easily recognized. As noted previously in the X-ray
structural studies, the complexes [Mo(CtCR)(CO)(dppe)
Cp0] (5b and 6a/b), in which the P-donor atoms are disposed
mutually cis, undergo a distortion of the molecular geometry
away from the idealized C4v symmetry of a square-based pyr-
amidal form toward C2v, a feature reproduced in the calculated
structure of 5-H. This reduction in molecular symmetry from
pseudo-C4v toC2v permits significant mixing of the metal dz2- and
dx2!y2-orbitals and, as previously proposed,

23 leads to the forma-
tion of two new hybrid orbitals, directed along the yz and xz axes,
as manifest in HOMO!1 and HOMO!2 of Figure 10. En-
ergetically, the driving force for a rehybridization in the dHpe
system is the localization of metal orbitals in their interaction
with strong acceptor (CO) or strong donor (CtCR) ligands. In
HOMO!1, the acceptor ligands (CO and the phosphine located
trans to CO), which are bent down away from the xy plane,
experience enhanced metal-to-ligand π-back-bonding in the yz
plane (evident from the 13% CO character of this orbital); this is
the origin of the largeθ values [θ(CO), θ(Pcis)] for these ligands,
as shown in Table 4. By contrast in HOMO!2, the donor ligands
(CtCR and the phosphine trans to the alkynyl ligand, Ptrans in
Table 4) are inclined upward toward the xy plane (small θ
values) to optimize the bonding interaction between the filled

alkynylπ-orbital and themetal hybrid acceptor orbital directed in
the xz plane. An important result of the rehybridization in 5-H is
that in HOMO!1 the metal!alkynyl interaction is nonbonding,
thus avoiding the filled!filled antibonding interaction in the
alternative electronic structure of 8-H. An analogous rehybridi-
zation of the trans-phosphine complex 8-H is not energetically
favorable because the trans-disposed CO acceptor and CtCR
donor ligands must share the same metal orbital.
The electronic structures outlined above provide the basis for

an understanding of the redox behavior of the experimental
systems with cis-phosphine (5a/b and 6a/b) and trans-phos-
phine (8a/b and 9b) molecular geometries. Although the
HOMOs of both 5-H and 8-H are quite strongly metal centered
(Table 10), the relative contribution of the alkynyl ligand in the
dHpe system 5-H is much greater than for the trans-PH3
counterpart, 8-H (metal: alkynyl % compositions, 5-H: 34:51;
8-H: 59:15). The reduced metal character and increased alkynyl
composition of the HOMO of the dHpe complex 5-H is
consistent with the rather larger negative shift in ν(CtC)
resulting from one-electron oxidation of the experimental sys-
tems [Mo(CtCR)(CO)(dppe)Cp*] (5b, 6b) by comparison
with trans-[Mo(CtCR)(CO)(PMe3)2Cp*] (8b, 9b).
Finally the poor thermal stability of the 17-electron alkynyl

radicals [Mo(CtCR)(CO)(L2)Cp0]
+ should be addressed.

Given the small shifts in ν(CtC) resulting from one-electron
oxidation, especially for the trans-phosphine complexes, the
difficulty in isolation of the 17-electron radical cations is surpris-
ing when compared with the cycloheptatrienyl complexes

Figure 10. LUMO, HOMO, HOMO!1, HOMO!2, HOMO!5, and HOMO!6 of 5-H at B3LYP/SVP plotted as isosurfaces of 0.04 au.
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[Mo(CtCR)(dppe)(η-C7H7)]
+, which are stable systems for a

wide range of alkynyl substituents R.7 Two factors may con-
tribute to the limited stability of [Mo(CtCR)(CO)(L2)
Cp0]+. First the cyclopentadienyl complexes incorporate a labile
carbonyl ligand, which is activated to elimination or substitution by
one-electronoxidation.However, this in itself cannot explain the rapid
decomposition of the alkynyl radicals since the chloride analogues
[MoCl(CO)(L2)Cp*]

+, although reactive, are isolable.10 The addi-
tional function of the alkynyl ligand may be to facilitate a decom-
positionpathway, promoted by the formallyMo(III), d3metal center,
involving conversion of the σ-bonded alkynyl to a π-bonded four-
electron alkyne ligand, thus driving elimination of the CO ligand.

’CONCLUSIONS

Synthetic routes to bis-phosphine-substituted cyclopentadie-
nyl molybdenum alkynyl complexes [Mo(CtCR)(CO)(dppe)
Cp0] and trans-[Mo(CtCR)(CO)(PMe3)2Cp0] (R = Ph or
C6H4-4-Me, Cp0 = Cp or Cp*) have been developed. The new
complexes have been characterized by a range of spectroscopic
methods and representative examples investigated by X-ray
structural studies, which reveal significant structural distortions
away from pseudo-C4v symmetry in complexes of the type
[Mo(CtCR)(CO)(dppe)Cp*]. Cyclic voltammetric investiga-
tions show that each of the complexes [Mo(CtCR)(CO)
(dppe)Cp0] and trans-[Mo(CtCR)(CO)(PMe3)2Cp0] undergoes

a reversible one-electron oxidation on the electrochemical time
scale. Although the resulting 17-electron radicals were too
reactive for chemical isolation, further investigations by spectro-
electrochemical IR and UV!visible techniques were accom-
plished for the more stable Cp* derivatives. Changes in ν(CO)
and ν(CtC) resulting from one-electron oxidation provide a
dual probe of the redox process, which is strongly metal based, as
evidenced by shifts in ν(CO) to higher wavenumber, by 140!
160 cm!1. However the response of ν(CtC) to one-electron
oxidation differs between the two groups of complexes [Mo-
(CtCR)(CO)(dppe)Cp*]n+ and trans-[Mo(CtCR)(CO)-
(PMe3)2Cp*]

n+ (n = 0 or 1), with the rather larger negative shift
for [Mo(CtCR)(CO)(dppe)Cp*]n+ indicative of greater alky-
nyl character in the redox orbital, a conclusion supported by the
large reductions in hyperfine coupling to Mo and P observed in
the solution EPR spectra of [Mo(CtCR)(CO)(dppe)Cp*]+.
DFT, electronic structure calculations on the model complexes
[Mo(CtCR)(CO)(dHpe)Cp] and trans-[Mo(CtCR)(CO)-
(PH3)2Cp] reveal a switch in electronic structure dependent on
the complex coordination geometry. In trans-[Mo(CtCR)-
(CO)(PH3)2Cp], the HOMO incorporates a symmetry-re-
stricted antibonding interaction between the metal dz2-orbital
and the filled alkynyl π-orbital. By contrast in [Mo(Ct-
CR)(CO)(dHpe)Cp], a structural distortion leads to a HOMO
with metal dxy character and enhanced alkynyl contribution in
accord with the properties of the experimental systems. This

Figure 11. LUMO, HOMO, HOMO!1, HOMO!2, HOMO!6, and HOMO!14 of 8-H at B3LYP/SVP plotted as isosurfaces of 0.04 au.
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work indicates the potential for a switchable redox response, via a
perturbation in electronic structure controlled by changes in
molecular geometry.

’EXPERIMENTAL SECTION

General Procedures. The preparation, purification, and reactions
of the complexes described were carried out under dry nitrogen using
standard Schlenk techniques. The complexes [MoCl(CO)3Cp0] (Cp0 =
Cp, Cp*)34 and [Mo(CtCPh)(CO)3Cp0] (Cp0 = Cp, Cp*)35 were
prepared by published procedures, and the alkynes HCtCPh and
HCtCC6H4-4-Me were purchased from commercial sources. NMR
spectra were recorded fromCDCl3 solutions, unless otherwise stated, on
Varian Inova 300 or 400 spectrometers at room temperature and
referenced against solvent resonances (1H, 13C) or external H3PO4

(31P). Infrared spectra were obtained on Perkin-Elmer FT RX1 or
Nicolet Avatar spectrometers. Mass spectra were recorded using Ther-
mo Quest Finnigan Trace GC/MS or Thermo Electron Finnigan LTQ
FT mass spectrometers. MALDI mass spectra were recorded using a
Micromass/Waters TOF Spec 2E instrument. Microanalyses were
conducted by the staff of the Microanalytical Services of the School of
Chemistry, University of Manchester. Cyclic voltammograms were
recorded (ν = 100 mV s!1) from 0.2 M [Bun4N]PF6, CH2Cl2 solutions
ca. 1 " 10!4 M in analyte using a three-electrode cell equipped with a
glassy carbon disk working electrode, Pt wire counter electrode, and
Ag/AgCl reference electrode. All redox potentials are reported with
reference to an internal standard of the ferrocene/ferrocenium couple
(FeCp2/[FeCp2]

+ = 0.00 V). UV!visible and IR spectroelectrochem-
ical experiments were performed at room temperature with an airtight
OTTLE cell of Hartl design27a equipped with Pt minigrid working and
counter electrodes, a Ag wire reference electrode, and CaF2 windows
using either a Nicolet Avatar spectrometer or a Perkin-Elmer Lambda
900 spectrophotometer. EPR experiments were conducted on a Bruker
BioSPin EMX microspectrometer at X-band (9 GHz); spectra were
recorded at 243 K and are the average of 16 scans. Spectral analysis and
simulation was carried out using Bruker WinEPR software (Bruker
Biospin Ltd.).

Preparations. Preparation of [MoCl(CO)(dppe)Cp] (1a). A solu-
tion of [MoCl(CO)3Cp] (2.40 g, 8.60 mmol), dissolved in hot toluene
(100 cm3) was added dropwise over a period of 90 min to a solution of
dppe (3.70 g, 9.3 mmol) in refluxing toluene (50 cm3). After completion
of the addition, reflux was continued for a further 3 h. Then the reaction
mixture was evaporated to dryness. The residue, dissolved in CH2Cl2,
was transferred to an n-hexane-alumina chromatography column, and
the product eluted as an orange-red band with hexane/CH2Cl2/acetone
(2:2:1 v:v:v) as eluant. Reduction in solvent volume in vacuo and
addition of further hexane resulted in precipitation of the product as
an orange-red solid: yield:1.71 g (32%). 1H NMR (CDCl3): δ 1.61 (br,
1H, CH2), 2.25 (br, 1H, CH2), 2.60 (br, 2H, CH2), 4.64 (s, 5H, Cp),
7.22! 7.71 (m, 20H, Ph). 31P{1H}NMR(CDCl3): δ 92.3 (d, JPP = 38.9
Hz, dppe), 66.9 (d, JPP = 38.9 Hz, dppe). IR (CH2Cl2): ν(CtO)
1847 cm!1. MALDI-MS (m/z): 624, [M]+; 596 [(M ! CO)]+. Anal.
Calcd (%) for C32H29OMoClP2: C, 61.7; H, 4.7. Found: C, 61.6; H, 4.2.
Preparation of [MoCl(CO)(dppe)Cp*] (1b). Complex 1b was pre-

pared by an identical procedure to that described for 1a from
[MoCl(CO)3Cp*] (2.88 g, 8.21 mmol) and dppe (4.57 g, 11.49 mmol)
except that, after the initial addition of reagents, reflux was continued for
18 h. The product was obtained as an orange-red solid: yield 1.97 g
(35%). 1H NMR (CDCl3): δ 1.33 (s, 15H, Cp*), 1.89 (br, 2H, CH2),
2.18 (br, 1H, CH2), 2.62 (br, 1H, CH2), 7.00!7.62 (m, 20H, Ph).
31P{1H}NMR (CDCl3): δ 88.2 (d, JPP = 32.4 Hz, dppe), 65.2 (d, JPP =
32.4 Hz, dppe). IR (CH2Cl2): ν(CtO) 1822 cm!1. MALDI-MS
(m/z): 666 [(M ! CO)]+. Anal. Calcd (%) for C37H39OMoClP2: C,
64.2; H, 5.6. Found: C, 64.6; H, 5.3.

Preparation of [MoBr(CO)(dppe)Cp] (2a).Complex 2awas prepared
by an identical procedure to that described for 1a from [MoBr-
(CO)3Cp] (0.50 g, 1.54 mmol) and dppe (0.92 g, 2.31 mmol). The
product was obtained as an orange-red solid: yield 0.45 g (44%). 1H
NMR (CDCl3): δ 1.55 (br, 1H, CH2), 2.21 (br, 1H, CH2), 2.56 (br, 2H,
CH2), 4.37 (s, 5H, Cp), 7.22 ! 7.74 (m, 20H, Ph). 31P{1H} NMR
(CDCl3): δ 92.4 (d, JPP = 38.9 Hz, dppe), 64.5 (d, JPP = 38.9 Hz, dppe).
IR (CH2Cl2): ν(CtO) 1849 cm!1. MALDI-MS (m/z): 639 [(M !
CO)]+. Anal. Calcd (%) for C32H29OMoBrP2: C, 57.6; H, 4.4. Found:
C, 57.3; H, 3.8.

Preparation of [MoCl(CO)(PPh3)2Cp] (3a). A mixture of [MoCl(CO)3-
Cp] (0.50 g, 1.79 mmol) and PPh3 (2.34 g, 8.91 mmol) was dissolved in
toluene (60 cm3), and the solution was refluxed for 18 h then evaporated to
dryness. The residue, dissolved in CH2Cl2, was transferred to an n-hexane-
alumina chromatography column, and the product eluted as an orange-red
band with hexane/CH2Cl2 (9:1 v:v) as eluant. Reduction of solvent volume
in vacuo and addition of further hexane resulted in precipitation of the product
as an orange-red solid: yield 0.801 g (60%). 1H NMR (CDCl3): δ 4.73 (t,
5H, JHP=1.0Hz,Cp), 7.12!7.63 (m, 36H, Ph). 31P{1H}NMR(CDCl3):δ
57.5 (s, PPh3). IR (CH2Cl2): ν(CtO) 1792 cm!1. MALDI-MS (m/z):
750, [M]+; 722 [(M!CO)]+; 715 [(M!Cl)]+; 488 [(M! PPh3)]

+; 460
[(M! CO! PPh3)]

+. Anal. Calcd (%) for C42H35OMoClP2: C, 67.4; H,
4.7. Found: C, 67.2; H, 4.5.

Preparation of [MoCl(CO)(PMe3)2Cp*] (4b). A mixture of [MoCl-
(CO)3Cp*] (0.50 g, 1.49 mmol) and PMe3 (3.4 cm

3 of a 1.0 M solution
in toluene, 3.4 mmol) was dissolved in toluene (60 cm3), and the
solution was refluxed for 18 h then evaporated to dryness. The residue,
dissolved in CH2Cl2, was transferred to an n-hexane-alumina chroma-
tography column, and the product eluted as an orange-red band with
hexane/CH2Cl2 (9:1 v:v) as eluant. Recrystallization from pentane at
!20 !C gave the product as an orange-red solid: yield 0.20 g (30%). 1H
NMR (CDCl3): δ 1.32 (m, 18H, PMe3), 1.72 (s, 15H, Cp*).

31P{1H}
NMR (CDCl3): δ 18.1 (s, PMe3). ES-MS (m/z): 448, [M]+. IR
(CH2Cl2): ν(CtO) 1776 cm!1. Anal. Calcd (%) for C17H33OMoClP2:
C, 45.7; H, 7.4. Found: C, 45.9; H, 7.9.

Preparation of [Mo(CtCPh)(CO)(dppe)Cp] (5a). A mixture of
[MoCl(CO)(dppe)Cp] (0.50 g, 0.80 mmol) and HCtCPh (0.50 g,
4.90 mmol) in methanol (100 cm3) was refluxed for 1.5 h to give a green
solution of [Mo(HCtCPh)(dppe)Cp]Cl. Carbon monoxide gas was
bubbled through the solution for 10min to give an orange solution of the
vinylidene [Mo(CdCHPh)(CO)(dppe)Cp]Cl [ν(CO) (CH2Cl2)
1902 cm!1], which was treated with NaOMe (0.50 g, 9.3 mmol) to
give a yellow solution, which was evaporated to dryness. The residue,
dissolved in CH2Cl2, was transferred to a hexane-alumina column, and
the product eluted as a yellow band with hexane/CH2Cl2/acetone
(2:2:1 v:v:v) as eluant. Reduction in solvent volume in vacuo and
addition of further hexane resulted in precipitation of the product as a
yellow solid: yield 0.15 g (27%). 1H NMR (CDCl3): δ 1.77 (m, 1H,
CH2), 2.17 (m, 1H, CH2), 2.42 (m, 2H, CH2), 4.40 (s, 5H, Cp), 6.56 (d,
2H (AB), JHH ≈ 8.0 Hz, CtCC6H5), 6.80 (m, 1H, CtCC6H5), 6.90
(m, 2H, CtCC6H5), 7.16!7.82 (m, 20H, Ph, dppe). 31P{1H} NMR
(CDCl3): δ 89.6 (d, JPP = 39 Hz, dppe), 78.3 (d, JPP = 39 Hz, dppe). IR
(CH2Cl2): ν(CtC) 2074 cm!1, ν(CtO) 1850 cm!1. MALDI-MS
(m/z): 663 [(M!CO)]+. Anal. Calcd (%) for C40H34OMoP2: C, 69.8;
H, 4.9. Found: C, 69.1; H, 4.8.

Preparation of [Mo(CtCPh)(CO)(dppe)Cp*] (5b). Complex 5b was
prepared by an identical procedure to that described for 5a from
[MoCl(CO)(dppe)Cp*] (0.50 g, 0.72 mmol), HCtCPh (0.37 g, 3.61
mmol), and KOBut (0.40 g, 3.60 mmol). The product was isolated as a
yellow solid: yield 0.12 g (22%). 1HNMR: δ 1.42 (s, 15H, C5Me5), 1.86
(br, 2H, CH2), 2.08 (br, 2H, CH2), 6.38 (d, 2H (AB), JHH ≈ 8 Hz,
C6H5), 6.78 (m, 1H, C6H5), 6.89 (m, 2H, C6H5), 7.15!7.76 (m, 20H,
Ph, dppe). 31P{1H}NMR (CDCl3): δ 86.10 (d, JPP = 37Hz, dppe), 77.2
(d, JPP = 36 Hz, dppe). IR (CH2Cl2): ν(CtC) 2065, ν(CtO)
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1828 cm!1. ES-MS (m/z): 760, [M]+. Anal. Calcd (%) forC45H44OMoP2:
C, 71.2; H, 5.8. Found: C, 70.8; H, 6.3.
Preparation of [Mo(CtCC6H4-4-Me)(CO)(dppe)Cp] (6a). Complex

6a was prepared by an identical procedure to that described for 5a from
[MoCl(CO)(dppe)Cp] (0.50 g, 0.80 mmol), HCtCC6H4-4-Me (0.56
g, 4.83 mmol), and NaOMe (0.50 g, 9.3 mmol). The product was
isolated as a yellow solid: yield 0.11 g (20%). 1H NMR: δ 1.78 (m, 1H,
CH2), 2.13 (s, 3H, C6H4-4-CH3), 2.15 (br, 1H, CH2), 2.36 (m, 2H,
CH2), 4.40 (s, 5H, Cp), 6.46 (d, 2H (AB), JHH ≈ 8.0 Hz, C6H4-4-Me),
6.72 (d, 2H (AB), JHH ≈ 8 Hz, C6H4-4-Me), 7.19!7.83 (m, 20H, Ph).
31P{1H}NMR (CDCl3): δ 89.7 (d, JPP = 39Hz, dppe), 78.1 (d, JPP = 39
Hz, dppe). IR (CH2Cl2): ν(CtC) 2075, ν(CtO) 1848 cm!1. MAL-
DI-MS (m/z): 676 [(M ! CO)]+. HR ES+-MS (m/z): 704.1295
(C41H36OMoP2 requires 704.1290).
Preparation of [Mo(CtCC6H4-4-Me)(CO)(dppe)Cp*] (6b). Com-

plex 6b was prepared by an identical procedure to that described for 5a
from [MoCl(CO)(dppe)Cp*] (0.25 g, 0.36 mmol), HCtCC6H4-4-Me
(0.25 g, 2.12 mmol), and KOBut (0.24 g, 2.12 mmol). The product was
isolated as a yellow solid: yield 0.053 g (19%). 1H NMR: δ 1.42 (s, 15H,
C5Me5), 1.87 (br, 2H, CH2), 2.10 (br, 2H, CH2), 2.13 (s, 3H, C6H4-4-
CH3), 6.31 (d, 2H (AB), JHH≈ 8.0 Hz, C6H4-4-Me), 6.72 (d, 2H (AB),
JHH ≈ 8 Hz, C6H4-4-Me), 7.26!7.76 (m, 20H, Ph). 31P{1H} NMR
(CDCl3): δ 86.4 (d, JPP = 36 Hz, dppe), 77.1 (d, JPP = 36 Hz, dppe). IR
(CH2Cl2): ν(CtC) 2068, ν(CtO) 1828 cm!1. MALDI-MS (m/z):
746 [(M!CO)]+. Anal. Calcd (%) for C46H46OMoP2: C, 71.5; H, 6.0.
Found: C, 71.8; H, 5.6.
Preparation of [Mo(CtCPh)(CO)2(PMe3)Cp] (7a). A mixture of

[Mo(CtCPh)(CO)3Cp] (2.15 g, 6.22 mmol), PMe3 (18.7 cm3 of a
1.0 M solution in toluene, 18.7 mmol), and Me3NO 3 2H2O (1.38 g,
12.43 mmol) in NCMe (50 cm3) was stirred at room temperature for
0.5 h to give an orange-brown solution, which was evaporated to dryness.
The residue, dissolved in CH2Cl2, was transferred to an n-hexane-
alumina column, and the product eluted as a yellow band with hexane/
CH2Cl2 (1:1 v:v) as eluant. Recrystallization from pentane at !20 !C
gave the product as a yellow solid: yield 1.34 g (55%). 1H NMR
(CDCl3): δ 1.55 (d, 9H, JHP = 9.2 Hz, PMe3), 5.26 (s, 5H, Cp), 7.01 (m,
1H, Php), 7.15 (m, 4H), Pho and Phm.

31P{1H} NMR (CDCl3): δ 15.8
(s, PMe3). IR (CH2Cl2): ν(CtC) 2083, ν(CtO) 1956, 1863 cm!1. EI-
MS (m/z): 396 [M]+, 368 [(M ! CO)]+, 340 [(M ! 2CO)]+, 322
[(M ! PMe3)]

+. Anal. Calcd (%) for C18H19O2MoP: C, 54.8; H, 4.8.
Found: C, 54.6; H, 4.6.
Preparation of [Mo(CtCPh)(CO)2(PMe3)Cp*] (7b). Complex 7b

was prepared by an identical procedure to that described for 7a from
[Mo(CtCPh)(CO)3Cp*] (2.60 g, 6.25 mmol), PMe3 (18.8 cm3 of a
1.0 M solution in toluene, 18.8 mmol), and Me3NO 3 2H2O (1.39 g,
12.50 mmol). The product was isolated as a yellow solid: yield 1.78 g
(62%). 1H NMR (CDCl3): δ 1.53 (d, 9H, JHP = 9.2 Hz, PMe3), 2.03
(s, 15H,Cp*), 7.12 (m, 1H, Php), 7.24 (m, 2H), 7.31 (m, 2H), Pho and Phm.
31P{1H} NMR (CDCl3): δ 10.8 (s, PMe3). IR (CH2Cl2): ν(CtC) 2078,
ν(CtO) 1938, 1851 cm!1. EI-MS (m/z): 466 [M]+, 438 [(M! CO)]+,
410 [(M! 2CO)]+, 390 [(M! PMe3)]

+, 390 [(M! 2CO! PMe3)]
+.

HR ES+-MS (m/z): 466.0946 (C23H29O2MoP requires 466.0954). Anal.
Calcd (%) for C23H29O2MoP: C, 59.5; H, 6.3. Found: C, 59.2; H, 5.8.
Preparation of [Mo(CtCPh)(CO)(PMe3)2Cp] (8a). A mixture of

[Mo(CtCPh)(CO)2(PMe3)Cp] (1.34 g, 3.41 mmol) and PMe3
(6.8 cm3 of a 1.0 M solution in toluene, 6.8 mmol) in toluene
(80 cm3) was irradiated in a photochemical reactor (Hanovia, 125 W)
for 3 h to give an orange-brown solution, which was evaporated to
dryness. The residue, dissolved in n-hexane, was transferred to an n-
hexane-alumina column, and two bands were eluted with hexane/
CH2Cl2 (4:1, v:v) as eluant. The first band was identified as the product
8a by IR spectroscopy; the second band was identified by IR spectros-
copy as starting material, 7a. Complex 8a was collected as the first band
from the column and solvent removed. Recrystallization from pentane at

!20 !C gave the product as a yellow solid: yield 0.43 g (29%). 1H NMR
(CDCl3): δ 1.51 (m, 18H, PMe3), 4.92 (s, 5H, Cp), 6.96 (m, 1H, Php),
7.06!7.19 (m, 4H, Pho and Phm).

31P{1H} NMR (CDCl3): δ 25.6 (s,
PMe3). IR (CH2Cl2): ν(CtC) 2056, ν(CtO) 1779 cm!1. ES-MS (m/
z): 444 [M]+, 416 [(M ! CO)]+. Anal. Calcd (%) for C20H28OMoP2:
C, 54.3; H, 6.3. Found: C, 54.4; H, 6.5.

Preparation of [Mo(CtCPh)(CO)(PMe3)2Cp*] (8b). Complex 8b
was prepared by an identical procedure to that described for 8a starting
from [Mo(CtCPh)(CO)2(PMe3)Cp*] (0.50 g, 1.07 mmol) and PMe3
(2.2 cm3 of a 1.0 M solution in toluene, 2.2 mmol). The product was
isolated as a yellow solid: yield 0.13 g (24%). 1H NMR (CDCl3): δ 1.42
(m, 18H, PMe3), 1.89 (s, 15H, Cp*), 6.98 (m, 1H, Php), 7.10!7.22 (m,
4H, Pho and Phm).

31P{1H} NMR (CDCl3): δ 23.2 (s, PMe3). IR
(CH2Cl2): ν(CtC) 2056, ν(CtO) 1776 cm!1. EI-MS (m/z): 514
[M]+, 410 [(M ! CO ! PMe3)]

+, 334 [(M ! CO ! 2PMe3)]
+. Anal.

Calcd (%) for C25H38OMoP2: C, 58.6; H, 7.4. Found: C, 58.6; H, 8.1.
Preparation of [Mo(CtCC6H4-4-Me)(CO)(PMe3)2Cp*] (9b). Com-

plex 9b was prepared by an identical procedure to that described
for 8a starting from [Mo(CtCC6H4-4-Me)(CO)2(PMe3)Cp*]
(IR (CH2Cl2) ν(CtC) 2079, ν(CtO) 1936, 1849 cm!1), which
was obtained from the precursor [Mo(CtCC6H4-4-Me)(CO)3Cp*]
(IR (CH2Cl2) ν(CtC) 2094, ν(CtO) 2028, 1949, 1989(sh) cm!1).
A mixture of [Mo(CtCC6H4-4-Me)(CO)2(PMe3)Cp*] (1.50 g, 3.14
mmol) and PMe3 (9.42 cm

3 of a 1.0 M solution in toluene, 9.42 mmol)
was irradiated in a photochemical reactor for 3 h to give an orange-brown
solution, which was evaporated to dryness. The residue, dissolved in
n-hexane, was transferred to an n-hexane-alumina column followed by
elution with hexane/CH2Cl2 (4:1, v:v). The product was isolated as a
yellow solid: yield 0.52 g (32%). 1H NMR (CDCl3): δ 1.37 (m, 18H,
PMe3), 1.81 (s, 15H, Cp*), 2.21 (s, 3H, C6H4-4-CH3), 7.05 (d, 2H
(AB), JHH≈ 8.0 Hz, C6H4-4-Me), 7.33 (d, 2H (AB), JHH≈ 8Hz, C6H4-
4-Me). 31P{1H} NMR (CDCl3): δ 23.2 (s, PMe3). IR (CH2Cl2):
ν(CtC) 2057, ν(CtO) 1770 cm!1. EI-MS (m/z): 528 [M]+. Anal.
Calcd (%) for C26H40OMoP2: C, 59.3; H, 7.6. Found: C, 59.4; H, 7.8.

Electronic Structure Calculations. All calculations were carried
out using the Gaussian 03 package.36 Themodel geometries for 5-H and
8-H were optimized using the B3LYP functional,37 with no symmetry
constraints. The Def2-SVP basis, obtained from the Turbomole
library,38 was used for all atoms. Frequency calculations were carried
out on these optimized geometries at the corresponding levels and
shown to have no imaginary frequencies. Molecular orbital computa-
tions were carried out on these optimized geometries, and the orbital
contributions were generated with the aid of GaussSum.39

Crystallography. The majority of details of the structure analyses
carried out on complexes 5b, 6a, 6b, 7b, 8a, 8b, and 9b are given in
Table 11. Single crystals of the complexes were obtained as follows: 5b,
6a/b, and 9b: vapor diffusion of n-pentane into a toluene solution of the
complex to give yellow needles; 8a/b and 9b: solution of n-pentane at
!20 !C; 7b: vapor diffusion of n-pentane into a CH2Cl2 solution of the
complex to give yellow needles. X-ray data for all seven complexes were
collected with an Oxford Diffraction X-Calibur 2 diffractometer
equipped with an Oxford-Cryosystems low-temperature device at
100(2) K by means of Mo KR radiation and ω scans. Data were
corrected for Lorenz and polarization factors, and absorption correc-
tions were applied to all data. Structures were solved by direct methods
with refinement by full-matrix least-squares based on F2 against all
reflections. Cell refinement and data reduction were carried out with
CrysAlis CCD and CrysAlis RED software (Oxford Diffraction Ltd.).
SHELXS-9740 was employed for computing the structure solution and
SHELXL-9741 for computing structure refinement. Difference Fourier
syntheses were employed in positioning idealized H atoms, which were
allowed to ride on their parent C atoms. All non-H atoms were refined
anisotropically, and H atoms were included in calculated positions.
C(10) and C(14)!C(18) of the Cp* ring in structure 7b were
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disordered and therefore constrained and split into parts. Structures 8b
and 9b contained two molecules in the asymmetric unit.

’ASSOCIATED CONTENT

bS Supporting Information. Cyclic voltammograms of 6b
and 9b showing Ep(A) (irreversible), IR spectroelectrochemistry
for [5b]n+, [6b]n+, and [9b]n+, UV!visible spectroelectrochemistry
for [5b]n+, selected EPR spectra for [3a]+, [4b]+, [8b]+, [1a]+,
[1b]+, [6a]+, and [6b]+, and CIF files giving crystallographic data
for complexes 5b, 6a, 6b, 7b, 8a, 8b, and 9b. This material is
available free of charge via the Internet at http://pubs.acs.org.
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’ INTRODUCTION

Bimetallic complexes in which two redox-active metal end-cap
groups are linked by a carbon-rich bridge have attracted con-
siderable attention as a class of compounds1 with potential
applications in a wide range of molecular devices.2 A significant
proportion of this work has focused on complexes incorporating
the end-caps Fe(dppe)Cp*,3 Re(NO)(PPh3)Cp*,

4 Ru(PP)Cp0

(PP = 2 PPh3, Cp0 = Cp; PP = dppe, Cp0 = Cp*),5 WI(dppe)2,
6

MnI(dmpe)2,
7 and RuCl(dppe)2

8 bridged by buta-1,3-diyn-1,4-
diyl or 1,x-diethynylbenzene (x= 39,10 or 411!13) ligands. Each of
these systems supports an extensive redox chemistry with multi-
ple, stepwise, one-electron oxidation processes. Electronic struc-
ture calculations reveal contributions from both the metal
end-cap and the carbon chain to the HOMO of the neutral

systems, but the proportion of metal vs carbon bridge character is
critically dependent upon the identity of the metal end-cap.14,15

There is now evidence from several investigations that 4d/5d
metal end-cap groups such as Ru(PP)Cp0 and Re(NO)-
(PPh3)Cp* promote increased carbon chain character to the
redox orbitals, whereas the Fe(dppe)Cp* unit supports enhanced
metallic character.

To establish further the distinctive character of specific end-
cap units, a series of heterobimetallic carbon-bridged complexes
have been investigated (Chart 1).15!18 A common feature of
these systems is the linking of the electron-rich Fe(dppe)Cp*

Received: June 7, 2011

ABSTRACT: Reaction of [FeCl(dppe)Cp*] with [Mo(CtC-
C6H4-4-CtCH)(dppe)(η-C7H7)], 1, and NaBPh4 in metha-
nol gives the alkynylvinylidene complex [{Fe(dppe)Cp*}{μ-
CtCC6H4(H)CdC}{Mo(dppe)(η-C7H7)}]BPh4, [2A]BPh4,
which is deprotonated to form the heterobimetallic, 1,4-diethynylbenzene-bridged complex [{Fe(dppe)Cp*}(μ-CtCC6H4CtC)-
{Mo(dppe)(η-C7H7)}], 3. The alkynylvinylidene compound [2A]BPh4 exists as the major component of an equilibrium mixture
with [Fe(dppe)Cp*}{μ-CdC(H)C6H4CtC}{Mo(dppe)(η-C7H7)}]BPh4, [2B]BPh4, and is formed as a consequence of proton
migration between the Cβ carbons of the vinylidene and alkynyl ends of the bridging ligand. Cyclic voltammetric investigations
reveal that 3 undergoes two reversible one-electron oxidations to cationic [3]+ and [3]2+, which have been isolated as the [PF6]

!

salts after chemical oxidation. Computational (DFT) studies on [3]n+ indicate that while the HOMO of neutral 3 is rather heavily
localized on the Mo center, in [3]+ the frontier orbitals are more evenly distributed over both metals, with the concentration of spin
density being sensitive to the relative disposition of the metal end-cap fragments about the diethynylbenzene ligand. Experimental
investigations on [3]PF6 by IR and EPR spectroscopy provide evidence for the coexistence of redox isomers [3A]+ and [3B]+, in
which spin density is localized at the molybdenum or iron center, respectively. The solution IR spectrum of [3]PF6 exhibits an
unusual four-band pattern in the ν(CtC) region, consistent with the observation of two isomeric forms of [3]PF6, which are
“valence trapped” on the short time scale of IR spectroscopy. In the frozen solution EPR spectrum, at 120 K, the spectroscopic
signatures of both paramagnetic end-caps Mo(dppe)(η-C7H7) and Fe(dppe)Cp* are observed. The properties of [3]n+ are
discussed with reference to the parent homobimetallics [{MLx}2(μ-CtCC6H4CtC)]n+ [MLx = Fe(dppe)Cp*, [4]n+, and
Mo(dppe)(η-C7H7), [5]

n+, n = 0, 1, 2].
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unit, through an unsaturated carbon bridge, to a 4d/5d metal
end-cap with significant carbon bridge contribution to the redox
orbitals. In each of the complexes illustrated in Chart 1, the first
oxidation process occurs at the electron-rich iron center, with
spectroscopic data indicating relatively low energy optical elec-
tron transfer from the 4d/5d end-cap admixed with the carbon
chain π-system to the formally 17-electron iron center in the
monocation.

An alternative molecular design not previously explored for
heterobimetallic complexes of this type features a carbon-rich
bridge spanning two metal end-caps with discrete identities but
similar character in terms of the metal- vs carbon-chain-centered
composition of the redox orbitals; such an arrangement might
provide additional information about electronic structure not
available from related homobimetallic systems. One option for
this molecular design is the linking of two metal end-caps that
feature redox orbitals with significant metal character; this
configuration has the advantage that the interpretations of the
redox and spectroscopic parameters may be made within the
conceptually simpler framework of changes in metal oxidation
states without additional complications arising from mixing of
the metal and carbon chain orbitals.19 Prior to the current work,
the construction of a heterobimetallic of this type was impeded
by the lack of a suitable system to partner the Fe(dppe)Cp*
center. However, recent work on the cycloheptatrienyl molyb-
denum alkynyl complexes [Mo(CtCR)(dppe)(η-C7H7)] re-
veals low redox potentials for one-electron processes which result
in kinetically stable 17-electron radicals. Moreover experimental
and theoretical data establish that, in contrast to other heavy
metal complexes of this type, unpaired spin density is strongly
metal centered in these systems.20

This report describes the synthesis, redox chemistry, and electronic
structure of the heterobimetallic complexes [{Fe(dppe)Cp*}-
(μ-CtCC6H4CtC){Mo(dppe)(η-C7H7)}]

n+ (n = 0, 1, or 2),
[3]n+, in which a carbon-rich, 1,4-diethynylbenzene bridge links
FeCp*- and Mo(η-C7H7)-based metal end-caps. The electronic
properties of [3]n+, which reflect a similarity in redox potentials
but a diversity in electronic structure between the two end-cap units,
are explored by a range of spectroscopic techniques, supported
by results from DFT calculations.

’RESULTS AND DISCUSSION

1. Synthetic Studies. The synthetic approach employed to
obtain the series of 1,4-diethynylbenzene-bridged heterobime-
tallic complexes [{Fe(dppe)Cp*}(μ-CtCC6H4CtC){Mo-
(dppe)(η-C7H7)}]

n+, [3]n+, is outlined in Scheme 1. Two
alternative coupling strategies were considered for the synthesis
of 3 starting either from [Fe(CtCC6H4-4-CtCH)(dppe)Cp*]

and [MoBr(dppe)(η-C7H7)]
21,22 or alternatively from [Mo-

(CtCC6H4-4-CtCH)(dppe)(η-C7H7)], 1, and [FeCl(dppe)-
Cp*]. The development of a convenient synthesis of complex 1,
by direct reaction of [MoBr(dppe)(η-C7H7)] with excess 1,
4-HCtCC6H4CtCH in the presence of KOBut, and the
relative lability of [FeCl(dppe)Cp*] to chloride ionization led
to the use of the latter pair as the preferred starting materials for
the coupling reaction. Characterization details for 1, and sub-
sequently derived complexes, by microanalysis, IR and mass
spectrometry, and (for diamagnetic systems) NMR spectroscopy
are given in the Experimental Section. Particularly pertinent to
the ensuing discussions are the IR data. The solution IR spectrum
of 1 exhibits a ν(CtC) stretch at 2042 cm!1, typical of alkynyl

Chart 1 Scheme 1a

aReagents and conditions: (i) NaBPh4,MeOH, 20 h; (ii) KOBut,MeOH/
thf (1:1), 16 h; (iii) [FeCp2]PF6, (2 equiv), thf,!60 !C, 1 h; 20 !C, 16 h;
(iv) 3, CH2Cl2,!60 !C, 1.5 h; 20 !C, 2 h.
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ligands attached to the Mo(dppe)(η-C7H7) unit, together with
ν(CtC) 2101 cm!1 and a broad ν(tCH) band around
3300 cm!1, indicative of the terminal CtCH functionality
available for the directed assembly of heterobimetallic systems.
Synthesis of the target heterobimetallic [{Fe(dppe)Cp*}(μ-

CtCC6H4CtC){Mo(dppe)(η-C7H7)}], 3, was effected in a
two-step process. First, reaction of a green-brown methanol
solution of complex 1 with [FeCl(dppe)Cp*] in the presence
of NaBPh4 resulted in the formation of the purple intermediate
alkynylvinylidene complex [{Fe(dppe)Cp*}{μ-CtCC6H4(H)-
CdC}{Mo(dppe)(η-C7H7)}]BPh4, [2A]BPh4 (Scheme1),which
exists as the major component of an equilibriummixture with the
tautomer [{Fe(dppe)Cp*}{μ-CdC(H)C6H4CtC}{Mo(dppe)-
(η-C7H7)}]BPh4, [2B]BPh4 (Scheme 2). Evidence for the
equilibrium between the two tautomeric forms23 in solution is
provided by 31P NMR investigations in CDCl3 in the tempera-
ture range 213 to 308 K on an isolated sample of [2]BPh4. The
spectroscopic signatures of the iron alkynyl site of [2A]+ and
the iron vinylidene site of [2B]+ were simultaneously detected
at 101 and 89 ppm, respectively; a resonance around 53
ppm characteristic of the molybdenum vinylidene terminus of
[2A]+ was also observed. A decrease in temperature resulted in
an increase in the proportion of [2A]+ present in the mixture.
Moreover the 57Fe M€ossbauer spectrum of [2]BPh4 shows the

presence of a single species in the solid state at 80 K, with
parameters (isomer shift, IS = 0.254 mm s!1; quadrupole
splitting, QS = 1.959 mm s!1) characteristic of the iron alkynyl
site of the thermodynamically preferred tautomer [2A]+.
Isolated examples of bimetallic complexes linked by an

alkynylvinylidene bridge are relatively uncommon;18,23 in gen-
eral the vinylidene is deprotonated in situ, resulting in the direct
synthesis of a dialkynyl-bridged bimetallic.17 The most pertinent
example for comparison with [2]BPh4 is [{Fe(dppe)Cp*}{μ-
CdC(H)C6H4CtC}{Re(CO)3(bpy)}]PF6 assembled from
[Re(CtCC6H4-4-CtCH)(CO)3(bpy)] and [FeCl(dppe)Cp*]
in the presence of KPF6.

18 In this case the vinylidene linkage is
through the Fe center, consistent with reaction of the Fe-
(dppe)Cp* unit at the terminal CtCH bond. However, in the
case of [2]BPh4, both experimental and computational investiga-
tions indicate that the ModCR vinylidene complex ([2A]+) is
thermodynamically favored over the FedCR vinylidene form
([2B]+) and that the initially formed product [2B]+ is converted
to an equilibrium mixture with [2A]+ via proton migration
between the vinylidene and alkynyl termini.
The high-yield conversion of [2]BPh4 to 1,4-diethynylben-

zene-bridged 3, isolated as a deep red solid, was achieved by
deprotonation with KOBut in thf/methanol. The identity of
complex 3 is supported by full spectroscopic characterization
(see Experimental Section) including singlet resonances at δ
101.7 and 65.6 in the 31P NMR spectrum characteristic of al-
kynyl complexes of the type [Fe(CtCR)(dppe)Cp*] and [Mo-
(CtCR)(dppe)(η-C7H7)], respectively,

20,24 and is confirmed
by a single-crystal X-ray structural study.

2. Structural Investigations. The molecular structure of
[{Fe(dppe)Cp*}(μ-CtCC6H4CtC){Mo(dppe)(η-C7H7)}],
3, is shown in Figure 1, and important bond lengths and angles
are summarized in Table 1. The crystallographic investigation
confirms a molecular architecture in which Fe(dppe)Cp* and
Mo(dppe)(η-C7H7) end-caps are linked by a 1,4-diethynylben-
zene bridge. The two end-caps are twisted relative to each other

Scheme 2. Tautomeric Forms of the Alkynylvinylidene Complex [2]BPh4

Figure 1. Molecular structure of [{Fe(dppe)Cp*}(μ-CtCC6H4CtC)-
{Mo(dppe)(η-C7H7)}], 3, with hydrogen atoms omitted for clarity.
Thermal ellipsoids are plotted at 50%.

Table 1. Important Bond Lengths (Å) and Angles (deg) for
Complex 3

Fe(1)!C(37) 1.942(6) Mo(1)!C(87) 2.124(6)

Fe(1)!P(1) 2.2215(17) Mo(1)!P(51) 2.4686(16)

Fe(1)!P(2) 2.2253(18) Mo(1)!P(52) 2.4636(17)

C(37)!C(38) 1.203(8) C(87)!C(88) 1.217(8)

C(38)!C(39) 1.436(8) C(88)!C(89) 1.443(8)

P(1)!Fe(1)!P(2) 84.67(7) P(51)!Mo(1)!P(52) 78.52(6)

P(1)!Fe(1)!C(37) 81.49(17) P(51)!Mo(1)!C(87) 75.97(16)

P(2)!Fe(1)!C(37) 84.43(18) P(52)!Mo(1)!C(87) 81.6(2)

Fe(1)!C(37)!C(38) 177.8(5) Mo(1)!C(87)!C(88) 176.9(6)

C(37)!C(38)!C(39) 171.0(6) C(87)!C(88)!C(89) 176.5(7)
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with the torsion angle (τ) between planes defined by
[Cp#!Fe(1)!C(37)] and [Ct#!Mo(1)!C(87)] (Cp# and
Ct# represent the centroids of the Cp* and C7H7 rings, re-
spectively) determined as τ = !96!. The molecular geometry
around the end-cap units in 3 is similar but not identical to the
component monometallic complexes [Fe(CtCPh)(dppe)Cp*]
and [Mo(CtCPh)(dppe)(η-C7H7)].

20,24 In particular, at the
Fe center, both the Fe!CR [Fe(1)!C(37)] and iron!pho-
sphorus bond lengths are elongated by comparison with typical
values (cf. [Fe(CtCPh)(dppe)Cp*]: Fe!CR: 1.894(3); Fe!P:
2.174(1), 2.185(1) Å).

3. Electrochemistry and Synthetic Redox Chemistry. The
cyclic voltammogram of complex 3, recorded at a Pt electrode in
CH2Cl2, exhibits two diffusion-controlled, chemically reversible
one-electron oxidations, consistent with the presence of two
electron-rich, redox-active metal end-caps. For scan rates in the
range 50!500 mV s!1, the separation between cathodic and
anodic peak potentials for each of the two redox events is
essentially independent of scan rate and comparable to that
determined for the internal ferrocene standard, consistent with
rapid heterogeneous electron transfer at the Pt electrode. Table 2
presents a summary of E1/2 data for 3, adjusted to a FeCp2/
[FeCp2]

+ standard, and a comparison with data for related 1,4-
diethynylbenzene heterobimetallic complexes [{MLx}(μ-CtC-
C6H4CtC){M0Lx}] and monometallic analogues [{MLx}(Ct
CC6H4-4-CtC-H)].
In both monometallic complexes [{MLx}(CtCC6H4-4-

CtCH)] (MLx = Fe(dppe)Cp* or Mo(dppe)(η-C7H7)), the
HOMO is strongly metal-centered and of relatively high energy,
leading to low redox potentials for one-electron oxidation.
However, the E1/2 values in Table 2 establish that the potential
for one-electron oxidation of the cycloheptatrienyl molybdenum
complex 1 is approximately 0.11 V negative of the directly
analogous FeCp* analogue; data for a range of alkynyl complexes
[{MLx}(CtCR)] (MLx = Fe(dppe)Cp* or Mo(dppe)(η-
C7H7)) are also consistent with this observation.20,24,27 There-
fore, in the heterobimetallic 3, it is probable that the first
oxidation process at !0.83 V is centered at the molybdenum
terminus, whereas the second oxidation process at !0.56 V has
more iron character; further evidence to support this conclusion
is obtained from electronic structure calculations (see below).
On the basis of these assignments, complex 3 constitutes the first
example of an all-carbon-bridged heterobimetallic featuring the
Fe(dppe)Cp* end-cap, in which the first oxidation process is not
iron-based. Moreover, the very small difference in E1/2 values for
one-electron oxidation of the monometallic reference compounds

[{MLx}(CtCC6H4-4-CtCH)] (MLx = Fe(dppe)Cp* or Mo-
(dppe)(η-C7H7)) is anticipated to lead to novel properties in
the radical cation [3]+.
Guided by the results of the cyclic voltammetric investigations,

synthetic studies were carried out to generate the oxidized forms
of complex 3, i.e., the monocation [3]+ and the dication [3]2+,
using chemical redox reagents (Scheme 1). The addition of two
equivalents of [FeCp2]PF6 to a red thf solution of 3 at !60 !C
resulted in a color change to deep green and subsequent isolation
of [{Fe(dppe)Cp*}(μ-CtCC6H4CtC){Mo(dppe)(η-C7H7)}]-
[PF6]2, [3][PF6]2, as a deep green solid. The identity of
[3][PF6]2 as a redox congener of 3 was confirmed by a cyclic
voltammetric investigation; the electrochemistry of complexes 3
and [3][PF6]2 was shown to be identical. Attempts to generate
a clean sample of the monocation [{Fe(dppe)Cp*}(μ-Ct
CC6H4CtC){Mo(dppe)(η-C7H7)}]PF6, [3]PF6, by direct re-
action of 3with one equivalent of [FeCp2]PF6 were unsuccessful.
However [3]PF6 was obtained in high yield as a purple solid via
the comproportionation reaction of complexes 3 and [3][PF6]2
at low temperature in CH2Cl2. The redox-derived species [3]PF6
and [3][PF6]2 were characterized by microanalysis and mass
spectrometry (see Experimental Section) and a range of spectro-
scopic methods (IR, EPR, 57Fe M€ossbauer spectroscopy, and
UV!visible!NIR spectroscopy; see Sections 5, 6, and 7).

4. Electronic Structure Calculations. To delineate the effect
of substitution of one Fe(dppe)Cp* terminus in [{Fe(dppe)-
Cp*}2(μ-CtCC6H4CtC)]n+ by the Mo(dppe)(η-C7H7)
end-cap, DFT calculations (see Experimental Section for
computational details) were carried out on the full series of
the three complexes [{Fe(dppe)Cp*}(μ-CtCC6H4CtC)-
{Mo(dppe)(η-C7H7)}]

n+, [3]n+, [{Fe(dppe)Cp*}2(μ-CtC-
C6H4CtC)]n+, [4]n+, and [{Mo(dppe)(η-C7H7)}2(μ-CtC-
C6H4CtC)]n+, [5]n+ (n = 0, 1, 2). To ensure the best available
description of electronic structure and spin density distribu-
tion, calculations were carried out on the full experimental
systems with no simplification of the supporting dppe or Cp*
ligands. Calculated structural parameters for the three series of
complexes [3]n+, [4]n+, and [5]n+ (n = 0, 1, 2) are presented in
Table 3 together with experimentally determined data for com-
plexes 3 and [4]2+.9,11b Table 4 gives details of the energies and
compositions of the frontier molecular orbitals for all three
oxidation states; the dicationic complexes were computed in three
alternative configurations to allow a confident assignment of the
ground state.
4.1. Neutral Complexes. From the structural parameters

presented in Table 3, it is evident that in each complex 3, 4, or

Table 2. Electrochemical Data for the 1,4-Diethynylbenzene Complexes [{MLx}(μ-CtCC6H4CtC){M0Lx}] and
[{MLx}(CtCC6H4-4-CtC-H)]a

MLx (complex) M0Lx E1 E2 E2 ! E1 ref

Mo(dppe)(η-C7H7) (1) H !0.68 this work

Fe(dppe)Cp* H !0.57 21

Mo(dppe)(η-C7H7) (3) Fe(dppe)Cp* !0.83 !0.56 0.27 this work

Fe(dppe)Cp* (4) Fe(dppe)Cp* !0.73 !0.47 0.26 11a

Mo(dppe)(η-C7H7) (5) Mo(dppe)(η-C7H7) !0.84 !0.67 0.17 25

Fe(dppe)Cp* (6) RuCl(dppe)2 !0.70 !0.05 0.65 17

Fe(dppe)Cp* (7) Re(CO)3(bpy) !0.65 0.42 1.07 18
aAll potentials (V) are reported with reference to the FeCp2/[FeCp2]

+ couple (E1/2 = 0.00 V). Data from literature sources are adjusted via E1/2 cited for
the FeCp2/[FeCp2]

+ couple (0.46 V vs SCE in 0.1 M [Bun4N]PF6/CH2Cl2 solution at a Pt electrode).26 Experimental data for 1 and 3 by cyclic
voltammetry in 0.1 M [Bun4N]PF6/CH2Cl2, 293 K, at a Pt working electrode.
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Table 3. Pertinent Optimized and Experimental (When Available) Bond Lengths (Å) for the Complexes [3]n+, [4]n+, and [5]n+

(n = 0, 1, 2)a

complex M!CR CR!Cβ Cβ!C1 C2!C3 Cβ0!C4 CR0!Cβ’ M0!CR0 M!P M0!P Mo!C7H7
b Fe!Cp* b M 3 3 3M

0

3c 2.123 1.241 1.431 1.395 1.433 1.239 1.906 2.523 2.258 1.663 1.803 12.239
2.528 2.262

3 (exptl) 2.124(6) 1.217(8) 1.443(8) 1.383(9) 1.436(8) 1.203(8) 1.942(6) 2.464(2) 2.222(2) 1.627 1.705 12.137
2.469(2) 2.225(2)

[3]+ 2.067 1.249 1.411 1.384 1.411 1.248 1.845 2.552 2.293 1.672 1.807 12.080
2.548 2.304

[3(S)]2+ 1.998 1.266 1.384 1.372 1.383 1.266 1.789 2.561 2.295 1.688 1.814 11.938
2.568 2.318

[3(T)]2+ 2.074 1.242 1.428 1.393 1.432 1.237 1.900 2.572 2.344 1.670 1.824 12.143
2.593 2.346

[3(BS)]2+ 2.068 1.244 1.425 1.391 1.428 1.239 1.892 2.585 2.335 1.669 1.823 12.135
2.587 2.336

4 1.907 1.239 1.433 1.394 1.432 1.239 1.906 2.264 2.273 1.813 12.014
2.258 2.270 1.801

[4]+ 1.842 1.249 1.410 1.384 1.409 1.249 1.846 2.308 2.297 1.807 11.870
2.289 2.279 1.808

[4]+ Ci 1.845 1.249 1.409 1.384 1.409 1.249 1.845 2.283 2.283 1.808 11.871
1.808

2.301 2.301
[4]+ asym 1.845 1.248 1.411 1.385 1.411 1.248 1.856 2.325 2.273 1.815 11.878

2.317 2.288 1.805
[4(S)]2+ 1.784 1.267 1.381 1.371 1.381 1.267 1.784 2.323 2.281 1.813 11.730

2.297 2.275 1.813
[4(T)]2+ 1.894 1.237 1.432 1.394 1.432 1.237 1.896 2.378 2.295 1.819 11.945

2.337 2.278 1.819
[4(BS)]2+ 1.891 1.238 1.430 1.393 1.430 1.238 1.891 2.338 2.339 1.819 11.939

1.819
2.379 2.377

[4]2+ (exptl) (100 K)d 1.864(3) 1.221(4) 1.424(4) 1.373(4) 1.424(4) 1.221(4) 1.864(3) 2.2352(7) 2.2352(7) 1.782 11.725
2.2611(7) 2.2611(7)

1.868(3) 1.217(4) 1.424(3) 1.378(4) 1.424(3) 1.217(4) 1.868(3) 2.2603(8) 2.2603(8) 1.784 11.799
2.2776(7) 2.2776(7)

[4]2+ (exptl) (293 K)d 1.881(3) 1.205(4) 1.434(4) 1.371(5) 1.434(4) 1.205(4) 1.881(3) 2.2455(8) 2.2455(8) 1.786 11.739
2.2727(8) 2.2727(8)

1.875(3) 1.223(4) 1.424(4) 1.381(4) 1.424(4) 1.223(4) 1.875(3) 2.2724(9) 2.2724(9) 1.787 11.828
2.2897(9) 2.2897(9)

5 2.124 1.241 1.431 1.394 1.431 1.241 2.123 2.521 2.518 1.666 12.457
2.529 2.507 1.663

[5]+ 2.065 1.249 1.412 1.385 1.412 1.250 2.064 2.551 2.555 1.673 12.298
2.562 2.550 1.672

[5(S)]2+ 2.004 1.263 1.386 1.373 1.386 1.264 2.001 2.570 2.567 1.688 12.149
2.579 2.562 1.688

[5(T)]2+ 2.081 1.241 1.430 1.393 1.429 1.243 2.075 2.587 2.586 1.668 12.326
2.603 2.583 1.666

[5(BS)]2+ 2.069 1.244 1.424 1.390 1.423 1.245 2.064 2.585 2.585 1.671 12.297
2.600 2.581 1.670

a Experimentally determined parameters indicated (exptl); all other parameters calculated; key to numbering/lettering shown below. The constrained
geometry of [4]+ is denoted [4]+ asym (see text); the constrained attempts of localization for [3]+ and [5]+ led to geometries similar to those from
unconstrained calculations and are thus not given. For the dications, (S) indicates the low-spin, diamagnetic state; (T) the high-spin magnetic state, and
(BS) the antiferromagnetically coupled configuration.

bMetal to ring centroid distances. c For [3]n+, M = Mo and M0 = Fe. dTwo independent molecules per unit cell (see ref 11b).
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Table 4. Energies and Mulliken Decomposition (%) of the Frontier Molecular Orbitals (MO) of the Complexes [3]n+, [4]n+, and
[5]n+ (n = 0, 1, 2)

complex HOMO!LUMO gap (eV) Erel
a MO energy/eV Mb M0b C2 C2

0 Ph

3 2.86 0 LUMO !0.93 0 3 0 0 0

HOMO !3.79 48 3 18 7 14

HOMO!1 !4.36 22 19 11 17 11

[3]+ 3.21 4.45 LUMO (β) !5.08 31 17 14 13 16

SOMO (β) !6.13 30 31 5 11 11

SOMO (R) !6.44 11 19 13 22 24

SOMO(β)-1 !6.94 0 61 0 14 1

[3(S)]2+ 1.29 11.56 LUMO !7.74 24 17 14 15 20

HOMO !9.03 33 22 8 9 13

HOMO!1 !9.54 29 0 21 0 2

[3(T)]2+ 3.50 11.02 LUMO (β) !7.48 24 42 4 9 7

SOMO (R) !9.17 14 8 19 18 28

SOMO (β) !9.20 19 14 12 14 17

SOMO(β)-1 !9.47 7 51 1 7 1

[3(BS)]2+ 2.34 10.91 LUMO (β) !6.39 0 59 2 14 11

SOMO (β) !9.18 19 6 25 14 30

SOMO (R) !9.32 11 4 15 22 29

SOMO(R)!1 !9.35 26 0 22 1 4

4 3.01 0 LUMO !0.94 0 15 0 0 0

HOMO !3.95 13 15 18 21 24

HOMO!1 !4.52 42 10 24 6 4

[4]+ 3.38 4.36 LUMO (β) !5.01 23 21 15 14 17

SOMO (β) !6.21 28 30 9 9 13

SOMO (R) !6.62 10 12 19 20 27

SOMO(β)!1 !7.24 3 56 2 16 1

[4]+ asym 2.87 4.47 LUMO (β) !4.91 36 11 16 11 16

SOMO (β) !6.10 18 39 5 14 11

SOMO (R) !6.46 2 26 9 26 22

SOMO(β)!1 !6.77 0 60 0 15 2

[4(S)]2+ 1.40 11.63 LUMO !7.78 6 6 14 14 53

HOMO !9.18 18 18 16 16 21

HOMO!1 !9.82 23 23 9 9 14

[4(T)]2+ 3.13 10.63 LUMO (β) !6.59 33 31 8 6 8

SOMO (R) !9.04 4 4 23 22 35

SOMO (β) !9.13 10 10 19 24 31

SOMO(β)!1 !9.81 33 7 37 6 5

[4(BS)]2+ 2.86 10.61 LUMO (β) !6.30 61 0 13 2 10

SOMO (R) !9.14 4 9 24 21 34

SOMO (β) !9.16 9 4 21 24 34

SOMO(β)!1 !9.85 16 7 19 15 4

5 2.72 0 LUMO !1.00 0 9 0 1 0

HOMO !3.72 25 24 13 13 15

HOMO!1 !4.14 36 34 6 6 4

[5]+ 3.17 4.38 LUMO (β) !5.03 27 24 12 12 15

SOMO (β) !5.97 33 34 6 7 9

SOMO (R) !6.29 14 28 13 17 21

SOMO(R)!1 !6.93 33 32 9 6 6

[5(S)]2+ 1.18 11.33 LUMO !7.70 23 24 14 14 19

HOMO !8.88 34 31 7 7 11

HOMO!1 !9.36 1 31 1 19 2

[5(T)]2+ 3.51 10.90 LUMO (β) !7.23 41 28 6 5 8

SOMO (R) !8.98 11 12 20 19 30

SOMO (β) !9.27 5 18 7 19 9
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5, the geometry of the 1,4-diethynylbenzene bridge is almost
identical, indicating that the heterometallic nature of 3 does not
introduce appreciable polarization of the ground state. Compar-
ison of the calculated geometry with experimentally determined
data for 3 reveals that the length of the Fe!CR bond is slightly
underestimated and the CtC bond lengths are overestimated by
the calculations (maximum deviation of ca. 0.035 Å). However
the overall separations between the metal atoms and the ipso
carbons [C(1), C(4)] of the central ring are well reproduced,
with a deviation of less than 0.02 Å found between the experi-
mental and calculated structures of 3. Other parameters are
accurately reproduced including theMo!CR bond length, which
is also consistent with the analogous bond distance in
[Mo(CtCPh)(dppe)(η-C7H7)].

20 As often seen in this kind
of complex, DFT values computed for metal!phosphorus and
metal!ring centroid distances are somewhat overestimated with
respect to the experimentally measured separations (ca. 0.05 and
0.10 Å, respectively).15

The substitution of the Fe(dppe)Cp* fragments in 4 by
Mo(dppe)(η-C7H7) to give 3 and 5 results in major changes
in electronic structure. Two trends are apparent from a con-
sideration of the data in Table 4 and Figure 2. First, the HOMO is
destabilized as Fe is replaced by Mo, leading to a reduced

HOMO/LUMO gap, which, while Koopmans theorem does
not strictly hold due to important electronic and geometric
relaxation upon changes in redox state, is consistent with the
more facile first oxidation observed along the series 5 < 3 < 4 in
the electrochemical studies. Second, an increase in metallic
character of the HOMO is accompanied by a decrease in the
carbon-bridge weighting; the metallic composition of the
HOMO of 4 is 28%, increasing to 49% in 5. In the hetero-
bimetallic 3, the composition of the HOMO is more closely
related to that of 5 [51% metal character, of which almost all is
centered at the Mo terminus (48%)]. As such, complex 3
provides the first example of a heterobimetallic, all-carbon-
bridged system in which the HOMO is more heavily localized
on the heavy metal rather than on the first-row transition metal.
By contrast, the HOMO!1 of 3 has much greater carbon bridge
character than is observed for 5, with almost equal contributions
from the two metal centers (Figure 2).
As shown in Figure 2, the HOMO and HOMO!1 of all three

complexes comprise filled!filled, antibonding π-type interac-
tions between metal and carbon chain frontier orbitals. However
a key difference between the systems based on Fe(dppe)Cp* and
Mo(dppe)(η-C7H7) end-caps is the identity of the frontier metal
orbitals that participate in these interactions. For the Fe-
(dppe)Cp* fragment in complexes 3 and 4, the metal orbitals
contributing to HOMO andHOMO!1 are 3dxz and 3dyz, where
in local symmetry the z axis is directed along the Fe!CR bond.
By contrast, the local symmetry of the Mo(dppe)(η-C7H7)
group in 3 and 5 places the z direction along the axis Mo!Ct#,
and the HOMO involves a significant contribution from the
metal 4dz2 orbital. The origin of the effect leading to dz2 as a
frontier orbital of the Mo(dppe)(η-C7H7) end-cap can be traced
to strong δ interactions between the metal and cycloheptatrienyl
ring28 as reported previously for the monometallic analogues
[Mo(CtCC6H4-4-R)(dppe)(η-C7H7)].

20

4.2. Monocationic Complexes. In all three complexes [3]+,
[4]+, and [5]+, the computed structural effects (Table 3) of one-
electron oxidation are a decrease in the M!CR and Cβ!C(Ph)
bond lengths and an increase in CRtCβ and all M!P distances;
these changes are consistent with the evolution of some deloca-
lized/cumulenic character in the monocations. As shown in
Table 4, orbital compositions of the frontier MOs in [3]+,
[4]+, and [5]+ exhibit substantial bridge character, but the trend
toward an increase in the weighting of the metallic component
with increasing substitution by Mo(dppe)(η-C7H7) is retained.
Significantly, in the heterobimetallic [3]+, the contributions of Fe
and Mo centers to SOMO(β) are almost equal [SOMO(β):
31%/30%, Fe/Mo] in contrast to the dominant Mo character
observed in the HOMO of neutral 3; the SOMO(R) is moder-
ately weighted toward the Fe center [SOMO(R): 19%/11%,
Fe/Mo] and the bridging ligand.

Table 4. Continued
complex HOMO!LUMO gap (eV) Erel

a MO energy/eV Mb M0b C2 C2
0 Ph

SOMO(β)!1 !9.31 11 13 16 10 10

[5(BS)]2+ 2.15 10.85 LUMO (β) !7.01 0 65 2 13 9

SOMO (R) !9.17 10 13 16 19 25

SOMO (β) !9.24 14 10 22 13 26

SOMO(β)!1 !9.34 2 26 3 20 4
aRelative energy (eV) with respect to neutral complex (n = 0). b For [3]n+, M =Mo andM0 = Fe; C2 and C2

0 indicate the alkynyl unit attached toMo and
Fe, respectively.

Figure 2. Plots of the HOMO and HOMO!1 for 3 (top), 4 (middle),
and 5 (bottom). Contour values are (0.05 [e/bohr3]1/2. Energy and
atomic percentage are given in brackets.
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To probe the delocalization of the unpaired electron in these
complexes, Mulliken atomic spin densities were also determined,
with the results for the lowest energy configurations presented
graphically in Figure 3. The relative positions of the metal end-
cap groups with respect to the bridging 1,4-diethynylbenzene
ligand can be rationalized by reference to the symmetry of the
frontier orbitals on the Fe(dppe)Cp* and Mo(dppe)(η-C7H7)
fragments as outlined in Section 4.1. Both homobimetallics [4]+

(τ = 170!) and [5]+ (τ = !160!) adopt an essentially trans
arrangement but differ in the orientation of the phenyl ring of the
bridging ligand, which is aligned to optimize the interaction
between the arene π-system and the metal frontier orbitals via
the alkynyl C2 unit. Therefore in [4]

+, the arene ring is orientated
to lie parallel with the Fe!Cp# (metal!ring centroid) axis,
whereas for [5]+ a perpendicular arrangement is adopted to
promote overlap between the arene π-system and the dz2 frontier
orbital of the Mo(dppe)(η-C7H7) end-cap. These preferred
orientations with respect to the central phenyl ring are retained
in the lowest energy structure of heterobimetallic [3]+ leading to
the observed gauche (τ =!88!) conformation of the metal end-
caps.
As shown in Figure 3, the unpaired electron in each of [3]+,

[4]+, and [5]+ is delocalized to some degree over the
M!C2PhC2!M backbone. However, consistent with the

geometric preferences of the minimum energy structures dis-
cussed above, the relative rotation of one metal end group with
respect to the other plays a critical role in determining the
distribution of spin density between the terminal metal units.
Calculations carried out on different rotamers of [4]+, which are
often close in energy, show some substantially different spin
density distributions, a feature also observed for the related
pyridylalkynyl-bridged bimetallics [{Cp*(dppe)Fe}2{μ-CtC-
(NC5H3)CtC}]+.29 For example, the asymmetric spin density
distribution reported here for [4]+ (0.51/0.34) is that deter-
mined for the most stable rotamer (τ = 170!). Imposing a Ci
symmetry (τ = 180!) leads to a slightly less stable structure
(+0.007 eV, +0.7 kJ mol!1), where both the iron centers have a
computed atomic spin density of 0.42 electron (pertinent geo-
metric parameters of the corresponding structures are given in
Table 3).
In the minimum energy, gas phase conformation of the

heterobimetallic species [3]+, the calculated spin density on iron
is larger than that on molybdenum (0.50/0.35, Fe/Mo); this
result is unexpected in view of the assignment of the initial site of
oxidation at the molybdenum center and merits further com-
ment. A possible rationalization is a reorganization of electron
density after relaxation of the molecular geometry following one-
electron oxidation; this may be driven by the enhanced capacity
of the Fe(dppe)Cp* end-cap to delocalize spin density onto the
carbon chain bridge by comparison with Mo(dppe)(η-C7H7), a
result of differences in the frontier orbital symmetries and orbital
contraction (see Section 4.1). The molecular geometry relaxa-
tion, which must be fast by comparison with the rate of
heterogeneous electron transfer in solution at 20 !C, may lead
to a different relative orientation of one metal terminus with
respect to the other around the M!CtC axes. In accord
with this hypothesis, a single-point calculation performed on [3]+

(τ = !111!), using the optimized arrangement of the neutral
species 3, i.e., before geometry relaxation, yields a spin density
distributionmore localized onMo (0.54) than Fe (0.35), which is
consistent with the proposal that the initial oxidation of 3 occurs
mainly at the molybdenum terminus, followed by geometric
(τ = !88!) and electronic reorganization. Interestingly, further
single-point calculations on different rotamers of [3]+ show that
localization of the spin density can occur on either Mo or Fe
according to the orientation of the metal fragments with respect
to each other and the arene π-system. In the extreme situation, a
head-to-tail, trans geometry (τ = 180!) for [3]+ in which the
phenyl ring lies roughly parallel with the Cp* and C7H7 ligands
shows the atomic spin density is mostly localized on the
molybdenum center (0.07/0.78, Fe/Mo). The key finding here
is that small atomic displacements (viz. rotation of one terminus
with respect to the other) can induce an acute redistribution of
spin density over Mo or Fe. The heterometallic cation [3]+ may
be especially sensitive to this effect because of the different
frontier orbital symmetries of the Fe andMo based end-cap units,
and consequently the site of greatest spin density in experimental
systems may be significantly influenced by environmental and
conformational factors.
We checked the computed spin density distribution found

for the three monocationic species [3]+, [4]+, and [5]+ by per-
forming calculations with the unpaired electron initially fully
localized at one metal, since it is known that DFT often over-
estimates charge delocalization.30 The result for the heterobime-
tallic complex [3]+ after optimization was a “re-delocalization”
of the electron onto the Fe!carbon-bridge!Mo backbone

Figure 3. Plots of the spin density for [3]+ (top, Mo and Fe atoms on
the left and right, respectively), [4]+ (middle), and [5]+ (bottom);
numerical parameters indicate Mulliken atomic spin density at the metal
center and alkynyl CR and Css carbons. Contour values are (0.002
e/bohr3.
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(spin density: 0.49/0.35, Fe/Mo), leading to a similar molecular
geometry very close in energy (6 kJ. mol!1 higher) to that
determined by a “symmetrical” treatment. A dramatic increase in
the asymmetry in spin density distribution to 0.74/0.16, accom-
panied by a slight geometric asymmetry, was computed for the
optimized bis-iron species [4]+ using unsymmetrical starting
geometries with the unpaired electron localized at one metal.
Indeed, the new geometry that is computed, denoted [4]+ asym
in Tables 3 and 4, is a new rotamer (τ = !130!) just 0.012 eV
(1 kJmol!1) higher in energy, where one terminus has rotated by
60! with respect to [4]+. However, geometry optimizations of
[5]+ with unsymmetrical starting geometries and a localized
unpaired electron (same procedure as described above for [3]+

and [4]+) always led to the delocalized complex as defined in
Tables 3 and 4, although the possibility of a spin-localized,
asymmetric structure of [5]+ at slightly higher energy cannot
be excluded.
4.3. High-Spin and Low-Spin Dicationic Complexes. For the

dicationic complexes [3]2+, [4]2+, and [5]2+, three different spin
states were computed, i.e., the closed shell singlet (low-spin (S)
diamagnetic state), the triplet state (high-spin (T) magnetic
state), and the broken-symmetry singlet (BS) featuring the
antiferromagnetic state. Considering first the molecular geome-
tries (Table 3), the metric parameters for the T and BS
configurations hardly differ. On the other hand, the geometries

corresponding to the S state show somewhat different structures,
and for all three compounds the respective metal!carbon and
ethynyl CtC distances are overall up to 0.10 Å shorter and
approximately 0.02 Å longer than the corresponding separations
in the T and BS systems, in accordance with a more delocalized
HOMO in the S state. However, in all cases the S configuration is
approximately 0.5 eV higher in energy than the T and BS states
(Table 5) and will therefore not be considered further.
For all three complexes, the antiferromagnetically coupled

(BS) configuration is the most stable, but the energy difference
between this and the high-spin triplet state (T) varies quite
significantly with the identity of the complex in the order [4]2+ <
[5]2+ < [3]2+. Thus in the di-iron species [4]2+,ΔE(HS-BS) is small,
1.0 kJ mol!1 (or 3.0 kJ mol!1 for the previously reported11b

model complex [{Fe(dpe)Cp}2(μ-CtCC6H4CtC)]2+, dpe =
H2PCH2CH2PH2), and a substantial population of the triplet
state may be expected. However, in [3]2+, the triplet state is at a
significantly higher energy than the antiferromagnetically coupled
ground state.
Spin densities for the dications were calculated for triplet and

broken-symmetry configurations ([3(T)]2+, [4(T)]2+, [5(T)]2+

and [3(BS)]2+, [4(BS)]2+, [5(BS)]2+, respectively); correspond-
ing Mulliken atomic spin density plots are shown in Figure 4. In
all cases, unpaired spin density resides principally at the metal
centers, but delocalization onto the carbon chain bridge is still
significant. The homobimetallic complexes [4]2+ and [5]2+

exhibit an almost totally symmetric distribution of spin density
between the two halves of the molecule in both T and BS states,
and the geometry-dependent spin distribution observed for the
monocation [4]+ does not appear to extend to [4]2+. In the
heterobimetallic [3]2+, some asymmetry in spin density distribu-
tion between Mo and Fe termini is again observed in both T and
BS states with the higher coefficient at the Fe center.
The key predictions of the DFT calculations on [3]n+ are (i)

localization of the HOMO of 3 at the Mo center, (ii) a rotamer-
dependent spin density distribution in the monocation [3]+ with
the potential for significant localization of spin density at either
the Fe or Mo centers in approximately gauche and trans con-
formations, respectively, and (iii) an antiferromagnetically
coupled, diamagnetic ground state in the dication [3]2+ with a
substantial energy gap (10.6 kJ mol!1) to the higher energy
triplet state. Moreover, along the series of neutral complexes,

Figure 4. Plots of the spin density for [3(T)]2+ and [3(BS)]2+ (Mo and
Fe atoms on the left and right, respectively), [4(T)]2+ and [4(BS)]2+, and
[5(T)]2+ and [5(BS)]2+; numerical parameters indicate Mulliken atomic
spin density at themetal center and alkynyl CR andCss carbons. Contour
values are (0.002 e/bohr3.

Figure 5. Spectroelectrochemically generated IR [ν(CtC) region]
spectra of [3]n+ recorded in CH2Cl2/0.1 M [Bun4N]PF6.

Table 5. Comparison of the Relative Energies (eV) of the
Triplet (T), Singlet (S), and Antiferromagnetically Coupled
(BS) Configurations for the Dications [3]2+, [4]2+, and [5]2+

complex T S BS ΔE(HS-BS), kJ mol!1

[3]2+ 0.11 0.66 0.00 10.6

[4]2+ 0.01 1.01 0.00 1.0

[5]2+ 0.05 0.49 0.00 4.8
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4, 3, and 5, the composition and energy of the HOMO are
systematically modified with enhanced metal character and an
increase in energy associated with the Mo(dppe)(η-C7H7)
end-cap. In the following sections, the properties of the experi-
mental systems 3, [3]PF6, and [3][PF6]2 (where solvation
and ion-pairing effects may also contribute to the observed
behavior)31 are examined with reference to predicted proper-
ties derived from the calculated complexes, modeled in the gas
phase at 0 K.

5. Infrared, UV!Visible, and NIR Spectroscopy. Guided by
the electrochemical results, the redox products derived from 3
were investigated by IR and UV!visible!NIR spectroelectro-
chemical methods. The results of the IR study carried out in
CH2Cl2 solution containing 0.1 M [Bun4N]PF6 as supporting
electrolyte are presented in Figure 5. Starting from an isolated
sample of 3, an investigation of complexes assigned as 3, [3]+, and
[3]2+ on the basis of the cyclic voltammetric studies was under-
taken. The changes in the IR spectra were fully reversible with full
recovery of the spectrum of 3 following generation of the two
other oxidation states under investigation. A summary of ν(CtC)
IR data for 3, [3]+, and [3]2+ (obtained from solution and solid
samples of [3]n+) together with solution data for the parent homo-
bimetallic compounds, [4]n+, and [5]n+ (n = 0, 1, 2) and for the
heterobimetallic species [{Fe(dppe)Cp*}(μ-CtCC6H4CtC)-
{MLx}]

n+ [MLx = RuCl(dppe)2, [6]
n+; Re(CO)3(bpy), [7]

n+;
n = 0, 1, Chart 1] is presented in Table 6.11a,17,18,25

The typical behavior of 1,4-diethynylbenzene-bridged homo-
bimetallic complexes in the ν(CtC) region of the IR spectrum
following one- and two- electron oxidation is illustrated by the
series of complexes [4]n+ and [5]n+. The symmetrical, neutral
complexes 4 and 5 exhibit ν(CtC) stretches almost identical to
the related monometallics (cf. ν(CtC)/cm!1 (CH2Cl2):
[Fe(CtCPh)(dppe)Cp*], 2053; [Mo(CtCPh)(dppe)(η-
C7H7)], 2045). One-electron oxidation to the mixed valence
systems [4]+ and [5]+ results in two well-separated ν(CtC)
bands of enhanced intensity and shifted to low wavenumber;

these two-band spectra are indicative of some asymmetry in
molecular or electronic structure on the IR time scale. The
second oxidation to the dicationic complexes [4]2+ and [5]2+

results in very weak ν(CtC) bands, again shifted to lower
wavenumber by comparison with the neutral precursors. Table 6
also includes redox-dependent IR data for the 1,4-diethynylben-
zene-bridged heterobimetallics [6]n+ and [7]n+,17,18 but in these
examples the electronic properties of the two linked metal
fragments are more diverse.
The principal ν(CtC) absorption at 2050 cm!1 in the IR

spectrum of neutral 3 is consistent with the ν(CtC) stretches
observed for the neutral homobimetallic compounds 4 and 5,
which are very similar and indicate little differentiation between
the Fe and Mo termini in 3. However one-electron oxidation to
[3]+ results in a distinctive ν(CtC) solution spectrum in
which each of the two principal bands exhibits a prominent
shoulder (Figure 5); in the solid state the shoulders are less
distinct, but the IR bands are still clearly asymmetric in shape.
These shoulder features have not been reported previously for
complexes of this type, including heterobimetallic systems such
as [6]+ and [7]+ (Chart 1).17 Shoulder features on the ν(CtC)
stretching bands in the IR spectra of metal alkynyl systems may
be attributed to Fermi coupling effects32 or conformational
rotamers.33 A related explanation in the case of [3]+, where the
difference in redox potentials between the two reference end-
caps is small (0.11 V, see Table 2), is that the additional features
in the spectrum arise from the observation of two discrete
valence-trapped, redox isomers34 in which the unpaired electron
is localized at either the Mo or Fe center (Scheme 3, [3A]+ and
[3B]+, respectively). Given that DFT calculations indicate that
the spin density distribution in [3]+ is sensitive to the rela-
tive orientations of the two metal end-caps, it is probable that
conformational and redox isomerism are intimately linked in this
system.
The coexistence of redox isomers [3A]+ and [3B]+ is con-

sistent with both electrochemical data and the theoretical

Scheme 3. Redox Isomers of [3]+

Table 6. ν(CtC) IR Data for [{MLx}(μ-CtCC6H4CtC){M0Lx}]
n+a

ν(CtC), cm!1

MLx M0Lx n = 0 n = 1 n = 2

Mo(dppe)(η-C7H7) [3]
n+ Fe(dppe)Cp* 2050, 2036 (sh)

[2039, 1951 (w)]b
2050 (sh), 2030, 1967 (sh),

1954 (s) [2027, 1968 (sh),

1947 (s)]b

2045 (w), 1953 (w)

[2000 (w), 1951 (w)]b

Fe(dppe)Cp* [4]n+ Fe(dppe)Cp* 2051 2016, 1934 (s) 1987 (w)

Mo(dppe)(η-C7H7) [5]
n+ Mo(dppe)(η-C7H7) 2049, 2034 (sh) 2025, 1967 (s) 2014 (w), 1964 (w)

Fe(dppe)Cp* [6]n+ RuCl(dppe)2 [2056]b [2038, 1947]b c

Fe(dppe)Cp* [7]n+ Re(CO)3(bpy) 2052, 2033 2082, 1975 c

a IR data recorded in CH2Cl2 solution unless stated otherwise.
bData [in parentheses] recorded as solid-state KBr spectra. cData for n = 2 redox state not

available.
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predictions outlined in Section 4.2. Both isomers may be present
in solution, and their observation is possible provided that the
rate of self-exchange (or intramolecular electron transfer rate) is
slow by comparison with the time scale of the spectroscopic
technique employed. In the case of [3]+ it is probable that
intramolecular electron transfer (which is closely associated with
bond rotation) is slow by comparison with the very short time
scale of IR spectroscopy.

6. EPR and 57Fe M€ossbauer Spectroscopy.To probe further
the location of unpaired spin density in [3]PF6, the complex was
examined by the longer time scale techniques of EPR spectros-
copy (in the solid state and as fluid and frozen solution spectra)
and 57Fe M€ossbauer spectroscopy (in the solid state). The
application of EPR spectroscopy to paramagnetic complexes of
both Mo(dppe)(η-C7H7) and Fe(dppe)Cp* systems is well
established. Carbon chain radicals of the type [Mo{(CtC)nR}-
(dppe)(η-C7H7)]

+ (n = 1 or 2; R = H, aryl, SiMe3) exhibit
X-band EPR with well-resolved hyperfine couplings to 95/97Mo,
31P, and 1H(C7H7) in solution at 243 K,20,35 although in frozen
solution or the solid state, hyperfine coupling to the cyclohepta-
trienyl ring protons is not resolved. By contrast iron complexes of
the type [Fe{(CtC)nR}(dppe)Cp*]

+ are normally EPR silent at
ambient temperature due to fast relaxation processes. However,
in frozen solution or in the solid state below approximately
170 K, anisotropic spectra are observed that can be resolved into
the three separate g components, for example [Fe(CtCPh)-
(dppe)Cp*]+ (g1 = 2.464, g2 = 2.033, g3 = 1.975).36 There-
fore, under appropriate conditions, the characteristic EPR
signatures of each discrete metal terminus of [3]PF6 might be
observed dependent on the location of spin density in the
molecule.
The X-band EPR spectrum of [3]PF6, recorded in CH2Cl2

solution at 243 K, as expected, resolves only the contribution of
the molybdenum terminus to the experimental spectrum. The
spectroscopic parameters (aiso(Mo) 31.0 G; aiso(P) 22.6 G;
aiso(H)(C7H7) 4.3 G; giso 1.993) are characteristic of an
isolated Mo center such as [Mo(CtCPh)(dppe)(η-C7H7)]

+.20

On cooling the solution to 120 K, the frozen glass X-band EPR
spectrum exhibits a superposition of the contributions of the
separate Fe(dppe)Cp* and Mo(dppe)(η-C7H7) ends of [3]PF6
(Figure 6). For the Mo(dppe)(η-C7H7) terminus, the resolved
hyperfines toMo and P and g parameter [a(Mo) 31 G; a(P) 22.6
G; g = 1.994] are essentially identical to isotropic solution
spectra. However the broad signal centered around 2700 G
(g = 2.44) is characteristic of a paramagnetic Fe(III), Fe(dppe)Cp*
center, and spectral simulation and subtraction (see Figure 6)
allowed determination of the remaining g components (g = 2.44,
2.03, 1.98). A similar observation of the EPR signatures of
paramagnetic Mo(dppe)(η-C7H7) and Fe(dppe)Cp* groups
was made for isolated samples of [3]PF6 recorded as solid
powder spectra in the temperature range 120 to 5 K. The EPR
results are consistent with the presence of both redox isomers
[3A]+ and [3B]+, in which spin density is localized at theMo and
Fe centers, respectively. An alternative delocalized structure for
[3]PF6 in which spin density is shared between Mo and Fe end-
caps is unlikely on the basis of the magnitude of the hyperfine
coupling observed at the Mo terminus and the large g value
anisotropy (Δg = 0.46) for the Fe center.15,37 These parameters
are consistent with rather weak interactions16,38 between the
metal end-caps and slow intermetallic electron transfer on the
time scale of X-band EPR spectroscopy (ca. 109 s!1).
Given the very broad character of the g component around

g = 2.44 and the overlap of the remaining features in the EPR

Figure 6. Experimental frozen solution (120 K) X-band EPR spectrum
of [3]PF6 in CH2Cl2 and simulated spectrum illustrated as a sum of Fe
and Mo contributions.

Table 7. 57Fe M€ossbauer Parameters for [3]n+ and Related
Bimetallic Complexesa

complex n = 0 n = 1 n = 2 ref

[3]n+ 0.286 (2.014) 0.255 (1.936) 0.232 (0.916) 75%

0.107 (1.464) 25%b

this work

[4]n+ 0.265 (2.020) 0.248 (1.961) 30%

0.203 (1.111) 40%

0.246 (0.710) 30%

0.239 (0.911) 11a

[6]n+ 0.26 (1.97) 0.25 (0.96) 17

[8]n+ 0.252 (2.006) 0.211 (1.147) 0.151 (1.113) 15

[9]n+ 0.255 (1.983) 0.191 (0.995) 0.138 (0.957) 16
a IS and QS values in mm s!1 referenced to iron metal. QS values in
parentheses, spectra run at 80 K, all complexes (n = 1 or 2) as
[PF6]

! salts. bMinor impurity component, not due to [3]2+.

Figure 7. Spectroelectrochemically generated UV!vis!NIR spectra of
[3]n+ recorded in CH2Cl2/0.1 M [Bun4N]PF6.



4191 dx.doi.org/10.1021/om200488b |Organometallics 2011, 30, 4180–4195

Organometallics ARTICLE

spectrum, it was not possible to determine reliably the spin
distribution between Fe and Mo centers or to assess any
temperature dependence of this parameter. However evidence
that only a small proportion of spin density is located at the Fe
center in low-temperature, solid-state samples of [3]PF6 is
provided by 57Fe M€ossbauer spectroscopy. The 57Fe M€ossbauer
spectra of the complexes [3]n+ (n = 0, 1, 2) were recorded at 80 K
from powdered and microcrystalline samples and least-squares
fitted with Lorentzian line shapes. The isomer shift and quadru-
pole splitting parameters are presented in Table 7 together with
data for [4]n+ and related heterobimetallics in which the Fe-
(dppe)Cp* group is linked to Re or Ru end-caps by an all-carbon
1,4-diethynylbenzene or butadiyndiyl bridge (see Chart 1).
Examination of the data for complexes 3 and [3][PF6]2 shows

IS and QS values typical of Fe(II) and Fe(III) alkynyl centers,
respectively, consistent with the expected redox states of Fe in
these complexes. The key data (reproducible across a number of
independently prepared samples) are for the monocation
[3]PF6, which exhibits an isomer shift value intermediate be-
tween 3 and [3][PF6]2 but a quadrupole splitting parameter
typical of an Fe(II) alkynyl site. The assignment of an Fe(II)
center to [3]PF6 is supported by data for the related all-carbon-
bridged heterobimetallics [6]+, [8]+, and [9]+, which feature an
Fe(III) site in the “mixed valence”monocations; in all cases a QS
parameter in the range 0.96!1.15 mm s!1 is observed, much
smaller than the QS value of 1.936 determined for [3]PF6. Data
for the di-iron complex [4]+ are convoluted by the simultaneous
observation of localized and delocalized forms, but parameters
for the localized Fe(II) site (IS, 0.248; QS, 1.961) are very similar
to those of [3]PF6. Therefore although the presence of a small
proportion (e5%) of redox isomer [3B]+ with an Fe(III) site
cannot be excluded, it is clear from the 57Fe M€ossbauer data that
the principal form of [3]PF6 present in the solid state at 80 K is
[3A]+, in which unpaired spin density is located at the molybde-
num center. The redox isomer [3A]+ therefore defines the experi-
mental ground-state configuration in solid-state samples of [3]PF6.

7. UV!Visible!NIR Spectroscopy. The UV!visible!NIR
spectroelectrochemistry of [3]n+ (n = 0, 1, 2) is illustrated in
Figure 7. The interconversion between the three redox states was
fully reversible with full recovery of spectra on stepwise reduc-
tion. Table 8 presents a summary of the key absorption bands for
[3]n+ (n = 0, 1, 2) in the UV!visible region together with
comparative data for the di-iron system [4]n+.
Each of the complexes in Table 8 exhibits intense absorptions

in the UV region attributable to intraligand π to π* electronic
transitions. The visible region, between 25 000 and 14 500 cm!1,
is more informative with a series of MLCT and LMCT bands. In
the neutral complex 3, the strong absorption at 23 650 cm!1

(423 nm), almost identical to corresponding absorption at
24 330 cm!1 (411 nm) in 4, is assigned to a MLCT band.
Similarly in the dicationic series, strong, sharp bands at
15 100 cm!1 (663 nm), [3]2+, and 14 250 cm!1 (702 nm),

[4]2+, can be attributed to LMCT transitions. In the monoca-
tions, the di-iron complex [4]+ exhibits bands at 18 280 and
14 250 cm!1 (547 and 702 nm), probably attributable to MLCT
and LMCT bands, respectively, but in [3]+, just one band at
18 900 cm!1 (529 nm) is evident.
In the NIR region of the spectrum, complex [3]+ exhibits an

intense absorption envelope with an absorption maximum at
5510 cm!1 in CH2Cl2 (ε = 8600 M!1 cm!1); see Figure 7. This
feature is specific to the monocationic complex [3]+ and is not
observed in either 3 or [3]2+. A related NIR absorption envelope
is observed for [4]+ [νmax (CH2Cl2) = 4120 cm!1, ε = 13 300
M!1 cm!1]37 and has been assigned to a series of overlapping
bands arising from a combination of IVCT and weak ligand field
transitions.37,39 The observation of a strong absorption in the
NIR spectrum of [3]+ is indicative of low-energy, photoinduced
electron transfer between the metal end groups.
To permit a more detailed analysis of the NIR region of the

spectrum of [3]+, further investigations were carried out on
isolated samples of the complex [3]PF6 dissolved in CH2Cl2 and
CH3CN. In accord with the heterobimetallic, dipolar character
of [3]PF6, a strong solvatochromic dependence of the NIR
absorptions is observed with a shift to high energy in the more
polar solvent CH3CN. The form of the spectra is consistent with
the overlay of several component peaks, and therefore deconvo-
lution into Gaussian-shaped sub-bands was carried out as shown
in Figure 8 for the CH2Cl2 spectrum. Although, several potential
solutions exist, the analysis presented in Figure 8 is preferred on
the basis of a minimum number of component bands. Table 9
summarizes the spectral parameters of the Gaussian-shaped sub-
bands (A, B, and C) alongside equivalent data37 for the di-iron
analogue [4]PF6. The lowest energy band of [3]PF6, (A)
presents a maximum at 4900 and 6600 cm!1 in the experimental
spectra recorded in dichloromethane and acetonitrile, respec-
tively; two additional sub-bands (B and C) complete the fits.

Table 8. UV!Visible Data for [3]n+ and [4]n+ in CH2Cl2
a

complex n = 0 n = 1 n = 2

[3]n+ 41 850 (41.8), 23 650 (25.9),

18 730 (12.9)

41 840 (50.6), 23 200 sh,

(17.6), 18 900 (16.0)

41 320 (42.6), 23 200, sh (14.9),

15 100 (20.5), 12 800, sh (9.3)

[4]n+b 38 310, sh (34.7), 25 320, sh (24.2),

24 330 (25.4), 19 050 (3.4)

37 880, sh (46.8), 23 580 (8.7),

18 280 (17.0), 14 250 (7.6)

36 360, sh (51.1), 23 810 (8.0), 16 160,

sh (5.4), 14 250 (42.8), 13 000, sh (7.1)
a νmax/cm

!1 (ε " 10!3/M!1 cm!1). bData from ref 37.

Figure 8. NIR-IR region of [3]PF6 recorded in CH2Cl2 showing
deconvolution into the sum of three Gaussian-shaped absorption bands.
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The three Gaussian components A, B, and C display the same
bandwidth at half-height, suggesting assignment to three IVCT
processes that have the same reorganization energy. Note that
the presence of a single set of IVCT transitions is fully consistent
with the simultaneous presence in solution of both the redox
isomers [3A]+ and [3B]+, which must be in the same range of
energy, as suggested by the theoretical calculations.
The analysis of the characteristics of NIR transitions to

estimate the electronic coupling between the two metal centers
in homobimetallic, carbon chain bridged, mixed valence systems
has received considerable attention in the literature.39 Assuming
a two-state model for intermetallic electron transfer,39b in a class
II or borderline class II/III system, the extent of electronic
couplingHAB may be estimated from eq 1, where the parameters
ε, νmax, andΔν1/2 refer to the lowest energy IVCT process (band
A in Table 9) and dAB represents the through-space distance
between the redox centers (intermetallic separation). Equation 2
gives the calculated bandwidth from Hush theory assuming a
two-statemodel for electron transfer. In heterobimetallic systems
allowance must be made for the energy gap, ΔG0, between the
two potential wells corresponding to the two adiabatic states A
and B.

HAB ¼ 0:0206

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ενmaxΔν1=2

p

dAB
ð1Þ

ðΔν1=2Þcalc ¼ ½2310ðνmax %ΔG0Þ&1=2 ð2Þ

In the heterobimetallic complex [3]PF6, experimental obser-
vations suggest that the ground state is best represented by [3A]+

(Scheme 3) with the charge localized on themolybdenum center.
In this case, the NIR transition corresponds physically to a
photoinduced electron transfer from the iron electrophore to
the molybdenum redox center in the ground state [3A]+, giving
rise to the excited state [3B]+ with dominant radical character on
the iron atom, as depicted in Scheme 3. TheHAB parameter then
represents the electronic coupling of the redox isomers (A andB)
of 3[PF6]. Application of a two-state Hush analysis to [3]PF6 as
outlined above gives the key parameters HAB = 470 cm%1

(in CH2Cl2) and (Δν1/2)calc = 3040 cm%1 (in eq 2, a value of
ΔG0 = 890 cm%1 was used, estimated from the difference in E1/2
values (0.11 V) between the monometallic complexes
[{MLx}(CtCC6H4-4-CtCH)]; see Table 2). It is important
to note that the application of a two-state Hush analysis to

[3]PF6 is an approximation only with (Δν1/2)calc for band A ca.
40% larger than the experimentally observed value; additional
limitations to the analysis may also arise from the nonsymme-
trical heterobimetallic configuration of [3]PF6.
The value estimated for the electronic coupling in [3]PF6

(HAB = 470 cm%1) is relatively large by comparison with HAB
parameters for heterobimetallic “mixed valence” complexes
possessing the same Cp*(dppe)Fe unit connected by the shorter
four-carbon butadiyndiyl bridge (dAB ≈ 7.5 Å) to less electron
rich end-caps containing iron (Fe(CO)2Cp*, 170 cm

%1),38 rhe-
nium (Re(NO)(PPh3Cp*), 152 cm%1),14 and ruthenium
(Ru(dppe)Cp*, 310 cm%1)15 centers. However HAB for [3]PF6
is smaller than the electronic coupling parameter for the di-iron
analogue [4]PF6 [HAB = 570 cm%1 (class II analysis) or
2000 cm%1 (class III analysis); see Table 9]. This reduction in
HAB arising from substitution of Fe(dppe)Cp* with Mo(dppe)-
(η-C7H7) may result from the electronic structure of the Mo-
(dppe)(η-C7H7) fragment where interaction of the metal with
the carbon bridge is restricted by the dz2 character of the frontier
orbital on the molybdenum-based end-cap.

’CONCLUSIONS

The complexes [{Fe(dppe)Cp*}(μ-CtCC6H4CtC){Mo-
(dppe)(η-C7H7)}]

n+, [3]n+ (n = 0, 1, 2), introduce a new
molecular design to the chemistry of all-carbon-bridged hetero-
bimetallics in which each of the discrete metal end-caps exhibits a
strongly metal centered redox chemistry. The very similar redox
potentials for one-electron oxidation of the component mono-
metallic systems [{MLx}{CtCC6H4-4-CtCH)] [MLx =
Fe(dppe)Cp* or Mo(dppe)(η-C7H7)] leads to a distinctive redox
chemistry for 3 such that the initial site of oxidation is centered at
the heavy metal and not at the Fe(dppe)Cp* end-cap. Electronic
structure DFT calculations reveal that the HOMO of neutral
3 incorporates substantial metal character, asymmetrically distrib-
uted between Fe andMo centers (Fe:Mo, 3%: 48%).However in
[3]+, a relaxation in molecular geometry arising from rotation of
the metal end groups about the diethynylbenzene ligand leads to
frontier orbitals that are more evenly distributed across Mo and
Fe centers. The spin density distribution in [3]+ is critically
dependent upon the relative orientations of the metal end-caps,
but the lowest energy molecular geometry in the gas phase has a
significant component of spin density at the Fe center (Fe/Mo,
50%/35%). In principle therefore, redox isomers [3A]+ and

Table 9. Near-IR Data for [3]+ and [4]+

complex band νmax (cm
%1) ε (M%1cm%1) Δν1/2 (cm

%1) Δν1/2calc
a (cm%1) HAB

b (cm%1) dAB
c (Å)

[3]PF6
d A 4900 7400 2100 3040 470f 12.1

B 7700 900 2100

C 10 400 640 2100

[3]PF6
e A 6600 3500 1900 3620 360f 12.1

B 9400 1200 1900

C 12 200 360 1900

[4]PF6
d A 4000 12 700 2120 3040 570f

2000g
11.9

B 6500 3400 2110

C 9000 600 2110
aCalculated (Δν1/2)calc = [2300(νmax % ΔG0)]

1/2; ΔG0 for [3]
+ = 890 cm%1 (see text). b HAB = 0.0206(ε νmax Δν1/2)

1/2/dAB.
c dAB = intermetallic

separation in Å (see Table 3 for calculated values for [3]+ and [4]+). d In dichloromethane. e In acetonitrile. fCalculated for a class II mixed valence (MV)
system. gCalculated for a class III MV system.
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[3B]+, in which spin density resides respectively at the Mo and
Fe centers, may be observed experimentally if the rate of self-
exchange is slow by comparison with the time scale of the
spectroscopic probe.

Investigations on [3]PF6 by IR and EPR spectroscopy provide
some experimental evidence for the coexistence of the redox
isomers [3A]+ and [3B]+. The solution IR spectrum of [3]PF6
exhibits an unusual four-band pattern in the ν(CtC) region,
clearly distinct from all other reported examples of all-carbon-
bridged heterobimetallic complexes. This spectral pattern is
consistent with the observation of two isomeric forms of
[3]PF6 that are “valence trapped” on the short time scale of IR
spectroscopy. In the EPR spectrum, at 120 K, the spectroscopic
signatures of both paramagnetic end-caps Mo(dppe)(η-C7H7)
and Fe(dppe)Cp* are observed. The magnitudes of hyperfine
couplings to the Mo terminus indicate slow intramolecular
electron transfer on the X-band EPR time scale and are therefore
consistent with the joint presence of [3A]+ and [3B]+. However
57Fe M€ossbauer data in the solid state at 80 K indicate the
assignment of [3A]+ as the experimental ground-state config-
uration in which spin density is located at the molybdenum
center. The NIR transitions observed in the spectrum of [3]PF6
may therefore be assigned principally to FefMo charge transfer
character, permitting an estimate of ca. 470 cm!1 for the coupling
between these remote sites through the carbon-rich 1,4-diethy-
nylbenzene ligand.

’EXPERIMENTAL SECTION

General Procedures. The preparation, purification, and reactions
of the complexes described were carried out under an atmosphere of dry
argon. All solvents were dried by standard methods, distilled and
deoxygenated before use. The complexes [FeCl(dppe)Cp*] and
[MoBr(dppe)(η-C7H7)] 3 0.5CH2Cl2 were prepared by published
procedures.40,22 NMR spectra were recorded in CD2Cl2 unless stated
otherwise on a Varian Inova 400 (400 MHz 1H, 100 MHz 13C{1H},
162 MHz 31P{1H}) spectrometer. FTIR spectra were obtained on Bruker
IFS28 or Perkin-Elmer FT RX1 spectrometers, and MALDI mass
spectra were recorded using a Micromass/Waters Tof Spec 2E instru-
ment. Microanalyses were carried out by the staff of the Microanalytical
Service of the School of Chemistry, University of Manchester. Cyclic
voltammetric data were recorded (ν = 100 mV s!1) from 0.1 M
[Bun4N]PF6/CH2Cl2 solutions ca. 1 " 10!4 M in analyte using a
gastight single-compartment three-electrode cell equipped with a Pt disk
working electrode, Pt wire counter electrode, and SCE reference
electrode. All redox potentials are reported with reference to an internal
standard of the ferrocene/ferrocenium couple (FeCp2/[FeCp2]

+ = 0.00V;
0.46 V vs SCE). UV!visible!NIR and IR spectroelectrochemical
experiments were performed at room temperature with an airtight
OTTLE cell equipped with Pt minigrid working and counter electrodes,
a Agwire reference electrode, andCaF2 windows

41 using either a Nicolet
Avatar spectrometer or a Perkin-Elmer Lambda 900 spectrophotometer.
The 57FeM€ossbauer spectra were recorded with a 2.5" 10!2 C (9.25"
108 Bq) 57Co source using a symmetric triangular sweep. Computer
fitting of the M€ossbauer data to Lorentzian line shapes was carried out
with a previously reported program.42 Isomer shift values are reported
relative to iron foil at 298 K. EPR experiments were conducted on a
Bruker BiosPin EMX microspectrometer at X-band (9 GHz); recorded
spectra are the average of 16 scans. Spectral analysis and simulation were
carried out using Bruker WinEPR software (Bruker Biospin Ltd.).

Preparation of [Mo(CtCC6H4-4-CtCH)(dppe)(η-C7H7)], 1.
Amixture of [MoBr(dppe)(η-C7H7)] 3 0.5CH2Cl2 (1.50 g, 2.12 mmol),
1,4-HCtCC6H4CtCH (1.34 g, 10.63 mmol), and KOBut (714 mg,

6.38 mmol) in methanol (50 cm3) was heated at reflux for 3 h to give a
brown precipitate in a brown solution. The reaction mixture was cooled,
and the brown precipitate was collected, washed with hexane, and dried
in vacuo. The resulting solid was dissolved in CH2Cl2 (ca. 10 cm3),
loaded onto a hexane/alumina column, and eluted with CH2Cl2/
hexane/acetone (1:1:1 v/v/v). The major brown band eluted from
the column was collected and evaporated to dryness to give a deep
brown solid, which was recrystallized from CH2Cl2/hexane to give the
pure product: yield 1.108 g (74%). 1H NMR: δ 1.99 (2H, CH2); 2.34
(m, 2H, CH2), 2.93 (s, 1H, CtCH), 4.70 (s, 7H, C7H7), 5.77
(d, J(H!H) 7 Hz, 2H, C6H4); 6.83 (d, J(H!H) 7 Hz, 2H, C6H4); 7.20,
7.29, 7.36, 7.71 (m, 20H, Ph, dppe). 13C{1H} NMR: δ 149.6, t, br,
2JCP≈ 30Hz, CR; 141.0, m, 135.8, m, Phi; 134.2, 131.9, 131.4, 129.9, 129.3,
128.9, 128.6, 128.3, Ph; 122.8, s, Cβ; 115.5, Mo-CtC-CAr ; 87.4, s,
C7H7; 26.8, m, CH2 (dppe).

31P{1H} NMR (C6D6): δ 65.6 (s, dppe).
IR (CH2Cl2): ν(tCH) 3308, 3297; ν(CtC) 2101(w), 2042(m),
2027(sh) cm!1. MALDI-MS (m/z): 712 [M]+, 587 [(M !
CtCC6H4-4-CtCH)]+. Anal. Calcd (%) for C43H36P2Mo: C, 72.68;
H, 5.11. Found: C, 72.12; H, 5.06.

[{Fe(dppe)Cp*}{μ-CtCC6H4(H)CdC}{Mo(dppe)(η-C7H7)}]-
BPh4, [2]BPh4. A Schlenk flask containing [Mo(CtCC6H4-4-
CtCH)(dppe)(η-C7H7)] (613 mg, 0.864 mmol), [FeCl(dppe)Cp*]
(600 mg, 0.961 mmol), and NaBPh4 (296 mg, 0.865 mmol) was dried
under vacuum. MeOH (50 cm3) was added via cannula, and the
suspension was stirred at 20 !C for 20 h, after which the solvent was
removed under vacuum. The residue was extracted with CH2Cl2, the
extract was concentrated in vacuo, and pentane was added to precipitate
out the product as a purple powder, yield 1.23 g (88%). 31P{1H} NMR
(CDCl3): δ 100.8, 88.7, 53.9 (s, dppe). IR (Nujol): ν(CtC)
2038 cm!1, ν(CdCH) 1590 cm!1. MALDI-MS (m/z): 1301 [M]+.
Anal. Calcd (%) for C103H95P4BMoFe: C, 76.40; H, 5.91. Found: C,
76.46; H, 6.35.

[{Fe(dppe)Cp*}(μ-CtCC6H4CtC){Mo(dppe)(η-C7H7)}], 3.
A Schlenk flask containing [{Fe(dppe)Cp*}{μ-CtCC6H4(H)CdC}-
{Mo(dppe)(η-C7H7)}]BPh4 (400 mg, 0.247 mmol) was dried under
vacuum. THF (20 cm3) and MeOH (20 cm3) were added via cannula,
followed by the addition of KOBut (42 mg, 0.375 mmol). The resulting
red solution was stirred at 20 !C for 16 h to afford a red-brown
suspension, from which solvent was removed. The residue was extracted
with CH2Cl2, the extract solution was filtered, and pentane was added to
give the product as a deep red solid, yield 266 mg (83%). 1H NMR
(C6D6): δ 1.62 (15H, C5(CH3)5) 1.88 (4H, CH2); 2.54 (m, 2H, CH2),
2.71 (m, 2H, CH2), 4.98 (t, J(P!H) 1.6 Hz, 7H, C7H7), 6.64 (d,
J(H!H) 6, 2H, C6H4); 7.01!8.13 (m, 2H, C6H4; 40H, Ph, dppe).
13C{1H} NMR (C6D6): δ 141.8 (m, 1JCP= 22 Hz, Mo-P-Cipso), 139.8
(m, 1JCP= 22 Hz, Mo-P-Cipso), 137.8 (d,

1JCP = 42 Hz, Fe-P-Cipso), 137.4
(t, 2JCP = 35 Hz, Fe-CtC), 136.7 (d, 1JCP = 42 Hz, Fe-P-Cipso),
135!121 (m, Ph), 126.5, 124.2, 123.4, 121.1 (4 s, Mo-CtC-CAr, Fe-
CtC-CAr, [Fe]-CtC, and [Mo]-CtC), 87.4 (s, C5(CH3)5), 87.3 (s,
C7H7), 31.1, 26.7(2 m, CH2(dppe)), 10.2 (s, C5(CH3)5).

31P{1H}
NMR (C6D6): δ 101.7 (s, dppeFe), 65.6 (s, dppeMo). IR (KBr):
ν(CtC) 2039(m), 1951(w) cm!1; (CH2Cl2) 2050 (m), 2036 (sh).
MALDI-MS (m/z): 1300 [M]+. Anal. Calcd (%) for C79H74P4MoFe: C,
73.04; H, 5.70. Found: C, 72.88; H, 5.77.

[{Fe(dppe)Cp*}(μ-CtCC6H4CtC){Mo(dppe)(η-C7H7)}]-
[PF6]2, [3][PF6]2. A Schlenk flask containing [{Fe(dppe)Cp*}(μ-
CtCC6H4CtC){Mo(dppe)(η-C7H7)}] (533 mg, 0.411 mmol) was
dried under vacuum. THF (50 cm3) was added via cannula, and the
reaction mixture was cooled to !60 !C. [FeCp2]PF6 (265 mg, 0.801
mmol) was added, and the reaction mixture was stirred at!60 !C for 1
h, before warming to room temperature and stirring for a further 16 h.
The solvent was removed under vacuum, the residue was extracted with
CH2Cl2, and the extract was added to a stirring solution of pentane
to precipitate out the product as a green powder, yield 542 mg (83%).
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IR (KBr): ν(CtC) 2000(w), 1951(w) cm!1, (CH2Cl2) 2045 (w), 1953
(w). Anal. Calcd (%) for C79H74P6MoFeF12: C, 59.71; H, 4.69. Found:
C, 59.11; H, 4.82.

[{Fe(dppe)Cp*}(μ-CtCC6H4CtC){Mo(dppe)(η-C7H7)}]-
[PF6], [3]PF6. A Schlenk flask containing [{Fe(dppe)Cp*}(μ-
CtCC6H4CtC){Mo(dppe)(η-C7H7)}] (204 mg, 0.157 mmol) and
[{Fe(dppe)Cp*}(μ-CtCC6H4CtC){Mo(dppe)(η-C7H7)}][PF6]2
(250mg, 0.157mmol) was dried under vacuum and placed in a cold bath
(!60 !C). Cold CH2Cl2 (20 cm3) was added via cannula, and the
reactionmixture was stirred at!60 !C for 1.5 h, before warming to room
temperature and stirring for a further 2 h. The solvent was removed
under vacuum to give the product as a purple powder, recovered yield
403 mg (89%). IR (KBr): ν(CtC) 2027(m), 1968(sh), 1947(s) cm!1,
(CH2Cl2) 2050 (sh), 2030 (m), 1967 (sh), 1954(s) cm!1. MALDI-MS
(m/z): 1443 [M]+ + PF6, 1300 [M]+. Anal. Calcd (%) for C79H74P5Mo-
FeF6: C, 65.71; H, 5.17. Found: C, 65.51; H, 5.09.

X-ray Crystal Structure of [{Fe(dppe)Cp*}(μ-CtCC6H4Ct
C){Mo(dppe)(η-C7H7)}], 3. Single crystals of 3 were obtained as
brown prisms by diffusion of a pentane layer into a C6H6 solution of the
complex, and a crystal of dimensions 0.51 " 0.43 " 0.33 mm was
selected for analysis. Single-crystal X-ray data were collected on a
APEXII, Bruker-AXS diffractometer at 100(2) K by a means of Mo
KR (λ = 0.71073 Å) radiation. Bruker SMART 2006 software was used
for data collection and cell refinement, and Bruker SAINT for data
reduction. The SIR-97 program was employed for the computing
structure solution,43 and SHELXL-97,44 for the computing structure
refinement. The structure was solved by direct methods with refinement
based on F2. All non-hydrogen atoms were refined with anisotropic
atomic displacement parameters; hydrogen atoms were included in
calculated positions. The unit cell contains complex 3 and 1.5 molecules
of benzene solvent of crystallization.

Crystal data for 3: C88H83FeMoP4 Mr = 1416.21, orthorhombic,
Pbca, a = 19.477(2) Å, b = 24.103(2) Å, c = 31.649(4) Å, U = 14858(3)
Å3, Z = 8, μ = 0.495 mm!1, 16 954 reflections collected, final wR2(F

2) =
0.245 for all data, conventional R1 = 0.0896 for 11 075 reflections with
I > 2σ(I). Data completeness 0.995.

Density Functional Theory Calculations. DFT calculations
were carried out on compounds [3]n+, [4]n+, and [5]n+ (n = 0!2) with
the Gaussian 03 program.45 The geometric structures were fully
optimized without any symmetry constraint using the B3LYP
functional46 within the LANL2DZ ECP basis set, augmented by a
polarization function for all atoms except hydrogens.47 The initial
densities of the valence-localized cationic and broken-symmetry dica-
tionic systems48 were generated with the Jaguar 6.0 code.49 Atomic
percentages of the molecular orbitals were obtained using the AOMix
program.50 Plots of molecular orbitals and spin density were constructed
using the MOLEKEL program 4.3.51
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solid-state (KBr) IR spectra of [3]n+ (n = 0, 1, 2), NIR!IR
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’ INTRODUCTION

Open-shell bimetallic complexes [{MLn}(μ-bridge){MLn}]
n(,

in which two metal centers or clusters, M, supported by auxiliary
ligands, L, are linked via some conjugated bridging ligand, continue
to attract unabated attention that is driven by a desire (1) to better
understand the nature of the factors affecting charge localization in
solution1 and solid state2,3 and the thermal and photoinduced
intramolecular electron transfer events that can occur between the
various components of these molecular systems4!8 and (2) to
identify systems suitable for use in the development of molecular-
scale wires and other components for molecular electronics.9!17

In the case of complexes within which the unpaired electron or
hole is localized on one of the metal centers, M, the systems may
be described in terms of the classical, two-state concepts of
mixed valency.4,18!23 For example, in [{Fe(dppe)Cp*}2-
(μ-CtCC6H4CtC)] (1a) the Fe(dppe)Cp* fragment offers a
pair of almost degenerate d-type orbitals of appropriate symme-
try to interact with the ethynyl π-orbitals of the bridging ligand
fragment, but typically lying somewhat higher in energy. Conse-
quently, the frontier orbitals of ethynyl derivatives of this metal
auxiliary are highly metallic in character, and the redox chemistry
of these complexes is often satisfactorily described in terms of
Fe(II/III) couples.24 In the case of bimetallic iron complexes

shown in Chart 1, broadly speaking, [1a]+ is an example of a
strongly coupledmixed-valence complex on the borderline between
Classes II and III.25!27 Although the cation [1b]+ behaves in a
manner similar to that of [1a]+,28 extension of the aromatic
bridging unit in [1c]+ leads to significantly more bridge character
in the SOMO, giving rise to a more delocalized system.29 Given
the substantive electron spin density calculated on the diethynyl
anthracenemoiety in [1c]+ (68%) and the significant carbon radical
character evidenced by a combination of EPR and M€ossbauer
spectroscopies, the description of [1c]+ in terms of a redox
noninnocent bridging ligand may also be appropriate. In con-
trast, insertion of an additional phenylene spacer, as in [1d]+,
results in a system that is better classified in terms of a weakly
coupled (Class II) mixed-valence system.30

Interestingly, the M€ossbauer spectrum of polycrystalline sam-
ples of [1a]+ is consistent with a solid solution containing both
the mixed-valence (valence trapped) form, and a ‘detrapped’
component, the proportions of which are found to vary from
sample to sample with recrystallization. This behavior has been
attributed to variations in local environment brought about by

Received: August 18, 2011

ABSTRACT: A series of bimetallic ruthenium complexes
[{Ru(dppe)Cp*}2(μ-CtCArCtC)] featuring diethynylaro-
matic bridging ligands (Ar = 1,4-phenylene, 1,4-naphthylene,
9,10-anthrylene) have been prepared and some representative
molecular structures determined. A combination of UV!
vis!NIR and IR spectroelectrochemical methods and density
functional theory (DFT) have been used to demonstrate that one-electron oxidation of compounds [{Ru(dppe)Cp*}2
(μ-CtCArCtC)](HCtCArCtCH = 1,4-diethynylbenzene; 1,4-diethynyl-2,5-dimethoxybenzene; 1,4-diethynylnaphthalene;
9,10-diethynylanthracene) yields solutions containing radical cations that exhibit characteristics of both oxidation of the
diethynylaromatic portion of the bridge, and a mixed-valence state. The simultaneous population of bridge-oxidized and mixed-
valence states is likely related to a number of factors, including orientation of the plane of the aromatic portion of the bridging ligand
with respect to the metal d-orbitals of appropriate π-symmetry.
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differences in crystal forms, or delocalization of the odd electron
into a π-orbital on the bridging ligand.25 Such observations serve
as a prelude to more detailed and ongoing discussions of the role
the relative conformation of the bridging ligand with respect to
the metal centers plays in determining the magnitude of electro-
nic coupling between metal centers,31!38 and the role of bridge
conformation not only in switching between mixed-valence

classes but also in controlling the metal vs bridging-ligand
character of the redox processes in [{MLn}(μ-bridge){MLn}]
systems.39,40

Examples of systems related to [1c]+ in which the unpaired
electron/hole is delocalized over both metals and the bridging
ligand, and hence not well described by a simple two-state
mixed-valence model, or even localized on the bridging or
support ligands, are becoming more widely recognized and
demand alternative descriptions.18,35,41!54 For example, the
general notion of ‘redox noninnocent’ bridging ligands in
[{MLn}(μ-bridge){MLn}]

n( systems is well documented,55,56

and treatments of the potential energy surfaces associated
with [{MLn}(μ-bridge){MLn}]

n( systems (and analogous
compounds based on organic rather than metal-based electro-
phores) in terms of three-center models have long been
known57!61 and continue to be refined.18,38,62!67 The details
of the various models have been discussed thoroughly in these
latter papers, and a short review of these variata has been
presented by Launay;62 thus, only the features of the evolution
from the two- to three-state model relevant to the present
discussion are described here.

In the two-state description of a symmetric mixed-valence
system developed by Marcus, Hush, and others two diabatic
potential energy curves are constructed (usually taken as para-
bola from a harmonic approximation), representing the energe-
tically degenerate states [{MALn}

+(μ-bridge){MBLn}] and
[{MALn}(μ-bridge){MBLn}

+] (the A and B subscripts being
used for convenience to distinguish the metal sites). By permit-
ting a small degree of electronic coupling HAB between these
two adiabatic states, the familiar double-potential well diagram is
obtained (Figure 1a), the minima usually being placed at 0 and 1
(or (1/2) on the electron transfer coordinate axis and the
system being referred to as belonging to Class II in the Robin and
Day classification scheme. The thermal barrier that lies at the
midpoint to the minima on the ground-state curve arises from
the different equilibrium M!L and M!bridge bond lengths
and solvent configurations at the donor ({MLn}) and acceptor
({MLn}

+) sites associated with the differences in metal oxida-
tion state. At this intermediate point the inner- and outer-
sphere geometries at the metal centers are identical, and
electron transfer can take place without further input of
energy to the system. The progression from one minimum
to the other constitutes the electron transfer reaction, e.g.
[{MALn}

+(μ-bridge){MBLn}] f [{MALn}(μ-bridge){MBLn}
+].

Chart 1. Complexes 1a!d

Figure 1. Diabatic (broken line) and adiabatic (solid line) potential
energy surfaces for (a) a weakly coupled (Robin and Day Class II)
symmetric mixed-valence complex and (b) a strongly coupled (Robin
and Day Class III) symmetric mixed-valence complex.
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The overall change in the geometry of the system corresponds to
an asymmetric stretch of the system, and the reaction coordinate
is often described in these terms.57 The vertical transition from
the ground-state minima to the higher-lying (excited) state gives
rise to the well-known intervalence charge transfer (IVCT)
transition and, in a weakly coupled system, corresponds to the
reorganization energy necessary to move an electron from the
donor site to the acceptor site. As coupling between the diabatic
states increases, the thermal barrier to electron transfer decreases,
and in the strong coupling limit (Robin and Day Class III) the
lower potential energy takes on a single minimum, and the
optical absorption loses charge transfer character and becomes
better described in terms of a transition between molecular
orbitals that are delocalized over the molecule (Figure 1).

If in addition to the metal centers, the bridging-ligand B also
offers a low-lying (redox) state, it is necessary to augment the
elementary two-state description by introduction of a third state
that explicitly allows for the population of the bridge, [{MLn}(μ-
bridge)+{MLn}]. The coupling of this third state to the two states
describing the localization of charge at the metal centers leads to
deviations in the shape of the resulting adiabatic free-energy
curves from the predictions of the two-state model, the most
obvious being the presence of a third minimum along the
asymmetric coordinate midway between the ‘reactant’ and
‘product’ states of the electron transfer reaction. If this additional
state is sufficiently low lying to be populated, then an electron-
hopping model for electron transfer becomes possible.63 Further
consequences of the presence of a low-lying bridge state have
been discussed in detail by Brunschwig, Creutz, and Sutin and
include a narrowing and increase in intensity of the IVCT
transition as the magnitude of the coupling between the three
diabatic states increases,18 and the presence of anMLCT/LMCT
band the shape and energy of which are also intimately related to
the coupling of the three states.38 In contrast, in the limit of weak
coupling, the three-state solution parallels that of the two-state
model.18

If the bridge is treated as a singular component, transfer of
charge to (or from) the bridge affects the associated bonds in a
symmetrical manner. To account for this symmetric mode, it is
necessary to extend the description of the potential energy curves
to include a second (symmetric) reaction coordinate axis and to
consider the three-dimensional (3-D) potential energy surfaces.

The traditional Marcus!Hush curves are simply slices through
these 3-D (asymmetric, symmetric, and energy) surfaces at a
fixed point along the symmetric coordinate. The diabatic de-
scription of the three-state system [{MALn}(μ-bridge){MBLn}]

+

now involves three paraboloids, representing localization of
charge at MALn, bridge, and MBLn (Figure 2), the general
disposition of which can be defined in terms of the relative
energy of the minima (taken as 0, Δ, and 0 in the case MALn =
MBLn), and the displacement of the bridge minimum along the
symmetric reaction coordinate relative to the minima that
represent localization of charge on themetal centers, d. Together,
Δ and d define the position of the bridge state with respect to the
double potentials that describe the mixed-valence state.62 Allow-
ing these three states to couple generates a 3-D adiabatic surface;
the number, depth, and definition of minima are dependent on
the magnitude of the individual couplings between the diabatic
states Hij, Δ, and d. For the systems in which Δ is positive (i.e.,
the bridge state lies at higher energy than the mixed-valence
state) the bridge state leads to either a bay or third minimum
above the double minimum of the mixed-valence state. The
presence of the additional minimum has been shown to permit
both superexchange and hopping mechanisms to operate in
suitably designed systems based on redox-active triaryl amines
linked by a relatively electron-rich 1,4-diethynyl-2,5-dimethoxy-
benzene bridge.63 For systems with increasingly negative Δ, the
ground-state potential energy surface evolves toward a single
minimum, and the system can be treated as a bridge-based
electrophore with pendent metal groups. In such cases the low
energy transitions in metal based [{MLn}(μ-bridge)

+{MLn}]
systems have considerable MLCT character.64

Against this backdrop of possible classes of electronic struc-
ture associated with [{MLn}(μ-bridge){MLn}]

n( systems, com-
plexes based on Ru(dppe)Cp* and other electron-rich Ru(II)
fragments offer an interesting counterpoint. Themetal orbitals of
the exemplary Ru(dppe)Cp* fragment lie significantly lower in
energy than the Fe-based orbitals in the analogous Fe(dppe)Cp*
fragment. As a result, the metal character in the frontier orbitals
of Ru-based alkynyl and vinyl complexes is greatly reduced, and
the unsaturated hydrocarbon ligand is often found to contribute
substantially to the frontier orbitals of these systems in various
oxidation states; i.e., the ruthenium complexes exhibit ligand
redox noninnocent character.68,69 Given the redox noninnocent

Figure 2. Sketches of the diabatic potential energy surfaces associated with the three-state description of a [{MLn}(μ-bridge){MLn}]
+ system for

arbitrary displacement of the bridge state (yellow) along the symmetric reaction coordinate d from the mixed-valence states (blue): (a) The bridge state
lies high in energy above themixed-valence states,Δ. 0; (b) the bridge state is low lying in energy and provides a pathway for electron-hopping between
the metallic states Δ > 0; (c) the bridge state is lower in energy than the mixed-valence states (Δ < 0), and the system is better described in terms of a
redox noninnoocent bridging ligand with the charge residing on the bridge.
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behavior of the arylethynyl ligand in monometallic [Ru(Ct
CArX)(dppe)Cp*]+ complexes, a re-examination of the nature
(mixed valence or otherwise) of the radical cations that are
derived from one-electron oxidation of related homo- and
heterometallic ruthenium-containing complexes featuring die-
thynylaromatic bridging ligands is warranted.11,51,53,70!84 In this
paper we describe the synthesis of a series of bimetallic ruthe-
nium complexes [{Ru(dppe)Cp*}2(μ-CtCArCtC)] featuring
diethynylaromatic bridging ligands (Ar = 1,4-phenylene, 1,4-
naphthylene, 9,10-anthrylene) and some representative molec-
ular structures. Spectroscopic investigation of the monocations
derived by one-electron oxidation of [{Ru(dppe)Cp*}2(μ-
CtCArCtC)] reveals trends consistent with the population
of two low-lying states: one derived from ‘bridge’-based oxidation
and the other with spectroscopic signatures more in keeping with
a localized mixed-valence structure. The two situations probably
arise through different conformations of the aromatic moiety
with respect to the metal fragments, and hence there is variation

in the metal!bridge orbital overlaps and associated electronic
couplings between components.

’RESULTS AND DISCUSSION

The compounds [{Ru(dppe)Cp*}2(μ-CtCArCtC)](HCt
CArCtCH = 1,4-diethynylbenzene; 1,4-diethynyl-2,5-dimethoxy-
benzene; 1,4-diethynylnaphthlylene; 9,10-diethynylanthracene)
(2!5) (Chart 2) were prepared from [RuCl(dppe)Cp*] and the
appropriate trimethylsilyl-protected dialkyne in the presence of
KF.51,78,85

The tetrafluorobenzene derivative [{Ru(dppe)Cp*}2(μ-
CtC-1,4-C6F4!CtC)] is the only example of a structu-
rally characterized bimetallic ruthenium complex featuring a
para-substituted diethynyl aromatic ligand of which we are
aware,51 although the structures of the iron complexes 1c,
[1c][TCNE] and [1c][PF6]2 are known.

29 The structures of 3
(Figure 3) and 5 (Figure 4) were determined crystallographically
and feature approximately linear Ru(1)!C(1)!C(2)!C(3)
fragments, with the Cp* and dppe ligands and C(1) forming a
pseudo-octahedral environment at each metal center (see
Table 1). In each case the molecule rests on an inversion center,
and as such the dihedral angle C(0)!Ru 3 3 3Ru0!C(00) (θ) is
180! [C(0) is the centroid of the Cp* ligand]. The disposition of
the metal fragments with respect to the aryl fragment can be
defined in terms of the C(0)!Ru(1) 3 3 3C(3)!C(4) angle (ϕ)
of 45.5 (3)/47.8 (5) !. The Ru!P bond lengths in 3 [2.2575(4),
2.2580(4) Å] and 5 [2.2597(17), 2.2602(16) Å] are longer
than in the butadiyndiyl-bridged complex [{Ru(dppe)Cp*}2(μ-
CtCCtC)] (2.2420(8)!2.2556(8) Å),87 but in general the
bond lengths are consistent with those of mononuclear ruthenium
acetylide complexes [Ru(CtCArX)(dppe)Cp*]69 and bimetallic
[{Ru(dppe)Cp*}2(μ-CtC-1,4-C6F4-CtC)].51 The 2,5-dimethoxy-
substituted aromatic ring in 3 does not display any significant
quinoidal character and is similar in structure to HCtCC6H2-
(OMe)2CtCH,88,89 while the bond parameters associated with
the 9,10-bis(ethynyl)anthracene ligand in 5 are indistinguishable
from those of the iron analogue [{Cp*(dppe)Fe}2(μ-CtC-9,10-
C14H8CtC)].29

Each of the compounds 2!5 undergoes two sequential and
reversible oxidation processes, separated by ∼300 mV in
CH2Cl2/0.1 M NBu4BF4, indicating the appreciable thermody-
namic stability of the compounds [2!5]+ with respect to
disproportionation in this solvent system, and giving rise to large

Chart 2. The complexes 2!5 involved in this study87

Figure 3. Molecular structure of 3 showing the atom labeling scheme.
Hydrogen atoms have been removed for clarity. Displacement ellipsoids
are plotted at 50%.

Figure 4. Molecular structure of 5 showing the atom labeling scheme.
Hydrogen atoms have been removed for clarity. Displacement ellipsoids
are plotted at 50%.
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comproportionation constants, KC (Table 2). These oxidations
become more thermodynamically favorable as a function of the
size of the conjugated π-system in the aromatic bridge [e.g.,
E1(2) > E1(4) > E1(5)] and through the introduction of donor
groups on the bridging moiety [e.g., E1(2) > E1(3)], providing
evidence for the involvement of the bridge π-system in these
redox processes. In each case, a third anodic wave was also
observed (2, 1.24 V; 3, 1.00 V; 4, 1.29 V; 5, 1.29 V), but the
associated trications have not been investigated further, given the
complete chemical irreversibility of the last redox process.

UV!vis!NIR spectra of the compounds [2!5]n+ were
collected using spectroelectrochemical methods (CH2Cl2,
0.1 M NBu4BF4) (Figure 5). The UV!vis!NIR spectra of the
neutral systems 2!5 are dominated by intense π!π* bands
associated with the diethynylarylene portion of these molecules,
which are found somewhat lower in energy than in the trimethyl-
silyl-capped ligand precursors, consistent with the presence of
the electron-donating metal substituents in the complexes. The
largely bridging ligand-based π!π* absorptions collapse on
oxidation to [2!5]+ with new, vibrationally structured aromatic
radical bands growing between 19,000 (2)!11,000 (5) cm!1

(525!900 nm). These bands, which are very similar to those
observed for aromatic radical cations,64,90 may be taken as
evidence for the redox noninnocent character of the bridging
ligand,51,53 a suggestion further supported by the results of DFT
calculations (vide infra). In addition, each of [2!5]+ features a
relatively intense band envelope in the NIR region, which can be
deconvoluted into the sum of three Gaussian-shaped sub-bands

in the region of 8000!5000 cm!1 (1200!1800 nm). The
significance of these sub-bands is discussed in more detail below.
On oxidation to the dications, [2!5]2+, these features in the
visible and NIR regions collapse with a new MLCT transition
(vide infra) near 14,000 cm!1 (700 nm), which tails into the NIR
region and overlaps with a low-intensity pseudo Ru(III) dd band,
observed in each case.

The involvement of the bridging ligand in the redox active
orbitals in 2!5 evidenced by the UV!vis spectroscopy is
supported by electronic structure calculations (B3LYP/3-21G*)68

carried out on [{Ru(PH3)2Cp}2(μ-CtCC6H4CtC)]n+ ([2-H]n+)
and [{Ru(PH3)2Cp}2(μ-CtCC14H8CtC)]n+ ([5-H]n+) (n = 0,
1, 2), which were taken as being representative of the series 2!5
and related redox products. In the case of the doubly oxidizedmodels
the low-spin configuration was found to be more stable than the
corresponding high-spin state (6.2 kcal.mol!1 [2-H]2+/20.5 kcal.
mol!1 [5-H]2+), which can be attributed to the large difference in
energy between the HOMO and the other occupied orbitals (see
Tables S3 and S6 in Supporting Information (SI)). The optimized

Table 1. Selected Bond Lengths (Å) and Angles (deg) from the Crystallographically Determined Structures of 3 and 5, and the
DFT-Optimized Structures [2-H]n+ and [5-H]n+ (n = 0, 1, 2)

3 [2-H] [2-H]+ [2-H]2+ 5 [5-H] [5-H]+ [5-H]2+

Ru!C(1) 2.0001(15) 2.018 1.965 1.925 2.017(6) 2.016 1.971 1.931

Ru!P(1, 2) 2.2575(4), 2.2580(4) 2.277 2.302 2.320 2.260(2) 2.279 2.299 2.315

C(1)!C(2) 1.219(2) 1.228 1.242 1.257 1.228(8) 1.230 1.242 1.256

C(2)!C(3) 1.426(2) 1.423 1.393 1.368 1.416(8) 1.419 1.389 1.363

C(3)!C(4) 1.408(2) 1.413 1.429 1.447 1.422(9) 1.425 1.445 1.463

C(4)!C(5) 1.389(2) 1.388 1.375 1.362 1.428(9) 1.429 1.418 1.408

C(5)!C(6) 1.354(10) 1.371 1.379 1.388

C(6)!C(7) 1.393(10) 1.423 1.412 1.403

C(4)!C(9) 1.426(8) 1.441 1.430 1.424

P(1)!Ru!P(2) 83.86(1) 93.07 92.15 90.73 83.12(6) 93.25 92.71 91.51

Ru!C(1)!C(2) 175.0(1) 178.7 177.9 177.3 178.5(5) 179.3 177.9 177.1

C(1)!C(2)!C(3) 177.7(2) 178.5 177.8 177.3 172.8(6) 178.6 177.6 176.7

θ 180 158.9 167.0 180.0 180 180.0 179.3 175.7

ϕ 45.5 !10.3 6.2 0.0 47.8 0.0 !8.8 !2.0

Table 2. Electrochemical Data from Compounds 2!5a

cmpd E1/V E2/V ΔE/mV KC
b

2 0.01 0.30 290 0.8 " 105

3 !0.14 0.17 310 1.7 " 105

4 !0.06 0.24 290 0.8 " 105

5 !0.17 0.13 300 1.2 " 105
aCH2Cl2/0.1 M NBu4BF4, 25 !C, ν = 100 mV/s, all platinum electro-
des, reported vs SCE from an internal ferrocene/ferrocenium couple
(FcH/FcH+ = 0.46 V). b KC = exp(ΔEF/RT).

Figure 5. The UV!vis!NIR spectra of 2 (solid line), [2]+ (broken
line), and [2]2+ (dotted line) collected by in situ oxidation of 2 in a
spectroelectrochemical cell (CH2Cl2/0.1 M NBu4BF4), which is repre-
sentative of the series [2!5]n+.
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geometry of the neutral species [2-H] and [5-H] give bond lengths
that are in good agreement with the crystallographically determined
structures of 2 and 5, respectively (seeTable 1). The ϕ angle (defined
above) in each of lowest energy structures of [2-H]n+ varies only a
little, from!10.3! (n=0) to 6.2! (n=1) and0.0! (n=2) ([2-H]n+).
Minor variation in the orientation of the aromatic ring with respect
to the Ru(PH3)2Cp fragment is also noted in the structures [5-H]

n+

(n = 0, ϕ = 0.0!; n = 1, ϕ =!8.8!; n = 2, ϕ =!2.0!). Comparison of
the structures of [2-H] and [2-H]+, and [5-H] and [5-H]+ reveals
that the change in electron count results in modest elongation of
the Ru!P bonds and contraction of the Ru!C(1) bonds. The
C(1)tC(2) bond length expands by ∼1% on oxidation, and
these changes associatedwith themetal coordination sphere are also
accompanied by the evolution of significant quinoidal character in
the aromatic portion of the bridging ligand (Table 1).

Selected frontier orbitals of each of [2-H] and [5-H] are
shown in Figure 6, with more complete lists of orbital energies
and contributions given in the SI. In each case, the HOMO is
delocalized over the metal centers and the carbon atoms of the
ethynyl aromatic moieties, with considerable bridging ligand
character ([2-H] 70%; [5-H] 82%). The HOMO!1 is approxi-
mately derived from the in-phase combination of the metal-d/
ethynyl-π systems, and hence is more extensively localized on the
metal centers and the carbon atoms of the CtC fragment, with
negligible contribution from the central aromatic fragment. The
isoenergetic LUMO and LUMO+1 of [2-H] are associated with

the Ru(PH3)2Cp fragments, but the LUMO of the anthracene
derivative [5-H] is predominantly anthracene π* in character
(82%), the unoccupied metal-fragment-centered orbitals being
somewhat higher in energy. Although it is not possible to make
quantitative comparisons of the results from [2-H] and [5-H]
with calculations on related systems that have been constructed
tomodel the iron series [{Fe(dppe)Cp*}2(μ-CtCC6H4CtC)]
(1a)26,29,39 and [{Fe(dppe)Cp*}2(μ-CtCC14H8CtC)] (1c)
because of differences in the ligand models and computational
methods employed, the frontier orbital characteristics and nodal
properties of the iron and ruthenium complexes are generally
similar, with a significant contribution from the anthrylene mo-
iety to the LUMO of [{Fe(dHpe)Cp}2(μ-CtCC14H8CtC)]
(dHpe = H2PCH2CH2PH2) also having been calculated.29

The frontier orbitals of the oxidized compounds [2-H]+ and
[5-H]+ are similar in composition to those of the neutral ana-
logues, and qualitatively the oxidation process can be described in
terms of the stepwise depopulation of the HOMOs of the neutral
precursors. Thus, the α-highest occupied spin orbital (HOSO)
and β-lowest unoccupied spin orbital (LUSO) of [2-H]+ and the
LUMO of the (low-spin) dication [2-H]2+ are all closely related
in composition to the HOMO of [2-H], and feature significant
diethynylaromatic character. In the case of the monocations,
some 64 ([2-H]+)!84 ([5-H]+) % of the calculated spin density
is associated with the diethynylaromatic ligand, with the metallic
contribution decreasing from 34% in [2-H]+ to 18% in [5-H]+

(Figure 7). The spin density associated with the organic bridging
ligand is not distributed evenly but is associated primarily with
the Cα carbon of the acetylide fragment and ipso-carbon atoms of

Figure 6. Selected frontier orbitals from 2-H (left) and 5-H (right)
plotted with contour values(0.04 (e/b3)1/2. Orbital energies (eV) and
composition [% Cp(PH3)2Ru/C2/Ar/C2/Ru(PH3)2Cp] are summar-
ized numerically.

Figure 7. Plot and numerical summary (% Ru/Cα/Cβ/Ar/Cβ/Cα/Ru)
of the spin density distribution in (a) [2-H]+ and (b) [5-H]+. Contour
values: ( 0.04 e/b3.

Chart 3. Reference Compound 663,64
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the aromatic ring systems (Figure 7); similar distributions have
been noted in the analogous iron complexes.29 Regardless of the
level of theory used (different basis sets and functionals), all
computational efforts made for localizing the oxidation process
to give rise to an asymmetric charge distribution failed, and
symmetrical structures with density distributed both on the
metals and the diethynylaromatic bridge were obtained in all
cases. These ‘symmetrical’ calculated geometries are in good
agreement with the expected distribution of electronic charge
associated with a bridge-localized oxidation event in the experi-
mental systems.

On the basis of these data summarized above, it can be
concluded that the ground state electronic structure of each
member of the series [2!5]n+ features an appreciable contribu-
tion from the bridging ligand (Figure 2c). Similar ‘bridge-cen-
tered’ states have been described elsewhere, for example in the
9,10-diethynylanthracenyl-bridged bis(triarylamine) radical cation
[6]+ (Chart 3),63,64,86 and related ruthenium complexes derived
from 1,4-diethynyl- and 1,4-divinylarylene based ligands.51!53,91,92

The assignment of a bridge-localized ground state in the case of the

ruthenium derivatives [2!5]+ allows us to construct a qualitative
representation of the adiabatic potential energy curve taken as a
slice along a fixed asymmetric coordinate, which is similar to that
described by Lambert for the 9,10-diethynylanthracenyl-bridged
bis(triarylamine) radical cation [6]+ (Figure 8).64 From this
description of the prototypical ‘bridge-localized’ ground state
two vertical electronic transitions with charge transfer character
can be predicted, denoted νa and νb. Evolution of the first excited
state along the asymmetric electron transfer coordinate leads to a
double minimum, physically corresponding to the transfer of
charge from one or other metal center to the bridge and hence a
mixed-valence electronic structure in the excited state, while the
second excited state surface is expected to feature only a single
minimum. While under C2h symmetry νb is forbidden, due to
either vibrational coupling or local breaking of symmetry in solu-
tion these two transitions have been clearly resolved in the NIR
spectra of the radical cation [6]+64,67 and the bis(vinyl) complex
[{RuCl(CO)(PMe3)3}2(μ-1,4-CHdCHC6H4CHdCH)]+92 in
which the unpaired electron/hole is supported by the bridging
moiety.

However, as noted above, the NIR absorption of [2!5]+ can
be deconvoluted into a sum of three Gaussian-shaped sub-bands
(see Figure 9 for [2]+ and Table 3), although deconvolution of
the anthracene derivative [5]+ must be treated with caution, since
the NIR bands are significantly overlapped with the tail
of the anthracene cation radical π!π* bands, which leads to a
wider range of possible solutions to the deconvolution. Of these
three observed transitions, only two can be attributed within the
bridge-localized ground-state model and have MLCT character
(Figure 8); i.e. photoexcitation in the NIR region results in
formation of excited states with mixed-valence character from a
bridge-localized ground state.93 The introduction of the electron-
donating methoxy groups stabilizes the unpaired electron on the
bridge in 3 relative to 2 and raises the energy of the νa and νb
transitions (Table 3). Similarly, the extension of the aromatic bri-
dging moiety from phenylene to naphthylene to anthrylene also
shifts the νa and νb bands to higher energy as the bridge-based
ground state is stabilized.

The third transition is significantly broader than νa and νb and
has a half-height bandwidth, Δν1/2, that generally fits well with
the predictions made on the basis of the Hush two-state model
for weakly coupled mixed-valence systems,94 and is relatively
insensitive to the nature of the bridge (Table 3). The adiabatic
potential energy curves derived from the three-state model in the
limit of the bridging state being high in energy compared with the
coupling between the remote centers (HAB) is analytically similar
to the two-state model.18 This third component is therefore
assigned to an intervalence charge transfer transition, νIVCT, with
the assumption that, at the geometry associated with the mixed-
valence form, the bridge state is considerably destabilized4 and
that the metal centers in the ‘mixed-valence’ state are only weakly
coupled through the orbitals of the bridge.

To better understand and confirm the nature of the electronic
transitions described above, time-dependent (TD) DFT calcula-
tions were carried out on 2-H and [2-H]+ using the B3LYP
functional, both with and without the application of the con-
ductor-like polarizable continuum model (CPCM). Dichloro-
methane was chosen as solvent for these later computational
investigations to reflect the experimental spectroelectrochemical
conditions. The results from the neutral system 2-H in vacuo and
the main spectral features are reported in Table 4 and serve as a
convenient starting point for the discussion.

Figure 8. Schematic adiabatic potential energy curves for the bridge-
based ground state in [2!5]+. The broken curves are shown in the
symmetric reaction coordinate that runs perpendicular to the asym-
metric coordinate shown in the plane of the page. The minimum of the
ground state may be shifted along the asymmetric coordinate relative to
the relaxed conformations of the excited states. Adapted from reference
64.

Figure 9. NIR region of the electronic spectrum of [2]+ showing
deconvolution into a sum of three Gaussian-shaped bands.
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Themain absorption band calculated at 325.5 nm [30720 cm!1]
for 2-H (cf. the experimentally observed band at 26810 cm!1 in
2, Figure 5), arises from the diethynyl benzene π!π* transition
(HOMOf LUMO+4) admixed with some LMCT (HOMOf
LUMO+3) character (see Table S1, SI for orbital compositions).
A small red-shift of ∼25 nm is computed when the solvent is
introduced, but the aryl!aryl transition character is maintained.
The inclusion of a solvent model also results in some rearrange-
ment in the electronic structure; in the model dichloromethane
solution environment the diethynyl π* orbital which comprises
the LUMO+4 in vacuo is stabilized and found as the LUMO+2 in
the CPCM calculation, with the consequence that the almost
degenerate metal-based LUMO+2 and LUMO+3 (in vacuo)
become the LUMO+3 and LUMO+4 in the solvated calculated
system.

The π!π* band in [2-H]+ is less intense and red-shifted
(∼65 nm) in comparison with the spectrum of 2-H, and in
addition a broad band appears in the NIR region at∼970 nm (in
vacuo). The inclusion of the solvent in the simulated spectra
leads to a red shift in the NIR band to 1175 nm in a better
agreement with the experimental data. The nature of this NIR
band (in solvent) was investigated in detail. Indeed, two electro-
nic transitions close in energy are computed at 1175 nm
[8510 cm!1] (f = 0.540) and 1116.5 nm [8957 cm!1]
(f = 0.239). In both cases, the major contributions come from β-
HOMO!1f β-LUSO and β-HOMO!3f β-LUSO (Figure10)
and have largely ML-LCT character and can be assigned to the
experimentally observed transitions, νa and νb However, no transition
assignable to νIVCT was found using this model of [2]+ in which
oxidation takes place (largely) on the bridging ligand and therefore
offers a symmetrical distribution of charge.

The observation of an IVCT transition (νIVCT) in addition to
the bands νa and νb suggests that under the conditions of the
experiment, the mixed-valence state is also appreciably thermally
populated. Further, the good agreement between the shape of the
IVCT band and that predicted from the two-state model
indicates that in the mixed-valence geometry the bridge is largely
decoupled from the metal centers. The coexistence of localized
(mixed-valence state) and delocalized (bridge state) states in
4,40-dinitrotolane radical anions has been noted recently, the
relative populations of which were related to solvation factors.95

In addition to the anomalous M€ossbauer spectra of crystalline
samples of [1a]+, ‘valence trapped’ and ‘valence detrapped’ forms
of various biferrocenium salts have also been observed, the form
adopted being sensitive to the local crystalline environment.96!99

In the case of the ruthenium complexes described here, the
relative stability of the bridge-localized and mixed-valence states
is likely to depend critically on the overlap of the metal d and
aromatic bridging ligand π orbitals, and hence the angles ϕ1 and
ϕ2 (i.e. the torsion angles defined by the plane of the aromatic
portion of the bridging ligand relative to C(1)!Ru!C(0) at
each metal center). When ϕ1 and ϕ2 are both close to 0!, the
metal centers act as good donors, and the compounds are deloca-
lized, with significant redox behavior associated with the bridge
(see the discussion of the β-LUSO structure of [2-H]+ and

Table 3. Selected Parameters Derived from Deconvolution of the NIR Absorption Band Envelope in [2!5]+a

cmpd [2]+ [3]+ [4]+ [5]+

νa/cm
!1 (ε/M!1 cm!1) 5600 (11200) 6300 (15000) 6000 (9600) 6400 (9000)

νb/cm
!1 (ε/M!1 cm!1) 6600 (14000) 7800 (8400) 7700 (5200) 8500 (6700)

νIVCT/cm
!1 (ε/M!1 cm!1) 8300 (4400) 8500 (3400) 8300 (4900) 8100 (5000)

Δ(νIVCT)1/2
b 4200 4000 4200 3000

Δ(νIVCT)1/2(calc)
c 4380 4430 4380 4320

a Samples generated in a spectroelectrochemical cell from solutions in CH2Cl2/0.1 M NBu4BF4, with apparent molar absorption coefficients,
ε. bΔ(νIVCT)1/2 is the observed half-height bandwidth of νIVCT.

cΔ(νIVCT)1/2(calc) = 2[4 ln(2)νIVCTRT]
1/2 = [2310νIVCT]

1/2 at ambient
temperature.94

Table 4. TD-DFT Characterization of Compound 2-H in Vacuo

λ/nm [cm!1] (f " 103) main MO transitions main assignement

471.5 [21210] (5.1) HOMOfLUMO bridgefmetal (LMCT)

350.8 [28510] (6.2) HOMO-2f LUMO+3/HOMO-3fLUMO metal-CCfmetal (ML-LCT)

334.5 [29900] (76.3) HOMO-1fLUMO+1/HOMO-1fLUMO metal-CCfmetal ML-LCT

325.5 [30720] (1358) HOMOfLUMO+4/HOMOfLUMO+3 bridge π!π* admixed with LMCT

Figure 10. Selected frontier orbitals involved in the transition of the
NIR band for the oxidized [2-H]+ compound in solvent [contour values
(0.04 (e/b3)1/2]. Orbital energies (eV) and composition [% Cp-
(PH3)2Ru/C2/Ar/C2/Ru(PH3)2Cp] are summarized numerically.
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[5-H]+ above). This is the situation modeled by the DFT
calculations ([2-H]+ ϕ1 = ϕ2 = 6.6!; [5-H]+ ϕ1 = 8.7!, ϕ2 =
8.8!). For some values of ϕ1,2 one or both of themetal donors will
decouple from the aromatic portion of the molecule, and the
unpaired electron/hole will collapse onto the metal centers,
giving rise to the mixed-valence state. The angular variation in
spin density onmetallic and arylalkynyl fragments in [Fe(CtCAr)
(dppe)Cp*]+ systems has been demonstrated computationally100

and lends support to the general picture described above, while the
role of bridge conformation on the magnitude of coupling between
redox-active centers has been explored for, by way of example,
bridges based on 4,40-bipyridyl101!103 and biphenylenes32 among
other examples.33,34

With a view to exploring the notion of the effect of the angle
ϕ on the distribution of spin density in ruthenium systems, a
series of calculations on the simple model [Ru(CtCC6H5)
(PH3)2Cp]

+ were undertaken for various angles ϕ. The ϕ = 0!
conformation was optimized without constraint and has been
reported and discussed in various contexts elsewhere,68 while
structures with ϕ = 45! and 90! were obtained by constraining
the dihedral angle during the optimization. At the level of theory
employed, the ϕ = 0! structure is themost stable, with the ϕ = 45!
(ΔE = 1.6 kcal mol!1) and the 90! (ΔE = 5.6 kcal mol!1)
structures lying higher in energy. Representative MO diagrams
and plots of the β-LUSO and integrated spin density for these

three different conformations are shown in Figure 11. There is
relatively little variation in the composition or ordering of the
unoccupied α-spin orbitals across the structural series, or in the
nature of the unoccupied β-spin orbitals above the β-LUSO.
However, the composition of the lowest unoccupied spin orbital
(β-LUSO) varies more significantly with the angle ϕ with the
greatest metallic character (60%) being found for the highest
energy structure (ϕ = 90!) and considerable aromatic ligand con-
tribution being found in the case of the lowest energy (ϕ = 0!)
structure.68 Thus, even for these simple models, the orienta-
tion of the phenyl acetylide ligand with respect to the highest
occupiedmetal orbitals of the Ru(PH3)2Cp fragment determines
the extent to which the aromatic acetylide substituent can feature
in stabilizing the unpaired electron/hole, which is further illu-
strated in the distribution of spin density across the molecular
framework as a function of ϕ (Table 5 and Figure 11).

Returning to the bimetallic system it is possible to describe the
ground-state potential energy surface in terms of an asymmetric
(electron transfer) reaction coordinate and a rotational coordi-
nate X(ϕ1,ϕ2) that describes the relative conformation of the
metal and bridge elements (Figure 12). Depending on the mole-
cular conformation of the bimetallic complex, the lowest energy
electronic configuration will place the charge on either the metals
(states A and B in Figure 12) or bridge (state C, Figure 12) on the
basis of the conformation-dependent spin density distribution

Figure 11. Plot of the energies (eV) and % composition [Cp(PH3)2Ru/CtC/C6H5] of selected α- and β-spin orbitals for the cation
[Ru(CtCC6H5)(PH3)2Cp]

+ calculated for values of ϕ constrained to 90!, 45!, and 0!. The lowest energy unoccupied β-SOs (isocontour (0.04
[e/b3]1/2) and spin densities are also plotted (contour (0.04 e/bohr3).
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demonstrated for the mononuclear model system. Since the
IVCT transition fits the Marcus!Hush two-state model well, it
can be assumed that the bridge- and metal-localized states do not
mix appreciably. For a fixed conformation, states A and B
interconvert along the asymmetric reaction pathway, the trajec-
tory of which maps the ground-state path in Figure 1a. Passage
along the A!C or B!C trajectory corresponds to a change in
molecular conformation, and at site C a slice along fixed X(ϕ1,ϕ2)
gives a 2-D single minimum ground-state surface shown in
Figure 8.

To gain further insight into the nature of the radical cations
[2!5]+ and to provide further evidence for the proposed
speciation in solution, we turned to IR spectroelectrochemical
methods, to take advantage of the fast time resolution of
vibrational spectroscopy and the characteristic shifts in ν(CtC)
frequencies that have proven to be diagnostic of metal and ligand
redox state in previous studies of [Ru(CtCR)(PP)Cp0]n+

complexes [(PP)Cp0 = (PPh3)2Cp; (dppe)Cp*].
22,50,68,104 The

IR spectra of 2!5 are characterized by one (2!4) or two (5)
ν(CtC) bands arising from the symmetric and asymmetric
stretching modes of the bridging ligand, the frequencies of which
are similar to those of the analogous mononuclear complexes
[Ru(CtCArH)(dppe)Cp*]68 and reasonably well reproduced
by the computational models (Table 6, Figure 13). Electrolysis

in the IR cell gave a series of bands between 2100!1600 cm!1,
which are discussed in more detail below. Further electrolysis
to the dications gave two, weak, low-frequency ν(CC) bands,
arising from the symmetric and asymmetric stretches of the
bridging ligand, which has significant quinoidal character in
this charge state (vide supra). The frequencies of the dication
ν(CC) bands are only a few wavenumbers lower than the ν(CC)
bands found in related monocationic, mononuclear complexes
[Ru(CtCR)(dppe)Cp*]+.68

Given the description of the monocations in terms of the
thermal population of both bridge and mixed-valence states
proposed above, the IR spectra of [2!5]+ deserve comment.
For each member of the series [2!5]+, four distinct features can
be identified. Similar features in the IR spectra of closely related
ruthenium complexes featuring diethynylarylene ligands have
been noted elsewhere,53 although the significance of the spectra
has not been commented upon in detail. The frequency of the
strongest ν(CC) band [1974 ([2]+); 1971 ([3]+); 1963 ([4]+);
1954 ([5]+) cm!1] shows a dependence on the nature of the
bridging moiety, and is broadened or split by symmetric and
asymmetric components, a feature which is reproduced in the
computational models. The symmetric component gains appre-
ciable intensity through coupling to the MLCT electronic
transitions. These vibrational features are assigned to the
‘bridge-localized’ ground state. Two weaker ν(CC) bands are
also observed at frequencies close to those of [Ru(CtCR)
(dppe)Cp*]n+ (R = tolyl, naphthyl, anthryl; n = 0, 1) and
resemble the two-band pattern observed for the nonconjugated
derivative [{Ru(dppe)Cp*}2(μ-CtCArCtC)]+ (Ar = 1,3-
C6H4) in which charge is asymmetrically distributed between
the metal centers across the bridge.50 These features, which are
notmodeled by the ‘bridge-localized’DFTmodel, are assigned to
the mixed-valence state. In addition, a ν(CdC) band from the
aromatic portion of the bridge [1564 ([2]+); 1575 ([3]+); 1567
([4]+); 1606 ([5]+) cm!1] is also observed in each of [2!5]+,
but not the neutral or dicationic forms. This is consistent with the
end-to-end dipole across the molecule in the localized mixed-
valence state, and the coupling of this vibrational mode to the νb
transition may be in part responsible for the intensity of this
transition. The IR spectra are therefore consistent with the
proposal of population of both bridge and mixed-valence states
in solution.

’CONCLUSIONS

Oxidation of [{Ru(dppe)Cp*}2(μ-CtCArCtC)] affords
stable mono- and dications, the spectroscopic properties of
which are consistent with a significant degree of CtCArCtC
π-character in the frontier orbitals. In addition to the low-lying
bridge state, the monocations also exhibit spectroscopic features
in the NIR and IR regions consistent with the population of a
mixed-valence state that lies close in energy to the bridge-state.
The dicationic forms are best described in terms of quinoidal

Table 5. Calculated Spin Densities (e) on Selected Atoms (or Sums of Groups of Atoms) for [Ru(CtCC6H5)(PH3)2Cp]
+

Complexes for O = 0!, 45!, 90!

ϕ Ru ∑CCp ∑PPH3 Cα Cβ Ci Co Cm Cp ΔE (kcal mol!1)

0 0.419 0.040 0.007 0.026 0.284 !0.038 0.126, 0.125 !0.074, !0.073 0.179 0

45 0.426 0.032 0.004 0.033 0.290 !0.031 0.115, 0.116 !0.067, !0.067 0.167 +1.6

90 0.584 0.046 0.001 !0.068 0.441 !0.045 0.021, 0.022 !0.002, !0.002 0.005 +5.6

Figure 12. Sketch of the adiabatic ground-state potential energy
surfaces shown in terms of an asymmetric electron transfer reaction
coordinate Y and an angular reaction coordinate X(ϕ1,ϕ2) describing the
plane of the aromatic portion of the bridge relative to the Ru!C(0)
vectors.
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resonance structures, stabilized by the strongly electron-donating
metal centers. The simultaneous population of bridge andmixed-
valence states is thought to be related to a number of factors that
influence the relative stability of these states, including solvent
environment and ion-pairing,95 as well as orientation of the plane
of the aromatic portion of the bridging ligand with respect to the
metal d-orbitals of appropriate π-symmetry.33,34,38 These addi-
tional environmental and mechanical factors serve to add further

diversity to the landscape of behavior associated with open-shell
bimetallic complexes [{MLn}(μ-bridge){MLn}]

n(.

’EXPERIMENTAL SECTION

General Conditions. All reactions were carried out under an atmo-
sphere of nitrogen using standard Schlenk techniques. Reaction solvents
were purified and dried using an Innovative Technology SPS-400, and
degassed before use. No special precautions were taken to exclude air or
moisture during workup. The precursors, [RuCl(dppe)Cp*],87Me3SiCt
CC6H2(OMe)2CtCSiMe3, 1,4-bis(trimethylsilylethynyl)naphthalene,
and 9,10-bis(trimethylsilylethynyl)anthracene,107 and complex 251 were
prepared by literature routes. Other reagents were purchased and used
as received.

The NMR spectra were recorded on a 400 MHz Bruker Avance
spectrometer from deuterated chloroform or benzene solutions and
were referenced against residual protio solvent resonances (CHCl3:

1H
7.26 ppm, 13C 77.0 ppm; C6HD5:

1H 7.15 ppm, 13C 128.0 ppm) or
external phosphoric acid. IR spectra were recorded using a Nicolet
Avatar spectrometer fromNujol mull suspended betweenNaCl plates or
from KBr discs. Electrospray ionization mass spectra were recorded
using ThermoQuest Finnigan TraceMS-Trace GC orWATERSMicro-
mass LCT spectrometers. Samples in dichloromethane (1mg/mL)were
100 times diluted in either methanol or acetonitrile and analyzed with
source and desolvation temperatures both of 120 !C, with cone voltage
of 30 V.

Electrochemical analyses were carried out using an EcoChemie
Autolab PG-STAT 30 potentiostat, with platinum working electrode,
a counterelectrode, and a platinum wire counterelectrode, and a platinum
wire pseudo-reference electrode, from solutions in CH2Cl2 containing

Table 6. Summary of the IR Spectra of [2!5]n+ (n = 0, 1, 2) Collected by in Situ Oxidation in a Spectroelectrochemical
Cell (CH2Cl2/0.1M NBu4BF4)

a,b

cmpd/charge, n 0 v(CtC) 1+ v(CtC) 1+ v(aryl) 2+ v(CtC)

2 2068 (m) 2061 (w) 1564 (m) 1970 (vw)

1997 (s) 1924 (w)

1974 (vs)

1915 (w,sh)

2-Hc 2099 (562) asym 2021 (0.0) sym 1960 (4015) asym

2093 (0.2) sym 2014 (6422) asym 1944 (0.0) asym

3 2060 (m) 2049 (w) 1575 (w) 1965 (w)

1990 (m,sh) 1926 (m)

1971 (vs)

1911 (w,sh)

4 2051 (m) 2037 (w) 1567 (w) 1963 (vw)

1995 (m,sh) 1912 (m)

1963 (vs)

1915 (w,sh)

5 2045 (m) 2020 (w) 1606 (w) 1951 (w)

2031 (m) 1954 (vs) 1911 (m)

1898 (w,sh)

5-Hc 2077 (911) asym 2017 (0.2) sym 1960 (1.0) sym

2073 (0.0) sym 2004 (6206) asym 1958 (5692) asym

[Ru(CtCPh)(dppe)Cp*]d 2072 (s) 1929 (s)

[Ru(CtCC10H7)(dppe)Cp*]
d 2053 (s) 1916 (s)

[Ru(CtCC14H9)(dppe)Cp*]
d 2041 (s) 1925 (s)

aData from reference mononuclear complexes and the computational models [2-H]n+ and [5-H]n+ are given for comparison. bCalculated vibrational
frequencies have been corrected by a factor of 0.95.105,106 cCalculated models [2-H]+ and [5-H]+ correspond to the bridge-localized redox products.
d From reference 68.

Figure 13. IR spectra collected by in situ oxidation of 2 to [2]+ and [2]2+

in a spectroelectrochemical cell (CH2Cl2/0.1 M NBu4BF4), which is
representative of the series [2!5]n+.
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0.1 M NBu4BF4 electrolyte, ν = 100 mV s!1. The ferrocene/ferrocenium
couple was used as an internal reference for potential measurements such
that the FcH/FcH+ couple falls at 0.46 V vs SCE.108 Spectroelectrochemical
measurements were made in an OTTLE cell of Hartl design,109 from
CH2Cl2 solutions containing 0.1MNBu4BF4 electrolyte. The cell was fitted
into the sample compartment of a Nicolet Avatar FT-IR or a Perkin-Elmer
Lambda 900 UV!vis!NIR spectrophotometer, and electrolysis in the cell
was performed with a home-built potentiostat.

Preparation of [{Ru(dppe)Cp*}2(μ-C;CC6H2(OMe)2C;C)] (3).
A suspension of [RuCl(dppe)Cp*] (200 mg, 0.299 mmol), Me3SiCt
CC6H2(OMe)2CtCSiMe3 (44 mg, 0.133 mmol), and KF (100 mg,
1.72 mmol) in dry degassed methanol (20 mL) was heated at reflux for
18 h under a nitrogen atmosphere. After cooling, three drops of DBU
were added to the reactionmixture, and themixture was allowed to stir at
RT for an hour. The sandy brown precipitate formed was filtered. The
solid was dissolved in dichloromethane and precipitated from slow
diffusion with hexane. The solid was filtered and dried to give 3 as a light-
brown powder (130 mg, 0.089 mmol, 67%). Crystals suitable for X-ray
crystallography were grown from slow diffusion of methanol into a
dichloromethane solution of 3. IR (Nujol): ν(CtC) 2061 cm!1. 1H
NMR (C6D6, 400MHz): δ 1.69 (s, 30H, Cp*); 1.99 (m, 4H, CH2); 2.92
(m, 4H, CH2); 3.43 (s, 6H, OCH3), 6.64 (s, 2H, CH C6H2), 7.02 (m,
16H, meta and para CH dppe), 7.12 (m, 8H, meta CH dppe), 7.16 (m,
8H, ortho CH dppe), 7.99 (m, 8H, ortho CH dppe). 1H NMR (CDCl3,
400 MHz): δ 1.57 (s, 30H, Cp*); 2.14 (m, 4H, CH2); 2.84 (m, 4H,
CH2); 3.42 (br s, 6H, OCH3), 6.17 (s, 2H, C6H2), 7.11 (m, 8H, CH
dppe), 7.23 (m, 8H, CH dppe), 7.28 (m, 16H, CH dppe), 7.84 (m, 8H,
ortho CH dppe). 31P{1H} NMR (C6D6, 81 MHz): δ 82.3 (s, dppe).
31P{1H} NMR (CDCl3, 81 MHz): δ 82.2 (br s, dppe). ES(+)-MS (m/
z):1453 [{Ru(dppe)Cp*}2(μ-CtCC6H2(OMe)2CtC)].

Preparation of [{Ru(dppe)Cp*}2(μ-C;CC10H6C;C)] (4). A
suspension of [RuCl(dppe)Cp*] (200 mg, 0.299 mmol), Me3-
SiCtCC10H6CtCSiMe3 (48 mg, 0.151 mmol), and KF (35 mg, 0.60
mmol) in methanol (20 mL) was heated to reflux under a nitrogen
atmosphere for 90 min. The yellow precipitate formed was collected,
washed with methanol and hexane, and dried to give 4 as a yellow
powder (135mg, 0.0935 mmol, 63%). IR (Nujol): ν(CtC) 2055 cm!1.
1H NMR (C6D6, 400 MHz): δ 1.67 (s, 30H, Cp*); 1.90 (m, 4H, CH2);
2.77 (m, 4H, CH2); 7.02 (m, 16H,meta and paraCHdppe), 7.08 (s, 2H,
CH C10H6), 7.12 (m, 8H, meta CH dppe), 7.18 (dd, 2H, CH C10H6),
7.20 (m, 8H, ortho CH dppe), 7.90 (m, 8H, ortho CH dppe), 8.19 (dd,
2H, CH C10H6).

31P{1H} NMR (C6D6, 81 MHz): δ 82.4 (s, dppe).
13C{1H} NMR (C6D6, 126 MHz): δ 10.5 (s, C5Me5), 29.7 (m, CH2),
92.8 (s, C5Me5), 110.1 (s, CtCC10H6), 124.5, 124.6 (CH in C10H6);
128.2 (CH); 128.5; 130.0 (CH); 131.9 (C1!C4); 129.1, 128.9 (Cp,p0);
133.7, 134.3 (dds, JCP/CCP ≈ 5 Hz, Co,o0); 135.2 (CH in C10H6),
137.7, 139.6 (m, Ci,i0). The Cm,m0 dppe peak is assumed to be hidden
by the C6D6 peak. The weak Ru!C and two C peaks of C10H6 were
not observed. ES(+)-MS (m/z): 1444 [{Ru(dppe)Cp*}2(μ-CtCC10-
H6CtC)].

Preparation of [{Ru(dppe)Cp*}2(μ-C;CC14H8C;C)] (5). A
suspension of [RuCl(dppe)Cp*] (500 mg, 0.747 mmol), Me3-
SiCtCC14H8CtCSiMe3 (140 mg, 0.374 mmol), and KF (100 mg,
1.72 mmol) were treated with methanol (40 mL), and the suspension
formed was heated at reflux for 40 h under a nitrogen atmosphere. The
red precipitate formed was collected and washed with MeOH and
hexane and dried to give 5 as a red/purple powder (451mg, 0.302mmol,
81%). IR (Nujol): ν(CtC) 2029 cm!1. 1H NMR (C6D6, 400 MHz): δ
1.72 (s, 30H, Cp*); 1.99 (m, 4H, CH2); 2.97 (m, 4H, CH2); 6.95 (dd,
2H, CH C10H6), 7.02 (m, 16H, meta and para CH dppe), 7.08 (s, 2H,
CH C10H6), 7.12 (m, 8H, meta CH dppe), 7.18 (m, 8H, ortho CH
dppe), 7.85 (m, 8H, ortho CH dppe), 8.25 (dd, 2H, CH C10H6).
31P{1H} NMR (C6D6, 81 MHz): δ 82.8 (s, dppe). ES(+)-MS (m/z):
1494[{Ru(dppe)Cp*}2(μ-CtCC14H8CtC)].

Crystallography. Single-crystal X-ray data were collected on a
Bruker SMART 6000 diffractometer equipped with a Cryostream
(Oxford Cryosystems) nitrogen cooling device at 120 K and 250 K
for 3 and 5, respectively, using graphite monochromated Mo Kα

radiation (λ = 0.71073 Å). The structures were solved by direct method
and refined by full-matrix least-squares on F2 for all data using
SHELXTL software.110 All nondisordered non-hydrogen atoms were
refined with anisotropic displacement parameters, H atoms were placed
in the calculated positions and refined in riding mode. Crystallographic
data for the structures have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publications CCDC-
839623 and 839624.

Crystal data for 3. C84H86O2P4Ru2, M = 1453.55, monoclinic,
space group P21/n, a = 12.2385(3) Å, b = 22.4341(5) Å, c = 13.0592(3)
Å, β = 99.02(1)!,U = 3541.1(2) Å3, F(000) = 1508,Z = 2,Dc = 1.363mg
m!3, μ = 0.565 mm!1. 51638 reflections (1.82 e θ e 31.50!) were
collected (ω-scan, 0.3!/frame) yielding 11778 unique data (Rmerg =
0.0269). Final wR2(F

2) = 0.0819 for all data (419 refined parameters),
conventional R1(F) = 0.0302 for 10029 reflections with I g 2σ,
GOF = 1.041.

Crystal data for 5. C90H86Ru2P4" 5 C6H6,M = 1884.15, triclinic,
space group P1, a = 11.9292(12) Å, b = 13.7023(13) Å, c = 17.4694(17)
Å, α = 98.876(3), β = 101.348(3)!, γ = 114.727(4)!, U = 2451.6(4) Å3,
F(000) = 984, Z = 1, Dc = 1.276 mg m!3, μ = 0.423 mm!1. 20000
reflections were collected (ω-scan, 0.3!/frame) yielding 13127 unique
data (Rmerg = 0.0752). Final wR2(F

2) = 0.2410 for all data (499 refined
parameters), conventional R1(F) = 0.0769 for 6381 reflections with
I g 2σ, GOF = 0.993.

Computational Details. All DFT computations were carried out
with the Gaussian 03 package.111 The model geometries of the dinuclear
systems [2-H]n+ and [5-H]n+ (n = 0, 1, 2) discussed here were opti-
mized at the B3LYP/3-21G* level of theory,112!115 to reduce computa-
tional effort, with no symmetry constraints. Test calculations performed
at a higher level of theory with a B3LYP/LANL2DZ basis set with
polarization functions on all elements lead to comparable results, in a
manner similar to that reported elsewhere.68 MOs and frequencies were
computed on these optimized geometries at the same level of theory. All
geometries were identified as minima (no imaginary frequencies). A
scaling factor of 0.95 was applied to the calculated frequencies.105,106

TheMO contributions were generated using theGaussSum package and
plotted using GaussView 5.0.116 TD-DFT calculations were carried
out on 2-H and [2-H]+ at the B3LYP/3-21G* level with and without
the application of the conductor-like polarizable continuum model
(CPCM)117 to address or not address solvation effects, respectively.

’ASSOCIATED CONTENT

bS Supporting Information. Complete refs 88 and 111. Plots
of the IR and UV!vis!NIR spectra of [2!5]n+ (n = 0, 1, 2). Plots
showing the deconvolution of the NIR spectra of [2!5]+. Com-
plete references 88 and 111. Crystallographic data in cif format.
Tables of energy and composition of selected molecular orbitals
for [2-H]n+ and [5-H]n+ (n = 0, 1, 2). Cartesian coordinates of
optimized geometries and energies of [2-H]n+ and [5-H]n+ (n = 0,
1, 2). Cartesian coordinates and energies of [Ru(CtCPh)-
(PH3)2Cp] in three configurations. Theis material is available
free of charge via the Internet at http://pubs.acs.org.

’AUTHOR INFORMATION

Corresponding Author
p.j.low@durham.ac.uk.



18445 dx.doi.org/10.1021/ja207827m |J. Am. Chem. Soc. 2011, 133, 18433–18446

Journal of the American Chemical Society ARTICLE

’ACKNOWLEDGMENT

This work was supported by the EPSRC through award of a
Leadership Fellowship to P.J.L.; R.L.R. held a PhD scholarship
from the Durham Doctoral Training Account; and J.-F.H., B.L.
G., and P.J.L. acknowledge the CNRS (France) for travel grants
(PICS program). Part of this work was conducted in the scope of
the CNRS Associated European Laboratory “Molecular Materi-
als and Catalysis (MMC)” involving the Department of Chem-
istry of Durham University and the Laboratoire des Sciences
Chimiques de Rennes.

’REFERENCES
(1) Geiger, W. E.; Barriere, F. Acc. Chem. Res. 2010, 43, 1030.
(2) Lu, Y. H.; Quardokus, R.; Lent, C. S.; Justard, F.; Lapinte, C.;

Kandel, S. A. J. Am. Chem. Soc. 2010, 132, 13519.
(3) Guo, S.; Kandel, S. A. J. Phys. Chem. Lett. 2010, 1, 420.
(4) Creutz, C. Prog. Inorg. Chem. 1983, 30, 1.
(5) Nocera, D. G. Inorg. Chem. 2009, 48, 10001.
(6) Aguirre-Etcheverry, P.; O’Hare, D. Chem. Rev. 2010, 110, 4839.
(7) Low, P. J.; Brown, N. J. J. Cluster Sci. 2010, 21, 235.
(8) Glover, S. D.; Goeltz, J. C.; Lear, B. J.; Kubiak, C. P.Coord. Chem.

Rev. 2010, 254, 331.
(9) Paul, F.; Lapinte, C. Coord. Chem. Rev. 1998, 178, 431.
(10) (a) Low, P. J.Dalton Trans. 2005, 2821. (b) Akita, M.; Koike, T.

Dalton Trans. 2008, 3523.
(11) Kim, B.; Beebe, J. M.; Olivier, C.; Rigaut, S.; Touchard, D.;

Kushmerick, J. G.; Zhu, X. Y.; Frisbie, C. D. J. Phys. Chem. C 2007,
111, 7521.
(12) Liu, Y. F.; Lagrost, C.; Costuas, K.; Tchouar, N.; Le Bozec, H.;

Rigaut, S. Chem. Commun. 2008, 6117.
(13) Mahapatro, A. K.; Ying, J. W.; Ren, T.; Janes, D. B. Nano Lett.

2008, 8, 2131.
(14) Ying, J.-W.; Liu, I.P.-C.; Xi, B.; Song, Y.; Campana, C.; Zuo,

J.-L.; Ren, T. Angew. Chem., Int. Ed. 2010, 49, 954.
(15) Liu, K.; Wang, X. H.; Wong, F. S. ACS Nano 2008, 2, 2315.
(16) Terada, K.; Kobayashi, K.; Hikita, J.; Haga,M.Chem. Lett. 2009,

38, 416.
(17) Tuccitto, N.; Ferri, V.; Cavazzini, M.; Quici, S.; Zhavnerko, G.;

Licciardello, A.; Rampi, M. A. Nat. Mater. 2009, 8, 41.
(18) Brunschwig, B. S.; Creutz, C.; Sutin, N. Chem. Soc. Rev. 2002,

31, 168.
(19) D’Alessandro, D.M.; Keene, F. R.Chem. Soc. Rev. 2006, 35, 424.
(20) Rou!e, S.; Lapinte, C.; Bataille, T. Organometallics 2004, 23, 2558.
(21) Hamon, P.; Justaud, F.; Cador, O.; Hapiot, P.; Rigaut, S.;

Toupet, L.; Ouahab, L.; Stueger, H.; Hamon, J. R.; Lapinte, C. J. Am.
Chem. Soc. 2008, 130, 17372.
(22) Fox, M. A.; Roberts, R. L.; Baines, T. E.; Le Guennic, B.; Halet,

J.-F.; Hartl, F.; Yufit, D. S.; Albesa-Jov!e, D.; Howard, J. A. K.; Low, P. J.
J. Am. Chem. Soc. 2008, 130, 3566.
(23) Brown, N. J.; Lancashire, H. N.; Fox, M. A.; Collison, D.; Edge,

R.; Yufit, D. S.; Howard, J. A. K.; Whiteley, M. W.; Low, P. J.
Organometallics 2011, 30, 884.
(24) (a) Paul, F.; Bondon, A.; da Costa, G.; Malvolti, F.; Sinbandhit,

S.; Cador, O.; Costuas, K.; Toupet, L.; Boillot, M.-L. Inorg. Chem. 2009,
48, 10608. (b) Paul, F.; Toupet, L.; Th!epot, J.-Y.; Costuas, K.; Halet, J.-
F.; Lapinte, C. Organometallics 2005, 24, 5464. (c) Costuas, K.; Paul, F.;
Toupet, L.; Halet, J.-F.; Lapinte, C. Organometallics 2004, 23, 2053.
(25) Le Narvor, N.; Lapinte, C. Organometallics 1995, 14, 634.
(26) Weyland, T.; Lapinte, C.; Frapper, G.; Calhorda, M. J.; Halet, J.-

F.; Toupet, L. Organometallics 1997, 16, 2024.
(27) For studies on closely related systems, see (a) Medei, L.; Orian,

L.; Semeikin, O. V.; Peterleitner, M. G.; Ustynyuk, N. A.; Santi, S.;
Durante, C.; Ricci, A.; Lo Sterzo, C. Eur. J. Inorg. Chem. 2006, 13, 2582.
(b) Matusuura, Y.; Tanaka, Y.; Akita, M. J. Organomet. Chem. 2009,
694, 1840.

(28) Tanaka, Y.; Shaw-Taberlet, J. A.; Justaud, F.; Cador, O.;
Roisnel, T.; Akita, M.; Hamon, J. R.; Lapinte, C. Organometallics
2009, 28, 4656.

(29) de Montigny, F.; Argouarch, G.; Costuas, K.; Halet, J.-F.;
Roisnel, T.; Toupet, L.; Lapinte, C. Organometallics 2005, 24, 4558.

(30) Ibn Ghazala, S.; Paul, F.; Toupet, L.; Roisnel, T.; Hapiot, P.;
Lapinte, C. J. Am. Chem. Soc. 2006, 128, 2463.

(31) D’Alessandro, D. M.; Keene, F. R. Pure Appl. Chem. 2008, 80, 1.
(32) Benniston, A. C.; Harriman, A.; Li, P.; Sams, C. A.; Ward, M. D.

J. Am. Chem. Soc. 2004, 126, 13630.
(33) Chisholm, M. H.; Feil, F.; Hadad, C. M.; Patmore, N. J. J. Am.

Chem. Soc. 2005, 127, 18150.
(34) Romanczyk, P. P.; Noga, K.; Wlodarczyk, A. J.; Nitek, W.;

Broclawik, E. Inorg. Chem. 2010, 49, 7676.
(35) Ot!on, F.; Ratera, I.; Espinosa, A.; T!arranga, A.; Veciana, J.;

Molina, P. Inorg. Chem. 2010, 49, 3183.
(36) Olivier, C.; Costuas, K.; Choua, S.; Maurel, V.; Turek, P.;

Saillard, J.-Y.; Touchard, D.; Rigaut, S. J. Am. Chem. Soc. 2010, 132, 5638.
(37) Lear, B. J.; Chisholm, M. H. Inorg. Chem. 2009, 48, 10954.
(38) Chisholm,M. H.; Lear, B. J.; Moscatelli, A.; Peteanu, L. A. Inorg.

Chem. 2010, 49, 3706.
(39) Fitzgerald, E. C.; Ladjarafi, A.; Brown, N. J.; Collison, D.;

Costuas, K.; Edge, R.; Halet, J.-F.; Justaud, F.; Low, P. J.; Meghezzi, H.;
Roisnel, T.; Whiteley, M. W.; Lapinte, C. Organometallics 2011,
30, 4180.

(40) The effect of the relative disposition of metal and aryl-ethynyl
ligand fragments on the distribution of electron spin density in related
mono-metallic M(CtCAr)Ln systems has also been noted: Paul, F.;
Malvolti; da Costa, G.; Le Stang, S.; Justaud, F.; Argouarch, G.; Bondon,
A.; Sinbandhit, S.; Costuas, K.; Toupet, L.; Lapinte, C. Organometallics
2010, 29, 2491.

(41) Kaim, W.; Schwederski, B. Coord. Chem. Rev. 2010, 254, 1580.
(42) Z!ali"s, S.; Winter, R. F.; Kaim, W. Coord. Chem. Rev. 2010,

254, 1383.
(43) Lever, A. B. P. Coord. Chem. Rev. 2010, 254, 1397.
(44) Pevney, F.; Winter, R. F.; Sarkar, B.; Z!ali"s, S. Dalton Trans.

2010, 39, 8000.
(45) Das, A. K.; Sarkar, B.; Fiedler, J.; Z!ali"s, S.; Hartenbach, I.;

Strobel, S.; Lahiri, G. K.; Kaim, W. J. Am. Chem. Soc. 2009, 131, 8895.
(46) Ghumaan, S.; Sarkar, B.; Maji, S.; Puranik, V. G.; Fiedler, J.;

Urbanos, F. A.; Jimenez-Aparicio, R.; Kaim, W.; Lahiri, G. K. Chem.—
Eur. J. 2008, 14, 10816.

(47) Maurer, J.; Linseis, M.; Sarkar, B.; Schwederski, B.; Niemeyer,
M.; Kaim, W.; Z!ali"s, S.; Anson, C.; Zabel, M.; Winter, R. F. J. Am. Chem.
Soc. 2008, 130, 259.

(48) Linseis, M.; Winter, R. F.; Sarkar, B.; Kaim, W.; Z!ali"s, S.
Organometallics 2008, 27, 3321.

(49) Maji, S.; Sarkar, B.; Mobin, S. M.; Fiedler, J.; Kaim, W.; Lahiri,
G. K. Dalton Trans. 2007, 2411.

(50) Fox, M. A.; Farmer, J. D.; Roberts, R. L.; Humphrey, M. G.;
Low, P. J. Organometallics 2009, 28, 5266.

(51) Armitt, D. J.; Bruce, M. I.; Gaudio, M.; Zaitseva, N. N.; Skelton,
B. W.; White, A. H.; Le Guennic, B.; Halet, J.-F.; Fox, M. A.; Roberts,
R. L.; Hartl, F.; Low, P. J. Dalton Trans. 2008, 6763.

(52) Launay, J.-P.; Coudret, C.; Hortholary, C. J. Phys. Chem. B
2007, 111, 6788.

(53) Klein, A.; Lavastre, O.; Fiedler, J.Organometallics 2006, 25, 635.
(54) Ward, M. D.; McCleverty, J. A. J. Chem. Soc., Dalton Trans.

2002, 275.
(55) Ernst, S.; H€anel, P.; Jordanov, J.; Kaim, W.; Kasack, V. J. Am.

Chem. Soc. 1989, 111, 1733.
(56) Kaim, W.; Kasack, V. Inorg. Chem. 1990, 29, 4696.
(57) Piepho, S. B.; Krausz, E. R.; Schatz, P. N. J. Am. Chem. Soc. 1978,

100, 2996.
(58) Ondrenchen, M. J.; Ko, J.; Zhang, L. T. J. Am. Chem. Soc. 1987,

109, 1672.
(59) Ko, J.; Ondrechen, M. J. J. Am. Chem. Soc. 1985, 107, 6161.
(60) Root, L. R.; Ondrechen, M. J. Chem. Phys. Lett. 1982, 93, 421.



18446 dx.doi.org/10.1021/ja207827m |J. Am. Chem. Soc. 2011, 133, 18433–18446

Journal of the American Chemical Society ARTICLE

(61) Borshch, S. A.; Kotov, I. N.; Bersuker, I. B. Chem. Phys. Lett.
1982, 89, 381.
(62) Launay, J.-P.; Coudret, C.; Hortholary, C. J. Phys. Chem. B

2007, 111, 6788.
(63) Lambert, C.; Noll, G.; Schelter, J. Nat. Mater. 2002, 1, 69.
(64) Lambert, C.; Amthor, S.; Schelter, J. J. Phys. Chem. A 2004,

108, 6474.
(65) Amthor, S.; Lambert, C. J. Phys. Chem. A 2006, 110, 1177.
(66) Amthor, S.; Lambert, C.; Dummier, S.; Fischer, I.; Schelter, J.

J. Phys. Chem. A 2006, 110, 5204.
(67) Seibt, J.; Schauml€offel, A.; Lambert, C.; Engel, V. J. Phys. Chem.

A 2008, 112, 10178.
(68) (a) Fox, M. A.; Roberts, R. L.; Khairul, W. M.; Hartl, F.; Low,

P. J. J. Organomet. Chem. 2007, 692, 3277. (b) Bruce, M. I.; Burgun, A.;
Gendron, F.; Grelaud, G.; Halet, J.-F.; Skelton, B. W. Organometallics
2011, 30, 2861.
(69) (a) Paul, F.; Ellis, B. G.; Bruce, M. I.; Toupet, L.; Roisnel, T.;

Costuas, K.; Halet, J.-F.; Lapinte, C. Organometallics 2006, 25, 649. (b)
Khairul, W. M.; Fox, M. A.; Zaitseva, N. N.; Gaudio, M.; Yufit, D. S.;
Skelton, B. W.; White, A. H.; Howard, J. A. K.; Bruce, M. I.; Low, P. J.
Dalton Trans. 2009, 610. (c) Bruce, M. I.; Costuas, K.; Davin, T.; Ellis,
B. G.; Halet, J.-F.; Lapinte, C.; Low, P. J.; Smith, M. E.; Skelton, B. W.;
Toupet, L.; White, A. H.Organometallics 2005, 24, 3864. (d) Maurer, J.;
Linseis, M.; Sarkar, B.; Schwederski, B.; Niemeyer, M.; Kaim, W.; Z"ali#s,
S.; Anson, C.; Zabel, M.; Winter, R. F. J. Am. Chem. Soc. 2007, 130, 259.
(e) Costuas, K.; Rigaut, S. Dalton Trans. 2011, 40, 5643.
(70) Khan,M. S.; Kakkar, A. K.; Igham, S. L.; Raithby, P. R.; Lewis, J.;

Spencer, B.; Wittmann, F.; Friend, R. H. J. Organomet. Chem. 1994,
472, 247.
(71) Beljonne, D.; Colbert, M. C. B.; Raithby, P. R.; Friend, R. H.;

Bredas, J. L. Synth. Met. 1996, 81, 179.
(72) Lavastre, O.; Plass, J.; Bachmann, P.; Guesmi, S.; Moinet, C.;

Dixneuf, P. H. Organometallics 1997, 16, 184.
(73) Colbert, M. C. B.; Lewis, J.; Long, N. J.; Raithby, P. R.; Younus,

M.; White, A. J. P.; Williams, D. J.; Payne, M. M.; Yellowlees, L.;
Beljonne, D.; Chawdhury, N.; Friend, R. H. Organometallics 1998,
17, 3034.
(74) Hurst, S. K.; Cifuentes, M. P.; McDonagh, A. M.; Humphrey,

M. G.; Samoc, M.; Luther-Davies, B.; Asselberghs, I.; Persoons, A.
J. Organomet. Chem. 2002, 642, 259.
(75) Hurst, S.; Ren, T. J. Organomet. Chem. 2002, 660, 1.
(76) Gao, L.-B.; Zhang, L.-Y.; Shi, L.-X.; Chen, Z.-N.Organometallics

2005, 24, 1678.
(77) Samoc, M.; Gauthier, N.; Cifuentes, M. P.; Paul, F.; Lapinte, C.;

Humphrey, M. G. Angew. Chem., Int. Ed. 2006, 45, 7376.
(78) Gao, L.-B.; Kan, J.; Fan, Y.; Zhang, L.-Y.; Liu, S.-H.; Chen, Z.-N.

Inorg. Chem. 2007, 46, 5651.
(79) Olivier, C.; Kim, B. S.; Touchard, D.; Rigaut, S.Organometallics

2008, 27, 509.
(80) Gauthier, N.; Olivier, C.; Rigaut, S.; Touchard, D.; Roisnel, T.;

Humphrey, M. G.; Paul, F. Organometallics 2008, 27, 1063.
(81) Gauthier, N.; Argouarch, G.; Paul, F.; Humphrey, M. G.;

Toupet, L.; Ababou-Girard, S.; Sabbah, H.; Hapiot, P.; Fabre, B. Adv.
Mater. 2008, 20, 1952.
(82) Hu, W. Y.; Jia, G. Can. J. Chem. 2009, 87, 134.
(83) Field, L. D.; Magill, A. M.; Shearer, T. K.; Colbran, S. B.; Lee,

S. T.; Dalgarno, S. J.; Bhadbhade, M. M. Organometallics 2010, 29, 957.
(84) Pevny, F.; Di Piazza, E.; Norel, L.; Drescher, M.; Winter, R. F.;

Rigaut, S. Organometallics 2010, 29, 5912.
(85) Bruce, M. I.; Hall, B. C.; Kelly, B. D.; Low, P. J.; Skelton, B. W.;

White, A. H. J. Chem. Soc., Dalton Trans. 1999, 3719.
(86) Lambert, C.; Risko, C.; Coropceanu, V.; Schelter, J.; Amthor, S.;

Gruhn,N. E.;Durivage, J. C.; Bredas, J.-L. J. Am. Chem. Soc. 2005, 127, 8508.
(87) Bruce, M. I.; Ellis, B. G.; Low, P. J.; Skelton, B. W.; White, A. H.

Organometallics 2003, 22, 3184.
(88) Khan, M. S.; et al. New. J. Chem. 2003, 27, 140.
(89) Bruce, M. I.; Head, N. J.; Skelton, B. W.; White, A. H. Acta

Crystallogr., Sect. C: Cryst. Struct. Commun. 2004, 60, o60.

(90) Liu, A.; Sauer, M. C., Jr.; Loffredo, D. M.; Trifunac, A. D.
J. Photochem. Photobiol. A 1992, 67, 197.

(91) Maurer, J.; Sarkar, B.; Kaim,W.;Winter, R. F.; Z"ali#s, S.Chem.—
Eur. J. 2007, 13, 10257.

(92) Man, W. Y.; Xia, J.-L.; Brown, N. J.; Farmer, J. D.; Yufit, D. S.;
Howard, J. A. K.; Liu, S. H.; Low, P. J. Organometallics 2011, 30, 1852.

(93) For a discussion of related transitions in closed shell donor-B-
donor systems see reference 66.

(94) Creutz, C. Prog. Inorg. Chem. 1983, 30, 1.
(95) Hoekstra, R.M.; Telo, J. P.;Wu,Q.; Stephenson, R.M.; Nelson,

S. F.; Zink, J. I. J. Am. Chem. Soc. 2010, 132, 8825.
(96) Webb, R. J.; Dong, T.-Y.; Pierpont, C. G.; Boone, S. R.; Chadha,

R. K.; Hendrickson, D. N. J. Am. Chem. Soc. 1991, 113, 4806.
(97) Dong, T. Y.; Lin, M. C.; Lee, L.; Cheng, C. H.; Peng, S. M.; Lee,

G. H. J. Organomet. Chem. 2003, 679, 181.
(98) Dong, T. Y.; Huang, B. R.; Peng, S. M.; Lee, G. H.; Chiang,

M. Y. J. Organomet. Chem. 2002, 659, 125.
(99) Dong, T. Y.; Po, P. H.; Lai, X. Q.; Lin, Z. W.; Lin, K. J.

Organometallics 2000, 19, 1096.
(100) Paul, F.; da Costa, G.; Bondon, A.; Gauthier, N.; Sinbandhit,

S.; Toupet, L.; Costuas, K.; Halet, J.-F.; Lapinte, C. Organometallics
2007, 26, 874.

(101) Sutton, J. E.; Sutton, P. M.; Taube, H. Inorg. Chem. 1979,
18, 1017.

(102) Sutton, J. E.; Taube, H. Inorg. Chem. 1981, 20, 3125.
(103) Taube, H. Ann. N.Y. Acad. Sci. 1978, 313, 481.
(104) Bruce, M. I.; Low, P. J.; Costuas, K.; Halet, J.-F.; Best, S. P.;

Heath, G. A. J. Am. Chem. Soc. 2000, 122, 1949.
(105) Scott, A. P.; Radom, L. J. Phys. Chem. 1996, 100, 16502.
(106) Roder, J. C.; Meyer, F.; Hyla-Kryspin, I.; Winter, R. F.; Kaifer,

E. Chem.—Eur. J. 2003, 9, 2636.
(107) (a) Pelter, A.; Jones, D. E. J. Chem. Soc., Perkin Trans. 1

2000, 2289. (b) Lydon, D. P.; Porres, L.; Beeby, A.; Marder, T. B.; Low,
P. J. New J. Chem. 2005, 29, 972.

(108) Connelly, N. G.; Geiger, W. E. Chem. Rev. 1996, 96, 877.
(109) Krej#cík, M.; Dan#ek, M.; Hartl, F. J. Electroanal. Chem. 1991,

317, 179.
(110) Sheldrick, G. M. Acta Crystallogr., Sect. A 2008, 64, 112.
(111) Frisch, M. J.; et al. ; Gaussian 03, Revision C.02; Gaussian,

Inc.: Wallingford CT, 2004.
(112) Becke, A. D. J. Chem. Phys. 1993, 98, 5648.
(113) Lee, C.; Yang, W.; Parr, R. G. Phys. Rev. B 1988, 37, 785.
(114) Petersson, G. A.; Al-Laham, M. A. J. Chem. Phys. 1991,

94, 6081.
(115) Petersson, G. A.; Bennett, A.; Tensfeldt, T. G.; Al-Laham,

M. A.; Shirley, W. A.; Mantzaris, J. J. Chem. Phys. 1988, 89, 2193.
(116) (a) O’Boyle, N. M.; Tenderholt, A. L.; Langner, K. M.

J. Comput. Chem. 2008, 29, 839.(b) Dennington, R. D., II; Kieth,
T. A.; Millam, J. M. Gaussian Inc.: Wallingford, CT, 2008.

(117) (a) Barone, V.; Cossi, M. J. Phys. Chem. A 1998, 102, 1995. (b)
Cossi, M.; Rega, N.; Scalmani, G.; Barone, V. J. Comput. Chem. 2003,
24, 669.



Orbital Symmetry Control of Electronic Coupling in a Symmetrical,
All-Carbon-Bridged “Mixed Valence” Compound: Synthesis,
Spectroscopy, and Electronic Structure of [{Mo(dppe)(η-C7H7)}2(μ-
C4)]n+ (n = 0, 1, or 2)
Emma C. Fitzgerald,† Neil J. Brown,‡ Ruth Edge,§ Madeleine Helliwell,† Hannah N. Roberts,†

Floriana Tuna,† Andrew Beeby,‡ David Collison,§ Paul J. Low,*,‡ and Mark W. Whiteley*,†

†School of Chemistry, University of Manchester, Manchester M13 9PL, U.K.
‡Department of Chemistry, Durham University, South Road, Durham, DH1 3LE, U.K.
§EPSRC National Service for EPR Spectroscopy, School of Chemistry, University of Manchester, Manchester, M13 9PL, U.K.

*S Supporting Information

ABSTRACT: The cycloheptatrienyl molybdenum alkynyl complex [Mo(CCH)(dppe)(η-
C7H7)], 1 (dppe = Ph2PCH2CH2PPh2), undergoes oxidative dimerization on reaction with
[FeCp2]PF6 in thf at −78 °C to give the bis(vinylidene) [{Mo(dppe)(η-C7H7)}2(μ-CCH-
CHC)][PF6]2, [2][PF6]2. Deprotonation of [2][PF6]2 with KOBut yields butadiyndiyl-
bridged [{Mo(dppe)(η-C7H7)}2(μ-CC-CC)], 3, which undergoes in situ aerial oxidation
to give [{Mo(dppe)(η-C7H7)}2(μ-C4)][PF6], [3]PF6, as the major product. The cyclic
voltammogram of [3]PF6 exhibits a series of four redox processes indicative of sequential
formation of [{Mo(dppe)(η-C7H7)}2(μ-C4)]

n+ (n = 0, 1, 2, 3, 4) with the comproportionation
constant, KC, for [3]PF6 of 1.9 × 107. Spectroscopic investigations on [3]PF6 by IR, Raman,
NIR, and EPR spectroscopy reveal properties characteristic of a d5/d6 mixed valence complex
with a localized electronic structure and an estimated intramolecular electron transfer rate in the range 108−1010 s−1. The
experimental NIR spectrum of [3]PF6 is consistent with the predicted spectral characteristics of a three-state model for bridge-
mediated, electron transfer in a weakly coupled, symmetrical mixed valence system. The dication [3][PF6]2 was isolated by
chemical oxidation and structurally characterized; magnetic susceptibility measurements on [3][PF6]2 in the temperature range
2−300 K reveal strong antiferromagnetic coupling with the exchange coupling constant Jab (defined according to the
Hamiltonian Ĥspin = −Jab·Ŝa·S ̂b) determined as −406 (±3) cm−1.

■ INTRODUCTION
Diyndiyl-bridged bimetallic complexes [{LxM}-CC-CC-
{MLx}], in which redox-active metal end-caps {MLx} are linked
by an unsaturated linear four-carbon chain bridge, have been at
the forefront of investigations into the basic chemistry of metal-
supported all-carbon molecules and as model systems for
molecular wires.1−4 Complexes bearing a wide range of redox-
active metal end-caps {MLx} have been investigated, including
examples featuring Fe(dppe)Cp*,5,6 Re(NO)(PPh3)Cp*,

7 Ru-
(PP)Cp′ [(PP)Cp′ = (PPh3)2Cp,

8 (dppe)Cp*,9 (dppf)Cp10],
Os(dppe)Cp*,11,12 MnI(dmpe)2,

13 and WI(dppe)2,
14 in both

homo- and heterobimetallic15−18 systems. Depending on the
particular combination of metal and supporting ligands, a
sequence of up to five interconvertible redox states (n = 0, 1, 2,
3, or 4) has been observed in [{LxM}(μ-C4){MLx}]

n+

systems,8,9,19 which can be further expanded by the
introduction of redox-active supporting ligands.10 Carbon
chains capped by bi-20,21 and polymetallic22 end-caps have
been investigated in similar contexts, and redox-active
oligomeric systems such as [Cl(depe)Fe}(μ-C4){(dppe)2W}-
(μ-C4){W(dppe)}(μ-C4){Fe(depe)2Cl}]

23 and [{Ru2(μ-

ampy)4}(μ-C4){Ru2(μ-ampy′)4}(μ-C4){Ru2(ampy)4}] (ampy,
ampy′ = 2-aminopyridines)24 are also known.
In all of the above examples, the π orbitals of the diyndiyl

bridge mix with metal orbitals of appropriate symmetry to give
occupied frontier orbitals that are more or less delocalized over
both metal centers and the carbon bridge. Oxidation of these
established examples of butadiyndiyl complexes results in
removal of electrons from the largely delocalized frontier
orbitals, giving rise to metal-stabilized tautomers of the C4 chain
from diyndiyl [{LxM}-CC-CC-{MLx}]

n+, through cumu-
lene-like butatriene-bis-ylidene [{LxM}CCC
C{MLx}]

n+, to carbyne-like butyne-bis-triyl [{LxM}C−
CC−C{MLx}]

n+ forms; examples of metal complexes and
clusters containing these various isomeric C4 ligands have been
isolated, and the most appropriate valence bond description of
the [{LxM}(μ-C4){MLx}] moiety depends on the nature of the
metal and the number of valence electrons.14,25−27 Many of the
odd-electron radical cations [{LxM}(μ-C4){MLx}]

+ have been
described as class III “mixed valence” systems.28 However, such
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descriptions often lack the element of precision necessary to
account for the contribution of the C4 moiety to the
stabilization of the unpaired electron. It would be better to
more rigorously make the distinction between (i) genuinely
delocalized mixed valence systems (class III), (ii) those that
display fast electron exchange between the redox sites (class
II−III), and (iii) systems in which the bridging ligand is so
intimately involved in supporting the unpaired electron that the
concept of redox noninnocent ligand behavior becomes a
significant part of the overall description. Indeed, both
experimental studies and theoretical calculations demonstrate
that the electronic structure of complexes [{LxM}(μ-C4)-
{MLx}]

n+ can be fine-tuned by the identity of the metal end-
cap, particularly with respect to the relative contributions of
metal and carbon chain character to the frontier redox orbitals.
For example, DFT calculations on the model systems
[{M(dHpe)Cp}2(μ-C4)]

n+ (M = Fe or Ru; dHpe =
H2PCH2CH2PH2) reveal that the metal versus carbon chain
character of the frontier molecular orbitals is directly dependent
upon the identity of M, with the Fe derivatives more metal
centered and conversely the Ru derivatives more heavily
weighted on the carbon chain.17 As the proportion of
metal:carbon chain character in these important frontier
orbitals decreases, the complexes move between the extremes
of redox-active metal fragments linked by a carbon chain and
supporting genuine mixed valence concepts and examples of
carbon fragments linking electron-donating metal fragments in
which the bridging carbon chain can be thought of as redox
noninnocent. This difference in the relative importance of the
metal versus carbon chain character of the redox orbitals also
becomes manifest in the structural and spectroscopic character-
istics of the formally d5/d5 systems that approximate the
descriptions of triplet [{LxM}-CC-CC-{MLx}]

n+ (most
closely represented by MLx = Fe(dppe)Cp*, n = 2;5 MLx =
Mn(dmpe)2I, n = 0;13) and singlet [{LxM}CCC
C{MLx}]

2+ (exemplified by MLx = Ru(PPh3)2Cp,
8 Ru-

(dppe)Cp*,9 and Re(PPh3)(NO)Cp*).
7

Although differences between the electronic structures of the
[{LxM}(μ-C4){MLx}]

n+ systems described above can be
tracked back to fine details of the metal d/C4 ligand π orbital
overlap and occupancy, fundamentally the description of the
metal to carbon chain interaction is very similar for the majority
of pseudo-octahedral d6 metal systems in which the σM−C bond
is derived from overlap of the metal dz2 and carbon ligand sp
orbitals.7−19 The HOMO and HOMO−1 are approximately
orthogonal and arise from efficient “in-plane” four-electron
repulsive π-type interactions between metal and carbon chain
fragment orbitals, and are illustrated in Figure 1 for the case of
the computational model {M(dHpe)Cp}2(μ-CCCC) (M
= Fe, Ru).

In this context, recent investigations on the cycloheptatrienyl
molybdenum alkynyl complexes [Mo(CCR)(dppe)(η-
C7H7)] suggest the opportunity for a more fundamental
control of the electronic structure of all-carbon-bridged
bimetallic complexes by the metal end-cap.29 As shown in
Figure 2, although the bonding between the Mo(dppe)(η-

C7H7) unit and the alkynyl ligand also involves four-electron
repulsive π-type interactions, critically, in the HOMO the
overlap is between the Mo dz2 orbital and the carbon chain and
is much less effective on symmetry grounds than the dπ−π
interactions more commonly observed in half-sandwich d6

complexes. This novel frontier orbital structure is often
preserved upon oxidation and results in significant differences
in the electronic and spectroscopic properties of [Mo(C
CR)(dppe)(η-C7H7)]

+ systems when compared with analogous
[M(CCR)(dppe)Cp*]+ (M = Fe, Ru) complexes. The dz2
character in the HOMO of the cycloheptatrienyl derivatives can
be attributed to the effects of strong metal−ring δ-bonding
(evident in HOMO−1, Figure 2),30−32 which stabilize the dπ-
type orbitals relative to those in cyclopentadienyl systems, and
result in a significant modification in the d-orbital ordering.
In view of these observations, the introduction of the

Mo(dppe)(η-C7H7) end-cap into carbon-chain-bridged, bimet-
allic complexes may be expected to give rise to unusual
electronic features as a consequence of the unique frontier
orbital characteristics of the metal end-cap. In this work, we
describe the synthesis, redox chemistry, and electronic structure
of C4-bridged [{Mo(dppe)(η-C7H7)}2(μ-C4)]

n+ (n = 0, 1, or
2), which demonstrate a significant departure in properties
from those generally attributed to the [{LxM}(μ-C4){MLx}]

n+

class of complexes.

■ RESULTS AND DISCUSSION
Syntheses. The all-carbon-bridged complexes [{Mo-

(dppe)(η-C7H7)}2(μ-C4)]
n+ (n = 1, 2) were prepared as

outlined in Scheme 1, following a well-established route that
has been utilized for the syntheses of the group 8 complexes
[{M(dppe)Cp*}2(μ-CC-CC)] (M = Fe5 or Ru9), and
isolated as the [PF6]

− salts. The pivotal step is the Cβ-centered,
radical−radical coupling of the 17-electron alkynyl complex
[Mo(CCH)(dppe)(η-C7H7)]

+, leading to the construction
of a four-carbon bridge in the form of a bis(vinylidene)
complex, a process first proposed33 to rationalize the formation
of [{Fe(dppe)Cp*)}2(μ-CCMe-CMeC)][BF4]2 from ox-
idative coupling of [Fe(CCHMe)(dppe)Cp*][BF4] and
subsequently demonstrated for the cycloheptatrienyl molybde-
num alkynyl radical [Mo(CCPh)(dppe)(η-C7H7)]

+ and a
wide range of related alkynyl radicals.34 The key precursor
complex [Mo(CCH)(dppe)(η-C7H7)], 1, was prepared in
stepwise fashion from [MoBr(dppe)(η-C7H7)] by initial
conversion to the vinylidene [Mo(CCH2)(dppe)(η-
C7H7)]

+, through reaction with HCCSiMe3, and subsequent

Figure 1. HOMO and HOMO−1 of [{Ru(dHpe)Cp}2(μ-CC-C
C)]. HOMO composition: Ru2 26%, C4 62%; cf. [{Fe(dHpe)Cp}2(μ-
CC-CC)]; Fe2 41%, C4 46%.

Figure 2. HOMO and HOMO−1 of [Mo(CCPh)(dppe)(η-C7H7)]
(B3LYP/SVP). Contour values of 0.04 au.29
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deprotonation with a 10-fold excess of KOBut in thf; similar
protocols have been employed elsewhere.5,9,35 The requirement
for a large excess of base to shift the vinylidene/alkynyl
equilibrium to the alkynyl form may arise from a combination
of the very strong electron donor properties of the Mo(dppe)-
(η-C7H7) unit, rendering the vinylidene [Mo(CCH2)(dppe)-
(η-C7H7)]PF6 a relatively weak acid and the strong MoCα
bond of the group 6 vinylidene complexes.36,37 The identity of
complex 1 was confirmed by spectroscopic data, which include
a strong IR-active ν(CC) stretch at 1908 cm−1 typical of
unsubstituted alkynyl complexes [{LxM}-CCH],5,9 a triplet
{J(P−H) = 4 Hz} at δH 1.74 assigned to the alkynyl H
substituent, a triplet {J(P−C) = 25 Hz} at δC 130.1 assigned to
the alkynyl Cα carbon, and microanalytical data.
The cyclic voltammogram of complex 1 in thf/0.1 M

[Bu4
nN]PF6 exhibited an irreversible oxidation at ambient

temperatures, but on cooling to −40 °C, a chemically reversible
process (E1/2 = −0.70 V vs FeCp2/[FeCp2]

+) was observed.
Therefore to ensure the accumulation of the 17-electron radical
[Mo(CCH)(dppe)(η-C7H7)]

+, [1]+, in solution necessary to
promote efficiently the coupling reaction outlined in Scheme 1,

the reaction of 1 with [FeCp2]PF6 was conducted at low
temperature (−78 °C) as a concentrated solution in thf. After 5
h a deep purple solid containing the required product,
[{Mo(dppe)(η-C7H7)}2(μ-CCH-CHC)][PF6]2, [2]-
[PF6]2, as a mixture with [Mo(CCH2)(dppe)(η-C7H7)]-
PF6,

36 was obtained, the components being separable by
recrystallization given the lower solubility of [2][PF6]2. The
unavoidable formation of small quantities of [Mo(CCH2)-
(dppe)(η-C7H7)]PF6, evident from NMR monitoring of the
crude reaction mixture (approximate ratio in a typical
preparation [Mo(CCH2)(dppe)(η-C7H7)]PF6:[2][PF6]2 =
1:4), probably results from abstraction of H• from the solvent
by the reactive radical [1]+; an identical, albeit much slower,
process has been suggested for the more sterically congested
radical [Mo(CCBut)(dppe)(η-C7H7)]

+.34a The low-field
MoCα resonance of [2][PF6]2 was not detected in the
13C{1H} NMR spectrum, but a triplet resonance at δ 4.41,
characteristic of a vinylidene proton was observed in the 1H
NMR spectrum.
The deprotonation of complex [2][PF6]2 was effected with

excess KOBut in thf at room temperature to give a green-brown

Scheme 1a

aReagents and conditions: (i) HCCSiMe3/KPF6 in MeOH, reflux 3 h. (ii) Excess KOBut in thf, 1 h. (iii) [FeCp2]PF6 in thf (−78° C), 5 h. (iv)
KOBut in thf, 5 h, aerial oxidation. (v) [FeCp2]PF6 in CH2Cl2, 1 h.

Table 1. Electrochemical Data for [{LxM}(μ-C4){MLx}]
n+a

MLx E1 E2 E3 E4 E2 − E1 KC(+1/+2) ref

Mo(dppe)(η-C7H7)
b −1.02 −0.59 0.39 0.48 0.43 1.9 × 107 this work

Fe(dppe)Cp* −1.14 −0.42 0.49 0.72 1.6 × 1012 5, 6
Ru(dppe)Cp* −0.89 −0.24 0.58 1.05 0.65 9.7 × 1010 9
Os(dppe)Cp* −1.08 −0.47 0.36 0.80 0.61 2.1 × 1010 11
Re(NO)(PPh3)Cp* −0.45 0.08 0.53 1.1 × 109 7

aAll potentials are reported with reference to the FeCp2/[FeCp2]
+ couple (E1/2 = 0.00 V). Data from literature sources are adjusted via E1/2 cited for

the FeCp2/[FeCp2]
+ couple (0.46 V vs SCE in 0.1 M [Bu4

nN]PF6/CH2Cl2 solution at a Pt electrode). bCyclic voltammogram recorded (ν = 100
mV s−1) from a 0.2 M [Bu4

nN]PF6/CH2Cl2 solution at a glassy carbon working electrode.
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solution, from which [{Mo(dppe)(η-C7H7)}2(μ-C4)]PF6,
[3]PF6, was isolated as a green-brown solid together with
small quantities of neutral, orange-brown [{Mo(dppe)(η-
C7H7)}2(μ-CC-CC)], 3. The isolation of the oxidized
species [3]PF6 as the major product from the deprotonation
reaction contrasts with the corresponding reactions of [{M-
(dppe)Cp*}2(μ-CCH-CHC)]2+ (M = Fe or Ru), which
lead to formation of the neutral diyndiyl complexes [{M-
(dppe)Cp*}2(μ-CC-CC)], but is consistent with related
facile oxidation chemistry of the Mo(dppe)(η-C7H7) auxil-
iary.38 Complexes 3 and [3]PF6 were identified by mass
spectrometry and microanalytical data (see Experimental
Section) and further characterized by a series of techniques
including cyclic voltammetry, IR, NIR, and Raman spectrosco-
py as detailed below.
Electrochemistry and Synthetic Redox Chemistry.

The cyclic voltammogram of [3]PF6 was recorded at a glassy
carbon electrode in CH2Cl2/0.2 M [Bu4

nN]PF6; a summary of
E1/2 data for [3]PF6, relative to the FeCp2/[FeCp2]

+ couple,
and a comparison with selected, closely related systems from
groups 7 and 8 are presented in Table 1.
The cyclic voltammogram of [3]PF6 exhibits four redox

processes. The well-separated waves at lowest potential E1 =
−1.02 V, E2 = −0.59 V are assigned to the couples 3/[3]+ and
[3]+/[3]2+ on the basis of comparison with the related diyndiyl
complexes in Table 1 and the redox potential for the
monometallic diynyl complex [Mo(CC-CCH)(dppe)(η-
C7H7)] (E1/2 = −0.58 V in CH2Cl2 vs FeCp2/[FeCp2]

+).39

These first two waves are fully chemically and electrochemically
reversible [ip

C/ip
A = 1 and ip ∝ ν1/2], and the relatively small

difference in the first and second oxidation potentials in the
molybdenum complex (E2 − E1 = 0.43 V) also leads to the
smallest KC value in the series (see Table 1). The more negative
value of E1/2 for the couple 3/[3]+ by comparison with
[Mo(CC-CCH)(dppe)(η-C7H7)]

0/+ is consistent with a
degree of synergy between the two electron-donating Mo-
(dppe)(η-C7H7) fragments. However, although in monometal-
lic systems of the type [M{(CC)nR}(dppe)(η-L)] (η-L = η-
C5Me5 = Cp*, M = Fe,18,40 or Ru;41,42 η-L = η-C7H7 M =
Mo,29,39), the E1/2 value for one-electron oxidation is always the
most negative for the Mo(dppe)(η-C7H7) system,43 this is not
so for the bimetallic diyndiyl complexes, where the iron
complex [{Fe(dppe)Cp*}2(μ-CCCC)] is the most easily
oxidized (in the thermodynamic sense) member of the family
(Table 1). In common with [{M(dppe)Cp*}2(μ-CCCC)]
(M = Ru or Os), two further redox processes are observed for
the Mo(dppe)(η-C7H7) system, viz., E3 = 0.39 V, E4 = 0.48 V
assigned to the couples [3]2+/[3]3+ and [3]3+/[3]4+. These
waves are very closely spaced, and therefore the degree of
reversibility is much harder to assess, although no redox-active
secondary products were observed in the potential range
investigated. We note that the relatively electron rich system
[{Fe(dppe)Cp*}2(μ-CC-CC)] undergoes three chemi-
cally reversible redox processes, the first two of which are
principally metal in character and the third being more closely
associated with oxidation of the carbon chain.6

Guided by the electrochemical results, synthetic studies were
carried out to generate the dication [{Mo(dppe)(η-C7H7)}2(μ-
C4)]

2+, [3]2+, using chemical redox reagents. Reaction of a
solution of green-brown [3]PF6 with an excess of [FeCp2]PF6
in CH2Cl2 resulted in the formation of an intense green
solution, from which [{Mo(dppe)(η-C7H7)}2(μ-C4)][PF6]2,
[3][PF6]2, was isolated as a deep green solid (Scheme 1).

Complex [3][PF6]2 (which exhibits identical electrochemical
behavior to that of [3]PF6) was characterized by a series of
spectroscopic and spectroelectrochemical techniques (see
below), and its identity further confirmed by a single-crystal
X-ray structural investigation.

Structural Investigations. The molecular structure of
[{Mo(dppe)(η-C7H7)}2(μ-C4)][PF6]2, [3][PF6]2, is shown in
Figure 3, and important bond lengths and angles are

summarized in Table 2, while Table 3 presents some key
comparisons with closely related all-carbon-bridged complexes.

The presence of a four-carbon bridge, C(34)−C(35)−
C(36)−C(37), linking the Mo(dppe)(η-C7H7) end-caps is
confirmed by the structural study. The two Mo(dppe)(η-C7H7)
units are disposed in a gauche arrangement with the angle
between planes defined by Ct(1)−Mo(1)−C(34) and Ct(2)−
Mo(2)−C(37) [Ct(1), Ct(2) are the centroids of the C7H7
rings attached to Mo(1) and Mo(2)] calculated as 80.8°. As
discussed, the redox behavior of diyndiyl-bridged bimetallic
complexes falls into two broad classes represented by the
contrasting properties of those systems that feature predom-
inantly metal-based redox chemistry, such as [{Fe(dppe)-
Cp*}2(μ-C4)]

n+ 5 and [{MnI(dmpe)2}(μ-C4)]
n+,13 and those

systems in which the C4 ligand is more intimately involved in
the redox events, such as [{Ru(dppe)Cp*}2(μ-C4)]

n+ 9 and
[{Re(PPh3)(NO)Cp*}2(μ-C4)]

n+.7 The structural differences
between the two classes are manifest in the changes in carbon−

Figure 3. Molecular structure of [3][PF6]2 with thermal ellipsoids
plotted at 50% probability. [PF6]

− counterions, solvent of crystal-
lization, and H atoms are removed for clarity.

Table 2. Important Bond Lengths (Å) and Angles (deg) for
Complex [3][PF6]2

Mo(1)−C(34) 2.041(7) Mo(1)−C(34)−C(35) 177.0(7)
Mo(2)−C(37) 2.024(7) C(34)−C(35)−C(36) 176.4(7)
C(34)−C(35) 1.211(9) C(35)−C(36)−C(37) 177.5(8)
C(35)−C(36) 1.355(9) C(36)−C(37)−Mo(2) 174.1(6)
C(36)−C(37) 1.249(9) P(1)−Mo(1)−P(2) 79.26(6)
Mo(1)−P(1) 2.5070(19) P(1)−Mo(1)−C(34) 75.1(2)
Mo(1)−P(2) 2.5238(17) P(2)−Mo(1)−C(34) 81.04(18)
Mo(2)−P(3) 2.526(2) P(3)−Mo(2)−P(4) 79.99(7)
Mo(2)−P(4) 2.539(2) P(3)−Mo(2)−C(37) 84.0(2)

P(4)−Mo(2)−C(37) 75.0(2)
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carbon bond lengths along the C4 chain as a function of redox
state. In the case of the Ru and Re complexes for which the
redox events involve significant carbon chain character,
proceeding from n = 0 to n = +2, there is a distinct elongation
of C(α)−C(β), and C(α′)−C(β′) and corresponding short-
ening of the central C(β)−C(β′) bond, consistent with the
evolution of a cumulenic structure in the dication.9 By contrast,
in the iron system, the first two redox processes have
substantial metal character, and this is reflected in the much
smaller changes in the geometry of the carbon chain (although
structural data for the dication are not available);5,16 the third
redox event is probably more carbon-centered.6,16 Inspection of
the data in Table 3 suggests that the carbon chain in the
dication [3][PF6]2 retains a degree of alternating triple/single-
bond character. Moreover the Mo−C(α) bond distances in
[3][PF6]2 (2.041(7), 2.024(7) Å), although probably shorter
than that determined for the alkynyl radical cation [Mo(C
CPh)(dppe)(η-C7H7)][BF4], 2.067(9) Å,

44 are longer than the
equivalent parameter in the closely related bis(vinylidene)-
bridged [{Mo(dppe)(η-C7H7)}2(μ-CCPh-CPhC)][PF6]2
(1.951(5) Å).36 By comparison, the Ru−C(α) bond lengths
of 1.858(5) and 1.856(5) Å, reported for [{Ru(dppe)Cp*}2(μ-
C4)]

2+, are only marginally longer than Ru−C(α) distances in
the bis(vinylidene)-bridged analogue [{Ru(dppe)Cp*}2(μ-C
CH-CHC)][PF6]2, (1.837(4), 1.834(4) Å). The key bond
length parameters along the carbon chain in [3][PF6]2 are
therefore not typical of the cumulenic [{LxM}CCC
C{MLx}]

2+ structure normally exhibited by formally d5/d5

systems of 4d and 5d series metals.
Vibrational Spectroscopy. The response of the ν(CC)

modes of the μ-C4 bridging ligand in [{LxM}(μ-C4){MLx}]
n+

to changes in charge state, n, is a useful probe of the extent of
involvement of the carbon chain bridge in the redox
orbitals.5,7,9,13 Therefore, in the current work, the characteristics
of the ν(CC) modes of 3, [3]PF6, and [3][PF6]2 are of
specific importance and were investigated by a combination of
IR and Raman spectroscopy on isolated samples, comple-
mented by an IR spectroelectrochemical study. Starting from
[3]PF6, the spectroelectrochemical generation of 3 and
[3][PF6]2 was fully reversible with complete recovery of the
spectrum of [3]PF6. However, despite the apparent reversibility
of the electrochemical events on the time scale of cyclic
voltammetry, attempts at further oxidation to [3][PF6]3 and
[3][PF6]4 resulted only in decomposition in the room-

temperature spectroelectrochemical cell. A summary of the IR
and Raman data obtained for [3]n+ (n = 0, 1, or 2) is presented
in Table 4 alongside comparative data for [{Re(PPh3)(NO)-
Cp*}2(μ-C4)]

n+ (n = 0, 1, or 2).7

The neutral diyndiyl complex 3 is IR silent in the region
2500−1550 cm−1, but a Raman band is observed from a solid
sample at 1939 cm−1 (λex = 532.2 nm); each of these
observations is consistent with a symmetrical electronic
structure. By contrast, [3]PF6 exhibits a distinctive, intense
two-band IR spectrum in CH2Cl2 solution with ν(CC) 1930,
1868 cm−1 (Figure 4); the tail of a relatively intense NIR

absorption band is also apparent in Figure 4 intruding into the
IR region (see later). In the solid-state Raman spectrum of
[3]PF6, a band at 1800 cm−1 was detected arising from a
symmetric ν(CC) mode. While the observation of two IR-
active ν(CC) modes for the mixed valence monocation
[3]PF6 may arise from the presence of different conformers,
associated with the relative dispositions of the two metal end-
caps,45 the relative intensities of the two IR-active ν(CC)
modes of [3]PF6 did not alter significantly with change in
solvent polarity or in the solid state. Moreover, typical
homobimetallic, C4-bridged complexes of the 4d/5d metals
[{MLx}2(μ-C4)]

+ (MLx = Ru(dppe)Cp*, Re(NO)(PPh3)-
Cp*)7,9 exhibit only a single IR-active ν(CC) mode in the
mixed valence state. An alternative rationalization for the IR
spectral properties of [3]PF6, consistent with the results of NIR
and EPR spectroscopy (see below), is the adoption of a
localized electronic structure resulting from slow intervalence

Table 3. Bond Length Parameters (Å) for Selected
[{MLx}{μ-C(α)C(β)-C(β′)C(α′)}{MLx}]

n+ Complexes

MLx n
C(α)−C(β),
C(α′)−C(β′)

C(β)−
C(β′)

M−C(α),
M−C(α′) ref

Ru(dppe)
Cp*

0 1.223(4),
1.218(4)

1.382(4) 2.001(3),
2.003(3)

9

Ru(dppe)
Cp*

1 1.248(3) 1.338(3) 1.931(2) 9

Ru(dppe)
Cp*

2 1.280(7),
1.269(7)

1.294(7) 1.858(5),
1.856(5)

9

Re(PPh3)
(NO)Cp*

0 1.202(7) 1.389(5) 2.037(5) 7

Re(PPh3)
(NO)Cp*

2 1.263(10),
1.260(10)

1.305(10) 1.909(7),
1.916(7)

7

Fe(dppe)
Cp*

0 1.220(4),
1.221(4)

1.373(4) 1.889(3),
1.884(3)

16

Fe(dppe)
Cp*

1 1.236(9) 1.36(1) 1.830(8) 5

Mo(dppe)(η-
C7H7)

2 1.211(9),
1.249(9)

1.355(9) 2.041(7),
2.024(7)

this
work

Table 4. Infrared and Raman Data (cm−1) for ν(CC)
Stretching Modes of the C4 Bridge of [{LxM}(μ-
C4){MLx}]

n+a

n = 0 n = 1 n = 2

MLx IR Raman IR Raman IR Raman

Mo(dppe)(η-
C7H7)

not
obsd

1939 1930,
1868

1800 not
obsd

1894,
1826

Re(PPh3)
(NO)Cp*

1964 2056 1872 1990 not
obsd

1883

aIR data in CH2Cl2 solution; not obsd = not observed. Raman spectra
for [3]n+ recorded in the solid state (λex = 532.2 nm).

Figure 4. IR spectrum of [3]PF6 in CH2Cl2.
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electron transfer on the IR time scale. For the dication
[3][PF6]2, no IR-active bands were observed for an isolated
sample in solution in CH2Cl2; however the Raman spectrum of
[3][PF6]2 as a solid sample featured two bands at 1826 and
1894 cm−1. A single strong band in this region would be
expected for a symmetric [{LxM}CCCC{MLx}]

2+

structure, but the observation of two bands may be due to the
presence of different conformations of [3]2+ in the solid state or
possibly indicative of a Raman-active impurity. Raman spectra
of solid [3][PF6]2 collected using different excitation wave-
lengths (532.2, 632.8, 785.1 nm) reveal that these bands are
enhanced to different extents, supporting the notion that the
two bands arise from two different forms of the species, or two
chemically distinct species, in the sample. However, the absence
of an IR-active ν(CC) band in [3][PF6]2 requires any
putative impurity to have a high-symmetry structure.
Interpretation of the trend in the Raman-active ν(CC)
frequency along the series [3]n+ (n = 0, 1, or 2) (see Table 4) is
not straightforward. However, the sequential shift of ν(CC)
to lower wavenumber, observed in the Raman data for
[{Re(PPh3)(NO)Cp*}2(μ-C4)]

n+ and indicative of the pro-
gressive evolution of cumulenic character to the all-carbon
bridge with increasing n, appears not to be a feature of [3]n+.
Electronic Spectroscopy. The UV−vis−NIR spectra of

[3]n+ (n = 0, 1, or 2) collected by spectroelectrochemical
methods are presented in Figure 5. The interconversion

between these redox states was fully reversible with recovery
of spectra on stepwise oxidation or reduction.
The UV−vis−NIR spectrum of 3 is dominated by an

absorption at 23 600 cm−1/423 nm (ε 17 100 M−1 cm−1),
which was assigned (with reference to the spectrum of
[Mo(CCPh)(dppe)(η-C7H7)])

29 to transitions from the
metal (or mixed metal and carbon chain) to π* acceptor
orbitals on the C4 ligand, which may be denoted as a mixed
MLCT/ILCT transition. Similar transitions, albeit less well
resolved, can also be observed in the spectrum of [Mo(C
CCCSiMe3)(dppe)(η-C7H7)].

46 In the dication [3][PF6]2,
the principal absorptions of interest are at 20 500 cm−1/487 nm
(ε 20 500 M−1 cm−1) and 15 300 cm−1/653 nm (ε 11 300 M−1

cm−1). These bands are similar in structure to absorptions

observed in the range 18 000−16 000 cm−1 for the related
monometallic radical cations29,46 [Mo(CCPh)(dppe)(η-
C7H7)]

+ and [Mo(CC-CCSiMe3)(dppe)(η-C7H7)]
+,

which were assigned to LMCT transitions from the carbon
chain to the formally oxidized Mo(dppe)(η-C7H7) unit. While
similar bands can be observed, albeit with less resolution, in the
UV−vis spectrum of [3]+, the most significant spectroscopic
features of the monocation are found in the NIR region of the
spectrum. Two band envelopes are evident in the NIR
spectrum, a relatively sharp absorption at 8650 cm−1 (ε 8300
M−1 cm−1) and a much broader feature centered at 4020 cm−1

(ε 2900 M−1 cm−1), which tails into the IR region (see Figures
4, 5, and 6).

To assist in the interpretation of the NIR data, spectra of
isolated samples of [3]PF6 were collected in a range of solvents
and spectral deconvolution in the region 12 000 to 2000 cm−1

was carried out (Figure 6 and Table 5).
Deconvolution of the spectrum recorded in CH2Cl2 reveals a

total of four Gaussian-shaped absorption bands centered at
3200 cm−1, IT(1); 4400 cm−1, IT(2); 8500 cm−1, LMCT; and
9300 cm−1, IT(3). The form of the spectrum is sensitive to
solvent polarity, and therefore the deconvolution procedure
was repeated for spectra obtained in MeCN and acetone;
results are summarized in Table 5. The bands labeled IT(1),
IT(2), and IT(3) exhibit strong solvatochromic dependence;
for example IT(2) shifts to high energy by approximately 1500
cm−1 between CH2Cl2 and acetone. By contrast, the more
intense band at 8500 cm−1 was relatively insensitive to solvent
variation with a shift not exceeding 300 cm−1. The
interpretation and assignment of the NIR region of the
spectrum of mixed valence complexes presents a significant
challenge especially in systems featuring heavier transition
metals, due to multiple absorptions arising from the non-
degenerate character of the metal d orbitals.47,48 Assuming a
description of the electronic transitions in terms of metal-
localized oxidation events, the three lower intensity, solvent-
sensitive NIR transitions observed for [3]PF6 [IT(1), IT(2),
and IT(3)] can be assigned to three out of the five possible
transitions comprising three intervalence charge transfer
(IVCT) (or MMCT, metal−metal charge transfer) bands and
two interconfigurational (or metal-localized dd) transitions.47

Figure 5. Spectroelectrochemically generated UV−vis−NIR spectra of
3 (solid line), [3]+ (broken line), and [3]2+ (dotted line) in CH2Cl2/
0.1 M [Bu4

nN]PF6.

Figure 6. Near-IR−IR region of [3]PF6 in CH2Cl2, showing the
deconvolution into the sum of four Gaussian-shaped absorption bands.
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Given the low intensity of dd bands associated with [Mo(C
CR)(dppe)(η-C7H7)]

+ (R = aryl) cations,29 transitions IT(1),
IT(2), and IT(3) are assigned to IVCT processes. The
remaining band at 8500 cm−1 is distinct in terms of the small
Δν1/2 parameter, relatively high extinction coefficient, and
limited solvatochromic dependence (Figure 6, Table 5) and is
therefore provisionally assigned to a LMCT process.
The low-energy and relatively small extinction coefficients

(ca. 103 M−1 cm−1) of absorptions IT(1), IT(2), and IT(3) in
[3]PF6 are similar to IVCT bands in the heterobimetallic
complexes [{Fe(dppe)Cp*}(μ-C4){MLx}]

+ (MLx = Re(NO)-
(PPh3)Cp* or Ru(dppe)Cp*),15,17 indicative of rather weak
electronic coupling in [3]PF6. However further analysis of
bands IT(1), IT(2), and IT(3) reveals that the band widths are
narrower than predicted from the two-state model of
Hush.28b,49 For example, for band IT(1) in CH2Cl2, the
experimental Δν1/2 parameter (1200 cm−1) is significantly
narrower than the calculated Hush value (2720 cm−1).50 IVCT
bands that are narrower than calculated from the Hush model
indicate deviations from the localized two-state model and are
often interpreted in terms of electronically delocalized class III
behavior. However, for [3]PF6 the NIR band envelopes of the
three IVCT bands exhibit pronounced solvatochromic shifts,
consistent with an assignment of these transitions as charge
transfer bands and necessitating a description of [3]PF6 in
terms of localized oxidation states, which is also in keeping with
the IR and Raman data. The deviations in band shape from the
predictions of the two-state model are therefore attributed to
involvement of the bridging ligand in the charge transfer
process, which has been shown elsewhere to result in significant
narrowing of the band shape.49,51

EPR Spectroscopy and Magnetochemistry. The char-
acterization of [{LxM}(μ-C4){MLx}]

+ by EPR spectroscopy
can in principle provide information on both the location of the
unpaired electron and the rate of electron transfer in formally
mixed valence systems, especially when used in concert with
other spectroscopic methods.7,15 For example, in the rhenium
complex [{Re(NO)(PPh3)Cp*}2(μ-C4)]

+, it was possible to
resolve the hyperfine coupling arising from two rhenium
centers (I = 5/2), rendered equivalent by electron transfer
between the two metal end-caps at a rate faster than the EPR
time scale. Moreover Aiso(Re) values were one-half of those
observed for typical related monometallic radicals, indicating
full delocalization of the odd electron between the two Re
centers on the time scale of X-band EPR spectroscopy.7

Conversely, the broad EPR signal for [{WI(dppe)2}2(μ-C4)]
+,

observed only at temperatures below 160 K, is consistent with
electron transfer between the tungsten end-caps at a rate
comparable with the EPR time scale.14

Monometallic carbon chain radicals of the type [Mo{(C
C)nR}(dppe)(η-C7H7)]

+ (n = 1 or 2; R = H, aryl, SiMe3)
exhibit X-band EPR solution spectra with well-resolved

hyperfine couplings to 95/97Mo, 31P, and 1H(C7H7),
29,46,52 and

therefore the application of this technique to [3]+ and [3]2+

may provide useful data on the location of unpaired spin
density in these systems. The X-band, CH2Cl2 solution EPR
spectrum of the monocation [3]PF6, recorded at 243 K, is
shown in Figure 7. With the exception of the broad shoulder

features assigned to coupling to 95/97 Mo, no hyperfine data
could be extracted from the spectrum; attempts to improve
resolution by variable-temperature investigations (193−303 K)
and frequency variation (X-, S-, Q-band) were unsuccessful.
The poor resolution of the EPR spectrum of [3]PF6 is in

contrast to all other radicals derived from ynyl complexes of
this metal−ligand system. However, the broad character of the
spectrum can be rationalized in terms of an electron transfer
rate between the two metal centers of [3]PF6 that is
comparable with the X-band EPR time scale. In support of
this interpretation, the hyperfine coupling to 95/97Mo was
estimated from both X- and S-band spectra as approximately 16
G, around one-half of the typical value of Aiso (95/97Mo) in
monometallic radicals of the type [Mo{(CC)nR}(dppe)(η-
C7H7)]

+. On the basis of the EPR investigations, the
intramolecular electron transfer rate in [3]PF6 is estimated to
lie in the range 108−1010 s−1. This is slower than solvent
reorientation frequencies (1011−1012 s−1) and typical bond
vibration frequencies (1013−1014 s−1) consistent with the
observed, valence-localized NIR and IR properties of [3]PF6
(pronounced solvatochromic shifts and two IR-active bridging
ligand vibrational modes).
The dication [3][PF6]2 was also investigated by EPR

spectroscopy to probe the position of the thermal equilibrium
between singlet and triplet configurations. In selected cases of
all-carbon-bridged bimetallic dications, where the singlet/triplet
energy gap is relatively small,7,53 EPR spectra with accompany-

Table 5. Analysis of the NIR Region of the Spectrum of [3]PF6

CH2Cl2 MeCN acetone

band ν/cm−1 Δν1/2/cm−1 ε/M−1 cm−1 ν/cm−1 Δν1/2/cm−1 Aa ν/cm−1 Δν1/2/cm−1 Aa

IT(1) 3200 1200 870 3500 1600 0.04 3900 2000 0.06
IT(2) 4400 1500 1750 5300 1900 0.04 5900 2000 0.05
IT(3) 9300 1370 1750 10 100 1400 0.04 10 250 1400 0.04
LMCT 8500 900 8440 8750 1100 0.17 8650 1200 0.21

aA = absorbance. Samples of [3]PF6 were not fully soluble in MeCN or acetone, and therefore accurate concentrations and extinction coefficients
could not be obtained in these solvents.

Figure 7. X-band, CH2Cl2 solution spectrum of [3]PF6 (recorded as a
first derivative at 243 K). giso = 1.991.
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ing half-field signals have been observed, although the spectra
are broadened as a consequence of multiple unpaired electrons
in the molecule, which greatly shorten relaxation times. The X-
band EPR spectra of isolated samples of [3][PF6]2, which
exhibit a strong, well-resolved signal [giso 1.996; Aiso(

95/97 Mo)
32 G; Aiso(

31P) 23 G; Aiso(H) 4.3 G] when recorded in solution
in CH2Cl2 over the temperature range 213−243 K, are
therefore not consistent with a thermally populated triplet
diradical state. Instead the observed spectra are indicative of the
presence of a monometallic S = 1/2 impurity within the sample
of [3][PF6]2. Variable-temperature EPR studies on frozen
solution or solid-state samples of [3][PF6]2 in the temperature
range 80−5 K demonstrated the retention of the EPR signature
characteristic of the paramagnetic S = 1/2 species, and in
consequence, it was not possible to explore the behavior of
weak, broad signals expected to arise from the triplet
configuration of [3][PF6]2.
To probe further the energy gap between singlet and

thermally populated triplet states of [3][PF6]2, magnetic
susceptibility measurements were carried out on polycrystalline
samples of [3][PF6]2 in the temperature range 2−300 K, under
applied magnetic fields of 1 and 5 kG. The results, which are
plotted as χM vs T and χMT vs T in Figure 8 (χM = molar

magnetic susceptibility), demonstrate strong antiferromagnetic
coupling between the unpaired electrons of the two Mo centers
in [3][PF6]2, which leads to a diamagnetic ground state below
80 K and a thermally accessible paramagnetic triplet state.
As seen in Figure 8, the room-temperature χMT value is 0.4

cm3 K mol−1, which is much smaller than the expected value of
0.75 cm3 K mol−1 for two S = 1/2 uncorrelated spins (assuming
g = 2). Upon cooling, χMT decreases rapidly to reach a plateau
of ca. 0.12 cm3 K mol−1 in the temperature range 80−20 K,
after which it decreases again to a value of 0.09 cm3 K mol−1 at
2 K. This behavior is characteristic of a large singlet−triplet
energy gap. The plateau of χMT (or the increase of the
magnetic susceptibility, χM) below 100 K is due to the
proportion, ρ, of an uncoupled, monometallic paramagnetic
impurity, in accord with the experimental EPR spectra; related
uncoupled impurities have also been noted for the di-iron
complexes [{Fe(dppe)Cp*}2(μ-C4)][PF6]2 and [{Fe(dppe)-
Cp*}2(μ-1,4-diethynylbenzene)][PF6]2.

54,55 The experimental
data were therefore fitted using the Bleaney−Bowers equation
(1),56 modified to take into account paramagnetic impurities

assumed to be monometallic Mo species with S = 1/2.

χ = β
− θ + − − ρ

+ β
− θ ρ +

Ng
k T J k T

Ng
k T

2
( )

1
3 exp( / )

(1 )

2 ( )
TIP

M

2 2

B B
2 2

B (1)

In eq 1, J represents the exchange coupling constant that
accounts for magnetic coupling between Mo(1) and Mo(2)
(i.e., the singlet−triplet energy gap) and N, g, kB, and β
represent the Avogadro number, the Zeeman factor, the
Boltzmann constant, and the Bohr magneton, respectively. A
Weiss constant θ was incorporated into the analysis to take
account of weak intermolecular interactions that occur at low
temperatures, and a correction was also made for temperature-
independent paramagnetism (TIP). The best fit of both χM and
χMT, using eq 1 gave J = −406 ± 3 cm−1, θ = −0.95 ± 0.02 K,
and ρ = 0.16, with g = 1.996 (fixed, based on EPR studies),
R(χMT) =∑(χMT

obs − χMT
calc)2/∑(χMT

obs)2 = 3.1 × 10−6, and
TIP = 120 × 10−6 cm3 mol−1. The results show that the
magnetic interaction between Mo(1) and Mo(2) is anti-
ferromagnetic, with a large exchange coupling constant (J =
−406 cm−1) and a corresponding singlet−triplet energy gap
(ΔGST = 406 cm−1). The singlet−triplet energy gap determined
for [3][PF6]2 is much larger than values reported for
[{Fe(dppe)Cp*}2(μ-C4)][PF6]2 (ΔGST = 18 cm−1)53,54 and
[{WI(dppe)}2(μ-C4)][PF6]2 (ΔGST = 167 cm−1)14 but rather
smaller than that of the ruthenium complex [{Ru(dppe)-
Cp*}2(μ-C4)][PF6]2 (ΔGST = 850 cm−1).17 Singlet−triplet
energy gaps with magnitudes greater than 700 cm−1 are
generally observed for 4d/5d metal centers linked by a C4
bridge;53 the smaller J value observed for [3][PF6]2 is
consistent with differences in electronic structure (see below).

Electronic Structure Calculations. The compound
[{Mo(dHpe)(η-C7H7)}2(μ-CCCC)] (3-H) was used to
model complex 3, with geometry optimization and electronic
structure calculations being carried out with the B3LYP/
LANL2DZ functional and basis set combination in line with
literature precedence and management of computational effort.
The geometry was optimized with no symmetry restrictions
and confirmed to be a minimum energy conformation by the
lack of imaginary frequencies. The optimized geometry of 3-H
(Table 6) correlates well with the expected butadiyndiyl

valence description with an alternating pattern of single and
triple bonds across the length of the four-carbon chain and
bond parameters at each molybdenum center similar to those
calculated elsewhere29 for alkynyl complexes of the Mo(dppe)-
(η-C7H7) auxiliary. The Mo(dHpe)(η-C7H7) fragments are
disposed in a gauche arrangement with the angle Ct(1)−
Mo···Mo−Ct(2) = −82.7°. The energies and composition of

Figure 8. Plots of χM (• • •) and χMT (■■■) vs T for compound
[3][PF6]2. The solid line represents the best fit of experimental data to
eq 1 (see text).

Table 6. Selected Calculated Bond Lengths for 3-H

bond 3-H (Å)

Mo(1)−C(α) 2.089
C(α)−C(β) 1.260
C(β)−C(β′) 1.373
C(β′)−C(α′) 1.260
C(α′)−Mo(2) 2.087
Mo(1)−P 2.544, 2.544
Mo(2)−P 2.546, 2.533
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the key frontier orbitals (LUMO, HOMO, HOMO−1, and
HOMO−2) are set out in Table 7, and plots of HOMO and
HOMO−1 of 3-H are presented in Figure 9.

The HOMO and HOMO−1 of 3-H have very similar
compositions of metal (41%) and C4 carbon bridge (40−41%)
character. They are almost degenerate in energy and well
removed from the other frontier orbitals (Table 7). Taking the
Mo−Ct and Mo−C(α) vectors as approximating the z- and x-
axes, respectively, to define a local coordinate system at each
metal center, these orbitals feature an essentially dz2/C4(π)/dz2
structure (for both HOMO and HOMO−1, the identity of one
of the metal orbitals is less clearly defined, but assignment as dz2
is indicated by the alignment of the principal orbital lobe along
the z-axis toward the center of the C7H7 ring). The HOMO
and HOMO−1 of 3-H (Figure 9) may be compared with the
equivalent molecular orbitals of [{Ru(dHpe)Cp}2(μ-CC−
CC)] (see Figure 1). The C4 bridge orbitals for the two
systems are essentially identical, but a key distinction is the
identity of the frontier metal orbitals contributing to the
interaction with the bridge orbitals. Thus the efficient in-plane
interactions of [{Ru(dHpe)Cp}2(μ-CC−CC)] are re-
placed in 3-H by a symmetry-constrained overlap between the
π orbitals of the C4 bridge and the dz2-based frontier orbitals of
the Mo(dppe)(η-C7H7) fragment. As a result, the HOMO and
HOMO−1 of 3-H are strongly metal based in character (Table
7); for comparison DFT calculations on [{M(dHpe)Cp}2(μ-
CC-CC)] (M = Fe, Ru) using the ADF57 program report
the % metal to % C4 chain character in the HOMO of these
systems as follows: M = Fe: M2, 41%, C4, 46%; M = Ru: M2 =
26%, C4 = 62% (see Figure 1).17

Attempts to model the oxidized complexes [3]PF6 and
[3][PF6]2 to reflect accurately the observed experimental
properties of these systems were not successful at the levels of
theory employed; higher levels of theory were not explored for
these open-shell systems on the grounds of computational
expense, and accurate computational modeling of localized
mixed valence systems remains a significant challenge.19

However, it is suggested that the weak electronic coupling
between metal centers in the mixed vaence monocation [3]PF6
can be attributed to the modest interaction between dz2-based
metal frontier orbitals and the all-carbon bridge; a related,
symmetry-restricted interaction between the metal center and
C4 bridge has been proposed for [{WI(dppe)2}2(μ-C4)]

n+.14 By
contrast, on the basis of the large value of the exchange
coupling constant J (−406 ± 3 cm−1), the magnetic interaction

through the C4 bridge in the dication [3][PF6]2 is more
significant. This feature may originate from a HOMO in
[3][PF6]2 related to HOMO−1 of [Mo(CCPh)(dppe)(η-
C7H7)] (Figure 2), which exhibits efficient in-plane overlap
between the metal and carbon chain orbitals.29 Nevertheless the
J value for [3][PF6]2 is less than one-half of that determined for
[{Ru(dppe)Cp*}2(μ-C4)][PF6]2, and this may correlate with
greater spin density at the metal centers in the Mo system.17,53

■ DISCUSSION
Symmetrical all-carbon-bridged complexes of the type [{LxM}-
(μ-C4){MLx}]

n+ are known for a wide range of metal end-caps
MLx. Important distinctions between the redox chemistry of
these systems, manifest in the spectroscopic and structural
properties of the dications, may be observed dependent upon
the identity of the metal end-cap. However, nearly all examples
of the mixed valence monocations (n = 1) feature either fast
electron transfer within the framework of two-state mixed
valence complexes, delocalization, or significant ligand-based
redox chemistry. In this context, the properties of [3]PF6, as
evidenced by IR, NIR, and EPR investigations, are clearly
distinct such that the series of complexes [{Mo(dppe)(η-
C7H7)}2(μ-C4)]

n+ represent a separate subclass within the
chemistry of [{LxM}(μ-C4){MLx}]

n+ systems.
Taken as a group, the spectroscopic properties of [3]PF6 are

indicative of a localized electronic structure, and in terms of the
classical two-state model for charge transfer transitions,28,49

[3]PF6 appears to rest firmly in the class II region. However,
the observed characteristics of the NIR spectrum of [3]PF6
cannot be fully rationalized by a conventional Hush-style two-
state analysis. It has been suggested that the two-state model
has serious limitations where bridge orbitals are significantly
involved in the semioccupied molecular orbitals of the mixed
valence system,11 a circumstance that, on the basis of
spectroscopic and DFT investigations,16,17 clearly applies to
many complexes of the type [{LxM}(μ-C4){MLx}]

+. An
alternative three-state model,49,51,58−61 in which electron
transfer can be mediated through the additional mixing of a
third electronic state involving the bridging ligand, may have
some validity for these systems. Depending on the relative
energies of product/reactant versus bridge states, electron
transfer may occur through a superexchange or hopping
process; in the superexchange mechanism, the bridge acts only
to mediate donor and acceptor wave functions, whereas in the
hopping mechanism, the electron is actually located at the
bridge for a short period in its passage from one redox center to
the other.58 The key spectral features of the theoretical three-
state model, which distinguish it from the classical two-state
treatment of mixed valence systems, are (i) a reduction in
bandwidth Δν1/2 of IVCT bands for a given value of electronic
coupling and (ii) an additional absorption to high energy of the
IVCT band originating from a MLCT/LMCT transition; in the
class II region, the intensity of this band initially increases with
increased electronic coupling but then decreases to zero as the
class II/class III borderline is approached.49 For this reason, the

Table 7. Energy and % Composition of the Frontier Orbitals in the Calculated Complex 3-H

MO energy/eV Mo(1) C(α) C(β) C7H7(1) dHpe(1) Mo(2) C(α′) C(β′) C7H7(2) dHpe(2) M2 C4

LUMO −0.76 18 1 0 33 12 11 0 1 18 6 29 2
HOMO −3.67 24 11 10 7 2 17 12 8 8 2 41 41
HOMO−1 −3.74 17 12 8 9 2 24 11 9 7 2 41 40
HOMO−2 −4.27 39 4 0 5 4 15 2 8 20 3 54 14

Figure 9. HOMO and HOMO−1 of 3-H at B3LYP/LANL2DZ
plotted as an isosurface of 0.04 au.
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NIR spectrum of a weakly coupled, symmetrical class II system
such as [3]PF6 presents an opportunity to investigate
experimentally the validity of a three-state model for electron
transfer in all-carbon-bridged organometallics because the
simultaneous observation of IVCT and MLCT/LMCT
transitions, diagnostic of the model, may be possible.
The experimental NIR spectrum of [3]PF6 can be

interpreted in terms of the predicted spectral characteristics
of a bridge-mediated, three-state model for electron transfer in
a weakly coupled, symmetrical mixed valence complex as
outlined below. The observation of three IVCT bands (at 3200,
4400, and 9300 cm−1 in CH2Cl2) in the experimental spectrum
of [3]PF6 is readily explained by the nondegeneracy of the
metal d orbitals arising from strong π and δ interactions with
the C7H7 ring in the Mo(dppe)(η-C7H7) end-cap units.29 Each
of the three observed IVCT bands exhibits a Δν1/2 parameter
narrower than predicted by the classical two-state analysis in
accord with a three-state interpretation. However the key issue
is the assignment of the fourth band in the NIR region at 8500
cm−1 (distinguished by its narrow bandwidth, relatively high
intensity, and very small solvatochromic shift). One possible
interpretation is that this much sharper and intense absorption
originates from an LMCT process from the bridging ligand.
The observation of this band is an integral part of the
predictions of a three-state model for electron transfer in a
weakly coupled class II system, and it may be noted that an
analogous absorption is not seen in the NIR spectrum of the
more weakly coupled 1,12-bis(ethynyl)-1,12-carborane-bridged
analogue [{Mo(dppe)(η-C7H7)}2(μ-1,12-(CC)2-1,12-
C2B10H10}]

+, where the energies of the carborane bridge π
and π* levels are well removed from the metal orbitals in the
frontier region.62 Experimental evidence for the simultaneous
observation of IVCT and MLCT/LMCT transitions in the NIR
spectra of all-carbon-bridged organometallic systems is very
limited,63 possibly because the strong electronic coupling,
characteristic of these complexes, leads to zero intensity of the
MLCT/LMCT transition or because the individual compo-
nents of the spectra are superimposed and cannot be reliably
identified. The design of further examples of weakly coupled,
symmetrical all-carbon-bridged complexes may therefore be a
useful strategy in the study of the mechanism of intervalence
electron transfer in these systems.

■ CONCLUSIONS
Oxidative coupling of [Mo(CCH)(dppe)(η-C7H7)] to give
[{Mo(dppe)(η-C7H7)}2(μ-CCH-CHC)][PF6]2 followed
by deprotonation affords mixed valence all-carbon-bridged
[{Mo(dppe)(η-C7H7)}2(μ-C4)][PF6], [3]PF6, as a mixture
with neutral [{Mo(dppe)(η-C7H7)}2(μ-CC−CC)], 3.
Electrochemical investigations reveal a series of redox processes
indicative of the formation of [{Mo(dppe)(η-C7H7)}2(μ-C4)]

n+

(n = 0, 1, 2, 3, 4), and the redox states n = 0, 1, and 2 have been
isolated and characterized. Spectroscopic investigations on
[3]PF6 by IR, Raman, NIR, and EPR spectroscopy uncover
properties characteristic of a localized mixed valence system
with an intramolecular electron transfer rate comparable with
the X-band EPR time scale (108−1010 s−1). This behavior
contrasts with the properties of most previously reported mixed
valence [{LxM}(μ-C4){MLx}]

+ systems, for which either a fully
delocalized electronic structure or bridge-centered redox
chemistry is observed. The weak electronic coupling observed
for [3]PF6 presents the opportunity to examine the validity of a
three-state model for electron transfer that involves a third state

formed by charge transfer to or from the bridging C4 ligand.
Analysis of the experimental NIR spectrum of [3]PF6 reveals a
good correlation with the predicted spectral properties for a
three-state model description of electron transfer in a weakly
coupled, symmetrical mixed valence system. The dicationic
complex [{Mo(dppe)(η-C7H7)}2(μ-C4)][PF6]2, [3][PF6]2, ex-
hibits strong antiferromagnetic coupling with a singlet/triplet
energy gap of 406 cm−1. However the magnitude of the
magnetic coupling in [3][PF6]2 is less than one-half of that
reported for [{Ru(dppe)Cp*)}2(μ-C4)][PF6]2, and X-ray
structural data for [3][PF6]2 are not consistent with significant
cumulenic character in the C4 bridge. Overall the properties of
[{Mo(dppe)(η-C7H7)}2(μ-C4)]

n+ are atypical of all-carbon-
bridged bimetallics of 4d/5d metals with both electronic and
magnetic coupling through the C4 bridge weaker than expected.
The electronic structure of the Mo(dppe)(η-C7H7) end-cap,
which serves to enhance the metal-based character of frontier
orbitals, appears to play an important role in regulating the
magnitude of through-bridge interactions in these complexes.

■ EXPERIMENTAL SECTION
General Procedures. The preparation, purification, and reactions

of the complexes described were carried out under dry nitrogen. All
solvents were dried by standard methods, distilled, and deoxygenated
before use. The complex [MoBr(dppe)(η-C7H7)]·0.5CH2Cl2 was
prepared by a published procedure.37 NMR spectra were recorded in
CD2Cl2 unless stated otherwise on a Varian Inova 400 (400 MHz 1H,
100 MHz 13C{1H}, 162 MHz 31P{1H}) spectrometer. Solution
infrared spectra were obtained on a Perkin-Elmer FT RX1
spectrometer, and solid-state spectra were recorded on a Thermo-
scientific Nicolet iS5 spectrometer with ATR fitment; MALDI mass
spectra were recorded using a Micromass/Waters Tof Spec 2E
instrument. Microanalyses were conducted by the staff of the
Microanalytical Service of the School of Chemistry, University of
Manchester. Cyclic voltammograms were recorded (ν = 100 mV s−1)
from 0.2 M [Bu4

nN]PF6/CH2Cl2 solutions ca. 1 × 10−4 M in analyte
using a three-electrode cell equipped with a glassy carbon disk working
electrode, Pt wire counter electrode, and Ag/AgCl reference electrode,
and data were collected on an Autolab PG-STAT 30 potentiostat. All
redox potentials are reported with reference to an internal standard of
the ferrocene/ferrocenium couple (FeCp2/[FeCp2]

+ = 0.00 V). UV−
vis−NIR and IR spectroelectrochemical experiments were performed
at room temperature with an airtight OTTLE cell of Hartl design64

equipped with Pt minigrid working and counter electrodes, a Ag wire
reference electrode, and CaF2 windows using either a Nicolet Avatar
spectrometer or a Perkin-Elmer Lambda 900 spectrophotometer.
Raman spectra were recorded using a Horiba Jobin-Yvon LabRamHR,
equipped with a 633 nm laser, augmented by additional 532 nm
(Coherent DPSS) and 785 nm (Sacher) excitation lasers. The
instrument was calibrated using a neon lamp, and the Raman shifts are
reported to an accuracy of ±1 cm−1. EPR experiments were conducted
on a Bruker BioSPin EMX microspectrometer; spectra are the average
of 16 scans. Spectral analysis and simulation was carried out using
Bruker WinEPR software (Bruker Biospin Ltd.). Magnetic suscepti-
bility measurements were carried out on polycrystalline samples in the
temperature range 2−300 K, using a Quantum Design MPMS XL
SQUID magnetometer equipped with a 7 T magnet. Experimental
magnetic data were corrected for the diamagnetism of the ligands by
using Pascal constants and for the magnetic contribution of the sample
holder by measurement.

Preparation of [Mo(CCH2)(dppe)(η-C7H7)]PF6. A mixture of
[MoBr(dppe)(η-C7H7)]·0.5CH2Cl2 (1.50 g, 2.12 mmol), KPF6 (0.82
g, 4.46 mmol), and HCCSiMe3 (1.04 g, 10.61 mmol) in methanol
(50 cm3) was heated at reflux for 3 h. The reaction mixture was
reduced in volume to ca. 20 cm3, resulting in the formation of an
orange precipitate, and then cooled to −20 °C for 1 h. The precipitate
was collected and recrystallized from CH2Cl2/diethyl ether to give the
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product as an orange solid, which was dried in vacuo (yield: 1.11 g
(69%)) and identified by comparison with an authentic sample.36

Preparation of [Mo(CCH)(dppe)(C7H7)], 1. [Mo(CCH2)-
(dppe)(η-C7H7)]PF6 (1.08 g, 1.43 mmol) was suspended in thf (30
cm3) and cooled to −30 °C. KOBut (1.28 g, 11.42 mmol) was added,
and the mixture was stirred at −30 °C for 10 min and then at room
temperature for 1 h. The resulting brown solution was evaporated to
dryness, and the residue dissolved in CH2Cl2 (ca. 20 cm3) and stirred
for 5 min. The resulting suspension was filtered through a Celite pad
(2 cm diameter × 2.5 cm deep), and the filtrate treated with hexane.
The volume of the solution was then reduced to give a brown
precipitate, which was collected, washed with hexane, and dried in
vacuo; yield 685 mg (78%). 1H NMR: δ 1.74, t, J(P−H) 4 Hz, 1H,
CCH; 1.88, m, 2H, CH2; 2.50, m, 2H, CH2; 4.68, s, 7H, C7H7;
7.22−7.73, m, 20H, Ph. 13C{1H} NMR: 140.2, m, 135.8, m, Phi; 133.3,
m, 131.3, m, Pho; 130.1, t, J(P−C) 25 Hz, Cα; 128.8, s, 128.4, s, Php;
127.6, m, 127.1, m, Phm; 104.3, s, Cβ; 86.5, s, C7H7; 25.8, m, CH2
(dppe). 31P{1H} NMR: δ 63.8 (s, dppe). IR (CH2Cl2): ν(CC) 1908
cm−1, ν(C2−H) 3265 cm−1. MALDI-MS (m/z): 612 [M]+. Anal.
Calcd (%) for C35H32MoP2: C, 68.9; H, 5.3. Found: C, 68.2; H, 5.3.
Preparation of [{Mo(dppe)(η-C7H7)}2(μ-CCH-CHC)][PF6]2, [2]-

[PF6]2. To a cooled solution (−78 °C) of [Mo(CCH)(dppe)(η-
C7H7)] (600 mg, 0.980 mmol) in thf (5 cm3) was added [FeCp2]PF6
(308 mg, 0.931 mmol). The reaction mixture was stirred at −78 °C for
5 h to give a deep purple solution. Addition of diethyl ether (30 cm3)
resulted in precipitation of the crude product as a deep purple solid.
Recrystallization from CH2Cl2/diethyl ether allowed separation of the
more soluble side-product [Mo(CCH2)(dppe)(η-C7H7)]PF6 from
the required complex [2][PF6]2, which precipitated from the solution
first; yield 594 mg (80%). 1H NMR: δ 2.33, m, 4H, CH2; 2.51, m, 4H,
CH2; 4.41, t, br, 2H, J(H−P) ≈ 11 Hz, CCH; 5.07, s, 14H, C7H7;
7.16−7.71, m, 40H, Ph. 13C{1H}NMR: 134.4, 132.1, 131.1, 129.6,
129.5, Ph (dppe); 108.3 Cβ; 93.2, C7H7; 27.8, m, CH2 (dppe). 31P
NMR: δ 51.3 (s, dppe). IR (CH2Cl2): ν(CC) 1556 cm−1. Anal.
Calcd (%) for C70H64Mo2P6F12: C, 55.6; H, 4.3. Found: C, 55.1; H,
4.2.
Preparation of [{Mo(dppe)(η-C7H7)}2(μ-CC-CC)], 3, and

[{Mo(dppe)(η-C7H7)}2(μ-C4)]PF6, [3]PF6. [{Mo(dppe)(η-C7H7)}2(μ-
CCH−CHC)][PF6]2 (580 mg, 0.384 mmol) was dissolved in
thf (30 cm3), and KOBut (172 mg, 1.536 mmol) was added to the
solution; the resulting green-brown suspension was then stirred at
room temperature for 5 h before evaporating to dryness. The residue
was dissolved in CH2Cl2 (20 cm

3) and filtered through a pad of Celite,
and the filtrate evaporated to dryness. The resulting residue was
washed with toluene (20 cm3), and the washings were removed and
retained. The remaining toluene-insoluble material was dried, then
recrystallized from CH2Cl2/hexane to give [3]PF6 as a brown solid,
which was collected, washed with further hexane, and dried in vacuo;
yield 230 mg (44%). IR (CH2Cl2): ν(CC) 1930, 1868 cm−1.
MALDI-MS (m/z): 1220 [M]+. Anal. Calcd (%) for C70H62Mo2P5F6:
C, 61.6; H, 4.6. Found: C, 61.9; H, 4.8. The mother liquors remaining
from the isolation of [3]PF6 and the toluene washings were combined
and evaporated to dryness. The resulting residue was extracted with
toluene and filtered through a pad of Celite, and the solvent removed.
Fractional recrystallization of the residue from CH2Cl2/hexane led first
to precipitation of residual [3]PF6 to leave an orange-brown solution,
which on reduction in volume and addition of further hexane yielded 3
as an orange-brown solid; yield 0.025 g (5%). MALDI-MS (m/z):
1220 [M]+. Anal. Calcd (%) for C70H62Mo2P4: C, 69.0; H, 5.1. Found:
C, 69.4; H, 5.3.
Preparation of [{Mo(dppe)(η-C7H7)}2(μ-C4)][PF6]2, [3][PF6]2. A

brown-green solution of [{Mo(dppe)(η-C7H7)}2(μ-C4)]PF6 (83 mg,
0.061 mmol) in CH2Cl2 (20 cm3) was treated with [FeCp2]PF6 (44
mg, 0.133 mmol). The reaction mixture was stirred for 20 min,
resulting in the formation of an intense green solution, which was
filtered through Celite, reduced in volume, and treated with diethyl
ether to precipitate the product as an emerald green solid; yield 57 mg
(62%). MALDI-MS (m/z): 1220 [M]+. Anal. Calcd (%) for
C70H62Mo2P6F12: C, 55.7; H, 4.1. Found: C, 54.8; H, 4.0.

Computational Details. All calculations were carried out using
the Gaussian 03 package.65 The model geometry of 3-H was optimized
using B3LYP66 and MPW1K,67,68 with no symmetry constraints. The
pseudopotential LANL2DZ69−71 was used for all atoms. Frequency
calculations were carried out on these optimized geometries at the
corresponding levels and shown to have no imaginary frequencies.
Molecular orbital computations were carried out on these optimized
geometries at the same level of theory and displayed using Gauss View
4.1.72 The orbital compositions were generated with the aid of
GaussSum.73

X-ray Crystal Structure of [{Mo(dppe)(η-C7H7)}2(μ-C4)][PF6]2,
[3][PF6]2. Single crystals of [3][PF6]2 were obtained as brown-green
blocks by vapor diffusion of diethyl ether into a MeCN solution of the
complex, and a crystal of dimensions 0.40 × 0.30 × 0.20 mm was
selected for analysis. Single-crystal X-ray data were collected at 100 K
on an Oxford Diffraction X-Calibur 2 diffractometer equipped with an
Oxford-Cryosystems low-temperature device, by a means of Mo Kα (λ
= 0.71069 Å) radiation and ω scans. Data were corrected for Lorentz,
polarization, and absorption factors. Data collection, cell refinement,
and data reduction were carried out with CrysAlis CCD and CrysAlis
RED, Oxford Diffraction Ltd. software; SHELXS-9774 was employed
for computing the structure solution, and SHELXL-9775 for
computing structure refinement. The structure was solved by direct
methods with refinement based on F2. The asymmetric unit of
[3][PF6]2 contains the Mo complex, two PF6 counteranions, one
ordered MeCN solvent of crystallization, and a disordered solvent
fragment defined as 2 MeCN molecules at 0.25 occupancy and one
H2O at 0.25 occupancy. Except as detailed below, all non-hydrogen
atoms were refined anisotropically; hydrogen atoms were included in
calculated positions, except those of the disordered solvent. A phenyl
group of a dppe ligand C(51)−C(56) and a PF6 counterion, P(2s),
F(7s)−F(12s), were disordered. The disordered component of the Ph
group has been constrained to be a regular hexagon, and there are
restraints on the geometry of the disordered PF6 and some of the
anisotropic displacement parameters. The anisotropic displacement
parameters of the C(1)−C(7) atoms in the cycloheptatrienyl ring were
disordered and restrained since they tended to become unrealistic.

Crystal Data for [3][PF6]2: C73H67Mo2N1.5O0.25P6F12, Mr =
1574.98, monoclinic, space group C2/c, a = 58.826(3) Å, b =
11.7374(9) Å, c = 19.7396(11) Å, β = 97.174(5)°, U = 13522.9(15)
Å3, Z = 8, μ = 0.591 mm−1, 11 910 reflections collected, final wR2(F

2)
= 0.1260 for all data, conventional R1 = 0.0605 for 6051 reflections
with I > 2σ(I), completeness to theta = 99.8%.

■ ASSOCIATED CONTENT
*S Supporting Information
Cyclic voltammogram of [3]PF6, Raman spectra of [3]n+ (n =
0, 1, 2), ATR infrared spectra of solid-state samples of [3]n+ (n
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CIF files giving crystallographic data for complex [3][PF6]2.
This material is available free of charge via the Internet at
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a b s t r a c t

Reaction of the readily available metal acetylide complexes Ru(C„CC6H4R-4)(PPh3)2Cp (R = OMe, Me, H,
CN, CO2Me), Ru(C„CFc)(PPh3)2Cp and Fe(C„CC6H4R-4)(dppe)Cp (R = Me, H) with 1-cyano-4-dimethyl-
aminopyridinium tetrafluoroborate affords cyanovinylidene complexes [Ru{C@C(CN)C6H4R-4}(PPh3)2-
Cp]BF4, [Ru{C@C(CN)Fc}(PPh3)2Cp]BF4 and [Fe{C@C(CN)C6H4R-4}(dppe)Cp]BF4 in an experimentally sim-
ple fashion. These synthetic studies are augmented by refinements to the preparation of the key iron
reagents FeCl(dppe)Cp and Fe(C„CC6H4R-4)(dppe)Cp. Molecular structure determinations, electrochem-
ical measurements, representative IR spectroelectrochemical studies and DFT studies have been used to
provide insight into the electronic structure of the cyanovinylidene ligand, and demonstrate that despite
the presence of the cyano-substituted methylidene fragment, reduction takes place on the vinylidene Ca
carbon.

! 2011 Elsevier B.V. All rights reserved.

1. Introduction

Within the vast array of hydrocarbyl ligands that have been sta-
bilized through coordination to metal centres, vinylidene C@CH2

and other substituted examples of this prototypical unsaturated
carbene occupy an important position, featuring prominantly from
a historical perspective in the development of the discipline of orga-
nometallic chemistry [1–3], to applications as key intermediates in
modern synthetic chemistry [4–6]. The first organometallic vinyli-
dene complex, Fe2(l-g1-C@CPh2)(CO)8, was reported in 1966 and
featured the diphenylvinylidene moiety in a l-g1- bridging mode
formed from the photolysis of Fe(CO)5 with diphenylketene [7,8].
The preparation of both cis- and trans-[Fe2{l-g1-C@C(CN)2}(l-
CO)(CO)2Cp2], containing the l-g1-dicyanovinylidene ligand, fol-
lowed in 1972 [9] while the first monometallic vinylidene com-
plexes, which also featured dicyanovinylidene ligands, were
reported in that same year [10]. In the decades that have followed,
the chemistry of vinylidene complexes, and other unsaturated carb-
enes such as allenylidene (:C@C@CH2) [2,11] and butatrienylidene
(:C@C@C@CH2) [12,13] was extensively explored. The practical
applications of the metal chemistry of vinylidenes and other unsat-
urated carbenes are well-established, and vividly illustrated by the
use of these species in the development of catalysts for olefin
metathesis and other organic transformations [14,15]. Somewhat
surprisingly, despite this significant interest in the general area of
vinylidene ligand chemistry, the proliferation of complexes featur-
ing different combinations of metal, supporting ligands and substit-
uents on the vinylidene moiety, and the presence of

cyanovinylidene ligands in the earliest reports of this class of li-
gand, cyanovinylidene chemistry has remained largely unexplored
[16], likely due to the less than convenient methods of preparation
known to date.

The first preparations of dicyanovinylidene ligand complexes
were based on nucleophilic substitution reactions between
Cl2C@C(CN)2 and metal carbonyl anions. In the case of reactions
between [Fe(CO)Cp]– and Cl2C@C(CN)2, the bimetallic complexes
cis- and trans-[Fe2{l2-g1-C@C(CN)2}(l-CO)(CO)2Cp2] were isolated
in low (<3%) yield (Scheme 1) [9,17], the cis isomer later being crys-
tallographically characterised [18]. Reaction of [Fe2(l-CO)(l-
CSMe)(CO)2Cp2]+ with the carbon nucleophile [CH(CN)2]– provides
and alternative, and higher yielding (53%), route to mixtures of cis
and trans-[Fe2{l2-g1-C@C(CN)2}(l-CO)(CO)2Cp2] (Scheme 1) [19].

The Group 6 metal carbonyl anions [M(CO)3Cp]– (M = Mo, W)
reacted smoothly with Cl2C@C(CN)2 to give 1-chloro-2,2-dicyano-
vinyl derivatives [M{C(Cl)@C(CN)2}(CO)3Cp] in moderate yield
[9,17]. Subsequent thermolysis of the vinyl compounds in the
presence of trivalent phosphorus ligands resulted in carbonyl
substitution and chloride migration to give a mixture of the cis-
and trans-dicyanovinylidene complexes MCl{C@C(CN)2}(PR3)2Cp
[20–22]; reactions of Mo{CCl@C(CN)2}(CO)3Cp with ButNC gave
only the carbonyl substitution product Mo{CCl@C(CN)2}(CO)2(CN-
But)Cp, the chlorovinyl ligand remaining unchanged (Scheme 2)
[23].

A series of anionic mono- and di-cyanovinylidene compounds
has also been obtained following chloride displacement from
M(„CCl)(CO)2Tp⁄ [Tp⁄ = hydridotris(3,5-dimethylpyrazol-1-yl)bo-
rate] by Na[CHX2] [X2 = (CN)2 (M = Mo, W); X2 = (CN)(CO2Et)
(M = Mo)] [24]. These anionic compounds can be represented by
two limiting resonance forms, A and B (Scheme 3), the significance
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of form A being evidenced by the formation of simple adducts at Cb,
whilst protonation or oxidation afford cyclic products.

In seeking to develop more expeditious routes to cyanovinylid-
ene complexes, it is worth noting that half-sandwich ruthenium
acetylide complexes such as Ru(C„CPh)(PPh3)2Cp (1) react with
a variety of electrophilic reagents [25,26] including H+ [27], alkyl
halides [28], trialkyloxonium salts [29], diazonium salts and car-
bon-based electrophiles [30], including the masked example
B(C6F5)3 [31] halogens (Cl2, Br2, I2) [32,33], and cyanogen bromide,
which acts as a halogen transfer agent [34], to form air-stable
vinylidene complexes [Ru{=C@C(E)Ph}(PPh3)2Cp]+. Indeed, whilst
many synthetic routes to vinylidene complexes are known, the
re-arrangement of a terminal alkyne or addition of an electrophile
to the Cb carbon of a metal acetylide are perhaps the most general
methods [1]. Nevertheless, recent reports of the rearrangement of
internal alkynes in the presence of group 8 metal centres [35],
including MCl(dppe)Cp in the presence of NaBArF

4 (M = Fe, Ru;
ArF = 3,5-(CF3)2C6H3) highlight the rich chemistry of vinylidene
complexes that still awaits exploration [36–39].

In this contribution we describe the cyanation of a range of
half-sandwich acetylide complexes Ru(C„CC6H4R-4)(PPh3)2Cp
(R = H (1) [29], Me (2) [40,41], OMe (3), CN (4) [42], CO2Me
(5)), Ru(C„CFc)(PPh3)2Cp (6) [Fc = Fe(g-C5H4)(g-C5H5)] [43,44]
and the iron complexes Fe(C„CC6H4R-4)(dppe)Cp (R = H (7)
[41,45], Me (8) [41] by 1-cyano-4-dimethylaminopyridinium tet-
rafluoroborate ([9]BF4) (Scheme 4). These synthetic studies are
augmented by molecular structure determinations, electrochemi-
cal measurements and representative IR spectroelectrochemical
studies. In addition to the structures of the key reagent [9]BF4

and several of the cyanovinylidene products, the structures of
two of the acetylide precursors, Ru(C„CC6H4OMe-4)(PPh3)2Cp
(3) and Ru(C„CC6H4CO2Me-4)(PPh3)2Cp (5), were also deter-
mined, and are briefly described here for completeness. DFT
based computational studies on representative cyanovinylidene
complexes have also been carried out, which together with the
structural, electrochemical and spectroscopic data provide insight
into the electronic structure of the cyanovinylidene ligand. Preli-
minary results in this area from our group have been communi-
cated previously [46].

2. Experimental

2.1. General conditions

All reactions were carried out in oven dried (110 !C) glassware
and in a dry high-purity nitrogen environment, using standard
Schlenk techniques. Solvents were dried on an Innovative Technol-
ogies SPS-400 system and degassed prior to use. The compounds
HC„CC6H4OMe-4 [47], HC„CC6H4CO2Me-4 [48], RuCl(PPh3)2Cp
[49], [Ru(C„CC6H5)(PPh3)2Cp] [50], [Ru(C„CC6H4Me-4)(PPh3)2Cp]
[40], [Ru(C„CC6H4CN-4)(PPh3)2Cp] [42], and [Ru(C„CFc)-
(PPh3)2Cp] [43], were prepared according the literature methods.
BrCN was freshly sublimed under nitrogen in a water bath at 60 !C
prior to use. All other reagents were used as received. Preparative
TLC was carried out on silica gel, GF254, 20 ! 20 cm plates.

NMR spectra were obtained using Varian Mercury-200 (1H,
199.99 MHz; 13C, 49.98 MHz; 19F 188.18 MHz; 31P, 80.96 MHz),
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Bruker and Varian Mercury-400 (1H, 399.97 MHz; 13C, 100.57 MHz;
19F, 376.36 MHz; 31P, 161.10 MHz), Varian Inova-500 (1H,
499.77 MHz, 13C, 125.67 MHz; 19F 470.25 MHz; 31P, 202.31 MHz)
or Varian VNMRS-700 (1H, 699.73 MHz, 13C, 175.95 MHz; 19F
658.41 MHz; 31P, 279.89 MHz) spectrometers in CDCl3, unless
otherwise stated, and referenced against solvent references (1H,
7.26 ppm; 13C, 77.0 ppm) or external H3PO4 (31P) and CFCl3 (19F).
Mass spectra were obtained using a Waters Micromass LCT mass
spectrometer. Infrared spectra were recorded in solution cells fitted
with CaF2 windows on a Nicolet Avatar FT-IR spectrometer.

Electrochemical measurements (Autolab PG-STAT 30) were car-
ried out using CH2Cl2 solutions containing 0.1 M NBu4BF4 electro-
lyte in a standard three-electrode cell using Pt electrodes, and
potentials are reported on the SCE scale using an internal ferro-
cene/ferrocenium couple (Fc/Fc+ = 0.45 V) or decamethylferro-
cene/decamethylferrocenium couple (Fc⁄/Fc⁄+ = !0.07 V) as
reference. Spectroelectrochemical studies were conducted at room
temperature using a gas-tight cell fitted with CaF2 windows, Pt
gauze working electrode, Ag-wire pseudo reference and Pt counter
electrodes [51].

All ab initio computations were carried out with the GAUSSIAN 09
package [52]. The model geometries were optimised using the
B3LYP functional [53,54], with the 3–21G⁄ basis set [55,56]. Fre-
quency calculations were computed on these optimised geome-
tries and shown to have no imaginary frequencies. A scaling
factor of 0.95 was applied to the calculated vibrational frequencies
for comparison with experimental data [57,58]. The MO diagrams
and orbital contributions were generated with the aid of the GAUSS-

VIEW 5.0 [59] and GAUSSSUM [60] packages, respectively.

2.2. General procedure: synthesis of Ru(C„CC6H4R-4)(PPh3)2Cp
(R = OMe, 3; CO2Me, 5)

A Schlenk flask was charged with RuCl(PPh3)2Cp (0.20 g,
0.28 mmol), the appropriate alkyne HC„CC6H4R-4 (ca. 0.35 mmol)
and NH4PF6 (0.09 g, 0.5 mmol) in methanol (15 mL) and refluxed
for 1 h (R = CO2Me) to 3 h (R = OMe). The resulting red solution
was cooled, treated with a few drops of DBU, and stirred for
10 min in an ice-water bath. The resulting yellow precipitate was
collected by filtration, washed with methanol (3 " 5 mL) and dried
in vacuo. Recrystallisation from acetone/hexane affords crystals
suitable for X-ray crystallography.

2.2.1. Ru(C„CC6H4OMe-4)(PPh3)2Cp 3
Yield 57%. Anal. Calc. C50H42OP2Ru: C, 73.07; H, 5.15%. Found: C,

73.64; H, 5.27%. IR (CH2Cl2, cm!1): m(C„C) 2077(s). 1H NMR: d 3.77
(s, 3H, CH3), 4.30 (s, 5H, Cp), 6.70 (d, 3JHH = 8 Hz, 2H, H5/7), 7.07 (m,
14H, H4/8, meta-CH of PPh3), 7.16 (m, 6H, para-CH of PPh3), 7.48
(m, 12H, ortho-CH of PPh3). 13C{1H} NMR: d 55.2 (s, CH3), 85.0 (s,
Cp), 111.6 (t, 2JCP = 25 Hz, C1), 113.2 (s, C2), 113.2, 123.5, 131.5,
155.8 (4 " s, C3–C8), 127.1 (dd, 3JCP/5JCP = 4 Hz, meta-C of PPh3),
128.3 (s, para-C of pph3), 133.8 (dd, 2JCP/4JCP = 5 Hz, ortho-C of
PPh3), 138.9 (m, ipso-C of PPh3), 31P{1H} NMR: d 51.4 (s). ES(+)-
MS (m/z): 823 [M+H]+, 691 [Ru(PPh3)2Cp]+.

2.2.2. Ru(C„CC6H4CO2Me-4)(PPh3)2Cp 5
Yield 58%. Anal. Calc. C51H42O2P2Ru: C, 72.07; H, 4.98%. Found: C,

72.62; H, 4.95%. IR (CH2Cl2, cm!1): m(C„C) 2067(s); m(C@O) 1707(s);
m(C–O) 1595(s). 1H NMR: d 3.88 (s, 3H, CH3), 4.34 (s, 5H, Cp), 7.07 (m,
14H, H4/8 and meta-CH of PPh3), 7.18 (m, 6H, para-CH of PPh3), 7.44
(m, 12H, ortho-CH of PPh3), 7.80 (d, 3JHH = 8 Hz, 2H, H5/7). 13C{1H}
NMR: d 51.7 (s, CH3), 85.3 (s, Cp), 115.7 (s, C2), 123.8, 129.3, 130.1,
135.3 (4 " s, C3–C8), 127.3 (dd, 3JCP/5JCP = 5 Hz, meta-C of PPh3),
128.2 (s, para-C of pph3), 133.7 (dd, 2JCP/4JCP = 5 Hz, ortho-C of
PPh3), 138.6 (m, ipso-C of PPh3), 167.5 (s, C@O). C1 not observed.
31P{1H} NMR: d 51.3 (s). ES(+)-MS (m/z): 851 [M+H]+, 691
[Ru(PPh3)2Cp]+.

2.3. General procedure: synthesis of Fe(C„CC6H4-4)(dppe)Cp (R = H,
7; Me, 8)

A solution of FeCl(dppe)Cp (200 mg, 0.36 mmol) in methanol
(15 ml) was treated with the appropriate alkyne HC„CC6H4R-4 (sev-
eral drops, excess) and the dark reaction solution heated at gentle re-
flux for ca. 1 h. During this time the solution colour changed to a deep,
translucent red characteristic of the vinylidene complex
[Fe{C@C(H)C6H4R-4}(dppe)Cp]Cl. The solution was allowed to cool
to room temperature before being treated with several drops of
DBU, causing the solution colour to change to bright orange. Cooling
the solution in an ice/water bath caused the precipitation of
Fe(C„CC6H4R-4)(dppe)Cp as a bright orange precipitate (R = H, 75%;
R = Me, 80%), identified by comparison with the literature data [41].

2.4. Synthesis of 1-cyano-4-dimethylaminopyridinium
tetrafluoroborate, [9]BF4

A Schlenk flask was charged with BrCN (1.09 g, 10.3 mmol) in
NCMe (45 ml) and 4-dimethylaminopyridine (1.00 g, 8.22 mmol)
was then added. The reaction mixture was allowed to stir for
5 min., before the addition of NaBF4 (1.08 g, 9.79 mmol). After stir-
ring for a further 2.5 hours, the reaction mixture was filtered through
a Celite plug and concentrated to dryness to give a white powder. The
powder was dissolved in NCMe (15 ml), stirred for 3 min. and then
filtered again through a Celite plug. After concentrating to dryness,
the extraction process was repeated for a final time. Concentration
to dryness and recrystallisation from NCMe/EtOAc afforded nee-
dle-like, white crystals (1.23 g, 64%). Single crystals suitable for X-
ray diffraction were obtained by slow diffusion of ethyl acetate into
a concentrated NCMe solution of the salt. Anal. Calc. C8H10N3BF4: C,
40.89; H, 4.29; N, 17.88. Found: C, 40.89; H, 4.26; N, 17.88%. IR (nujol,
cm!1): m(C„N) 2264(m); m(CC) 1655(s). 1H NMR (CD3CN): d 3.34 (s,
6H, CH3); 7.02, 8.09 (2 " d, J = 8 Hz, 2 " 2H, C5H4N). 13C{1H} NMR
(CD3CN): d 42.3 (s, CH3), 107.7 (s, CN), 108.5, 141.5, 158.1 (3 " s,
C5H4N). 19F NMR (CD3CN): d !152.3 (s, BF4

–). ES(+)-MS (m/z): 148
[Me2NC5H4NCN]+, 123 [Me2NC5H4NH]+.

2.5. General procedure: synthesis of cyanovinylidene complexes

A Schlenk flask was charged with the appropriate metal acety-
lide complex (ca. 0.1 mmol) in CH2Cl2 (10 ml). A separate Schlenk

Scheme 4. A schematic representation of the synthesis of cyanovinylidene complexes from half-sandwich metal acetylide precursors and 1-cyano-4-dimethylaminopy-
ridinium [9]+.
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flask was charged with one-equivalent of [9]BF4 in NCMe (5 ml).
The [9]BF4 solution was transferred by syringe to the solution of
the acetylide and the reaction mixture stirred for 2 h. The resulting
cherry red solution was concentrated to dryness, and the residue
purified by preparative TLC (acetone/hexane, 6/4). The major or-
ange/red band was collected and isolated as a red solid by precip-
itation or crystallisation.

2.5.1. [Ru{C@C(CN)Ph}(PPh3)Cp]BF4

[11]BF4 crystallised from acetone/hexane. Yield 80%. Anal. Calc.
C50H40NP2RuBF4: C, 66.38; H, 4.46; N, 1.55. Found: C, 66.48; H,
4.00; N, 1.36%. IR (CH2Cl2, cm!1): m(C„N) 2202(s); m(C@C)
1582(s). 1H NMR: d 5.41 (s, 5H, Cp); 6.95 (d, 2H, 3JHH " 8 Hz, H4/
8); 7.01 (m, 12H, ortho-CH of PPh3); 7.22 (pseudo-t, 2H, 3JHH " 8 Hz,
H5/7); 7.30 (m, 14H, H6, meta-CH of PPh3); 7.43 (m, 6H, para-CH of
PPh3). 13C NMR: d 96.6 (s, Cp); 109.6, 109.7 (2 # s, CN, C2); 123.6,
127.4, 128.7, 129.3 (4 # s, C3–C8); 128.9 (dd, 3JCP,

5JCP " 5 Hz, meta-
C of PPh3); 131.5 (s, para-C of pph3); 132.2 (m, ipso-C of PPh3);
133.6 (dd, 2JCP,

4JCP " 5 Hz, ortho-C of PPh3); 348.5 (t, 2JCP = 16 Hz,
C1). 31P{1H} NMR: d 38.8 (s). 19F{1H} NMR: d !153.0 (s, BF4

!).
11B{1H} NMR: d !0.7 (s, BF4

!). ES(+)-MS (m/z): 857,
[Ru{C@C(CN)Ph}(PPh3)2Cp + K]+; 818 [Ru{C@C(CN)Ph}(PPh3)2Cp]+.

2.5.2. [Ru{C@C(CN)C6H4Me-4}(PPh3)2Cp]BF4

[12]BF4 precipitated from CH2Cl2/Et2O as a red powder. Yield
90%. Anal. Calc. C51H42NP2RuBF4: C, 66.67; H, 4.61, N, 1.52. Found:
C, 67.01; H, 4.89; N, 1.46%. IR (acetone, cm!1): m(C„N) 2200(s);
m(C@C) 1580(s). 1H NMR: d 2.35 (s, 3H, CH3); 5.38 (s, 5H, Cp);
6.81, 7.09 (2 # d, 2 # 2H, 3JHH " 8 Hz, C6H4); 7.02 (m, 12H, ortho-
CH of PPh3); 7.31 (m, 12H, meta-CH of PPh3); 7.44 (m, 6H, para-
CH of PPh3). 13C NMR: d 21.1 (s, CH3); 96.6 (s, Cp), 109.5, 109.8
(2 # s, CN, C2); 120.1, 127.5, 130.1, 138.9 (4 # s, C–C8); 128.9
(dd, 3JCP,

5JCP " 5 Hz, meta-C of PPh3); 131.5 (s, para-C of PPh3);
132.2 (m, ipso-C of PPh3); 133.5 (dd, 2JCP,

4JCP " 5 Hz, ortho-C of
PPh3); 349.3 (t, 2JCP = 16 Hz, C1). 31P{H} (CDCl3): d 38.9 (s). ES(+)MS
(m/z) 833 [Ru{C@C(CN)C6H4Me-4}(PPh3)2Cp]+.

2.5.3. [Ru{C@C(CN)C6H4OMe-4}(PPh3)2Cp]BF4

[13]BF4 crystallised from acetone/Et2O. Yield 50%. Anal. Calc.
C51H42NOP2RuBF4$(CH3)2CO: C, 65.33; H, 4.87, N, 1.41. Found: C,
64.49; H, 4.41; N, 1.47%. IR (CH2Cl2, cm!1): m(C„N) 2201(m);
m(C@C) 1595(m). 1H NMR: d 3.75 (s, 3H, CH3); 5.37 (s, 5H, Cp),
6.85 (br, 4H, C6H4), 7.00 (m, 12H, ortho-CH of PPh3); 7.30 (m,
12H, meta-CH of PPh3); 7.41 (m, 6H, para-CH of PPh3). 13C NMR:
d 55.5 (CH3); 96.5 (s, Cp); 108.7, 109.7 (2 # s, CN, C2); 114.2,
115.0, 129.4, 160.2 (C3 - C8), 128.9 (dd, 3JCP,

5JCP " 5 Hz, meta-C
of PPh3), 131.5 (s, para-C of PPh3), 132.4 (m, ipso-C of PPh3),
133.6 (dd, 2JCP,

4JCP " 5 Hz, ortho-C of PPh3), 349.2 (t, 2JCP = 15 Hz,
C1). 31P{1H} NMR (CDCl3): d 39.1 (s). ES(+)-MS (m/z): 848
[Ru{C@C(CN)C6H4OMe-4}(PPh3)2Cp]+.

2.5.4. [Ru{C@C(CN)C6H4CN-4}(PPh3)2Cp]BF4

[14]BF4 crystallised from acetone/hexane. Yield 67%. Anal. Calc.
C51H39N2P2RuBF4$2.5(CH3)2CO: C, 64.47; H, 4.84, N, 2.64. Found: C,
64.94; H, 4.87; N, 2.67%. IR (CH2Cl2, cm!1): m(C„N) 2230(m),
2202(m); m(C@C) 1603(m), 1571(s). 1H NMR: d 5.52 (s, 5H, Cp);
7.02 (m, 12H, ortho-CH of PPh3); 7.08, 7.50 (2 # d, 2 # 2H,
3JHH " 8 Hz, C6H4); 7.32 (m, 12H, meta-CH of PPh3); 7.46 (m, 6H,
para-CH of PPh3). 13C NMR: d 97.2 (s, Cp); 109.1, 109.5 (2 # s, CN,
C2); 111.3, 126.7, 129.8, 132.7 (4 # s, C3–C8); 118.3 (C6H4CN);
129.0 (dd, 3JCP,

5JCP " 5 Hz, meta-C of PPh3); 131.6 (s, para-C of
pph3); 131.8 (m, ipso-C of PPh3); 133.5 (dd, 2JCP,

4JCP " 5 Hz,
ortho-C of PPh3), 346.5 (t, 2JCP = 14 Hz, C1). 31P{1H} NMR: d 37.7
(s). ES(+)-MS (m/z): 843 [Ru{C@C(CN)C6H4CN-4}(PPh3)2Cp]+.

2.5.5. [Ru{C@C(CN)C6H4CO2Me-4}(PPh3)2Cp]BF4

[15]BF4 crystallised from acetone/hexane. Yield 45%. Anal. Calc.
C52H42NO2P2RuBF4: C, 66.67; H, 4.61, N, 1.52. Found: C, 64.00; H,
4.40; N, 1.46%. IR (CH2Cl2, cm!1): m(C„N) 2203(m); m(C@O)
1721; m(C@C) 1607(m), 1578(s). 1H NMR: d 3.92 (s, 3H, CH3);
5.49 (s, 5H, Cp); 7.01 (m, 14H, H4/8 and ortho-CH of PPh3), 7.32
(m, 12H, meta-CH of PPh3), 7.45 (m, 6H, para-CH of PPh3), 7.89
(d, 2H, 3JHH " 8 Hz, H5/7). 13C NMR: d 52.3 (CH3); 96.9 (s, Cp);
109.4, 109.8 (2 # s, CN, C2); 126.2 129.4, 129.7, 130.3 (4 # s, C3–
C8); 128.9 (dd, 3JCP,

5JCP " 5 Hz, meta-C of PPh3); 131.7 (s, para-C
of PPh3); 132.2 (m, ipso-C of PPh3); 133.6 (dd, 2JCP,

4JCP " 5 Hz,
ortho-C of PPh3); 166.2 (s, C@O); 347.9 (t, 2JCP = 15 Hz, C1).
31P{1H} NMR: d 38.1 (s). ES(+)-MS (m/z): 876 [Ru{C@C(CN)C6H4-

CO2Me-4}(PPh3)2Cp]+.

2.5.6. [Ru{C@C(CN)Fc}(PPh3)2Cp]BF4

[16]BF4 crystallised from acetone/hexane. Yield 75%. Anal. Calc.
C54H44NP2RuFeBF4: C, 64.05; H, 4.39, N, 1.38. Found: C, 63.67; H,
4.38; N, 1.34%. IR (CH2Cl2, cm!1): m(C„N) 2220, 2205(w), m(C@C)
1593 (s). 1H NMR: d 3.68, 4.10 (4H, C5H4); 4.15 (s, 5H, CpFe);
4.71 (s, 5H, CpRu); 6.82 (m, 12H, ortho-CH of PPh3); 7.30 (m,
12H, meta-CH of PPh3); 7.41 (m, 6H, para-CH of PPh3). 13C NMR:
d 67.5, 69.3, 72.1 (3 # s, C5H4); 70.1 (FeCp); 95.9 (RuCp); 106.3,
109.5 (2 # s, CN, C2); 128.7 (dd, 3JCP,

5JCP " 5 Hz, meta-C of PPh3);
131.5 (s, para-C of PPh3); 132.3 (m, ipso-C of PPh3); 133.1 (dd,
2JCP,

4JCP " 5 Hz, ortho-C of PPh3); 347.1 (t, 2JCP = 15 Hz, C1).
31P{1H} NMR (CDCl3): d 39.8 (s). ES(+)-MS (m/z): 926
[Ru{C@C(CN)Fc}(PPh3)2Cp]+.

2.5.7. [Fe{C@C(CN)C6H5}(dppe)Cp]BF4

[17]BF4 crystallised from methanol. Yield 60%. Anal. Calc.
C40H34NP2FeBF4: C, 65.52; H, 4.67; N, 1.91. Found: C, 65.01; H,
4.58; N, 1.89%. IR (CH2Cl2, cm!1): m(C„N) 2202(s); m (C@C)
1584(s). 1H NMR ((CD3)2CO) d 3.30 (m, 2H, dppe); 3.43 (m, 2H,
dppe); 5.82 (s, 5H, Cp); 6.76, 7.04, 7.05 (3 #m, C6H5); 7.34 (m,
8H, dppe), 7.45 (m, 6H, dppe), 7.62 (m, 6H, dppe). 13C NMR
((CD3)2CO): d 27.3 (m, CH2); 90.8 (s, Cp); 108.3 (t, 4JCP = 4 Hz, C2),
118.1 (s, CN); 123.5 (t, 5JCP = 2 Hz, C3); 126.6, 128.0, 128.8 (C4–
C8); 128.0, 128.3 (2 # dd, 3JCP, 5JCP " 5 Hz, meta-C, C0 of dppe);
130.5, 130.6 (2 # s, para-C, C0 of dppe); 130.6, 131.5 (2 # dd, 2JCP,
4JCP " 5 Hz, ortho-C, C0 of dppe); 132.6, 134.0 (2 #m, ipso-C, C0 of
dppe), 355.2 (t, JCP = 34 Hz, C1). 31P NMR ((CD3)2CO) d 92.1.
ES(+)-MS (m/z): 646, [Fe{C@C(CN)C6H5}(dppe)Cp]+.

2.5.8. [Fe{C@C(CN)C6H4Me-4}(dppe)Cp]BF4

[18]BF4 crystallised from methanol. Yield 40%. Anal. Calc.
C41H36NP2FeBF4: C, 65.89; H, 4.86; N, 1.87. Found: C, 64.96; H,
4.66; N, 2.10%. IR (CH2Cl2, cm!1): m(C„N) 2202(s); m(C@C)
1584(s). 1H NMR: d 2.21 (s, 3H, CH3); 3.03 (m, 2H, dppe); 3.10
(m, 2H, dppe); 5.36 (s, 5H, Cp); 6.49, 6.77 (2 # d, 3JHH = 8 Hz,
C6H4); 7.07, 7.20, 7.29, 7.38 (4 #m, 20H, dppe). 13C NMR: d 21.0
(s, CH3); 28.3 (m, CH2); 91.4 (s, Cp); 109.7 (t, 4JCP = 4 Hz, C2);
119.1 (CN); 120.1 (t, 5JCP = 2 Hz, C3), 125.4, 129.9, 137.9 (C4–C8);
129.3, 129.5 (2 # dd, 3JCP, 5JCP " 5 Hz, meta-C, C0 of dppe), 131.7,
131.8 (2 # s, para-C, C0 of dppe), 131.3, 132.1 (2 # dd, 2JCP,
4JCP " 5 Hz, ortho-C, C0 of dppe), 132.5, 134.1 (2 #m, ipso-C, C0 of
dppe), 357.5 (t, JCP = 33 Hz, C1). 31P NMR: d 91.0. ES(+)-MS (m/z):
660, [Fe{C@C(CN)C6H4Me-4}(dppe)Cp]+.

2.6. Synthesis of [Ru{C@C(CN)C6H4R-4}(PPh3)2Cp]PF6 (R = H, [11]PF6;
Me, [12]PF6)

To a solution of BrCN (30 mg, 0.31 mmol) in CH2Cl2 (2 ml), was
added 4-dimethylaminopyridine (80 mg, 0.31 mmol) and the solu-
tion was stirred for 5 min to give a solution containing [CAP]Br. To
this, a solution of Ru(C„CC6H4R-4)(PPh3)2Cp (0.12 mmol) in

E.M. Long et al. / Inorganica Chimica Acta 380 (2012) 358–371 361



CH2Cl2 (4 ml) was added via cannula and the solution stirred for
5 min. Then NH4PF6 (300 mg, 1.84 mmol) was added, the solution
was filtered and the solvent was removed in vacuo. Purification
the red residue by preparative TLC (acetone/hexane 6:4) gave a
major red band which was collected and crystallised (R = H, ace-
tone/hexane, 50%; R = Me, acetone/Et2O, 46%). Spectroscopic data
were consistent with those of the BF4

! salt.

2.7. Synthesis of FeCl(dppe)Cp [61]

A solution of dppe (5.06 g, 12.7 mmol) in CHCl3 (30 ml) was
transferred into a solution of FeCl2"4H2O (2.51 g, 12.6 mmol) in
acetone (120 ml). The resulting brown solution was heated at re-
flux for ca. 20 h. After this time the white precipitate that had
formed was collected by filtration, washed with three portions of
Et2O and dried to give FeCl2(dppe) (5.43 g, 82%). This paramag-
netic, high-spin tetrahedral complex was identified by atmospheric
solids analysis probe mass spectrometry (ASAP-MS, m/z 524.0,
[M]+) and used directly in the next step. A Schlenk flask was
charged with FeCl2(dppe) (2.78 g, 5.30 mmol), TlCp (1.33 g,
4.95 mmol) (CARE: Thallium salts are highly toxic) and benzene
(50 ml). The resulting suspension was allowed to stir overnight
to give a characteristically deep purple coloured solution, which
was filtered through Celite to remove precipitated TlCl (CARE!)
and unreacted FeCl2(dppe). The solvent was removed and the dark
coloured residue dissolved in the minimum volume of CH2Cl2.
Addition of an equal volume of Et2O resulted in the almost imme-
diate on set of crystallisation of FeCl(dppe)Cp. When crystallisation
was complete (several hours) the resulting crystalline mass was
collected by filtration, washed with Et2O, hexane and finally a sec-
ond portion of Et2O and dried to give the desired product (2.34 g,
85%).

2.8. X-ray structure determinations

Single crystal X-ray data were collected at 120 K on the Rigaku
R-Axis Spider IP ([18]BF4), Bruker SMART 1 K ([11]PF6) and Bruker
SMART 6000 (all other reported compounds) diffractometers,
equipped with the Cryostream (Oxford Cryosystems) nitrogen
cooling devices and using graphite monochromated Mo Ka radia-
tion (Mo Ka, k = 0.71073 Å). The structures were solved by direct
method and refined by full-matrix least squares on F2 for all data
using SHELXTL [62] and OLEX2 [63] software. All non-disordered
non-hydrogen atoms were refined with anisotropic displacement
parameters, H-atoms were placed in the calculated positions and
refined in riding mode in all structures except [9]BF4 and
[18]BF4, where they were refined isotropically.

2.8.1. Crystal data for 3
C50H42OP2Ru, M = 821.85, triclinic, space group P!1,

a = 15.0237(3) Å, b = 17.1759(3) Å, c = 17.2624(3) Å, a = 116.31(1),
b = 96.20(1), c = 98.22(1)! U = 3877.8(1) Å3, F(000) = 1696, Z = 4,
Dcalc = 1.408 mgm!3, l = 0.525 mm!1. 47012 reflections were col-
lected yielding 18680 unique data (Rmerg = 0.0397). Final
wR2(F2) = 0.0843 for all data (973 refined parameters), conven-
tional R1(F) = 0.0336 for 14573 reflections with I P 2r,
GOF = 1.030.

2.8.2. Crystal data for 5
C51H42O2P2Ru, M = 849.86, monoclinic, space group P21,

a = 8.9199(3), b = 14.7736(4), c = 15.1537(4) Å, b = 90.13(1)!, U =
1996.9(1) Å3, F(000) = 876, Z = 2, Dcalc = 1.413 mgm!3, l =
0.515 mm!1. Reflections (19700) were collected yielding 9572 un-
ique data (Rmerg = 0.0372). Final wR2(F2) = 0.1103 for all data (505
refined parameters), conventional R1(F) = 0.0451 for 8437 reflec-
tions with I P 2r, GOF = 1.077.

2.8.3. Crystal data for [9]BF4

C8H10N3 # BF4, M = 235.00, orthorhombic, space group Pbca,
a = 9.0261(4), b = 11.0956(5), c = 20.2847(10) Å, U = 2031.51
(16) Å3, F(000) = 960, Z = 8, Dcalc = 1.537 mgm!3, l = 0.146 mm!1.
Reflections (20483) were collected yielding 2218 unique data
(Rmerg = 0.0214). Final wR2(F2) = 0.1597 for all data (185 refined
parameters), conventional R1(F) = 0.0571 for 2002 reflections with
I P 2r, GOF = 1.096.

2.8.4. Crystal data for [11]PF6

C50H40NP2Ru # PF6 # (CH3)2CO, M = 1020.89, orthorhombic,
space group Pbca, a = 18.1453(5), b = 14.1423(4), c = 36.0979(9) Å,
U = 9263.3(4) Å3, F(000) = 4176, Z = 8, Dcalc = 1.464 mgm!3, l =
0.507 mm!1. Reflections (81086) were collected yielding 12115
unique data (Rmerg = 0.0825). Final wR2(F2) = 0.0947 for all data
(586 refined parameters), conventional R1(F) = 0.0403 for 8359
reflections with I P 2r, GOF = 1.027.

2.8.5. Crystal data for [12]PF6

C51H42NP2Ru # PF6 # (CH3)2CO, M = 1034.91, monoclinic, space
group P21/n, a = 10.0492(2), b = 35.6830(7), c = 12.9509(3) Å,
b = 99.04(1)!, U = 4586.3(2) Å3, F(000) = 2120, Z = 4, Dcalc =
1.499 mgm!3, l = 0.513 mm!1. Reflections (65840) were collected
yielding 14617 unique data (Rmerg = 0.0572). Final wR2(F2) = 0.0928
for all data (595 refined parameters), conventional R1(F) = 0.0337
for 11738 reflections with I P 2r, GOF = 1.068.

2.8.6. Crystal data for [14]BF4

C51H39N2P2Ru # BF4 # 2.5(CH3)2CO, M = 1034.91, monoclinic,
space group C2/c, a = 37.8522(8), b = 14.9728(3), c = 36.7338(8) Å,
b = 99.48(1)!, U = 20534.6(7) Å3, F(000) = 8480, Z = 16, Dcalc =
1.334 mgm!3, l = 0.424 mm!1. Reflections (116691) were col-
lected yielding 31305 unique data (Rmerg = 0.0584). Final
wR2(F2) = 0.2239 for all data (1035 refined parameters), conven-
tional R1(F) = 0.0666 for 20178 reflections with I P 2r,
GOF = 1.050.

2.8.7. Crystal data for [18]BF4

C41H36NP2Fe # BF4, M = 747.31, orthorhombic, space group
Pbca, a = 15.7333(16), b = 16.6689(17), c = 26.302(3) Å, U =
6897.8(12) Å3, F(000) = 3088, Z = 8, Dcalc = 1.439 mgm!3, l =
0.584 mm!1. Reflections (57139) were collected yielding 9160 un-
ique data (Rmerg = 0.0777). Final wR2(F2) = 0.1105 for all data (595
refined parameters), conventional R1(F) = 0.0488 for 7354 reflec-
tions with I P 2r, GOF = 1.090.

3. Results and discussion

3.1. Synthesis and structures of half-sandwich acetylide precursors

Treatment of RuCl(PPh3)2Cp with the appropriate alkyne
HC„CC6H4R-4 and NH4PF6 in methanol gave the vinylidene com-
plexes [Ru{C@C(H)C6H4R-4}(PPh3)2Cp]PF6 which were deproto-
nated in situ to give the desired acetylide complexes
Ru(C„CC6H4R-4)(PPh3)2Cp (1–5) in the well-established manner
[29]. The ferrocenyl substituted derivative Ru(C„CFc)(PPh3)2Cp
(6) [43,44] and the iron complexes 7 and 8 were prepared similarly
from FeCl(dppe)Cp and the appropriate alkyne, and characterised
by comparison with literature data [41,45]. In the case of the iron
complexes, the Fe-Cl bond was sufficiently ionised in methanol to
promote smooth formation of the intermediate vinylidene without
the need for a supporting salt to act as halide scavenging agent
[64,65] or the use of the acetonitrile complex [Fe(NCMe)(dp-
pe)Cp]PF6 [45]. This simple procedure also avoids the use of ligand
exchange steps either in the preparation of FeI(dppe)Cp as a
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precursor [66–68], or in the preparation of phosphine-ligand acet-
ylide complexes from Fe(C„CR)(CO)2Cp [69–71]. The key precur-
sor FeCl(dppe)Cp is in turn very easily accessed from reaction of
hydrated ferrous chloride with dppe to give FeCl2(dppe), followed
by treatment with TlCp (Scheme 5) [61]. It was most convenient to
carry out the last step with a small excess of FeCl2(dppe), to pre-
vent the formation of ferrocene and liberation of dppe, the latter
proving to be rather difficult to separate from the half-sandwich
product. The excess insoluble FeCl2(dppe) is simply removed from
the reaction mixture by filtration with the precipitated TlCp, and
the crude reaction mixture crystallised from CH2Cl2/Et2O to afford
well-shaped blocks of FeCl(dppe)Cp, thereby avoiding chromato-
graphic purification [61].

3.2. Molecular structures of acetylide complexes

The molecular structures of Ru(C„CC6H4OMe-4)(PPh3)2Cp (3)
(Fig. 1) and Ru(C„CC6H4CO2Me-4)(PPh3)2Cp (5) (Fig. 2) were
determined and offer the same general trends as observed in other
acetylide complexes based on the Ru(PPh3)2Cp moiety (Table 1)
[28,42,72–80], and together permit the limited influence of the
electron donating or withdrawing substitutents on the structure
to be demonstrated. This is of some interest as the structures of
ruthenium acetylide complexes Ru(C„CC6H4R)(L)2Cp0 featuring
electron-donating R groups are surprisingly rare in comparison
with the large number of examples of systems featuring more elec-
tron-withdrawing substituents [81]. In each case (3, 5) the metal
centre is in a pseudo-octahedral geometry, with the P(1)–Ru–P(2)
bond angle ca. 100! and the P(1,2)–Ru–C(1) angles ca. 90!. The
Ru–C(1) „C(2)–C(3) fragments in 3 and 5 are essentially linear,
and the Ru–C(1), C(1)–C(2), C(2)–C(3) bond lengths are indistin-
guishable between the two complexes. The relatively precisely
determined Ru–P(1,2) bond lengths provide the most informative

trends, and whilst they also fall in a small range, the Ru–P bonds
in 3 are at the shorter end of the range spanned by the structures
established to date, reflecting the electron-donating character of
the OMe substituent and the subsequently increased metal-phos-
phine back-bonding contribution (Table 1).

3.3. Selection, synthesis and structure of 1-cyano-4-
dimethylaminopyridinium tetrafluoroborate ([9]BF4)

It has been established earlier that cyanogen bromide, BrCN, is a
useful reagent for the formation of mono and dibromovinylidenes,
but not cyanated products, from metal acetylides [34], and there-
fore attention was turned to alternative cyanating reagents. Tosyl
cyanide (p-tolylsulfonyl cyanide, TsCN) has been used as a cyanat-
ing reagent in reactions with organometallic compounds [82],
including phenylmagnesium bromide [83] and benzylzinc halides
[84], and acts as a heterodienophile in Diels-Alder reactions
[85,86]. However, reactions of 1 with TsCN in the presence of
NaPF6 were largely unsuccessful, with the desired monocyanoviny-
lidene complex [Ru{C@C(Ph)CN}(PPh3)2Cp]PF6 being obtained in
only ca. 3% isolated yield.

Phenyl cyanate (cyanic acid phenyl ether, PhOCN) [87] has been
used as a source of the cyano moiety in the preparation of organic
[88] and organometallic [89–91] cyanoacetylene derivatives from
acetylide anions. The reaction of 1 with PhOCN was explored under
a variety of conditions. Best results were obtained from room tem-
perature reactions of 1 with 2.5 molar equivalents of PhOCN, con-
ducted in CH2Cl2. After anion methathesis, purification of the
reaction mixture by preparative TLC and crystallisation of the ma-
jor band, [Ru{C@C(Ph)CN}(PPh3)2Cp]PF6 was isolated in 23% yield.

By far the most successful, widely applicable, and straightfor-
ward preparation of cyanovinylidenes was found to involve 1-cya-
no-4-dimethylaminopyridinium tetrafluoroborate ([9]BF4) as the
cyanating agent. Salts of [9]+ have been used in many contexts as
cyanating reagents, including in the cyanation of N-substituted
imidazoles [92], and in the cyanation of cysteine residues in

Scheme 5. The preparation of FeCl(dppe)Cp and related acetylide complexes.

Fig. 1. Molecular structure of 3 showing the atom labelling scheme.

Fig. 2. Molecular structure of 5 showing the atom labelling scheme.
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proteins to inhibit the activity of cysteine active enzymes [93], and
aid in peptide sequencing [94]. Solutions of the hygroscopic bro-
mide salt [9]Br are readily prepared from 4-dimethylaminopyri-
dine and cyanogen bromide [46], whilst the air-stable, crystalline
BF4

- salt, which is also available commercially, has been obtained
by anion metathesis of [9]Br with AgBF4 [93]. We found it to be
expeditious to employ a small excess of cyanogen bromide in the
preparation of [9]+ salts to ensure complete reaction of the dimeth-
ylaminopyridine which can be troublesome to remove from the
products by crystallisation. In contrast, the excess volatile cyano-
gen bromide is simply removed during drying of the crude product
in vacuo. As an alternative to anion metathesis with expensive sil-
ver salts, treatment of NCMe solutions of [9]Br obtained from BrCN
and dimethylaminopyridine with NaBF4, followed by filtration (to
remove NaBr), and recrystallisation (NCMe/EtOAc) can also be used
to give crystalline [9]BF4 in good (64%) yield.

3.4. Molecular structure of 1-cyano-4-dimethylaminopyridinium
tetrafluoroborate ([9]BF4)

A plot of the 1-cyano-4-dimethylaminopyridinium cation [9]+ is
shown in Fig. 3. The contraction of the N(1)–C(1) and N(3)–C(4)
bonds and distortions of the pyridinium ring from an idealised aro-
matic towards quinoidal geometry are similar to those found in 4-
dimethylaminopyridine, 10 (Fig. 4) [95] and related pyridinium
salts [96–101], with due allowance for the different temperatures
used in the data collection. The cation adopts a near planar
conformation, with the dimethylamino group lying just out of
the aromatic plane [dihedral angles C(5)–C(4)–N(3)–C(8), 6.5(2)!;
C(3)–C(4)–N(3)–C(7) 6.5(2)!]. The N(1)–C(1), C(1)–N(2), and
N(3)–C(4) distances clearly distinguish the formal single, triple
and single bond character of these bonds, respectively, albeit with
single bonds contracted as a result of conjugation.

3.5. Synthesis and structure of cyanovinylidene complexes

Both donor or acceptor substituted aryl acetylide complexes
Ru(C„CC6H4R-4)(dppe)Cp (R = OMe (3), Me (2), H (1), CN (4),
CO2Me (5)) and the heterometallic complex Ru(C„CFc)(PPh3)2Cp
(6, Fc = ferrocenyl) were readily cyanated by [9]BF4 in a mixed
CH2Cl2/NCMe solvent system (Scheme 4), to give cyanovinylidene
complexes [11–16]BF4 in good to excellent yield after purification

by preparative TLC and crystallisation or precipitation. The closely
related iron complexes [Fe{C@C(CN)C6H4R-4}(dppe)Cp]BF4 (R = H

Table 1
Selected bond lengths (Å) and angles for complexes 3, 5, [11]PF6, [11]BF4, [12]PF6, [14]BF4, [18]BF4 and related species.

M–P(1) M–P(2) M–C(1) C(1)–C(2) C(2)–CAr P(1)–M–P(2) M–C(1)–C(2) C(1)–C(2)–
CAr

C(1)–C(2)–CN

Ru(C„CPh)(PPh3)2Cp [28,72] 2.303/
2.229(3)

2.285/
2.228(3)

2.016(3)/
2.017(5)

1.215(4)/
1.214(7)

1.456(4)/
1.462(8)

178.0(2)/
177.7(4)

171.9(3)/
170.6(5)

Ru(C„CC6H4OMe)(PPh3)2Cp 2.2922(6) 2.2902(5) 2.019(2) 1.212(3) 1.442(3) 99.18(2) 176.38(18) 172.3(2)
Ru(C„CC6H4CN)(PPh3)2Cp [42] 2.3134(5) 2.3031(5) 2.011(2) 1.219(3) 1.432(3) 175.4(2) 175.1(2)
Ru(C„CC6H4CO2Me)(PPh3)2Cp 2.3090(10) 2.2842(10) 2.015(4) 1.199(6) 1.441(5) 99.81(3) 175.6(4) 172.5(5)
[Ru{C@C(CN)Ph}(PPh3)2Cp]PF6 2.3797(7) 2.3547(6) 1.812(2) 1.344(3) 1.495(3) 101.12(2) 173.1(2) 119.4(2) 119.3(2)
[Ru{C@C(CN)Ph}(PPh3)2Cp]BF4 2.3756(9) 2.3452(9) 1.811(4) 1.338(5) 1.494(5) 100.55(3) 173.3(3) 120.0(3) 119.3(3)
[Ru{C@C(CN)C6H4Me}(PPh3)2Cp]PF6 2.3497(4) 2.3756(4) 1.8186(16) 1.341(2) 1.494(2) 100.60(2) 174.13(14) 120.65(15) 120.24(15)
[Ru{C@C(CN)C6H4CN}(PPh3)2Cp]BF4 2.3706(10) 2.3613(10) 1.808(4) 1.341(5) 1.487(4) 102.04(4) 175.0(3) 119.5(3) 120.9(3)
[Ru{C@C(Me)Ph}(PPh3)2Cp]I [28] 2.341(3) 2.363(3) 1.863(10) 1.293(15) 1.477(16) 99.6(1) 172.8(11) 117.0(11) 125.1(12)a

[Ru{C„C(CN)C6H4Me}(dppe)Cp⁄]BF4 [46] 2.3260(3) 2.3140(3) 1.8134(13) 1.3343(17) 1.4904(18) 81.62(1) 171.49(11) 122.60(12) 117.06(12)
Fe(C„CC6H4Me)(dppe)Cp [41] 2.1687(6) 2.1714(7) 1.9068(17) 1.220(2) 1.439(2) 85.95(2) 174.93(15) 174.84(17)
[Fe{C„C(CN)C6H4Me}(dppe)Cp]BF4 2.2420(6) 2.1991(6) 1.722(2) 1.347(3) 1.491(3) 84.70(2) 173.76(18) 123.4(2) 119.6(2)
[Fe{C@C(Ph)C6H4OMe}(dppe)Cp]BArF

4 [36] 2.1927(8) 2.2112(9) 1.759(4) 1.310(5) 1.486(5) 85.46(3) 174.7(2) 124.4(2) 118.8(3)b

[Fe(C@CBr2)(dppe)Cp]BF4 [34] 2.2229(14) 2.2164(14) 1.823(6) 1.192(8) 1.923(6)c 84.30(5) 179.1(5) 122.9(5) 125.3(5)
[Fe{C@C(CN)C6H4Me}(dppe)Cp]BF4 2.2420(6) 2.1991(6) 1.722(2) 1.347(3) 1.491(3) 84.70(2) 173.76(18) 123.4(2) 119.6(2)

a C(1)–C(2)–Me.
b C(1)–C(2)–CArOMe.
c C(2)–Br.

Fig. 3. A plot of the ion pair in 1-cyano-4-dimethylaminopyridinium tetrafluoro-
borate ([9]BF4). Selected bond lengths (Å) and angles (⁄): N(1)–C(1) 1.364(3); N(1)–
C(2, 6) 1.377(3), 1.382(3); C(2)–C(3) 1.348(3); C(3)–C(4) 1.439(3); C(4)–C(5)
1.432(3); C(5)–C(6) 1.342(3); C(1)–N(2) 1.142(3); C(4)–N(3) 1.321(3); N(1)–C(1)–
N(2) 177.6(3); C(4)–N(3)–C(7, 8) 121.8(2), 122.4(2); C(7)–N(3)–C(8) 115.1(2).

Fig. 4. A sketch of 4-dimethylaminopyridine, 10, showing selected, crystallograph-
ically determined bond lengths (Å) [95].
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([17]BF4), Me ([18]BF4) were prepared in an entirely analogous
fashion from Fe(C„CC6H4R-4)(dppe)Cp (7, 8) and [9]BF4, and iso-
lated in ca. 50% yield. For both metal systems, reactions conducted
in CH2Cl2 also yielded the cyanovinylidene products, but in rela-
tively poor isolated yield (ca. 30%). In some cases where the BF4

!

analogues proved to be troublesome to crystallise, the use of solu-
tions of [9]Br prepared in situ followed by anion metathesis gave
convenient access to PF6

! salts.
Spectroscopic data for the cyanovinylidene complexes were

consistent with the proposed structures. Key features include the
observation of singlet resonances in the 31P NMR spectra near dP

38 (Ru) or 90 (Fe) ppm, the high frequency/deshielded Ca reso-
nances in the 13C NMR spectra near dC 350 ppm characteristic of
vinylidene complexes [1], with coupling to phosphorus in evi-
dence, and the observation of both m(C„N) and m(C@C) bands in
the IR spectra near 2200 and 1580 cm!1, respectively. These spec-
troscopic features were largely insensitive to the nature of the
vinylidene substituent, indicating little electronic interaction be-
tween the substituent and the metal centre.

3.6. Molecular structures of cyanovinylidene complexes

The molecular structures of the ruthenium cyanovinylidene
complexes [Ru{C@C(CN)Ph}(PPh3)2Cp]X ([11]X, X = BF4

!, PF6
!),

[Ru{C@C(CN)C6H4Me-4}(PPh3)2Cp]PF6 ([12]PF6), which was pre-
pared by reaction of 2 with [9]Br and subsequent anion metathesis
with NH4PF6 [46], as the BF4

! salt proved resistant to crystallisa-
tion, [Ru{C@C(CN)C6H4CN-4}(PPh3)2Cp]BF4 ([14]BF4), and
[Fe{C@C(CN)C6H4Me-4}(dppe)Cp]BF4 ([18]BF4) were determined
by single crystal X-ray diffraction. Illustrative plots of selected
cations are shown in Figs. 5–8, and the structures may be conve-
niently compared with those found in [Ru{C@C(Me)Ph}-
(PPh3)2Cp]I ([19]I) [28], the cyanovinylidene [Ru{C@C(CN)C6H4-

Me}(dppe)Cp⁄]BF4 ([20]BF4) [46], [Fe(C@C(Ph)C6H4OMe-
4}(dppe)Cp][BArF

4] ([21]BArF
4) [36] and the sterically unencum-

bered example [Fe(C@CBr2)(dppe)Cp]BF4 ([22]BF4) [34] (Table 1).
The metal centres adopt the usual piano-stool geometry with P–

M–P angles in the case of the Ru(PPh3)2Cp based complexes being
near 100! to relieve steric congestion associated with the PPh3 li-
gands, but constrained to less than 90! by the ethylene bridge of
the dppe ligand in the Fe(dppe)Cp and Ru(dppe)Cp⁄ complexes
contained in Table 1. The relatively short M–C(1) and long M–P

Fig. 5. The structure of the cation [Ru{C@C(CN)Ph}(PPh3)2Cp]+ [11]+ showing the
atom labelling scheme.

Fig. 6. The structure of the cation [Ru{C@C(CN)C6H4Me-4}(PPh3)2Cp]+ [12]+ show-
ing the atom labelling scheme.

Fig. 7. The structure of the cation [Ru{C@C(CN)C6H4CN-4}(PPh3)2Cp]+ [14]+ show-
ing the atom labelling scheme.
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and C(1)–C(2) distances in the cyanovinylidene complexes com-
pared with examples of the same M(PP)Cp0 metal fragment featur-
ing acetylide and vinylidene ligands are consistent with the
cumulated nature of the cyanocarbon ligand, and a degree of en-
hanced electron-withdrawing character brought about by the pres-
ence of the cyano moiety.

There is only a very small energetic preference for vinylidene li-
gands coordinated to half-sandwich group 8 metals to adopt a ‘hor-
izontal’ orientation, in which the plane of the vinylidene ligand lies
perpendicular to the plane containing the centroid of the Cp ring
[denoted Cp(0)], the metal centre and the vinylidene Ca [102],
and in solution the barrier to ligand rotation was determined by
NMR methods to be of the order of 9 kcalmol!1 [103,104]. Never-
theless, crystallographically determined structures of
M(Ca = CbR2)(PP)Cp0 (M = Fe, Ru, Os) usually exhibit ligand orienta-
tions that conform to the general ‘horizontal’ orientation. For
example, the Cp(0)–M"""Cb–R angles in [19]+, [20]+ and [21]+ are
116.6/!68.2, 105.7/!63.7 and 70.1/!103.8!, respectively, whilst
in the least sterically congested example [22]+ the Cp(0)–M"""Cb–
Br angle falls closer the idealised horizontal geometry (93.72!/
!88.98!). The Cp(0)–M"""C(2)–CN angles in the cyanovinylidene
complexes are 123.23/125.03 ([11]PF6/[11]BF4), 102.66 ([12]PF6),
110.87 and 120.26 (two independent molecules [14]BF4) and
!117.96 ([18]BF4). The plane of the vinylidene is tilted from hori-
zontal in such a way that the cyano substituent is situated away
from the Cp ligand and falls into a pocket formed by the phenyl
rings of the phosphine ligand(s), whilst the aromatic substituent
of the vinylidene ligand is oriented in such a way as to reduce
the steric congestion.

3.7. Electrochemistry

The electrochemical response of ruthenium(II) acetylide com-
plexes of general form Ru(C„CAr)(PP)Cp0 (Ar = aromatic substitu-
ent, PP = phosphine donors, Cp0 = Cp, Cp⁄) is characterised by an
oxidation event that has considerable ethynyl ligand character,
and as such the potentials of these redox processes, and the chem-
ical stability of the resulting radical cations, is sensitive to the nat-
ure of the aromatic group and the electronic properties of

substituents [40,81]. However, the different combinations of sol-
vent, supporting electrolyte, temperature and reference electrode
employed in collecting the range of available data can make direct
comparisons of the results collated from many different research
groups difficult, especially in the absence of a reported potential
for an internal reference compound [105]. Table 2 summarises
the redox behaviour of a number of acetylide complexes pertinent
to the present study in CH2Cl2/0.1 M NBu4BF4, reported on the SCE
reference scale through correction against an internal ferrocene or
decamethylferrocene couple (Fc/Fc+ = 0.45 V; Fc⁄/Fc⁄+ = !0.07 V).

The cyclic voltammogram (m = 100 mV / s) of the parent com-
pound Ru(C„CPh)(PPh3)2Cp (1) exhibits an oxidation wave at
+0.54 V, which is only partially chemically reversible, even at
!40 !C [40], as a result of the redox non-innocent nature of the
phenylethynyl ligand and rapid dimerisation of the largely ligand-
based radical cation in solution [106]. A completely irreversible
wave is also observed at higher potentials (+1.34 V). On the time-
scale of the CV experiment, the electrochemically generated tolyl
derivative [Ru(C„CC6H4Me-4)(PPh3)2Cp]+ ([2]+) is more stable,
and the first electrochemical oxidation becomes chemically revers-
ible. The electrochemical behaviour of other complexes
[Ru(C„CC6H4R-4)(PPh3)2Cp] is similar, with E1/2 values following
predictable trends so that electron donating groups (R = OMe (3))
result in a cathodic shift in both redox processes, while electron
withdrawing groups (R = CN (4), CO2Me (5)) cause anodic shifts.
In each case, the chemical reversibility improved at lower temper-
atures, although the slower diffusion and increased solution resis-
tance at low temperatures resulted in more sluggish electron
transfer processes, and larger DEp values. The electrochemical re-
sponse of the ferrocene derivative Ru(C„CFc)(PPh3)2Cp (6) is char-
acterised by a ferrocene based oxidation at +0.12 V, with the
resulting ferrocenium cation cathodically shifting the metal–ethy-
nyl based oxidation to +0.81 V [43]. The iron complexes
Fe(C„CC6H4R-4)(dppe)Cp (R = H (7), Me (8)) exhibit a more chem-
ically reversible one-electron oxidation wave at modest electrode
potentials in the cyclic voltammograms. These oxidation processes
are some 200 mV less thermodynamically favourable than well-
known and extensively investigated Cp⁄ analogues [107]. For both
supporting metal-ligand fragments (Ru(PPh3)2Cp and Fe(dppe)Cp),
the replacement of the arylethynyl (C„CC6H4R-4) ligand by the
cyanoacetylide (C„CC„N) ligand results in fully reversible redox
system [89,91], with the most anodic oxidation potentials in their
respective series. The shift of the cyanoacetylide oxidation to more
positive potentials relative to the aryl ethynyl systems is smaller for
the iron family (Fe(C„CC„N)(dppe)Cp ca. +250 mV relative to
Fe(C„CC6H4Me-4)(dppe)Cp) than ruthenium (Ru(C„CC„N)-
(PPh3)2Cp ca. +530 mV relative to Ru(C„CC6H4Me-4)(PPh3)2Cp),
which reflects the greater metallic character in the redox active
orbital of the iron systems.

The electrochemical responses of the mono- and di-cyanoviny-
lidene complexes [Ru{C@C(CN)C6H4Me-4}(dppe)Cp⁄]BF4 and
[Ru{C@C(CN)2}(dppe)Cp⁄]BF4 are each characterised by an irre-
versible oxidation and a quasi-reversible reduction in CH2Cl2/
0.1 M NBu4BF4 (Table 2) [46]. Each of the ruthenium cyanovinylid-
ene complexes [11]BF4, [12]BF4, [13]BF4, [14]BF4 and [15]BF4 be-
haved similarly, and exhibited an irreversible oxidation, some
1.1–1.3 V more positive than the analogous acetylide and likely
to have more metallic character, and a chemically irreversible
reduction in CH2Cl2/0.1 M NBu4BF4 (Table 2). The reversibility of
the process did not improve at lower temperatures, and the reverse
waves became even less distinct, probably indicating slow back
electron transfer kinetics. The peak potential of the reduction pro-
cess displayed a systematic shift in line with the electronic proper-
ties of the vinylidene substituent, and whilst the oxidation
potentials spanned ca. 140 mV, no systematic trends were
apparent. In the case of the ferrocenyl complex [16]BF4 an

Fig. 8. The structure of the cation [Fe{C@C(CN)C6H4Me-4}(dppe)Cp]+ [18]+ showing
the atom labelling scheme.
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electrochemically reversible ferrocene-based oxidation was ob-
served at 0.58 V which likely arise from a combination of the
gem-cyano moiety and the complex charge, with the irreversible
oxidation associated with the ruthenium centre being found at
1.91 V. A second irreversible oxidation was observed in [13]BF4,
and attributed to oxidation of the anisole moiety. The iron com-
plexes [17]BF4 and [18]BF4 gave more chemically reversible elec-
trochemical response, with the reduction process being reversible
even at room temperature, although the oxidation events still
showed signs of chemical complications. Comparing the electro-
chemical response of cyanovinylidenes across the series derived
from Ru(PPh3)2Cp and Fe(dppe)Cp, whilst the metal-based oxida-
tion event in the case of iron complexes was shifted some !100
to !300 mV relative to the ruthenium analogue, the potential of
the reduction event was largely insensitive to the nature of the

metal, thereby supporting the chemically intuitive assignment of
the reduction to a ligand centred process.

3.8. Electronic structure calculations and spectroelectrochemistry

To gain further insight into the nature of the electrochemically
generated products a series of DFT calculations and IR spectroelect-
rochemical studies were undertaken. Related results from
[Ru{C@C(CN)C6H4Me-4}(dppe)Cp⁄]BF4 ([20]BF4) have been com-
municated previously [46].

DFT calculations were carried out on both [Ru{C@C(CN)Ph}-
(PPh3)2Cp]+ (denoted [110]+ to distinguish the experimental and
model systems) and [Fe{C@C(CN)Ph}(dppe)Cp]+ ([170]+), using the
crystallographically determined structures of [11]BF4 and [18]BF4

as starting points for further geometry optimisation. As a

Table 2
The electrochemical response of aryl acetylide, cyanoacetylide and cyanovinylidene complexes.a

Fc/Fc+b Fc⁄/Fc⁄+c Eo
(1/2)

d ipa:ipc
e DEp

f Er
(1/2)

g ipc:ipa
h DEr

p
i

[Ru(C„CC6H5)(PPh3)2Cp] (–40 !C) 1 [40] !0.07 0.54 1.7 115
[Ru(C„CC6H4Me-4)(PPh3)2Cp] 2 [40] !0.07 0.48 1.0 120
[Ru(C„CC6H4OMe-4)(PPh3)2Cp] 3 !0.07 0.38 1.3 100
[Ru(C„CC6H4OMe-4)(PPh3)2Cp] 3 (–40 !C) !0.07 0.41 1.0 240
[Ru(C„CC6H4CN-4)(PPh3)2Cp] 4 !0.07 0.64 2.2 120
[Ru(C„CC6H4CN-4)(PPh3)2Cp] 4 (–40 !C) !0.07 0.64 1.0 153
[Ru(C„CC6H4CO2Me-4)(PPh3)2Cp] 5 !0.07 0.61 (pa,j irrk)
[Ru(C„CC6H4CO2Me-4)(PPh3)2Cp] 5 (–40 !C) !0.07 0.57 1.0 83
[Ru(C„CFc)(PPh3)2Cp] 6 [43] 0.45 0.12, 0.81 1.0, 1.0 80, 90
[Ru(C„CCN)(PPh3)2Cp] [89] 0.45 0.91 1.0
[Fe(C„CC6H5)(dppe)Cp] 7 0.45 0.06 1.0 145
[Fe(C„CC6H4Me-4)(dppe)Cp] 8 0.45 0.04 1.0 115
[Fe(C„CCN)(dppe)Cp] [91] 0.45 0.29 1.0
[Ru{C@C(CN)C6H5}(PPh3)2Cp]BF4 [11]BF4 0.45 1.86 (pa, irr) !0.93 (pa, irr)
[Ru{C@C(CN)C6H4Me-4}(PPh3)2Cp]BF4 [12]BF4 0.45 1.86 (pa, irr) !0.93 (pa, irr)
[Ru{C@C(CN)C6H4OMe-4}(PPh3)2Cp]BF4 [13]BF4 0.45 1.77 (pa, irr) !1.11 (pa, irr)
[Ru{C@C(CN)C6H4CN-4}(PPh3)2Cp]BF4 [14]BF4 0.45 1.72 (pa, irr) !0.81 (pa, irr)
[Ru{C@C(CN)C6H4CO2Me-4}(PPh3)2Cp]BF4 [15]BF4 0.45 1.86 (pa, irr) !0.86 (pa, irr)
[Ru{C@C(CN)Fc}(PPh3)2Cp]BF4 [16]BF4 !0.07 0.58 1.0 90 !1.06 (pa, irr)
[Fe{C@C(CN)C6H5}(dppe)Cp]BF4 [17]BF4 0.45 1.76 (pa, irr) 3.5 !0.95 1.0 105
[Fe{C@C(CN)C6H4Me-4}(dppe)Cp]BF4 [18]BF4 0.45 1.56 (qrl) 1.2 !0.95 1.0 115

a For general conditions, see the Section 2.1.
b Fc/Fc+ = half-wave potential of an internal ferrocene standard (V).
c Fc⁄/Fc⁄+ = half-wave potential of an internal decamethylferrocene standard (V).
d Eo

1=2 = half-wave potential of an oxidation wave (V).
e ipa:ipc = ratio of anodic to cathodic peak current for an oxidation.
f DEp = separation of anodic and cathodic peaks (V).
g Er

ð1=2Þ = half-wave potential of a reduction wave (V).
h ipc:ipa = ratio of cathodic to anodic peak current for a reduction.
i DEr

p = separation of cathodic and anodic peaks (V).
j pa = Anodic peak potential.
k irr = Irreversible.
l qr = Quasi-reversible.

Table 3
Selected bond lengths (Å), angles (!) and vibrational frequencies (cm–1) from [11]BF4, [18]BF4 and the optimised structures (B3LYP/3-21G⁄) of [110]n+ and [170]n+ (n = 1,0).

[11]BF4 [110]+ [110] [18]BF4 [170]+ [170]

M–P(1) 2.3756(9) 2.399 2.336 2.2420(6) 2.216 2.140
M–P(2) 2.3452(9) 2.385 2.333 2.1991(6) 2.210 2.140
M–C(1) 1.811(4) 1.840 1.960 1.722(2) 1.694 1.820
C(1)–C(2) 1.338(5) 1.330 1.352 1.347(3) 1.335 1.353
C(2)–CAr 1.4944(5) 1.509 1.496 1.491(3) 1.497 1.493
P(1)–M–P(2) 100.55(3) 102.4 102.0 84.70(2) 86.5 88.0
M–C(1)–C(2) 173.3(3) 176.4 167.3 173.76(18) 170.3 162.8
C(1)–C(2)–CAr 120.0(3) 119.2 122.9 123.4(2) 125.2 123.5
C(1)–C(2)–CN 119.3(3) 119.9 119.9 119.6(2) 117.1 119.7
Cp(0)–M$$$C(2)–CN 125.03 119.9 140.5 !117.96 !113.0 !150.5
m(CN) 2202 2194a 2158a 2203 2201a 2150a

m(C@C) 1582 1594a 1459a 1583 1589a 1457a

a 0.95 Correction factor applied.
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trade-off against the larger ligand sets, the relatively small 3–21G⁄

basis set was employed with the B3LYP functional, although it
should be noted that the 3–21G⁄ basis set has proven to be suffi-

cient to provide good agreement with experimental data in previ-
ous studies of half-sandwich ruthenium complexes [40]. The
results of geometry optimisations are summarised in Table 3, and

Fig. 9. The energy and composition (%) of the HOMO–1 to LUMO+1 calculated for (a) [110]+ and (b) [170]+ with contours plotted at ±0.04 (e/bohr3)1/2.
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important bond lengths and angles are listed together with data
from the most closely related X-ray data. The calculated bond
lengths differ from those determined crystallographically by less
than 0.035 Å, and the optimised geometries also reproduce details
of the molecular structures, such as the Cp(0)–Fe!!!C(2)–CAr torsion
angle (56.39! [170]+; 55.24! [18]+). In addition, the calculated fre-
quencies reproduce the experimental results extremely well (Table
3). The good agreement between these data from the experimental
and computational systems gives confidence in the accuracy of the
computational model, and the subsequent conclusions.

The general features of the electronic structures of [110]+ and
[170]+ are similar (Fig. 9), although there is some re-ordering of
the orbitals associated with the vinylidene phenyl substituent with
respect to the occupied orbitals from the metal fragment. As a re-
sult the phenyl group features in the HOMO-3 in [110]+ and the
HOMO-1 in [170]+. In each case, the HOMO is comprised of a
filled-filled interactions between a metal d-orbital and the vinyli-
dene C@C p-system, which is also delocalised further on the phe-
nylene substitutent in the iron derivative. Such extended
delocalisation is not possible in the ruthenium example given the
conformation of the phenylene ring with respect to the plane of
the vinyldene p-system. The LUMO has considerable C(1) p-orbital
character, is anti-bonding in character with respect to the metal d-
orbital of appropriate p-symmetry, and is approximately orthogo-
nal to the filled orbitals that comprise the HOMO and C@C p-bond.
The higher unoccupied orbitals have more metal fragment charac-
ter, and if the local coordinate system is defined with z along the
M@C@C axis and x and y directed along the M–P bonds, the
LUMO+1 can be considered as the dx2"y2 orbital.

Given the more chemically reversible electrochemical reduction
of the iron cyanovinylidene complexes at room temperature, com-
plex [18]BF4 was selected as a suitable candidate through which to
investigate the structural effects of the redox processes by IR spec-
troelectrochemical methods. However, oxidation of [18]BF4 proved
to be chemically irreversible on the longer timescale of the spec-
troelectrochemical experiment, and this process was not investi-
gated further. In contrast, despite the sluggish electron transfer
behaviour observed in the voltammetry cell, [18]_ displayed suffi-
cient chemical stability to be generated within the spectroelectro-
chemical cell, and re-oxidised to permit recovery of the closed-
shell cation [18]+ (Fig. 10). The m(CN) band in [18]+ is observed at
2203 cm"1, with the vinylidene m(C@C) at 1583 cm"1. Reduction
to [18]_ is accompanied by a shift in the m(CN) band by "39 cm"1

with an evident shoulder on the high frequency side, although
the m(C@C) cannot be observed and is likely obscured by residual
bands from the supporting electrolyte. Similar behaviour has been
noted for the ruthenium complexes [20]+ and [20]_ [46]. In both
cases, the limited shift of the m(CN) band argues against reduction
at the methylene carbon (C(2)). Reduction at the vinylidene alpha
carbon C(1), which is consistent with the composition of the
LUMO, is more in keeping with the spectroelectrochemical results.

The computational model species [110] and [170] were con-
structed to support the observations made during the spectroelect-
rochemical work. Comparison of the structures of [110]+ with [110],
and of [170]+ with [170] reveal an elongation of the M–P(1,2) dis-
tances, consistent with an increase in electron density at the metal
centre. The M–C(1) distances in the neutral radicals are some 7%
longer than in the closed-shell cations, with a smaller elongation
(ca. 1%) also evidence in the C(1)@C(2) distance. The M–C(1)–
C(2) angle is also distorted from linearity, and taken together these
metric data are consistent with an evolution from sp towards sp2

hybridisation at C(1), and occupation of an orbital with M–C
anti-bonding character. The a-HOSOs in [110] and [170] (Fig. 11)
are similar in composition to the LUMOs in [110]+ and [170]+,
respectively (Fig. 9). The reduced systems can therefore be repre-
sented by the simple valence descriptions shown in Fig. 12.

Finally, frequency calculations for each of [110] and [170] predict
a small shift in the m(CN) to lower frequency. Calculations on a
rotational isomer of [110] (Cp(0)–Fe!!!C(2)–CAr = 150.78!), which
was also an energy minimum and essentially isoenergetic with
[110] being only 1 kcalmol"1 more stable) , gave a slightly higher
m(CN) frequency (2161 cm"1). It is therefore likely that the shoul-
der observed in the spectroelectrochemical experiment arises from
a rotational isomer of [110]; the presence of such isomers is also
consistent with the generally sluggish (non-diffusion controlled)
electrochemical response observed in solution.

Fig. 10. The IR spectra of [18]+ and [18] collected in a spectroelectrochemical cell
(0.1 M NBu4BF4/CH2Cl2).

Fig. 11. The a-HOSO of (a) [110] (b) [170], plotted with contour at ±0.04 (e/bohr3)1/2.

Fig. 12. A simple valence bond representation of the reduction of cyanovinylidene
complexes.

E.M. Long et al. / Inorganica Chimica Acta 380 (2012) 358–371 369



4. Conclusion

A convenient synthetic route to cyanovinylidene complexes has
been developed from the reactions of metal acetylide precursors
with 1-cyano-4-dimethylaminopyridinium tetrafluoroborate
([9]BF4). Despite the presence of the cyanomethylidene fragment,
electrochemical reduction takes place at the carbene Ca carbon. Gi-
ven the recent demonstrations of the facile conversion of disubsti-
tuted vinylidenes to alkynes at half-sandwich ruthenium and iron
centres [37], future work from this group will address the potential
to use a combination of these chemistries to provide a simple
ruthenium-catalysed route to cyanoalkynes [108] from [9]BF4

and terminal alkynes and to make these useful reagents readily
available.
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ABSTRACT: A series of complexes containing the new tricyanovinyl-
ethynyl (3,4,4-tricyanobut-3-en-1-ynyl) ligand have been obtained by
substitution of a CN group in tetracyanoethene upon reaction with the
ethynyl complexes M(C…CH)(PP)Cp2 (M = Ru, Os, (PP)Cp2 =
(PPh3)2Cp; M = Ru, PP = dppe, Cp2 = Cp, Cp*). The reactions
proceed in higher yield as the metal environment becomes more
sterically hindered, the normal [2 + 2]-cycloaddition/ring-opened
product M{C[»C(CN)2]CH»C(CN)2}(PP)Cp2 also being formed
in some cases. The diynyl complex Ru(C…CC…CH)(dppe)Cp*
reacts with tcne to give only the ring-opened adduct Ru{C…CC[»C-
(CN)2]CH»C(CN)2}(dppe)Cp*. Protonation (HBF4 or HPF6) of
Ru{C…CC(CN)»C(CN)2}(dppe)Cp* afforded the vinylidene cation
[Ru{»C»CHC(CN)»C(CN)2}(dppe)Cp*]+. A second transition-
metal fragment MLn (MLn = Ru(PPh3)2Cp, M2(dppe)Cp* (M2 = Ru,
Os), RuCl(dppe)2) can be added to the CN group trans to the metal center; electrochemical, spectroscopic, and computational
studies indicate that there is little ground-state delocalization between the metal centers. In the case of the tricyanovinylethynyl
derivatives, an intense MLCT (or ML’LCT) transition can be identified in the visible region, which is responsible for the
intense blue to purple color of these species; the analogous transition in the vinylidene-based complexes is significantly blue-
shifted. The X-ray crystallographically determined structures of several of these complexes are reported. The cations
[{Cp*(dppe)Ru}{º-(C/N)…CC(CN)»C(CN)(…C/N)}{M(dppe)Cp*}]+ (M = Ru, Os) show some C…C/C…N disorder
(and associated Ru/Os disorder in the case of the heterometallic example) in the crystals.

† INTRODUCTION

Since its discovery,1 the chemistry of tetracyanoethene (tcne),
(NC)2C»C(CN)2, has provided numerous examples of novel
addition and substitution reactions.2 For example, tcne readily
undergoes Diels✓Alder reactions with dienes, while one or two
CN groups may be substituted by alcohols, thiols, or aromatic
amines, to give 2,2-dicyanoketene acetals and thioacetals and
tricyanovinylanilines, respectively. The formation of ¿ com-
plexes between tcne and a variety of unsaturated (usually
aromatic) hydrocarbons affords materials with intense charge-
transfer absorptions in their visible✓UV spectra. Several
extensive reviews of the chemistry of this remarkable olefin
are available.3,4

The transition-metal chemistry of tcne is also rich and has
afforded several surprises. With two potential donor sites (CN

and C»C), metal complexes were readily obtained, coordina-
tion of CN groups to metal centers being the more commonly
observed bonding mode. Recent examples include Ru(∑1-
tcne){NBut»C(mes)NBut}Cp*,5 trans-[{Ru(PPh3)2Cp}2(º-
tcne)]2+,6 and [{Fe(CO)2Cp}4(º4-tcne)]

n+ (n = 3, 4).7 Metal
¿ complexes were first reported by Baddley, who prepared
Pt{∑2-C2(CN)4}(PPh3)2 and showed conversion of this
complex to trans-Pt(CN){C(CN)»C(CN)2}(PPh3)2.

8,9

Many related compounds have since been prepared, especially
for the later transition metals, such as M(CO)5(∑

2-tcne)
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(M = Cr, W),10 Ru(∑2-tcne)(NR»CR2NR)Cp*,5 and M(∑2-
tcne)(L)2 (M = Ni, Pd, Pt, L = CNAr),11 and aspects of the
coordination chemistry of tcne and physical properties of the
resulting complexes have also been reviewed.12✓14

[2 + 2]-Cycloaddition of tcne to electron-deficient alkenes to
give cyclobutenes was first described by Hopf and co-workers,15

and more recently, the elegant studies of Diederich and his group
have given a series of compounds with interesting push✓pull
electronic properties.16 Similar tetracyanocyclobutenyls were
obtained earlier from reactions of transition-metal alkynyls and
were observed to undergo more or less ready ring-opening
reactions to form tetracyanobutadienyl complexes (Scheme 1),17,18

which are sensitive to a range of further reactions.19 In studies
aimed at extending the [2 + 2]-cycloaddition reaction to the
parent ethynyl complexes, such as Ru(C…CH)(PPh3)2Cp, we
have now found that a competing reaction is the replacement of
one of the CN groups by the alkynyl group, with elimination of
HCN, to give unprecedented tricyanovinylethynyl (1,1,2-
tricyanobut-1-en-3-yn-4-yl) complexes, such as Ru{C…CC-
(CN)»C(CN)2}(PPh3)2Cp.

20 Previous accounts of tricyanovinyl
complexes are sparse, with MCl{C(CN)»C(CN)2}(PP)2 (M =
Fe, Ru, Os; PP = dmpe, dppe),21 Fe{C(CN)»C(CN)2}-
(CO)2Cp,

22 PdCl{C(CN)»C(CN)2}(bpy),
23 and PtH{C-

(CN)»C(CN)2}(PCy3)2
24 having been described. However, to

our knowledge, no examples of tricyanovinylethynyl ligands exist.
The CN groups in these complexes are reactive, showing ability to
act as coordinating sites toward other metal✓ligand fragments, and
have a propensity for substitution by other nucleophiles. Some of
these results have been described in a preliminary account.20

† RESULTS
Reactions of tcne with Ethynyl✓Ruthenium and ✓Osmium

Complexes. In seeking to prepare the parent tetracyanobu-
tadienyl complex Ru{C[»C(CN)2]CH»C(CN)2}(PPh3)2Cp

(1-Ru), the reaction between Ru(C…CH)(PPh3)2Cp and tcne
was carried out in tetrahydrofuran at room temperature for
2 h. Conventional workup of the burgundy reaction mixture
afforded red 1-Ru in 64% yield, accompanied by a purple
product, identified as the tricyanovinylethynyl complex
Ru{C…CC(CN)»C(CN)2}(PPh3)2Cp (2-Ru), which was
isolated in 10% yield. 1-Ru is unstable in solution toward
loss of PPh3: it is likely that the corresponding ∑3-butadienyl
complex is produced, although we did not isolate this
compound. The facile conversion of ∑1- to ∑3-butadienyls
with concomitant loss of one PPh3 ligand is a common reaction
of compounds containing the Ru(PPh3)2Cp fragment.18c,19,25

The analogous osmium complexes 1-Os (which is more stable
than the ruthenium analogue) and 2-Os were obtained similarly
from tcne and Os(C…CH)(PPh3)2Cp in 30 and 22% yields,
respectively. Replacement of the PPh3 ligands in the ethynyl✓
ruthenium precursor by dppe resulted only in formation of the
corresponding tetracyanobutadienyl complex, Ru{C[»C-
(CN)2]CH»C(CN)2}(dppe)Cp (3). Of note in the 31P
NMR spectrum of 3 is the appearance of two broad signals
at ¥P 72.6 and 82.3, which are resolved into two doublets at ¥P
68.9 and 80.8 (J(PP) = 23 Hz) upon cooling to ✓57 °C. The
smaller steric bulk of the dppe ligand allows restricted rotation
of the cyanocarbon ligand about the Ru✓C bond, this process
being precluded for the analogous PPh3 complex 1.
Deprotonation of the vinylidenes [Ru(»C»CH2)(PP)Cp]-

PF6 (PP = (PPh3)2, dppe) with 2 equiv of an alkyllithium base
(both LiMe or LiBu being effective) to give the putative
acetylide salts Li[Ru(C…C)(PP)Cp],26 followed by addition of
tcne, gave Ru{C…CC(CN)»C(CN)2}(PP)Cp (PP = (PPh3)2
2-Ru (37%), dppe 4 (69%)). Given the facile substitution of
CN✓ by strongly nucleophilic reagents,3,4 such reactions are
perhaps to be expected. In contrast, the complex Ru{C…
CC(CN)»C(CN)2}(dppe)Cp* (5) was the only product
from the reactions between tcne and Ru(C…CH)(dppe)Cp*
(93%). The greater electron-donating properties of the
Ru(dppe)Cp* moiety, and hence greater nucleophilicity of
the C≤ carbon, together with the increased steric congestion of
the alkynyl moiety which limits formation of the intermediate
[2 + 2]-cycloadduct en route to the ∑1-butadienyl isomer, are
likely to be responsible for this shift in reactivity profile. Similar
results were also obtained from the reaction of [Ru(»C»
CH2)(dppe)Cp*]PF6/2LiMe with tcne, 5 being formed in
similar yield (95%). The conventional tetracyanobutadienyl-
ethynyl complex Ru{C…CC[»C(CN)2]CH»C(CN)2}-
(dppe)Cp* (6) was obtained from the reaction between tcne
and Ru(C…CC…CH)(dppe)Cp*, being formed by addition
of the cyanoalkene to the outer C…C triple bond, followed by
ring opening. This chemistry is summarized in Scheme 2.
Most of the new complexes have been characterized by

single-crystal X-ray diffraction structure determinations, as
described earlier for 1 and 2-Os20 and herein for 2-Ru and 3✓
5. Plots of single molecules of 2-Ru, 4, and 5 are shown in
Figures 1✓3, while selected structural data are collected in
Table 1. The usual pseudo-octahedral M(PP)Cp fragments
(Ru✓C(cp) = 2.217(5)✓2.292(5) Å (average 2.231(10)✓
2.271(16) Å), Ru✓P = 2.260(1)✓2.3211(3) Å) are attached to
the tricyanovinylethynyl ligand by C(1) (Ru✓C(1) =
1.920(1)✓1.930(3) Å), although there are considerable differ-
ences contingent upon the change from mono- to bidentate
phosphine(s). The C✓C separations along the C4 chain
(C(1)✓C(2) = 1.224(5)✓1.243(7) Å, C(2)✓C(3) =
1.378(2)✓1.388(8) Å, C(3)✓C(4) = 1.368(8)✓1.391(5) Å)

Scheme 1. [2 + 2]-Cycloaddition of C2(CN)4 to Alkynyl✓
Transition Metal Complexes and Subsequent Retro-
Cyclization and Ligand Displacement Reactions18a
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are consistent with C…C triple, C(sp)✓C(sp2) single, and
C(sp2)»C(sp2) double bonds, respectively, with angles at
C(n) being 169.82(8)✓179.5(3)° (n = 1), 172.3(1)✓173.5(4)°
(n = 2) and 124.3(1)✓126.3(6)° (n = 3). Of interest are the

C(n)✓CN bonds, which for n = 4 (1.423(2)✓1.449(8) Å) are
generally shorter than those to C(3) (1.443(5)✓1.477(8) Å).
In each case the plane containing the tricyanovinyl ligand
approximately bisects the P✓Ru✓P angle (“vertical” orienta-
tion), although the position of the tricyanovinyl moiety with
respect to the Ru defines two rotamers that can be
differentiated by the Cp2(0)✓Ru···C(3)✓C(4) bond angle
(Cp2(0) is the centroid of the Cp or Cp* ligand), the
dicyanomethylene being oriented either toward (2-Ru) or away
(4, 5) from the Cp ligand. The barrier to rotation of
substitutents around the ethynyl bond in metal✓ethynyl
complexes is usually low, and the different ligand conforma-
tions in the present examples probably arise from packing
effects rather than any significant difference in thermodynamic
stability.
Comparison of the three complexes RuX(dppe)Cp* (X =

C…CH,27 C…CC(CN)»C(CN)2 (5), and »C»CH2
27)

(Table 2) shows significant decreases in Ru✓C± (2.015(2),
1.926(6), 1.84(1) Å) and increases in the C±✓C≤ separations

Scheme 2. Addition of C2(CN)4 to Ethynyl✓ and Butadiynyl✓Metal Complexes

Figure 1. Plot of a molecule of Ru{C…CC(CN)»C(CN)2}-
(PPh3)2Cp (2-Ru) (isomorphous with its Os counterpart20).

Figure 2. Plot of molecule 1 of Ru{C…CC(CN)»C(CN)2}(dppe)-
Cp (4).

Figure 3. Plot of a molecule of Ru{C…CC(CN)»C(CN)2}(dppe)-
Cp* (5).
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(1.202(3), 1.243(7), 1.29(2) Å) in 5, relative to the alkynyl
complex, consistent with a resonance structure for 5 which is
intermediate between the alkynyl and allenylidene tautomers of
the cyanocarbon ligand, the dicyanomethylene fragment
stabilizing the negative charge in the latter (Scheme 3). The

13C chemical shift of C± (¥C 215.52) and the 31P resonances for
the dppe ligands (¥P 80.0) for 5 also lie between the values
found for related ethynyl and vinylidene complexes. This
feature has been observed previously in one of the tcne adducts
of Ru(C…CC…CFc)(dppe)Cp: namely, the tetracyanobuta-
dienyl complex Ru{C…CC[»C(CN)2]CFc»C(CN)2}-
(dppe)Cp, where Ru✓C± = 1.915(4) Å and C±✓C≤ =
1.230(5) Å, again suggesting a significant contribution from
the allenylidene tautomer Ru+{»C»C»C[C(CN)2

✓]CFc»
C(CN)2}(dppe)Cp.

28 Other spectroscopic properties are
consistent with the assigned structures. In particular, the IR
spectra contain unusually strong Ω(C…C) bands, the increase
in intensity resulting from the strong polarization of the C…C
triple bond by the electron-rich metal center (donor) and
cyanocarbon (acceptor) substituents.
The tetracyanobutadienyl 3 described above has also been

structurally characterized (Figure 4, Table 1). The geometries
of the Ru(dppe)Cp fragment and the C[»C(CN)2]CH»
C(CN)2 ligand closely resemble those found for related
complexes, such as Ru{C[»C(CN)2]CPh»C(CN)2}(dppe)-
Cp.18 In particular, the CC separations in the C4 chain suggest
only limited electronic delocalization, in contrast to the
situation found for some other adducts of diynyl complexes,
such as Ru{C…CC[»C(CN)2]CFc»C(CN)2}(dppe)Cp
mentioned above.28 There is a considerable difference in the
NC✓C✓CN angles (Table 1), and these in turn are
considerably different from those in the previously considered
compounds.
Spectroscopic properties of 2-Ru and 3✓5 are consistent

with their solid-state structures. In the IR spectra, intense

Ω(C…C) and Ω(CN) bands are found between 1975 and 1998
and between 2199 and 2213 cm✓1, respectively, with broad
bands at ca. 1500 cm✓1 arising from the C»C bond. In the 1H,
13C, and 31P NMR spectra, the expected resonances for the Cp2
and phosphine ligands are found, while in the 13C NMR spectra
(Table 3), three resonances for atoms of the carbon chain
(C(1✓3) at ¥ 210.71, 84.76, 118.00 for 2-Ru) are accompanied
by three CN resonances at ¥ ca. 110✓118. The electrospray
mass spectra (ES-MS) contain strong [M + Na]+ ion clusters,
the Na+ coming either from NaOMe added to aid ionization29

or from the glass vial in which the samples were prepared for
analysis.
To examine the effect of adding a second C…C triple bond

to the system, the reactivity of Ru(C…CC…CH)(dppe)Cp*
with tcne was also studied. The only product isolated from this
reaction was blue Ru{C…CC[»C(CN)2]CH»C(CN)2}-
(dppe)Cp* (6), probably formed by retro-cyclization of the
initially formed [2 + 2]-cycloadduct; no evidence for
displacement of a CN group was obtained. This reaction is
analogous to that found for Ru(C…CC…CFc)(dppe)Cp,28

although in this case only one isomer is formed. Monitoring of
the 31P NMR spectra of the reaction mixture showed formation
of an intermediate, perhaps the [2 + 2] cycloadduct (¥ 81.5),
but this had disappeared after 15 min, being replaced by the
signal at ¥ 81.4 from 6. Spectroscopic properties are consistent
with addition occurring to the outer C…C bond, with Ω(CN),
Ω(C…C), and Ω(C»C) bands at 2209, 1964, and 1450 cm✓1,
respectively. In the 13C NMR spectrum, resonances at ¥ 75.70,
88.95, 138.85, 155.90, and 222.23 arise from the carbon
skeleton, the last signal being assigned to the Ru✓C atom and
the sixth carbon of the cyanocarbon ligand not being detected.
Four CN resonances are found at ¥ ca. 110✓117. The ES-MS
of 6 in MeCN contains [M + H]+ at m/z 813.
In MeOH, a rapid change in color of the solution of 6 from

blue to orange occurs and the ES-MS shows the highest mass
ion at m/z 845, corresponding to addition of (MeOH + H+) to
6. Similar changes occurred on silica adsorbents during
chromatography. Earlier related chemistry of tetracyanobuta-
dienyls, such as W{C[»C(CN)2]CFc»C(CN)2}(CO)3Cp,
which reacts with MeOH to give the orange chelate imino
complex W{C[C»C(CN)(OMe)»NH}CFc»C(CN)2}-
(CO)2Cp,

30 suggests that the orange compound formed here
is Ru{C…CC[CH»C(CN)2]»C(CN)C(OMe)»NH}-
(dppe)Cp*; similar compounds have also been isolated from
reactions of ∑3-tetracyanobutadienyl-ruthenium complexes with
methoxide.19

Table 2. Comparison of Some Properties of [RuX(dppe)-
Cp*]n+ (n = 0, X = C…CH, C…CC(CN)»C(CN)2 (5);
n = 1, X = C»CH2)

bond length/Å

compda
Ru✓C(1) C(1)✓C(2) ¥(C)

(Ru✓C(1))
¥(P)
(dppe)

Ω(C…C)/
cm✓1

[Ru*]✓C…CHb 2.015(2) 1.202(3) 120.58 82.2 1925
5 1.926(6) 1.243(7) 215.52 80.0 1979
[[Ru*]»C»CH2]
PF6

b
1.84(1) 1.29(2) 344.21 77.3 1621c

a[Ru*] = Ru(dppe)Cp*. bReference 27. cΩ(C»C).

Scheme 3. Resonance Contributors to the Structure of
Tricyanovinylethynyl Complexes

Figure 4. Plot of a molecule of Ru{C[»C(CN)2]CH»C(CN)2}-
(dppe)Cp (3).
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Some Reactions of Ru{C…CC(CN)»C(CN)2}(dppe)Cp*
(5). The virtually quantitative formation of 5 has allowed us to
study some of the chemistry of the novel ligand present in this
complex. The presence of the electron-rich Ru(dppe)Cp* and
electrophilic »C(CN)2 groups confers interesting spectro-
scopic properties on this novel “push-pull” (donor✓acceptor)
complex (see below). Here we describe the protonation of 5
and the addition of other metal✓ligand fragments to CN(42)
(Scheme 4; see Figure 3 for atom labeling); displacement of a
second CN group by other nucleophiles will be described
elsewhere.31

Protonation. We were interested to examine the relative
basicities of the C…C and C…N parts of the cyanocarbon
ligand in 5. Addition of either HBF4·OEt2 or aqueous HPF6 to
solutions of 5 in CH2Cl2 gave complex salts containing the
corresponding orange vinylidene cation [Ru{C»CHC(CN)»
C(CN)2}(dppe)Cp*]+ [7]+ in nearly quantitative yield. The
cyanocarbon ligand structure in [7]+ was readily identified from
the characteristic low-field resonance for C(1), which is found
at ¥C 333.2, together with C(2) at ¥C 113.9 and its associated
proton at ¥H 4.54. Three CN resonances are present at ¥C 110✓
113. Other signals are consistent with the ligands present on
the metal center. In the IR spectrum, Ω(CN) bands are found at
ca. 2216 cm✓1, but no Ω(C…C) band was observed. Instead, a
strong band at 1612 cm✓1 can be assigned to Ω(C»C) arising
from the vinylidene and cyanoalkene C»C bonds. The ES-MS
contains a molecular cation at m/z 762, accompanied by [(M ✓
H) + Na]+ at m/z 784; loss of HCN affords an ion at m/z 735.
An ion at m/z 1545 corresponds to [(2 M ✓ H) + Na]+,
perhaps formed by clustering of the cyanocarbon around the
Na+ center. We conclude that, in 5, atom C≤ is more basic than
any of the CN groups.
A single-crystal X-ray diffraction structure determination of

[7]BF4 (a plot of the cation is shown in Figure 5, and selected
bond parameters are given in Table 1) has confirmed that the
cationic part contains the Ru(dppe)Cp* fragment linked to
vinylidene »C»CHC(CN)»C(CN)2 by a short Ru✓C(1)
bond (1.801(2) Å), while C(1)✓C(2) has lengthened to
1.342(3) Å; C(2)✓C(3) and C(3)✓C(4) are 1.419(3) and
1.370(3) Å, respectively. As found for 5, C(3)✓CN(31) is
somewhat longer (1.453(3) Å) than C(4)-CN(41,42) (1.437,
1.431(3) Å). Other dimensions are also similar to those found
in 5, although some lengthening of the Ru✓C(Cp) (average
2.29(6) Å) and Ru✓P bonds (2.3247, 2.3654(6) Å) has
occurred as a result of reduced back-bonding from the cationic
Ru center. The spread in Ru✓C(Cp*) compared with that in
Ru✓C(Cp) is considerable, consequent upon “tilting” of the
ligand as a result of the increase in steric bulk resulting from the
presence of the five Me substituents. The vinylidene and
tricyanovinyl portions of the ligand are coplanar, suggesting
conjugation throughout the cyanocarbon ligand, which adopts
the usual horizontal position with respect to the Ru(dppe)Cp*
fragment expected of a vinylidene ligand in group 8 complexes
of this type.

Addition of Metal✓Ligand Fragments to CN(42) in 5. The
strong donor power of the CN group to metal centers is
well-known, and several groups have described the formation
of polynuclear complexes using a CN group from poly-
cyanometalates as a bridging ligand.32✓34 Other complexes are
known in which an organic polynitrile bridges metal centers via
CN group(s).35,36 For example, several mono- or polynuclear
complexes of tcne have been described, some of which
exhibit unusual electronic and magnetic properties.14,37✓39T
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Accordingly, we investigated the potential of the tricyanovinyl-
ethynyl group of 5 to act as a bridge between the Ru(dppe)Cp*
end cap and a second metal✓ligand group.
Reactions of 5 with MCl(PP)Cp2 (M = Ru, (PP)Cp2 =

(PPh3)2Cp, (dppe)Cp*; M = Os, (PP)Cp2 = (dppe)Cp*) and
cis-RuCl2(dppe)2 proceeded in refluxing MeOH in the presence
of [NH4]PF6 to give the corresponding binuclear cationic
complexes [8]+✓[11]+ in modest to good yields (43✓68%)
(Scheme 4). Three of these were fully characterized by single-
crystal X-ray diffraction studies. Plots of the cations in [9]PF6
and [10]PF6 are shown in Figures 6 and 7, selected bond
parameters being given in Table 1; the structure of [8]+ has
been previously reported.20 From these structures it is clear that
the cyanocarbon ligand forms an almost symmetrical bridge
between the two metal centers, the second metal being attached
to the CN group trans to the Ru(dppe)Cp* group. Indeed, the
similarity between the C…C and C…N groups, and the Ru/Os
metal atoms in 8, despite the considerable differences in the
Ru✓C,N distances (>0.1 Å), results in the cations [8]+ and [9]+

being considerably/completely disordered about crystallo-
graphic inversion centers. This disadvantage is averted in
[10]+ by the use of a completely different terminal component,
confining the disorder to the C…C/C…N regions only. Other
dimensions are similar to those found for 5. In the solid state,
the Cp2 rings in each of the bimetallic complexes [8]PF6,

20

[9]PF6, and [10]PF6 adopt a transoid arragement, likely a

consequence of packing considerations (see Computational
Studies).
Spectroscopic properties of the bimetallic complexes [8✓

11]PF6 resemble those of 5, major differences being found in
the Ω(C…C) bands, which shift from 1979 cm✓1 in 5 to ca.
1963 cm✓1 in the bimetallic complexes; the Ω(CN) absorptions
are unaffected. In the NMR spectra of [8✓10]PF6, the
characteristic resonances for the Cp (or Cp*) groups are
present, while the 13C resonances for the carbons of the
bridging ligand are found at ¥C ca. 98, 103, 125, and 148; the
CN groups give three signals at ¥C ca. 112✓115. In the case of
[11]PF6, the dppe ligands at each metal center are differ-
entiated, with those for Ru(dppe)Cp* at ¥H 2.35 and 2.81,
while those for Ru(dppe)2 occur at ¥H 2.62 and 2.81; the 31P

Scheme 4. Addition of H+ and MLn Moieties to Ru{C…CC(CN)»C(CN)2}(dppe)Cp* (5)

Figure 5. Plot of the cation in [Ru{»C»CHC(CN)»C(CN)2}-
(dppe)Cp*]BF4 ([7]BF4).

Figure 6. Plot of the centrosymmetric cation of [{Cp*(dppe)Ru}-
{C…CC(CN)»C(CN)CN}{Os(dppe)Cp*}]PF6 ([9]PF6).

Figure 7. Plot of the cation of [{Cp*(dppe)Ru}{C…CC(CN)»
C(CN)CN}{Ru(PPh3)2Cp*}]PF6 ([10]PF6).
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resonances are at ¥P 80.1 and 43.2, respectively. The ES-MS
contain molecular cations, which fragment by successive loss of
either of the metal centers; both metal-containing ions [MLn]

+

are also present.
UV✓Vis Absorption Spectra. The highly polarized

complexes 2-Os, 2-Ru, 3✓5, and [7✓11]PF6 are all deeply
colored and show solvatochromic behavior, which led us to
investigate the UV✓vis spectra of representative examples
(Figure 8 and Table 4). Interestingly, compound 5 did not

fluoresce, unlike related cyano(ethynyl)ethenes,40 possibly
because the metal center quenches emissions, but the associated
excited-state processes were not investigated in detail.
The spectrum of Ru(C…CH)(dppe)Cp* shows a relatively

weak absorption band at 334 nm (µ 4200 M✓1 cm✓1) which
likely has metal-to-ethynyl MLCT character. The spectrum of
orange 3 (red trace) has a discernible band maximum at ca. 330

nm (µ 10 400 M✓1 cm✓1) and another broad absorption band at
469 nm (µ 3500 M✓1 cm✓1); both transitions are likely to have
a degree of MLCT character associated with transitions to the
ethynyl and tricyanovinyl portions of the cyanocarbon ligand.
Consistent with this assignment, dark blue 6, which features a
more extensively delocalized ligand, has an absorption at 365
nm (µ 12 600 M✓1 cm✓1) and a broad band that extends into
the near -IR at 575 nm (µ 9200 M✓1 cm✓1). While the spectra
of complexes 3 and 6 have similar profiles, the increased
conjugation in 6 results in the MLCT bands being red-shifted
and having a higher molar absorption.37

Complex 5 gives rise to an intense absorption at ªmax 557 nm
(µ 26 200 M✓1 cm✓1) in dichloromethane, which is responsible
for the characteristic purple color of this complex. This band is
solvatochromic, as expected of a charge transfer transition
(Figure 9 and Table 5). As the solvent polarity increases, ªmax

shifts by ca. 30 nm (0.08 eV) along the series CH2Cl2✓hexane
(1/24) (527 nm), PhMe (541 nm), CH2Cl2 (557 nm). This
behavior results from the “push-pull” polarity conferred on the
molecule by the strongly electron-donating (Ru(dppe)Cp*)
and electron-accepting (C(CN)»C(CN)2) substituents. Sim-
ilar properties are found with organic tricyanovinyl compounds
also containing electron-donating substituents, such as
Me2NC6H4C…CC(CN)»C(CN)2.

16c,40 In donor molecules
with dicyanomethylene acceptor groups, this effect has been
attributed to the excited state being more polar than the ground
state, with the former being better stabilized in the more polar
solvents.40✓42

Figure 8. UV✓vis absorption spectra: (a) Ru(C…CH)(dppe)Cp*, 3,
and 6; (b) 5, [7]BF4, and [8]PF6.

Table 4. UV✓Vis Absorption Maximaa of [Ru*]C…CH, 3,
5, 6, [7]BF4, and [8]PF6

compd ªmax/nm (µ/M✓1 cm⌘1)

[Ru*]C…CH 334 (4200)
Ru{C[»C(CN)2]CH»C(CN)2}(dppe)Cp
(3)

330 (10 400) (sh), 469
(3500)

[Ru*]{C…CC(CN)»C(CN)2} (5) 557 (26 200)
[Ru*]C…CC»C(CN)2CH»C(CN)2 (6) 365 (12 600), 575 (9200)
[[Ru*]C»C(H)C(CN)»C(CN)2]BF4 ([7]
BF4)

425 (28 000)

{[Ru*]C…CC(CN)»C(CN)CN[Ru*]}PF6
([8]PF6)

635 (44 300)

aAll solutions in CH2Cl2 in fused quartz cells with a path length of
1 cm. [Ru*] = Ru(dppe)Cp*.

Figure 9. Solvatochromism of 5 in several solvents and the formation
of [7]+ upon addition of CF3CO2H.

Table 5. Solvatochromism of 5a

solvent ªmax/nm µ/M⌘1 cm⌘1

CH2Cl2 557 26 200
CHCl3 557 26 500
MeCN 557 24 800
MeOH 555 26 700
acetone 554 25 700
thf 548 25 200
toluene 541 26 300
NEt3 529 24 400
CH2Cl2✓hexane (1:24) 527 26 200
CH2Cl2✓CF3CO2H (24:1) 425 28 000

aSolutions in fused quartz cells with a path length of 1 cm.
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Protonation of 5 with CF3CO2H results in a marked blue
shift of the major absorption to 425 nm (µ 28 000 M✓1 cm✓1).
While in solvents such as hexane, CH2Cl2, and MeCN yellow
[7]+ persists, a shift in the position of the vinylidene/acetylide
equilibrium, indicated by restoration of the purple color of 5,
occurs in Et2O, acetone, alcohols, and H2O even in the absence
of a base, although upon concentration [7]+ is regenerated.
Facile deprotonation of [7]+ with NEt3 also regenerates 5. This
suggests the basicity/nucleophilicity of C≤ in 5 is much lower
than that in Ru(C…CH)(dppe)Cp*, as a result of the presence
of the electron-deficient cyanocarbon moiety. Addition of the
second metal center in [8]+ results in a red shift and almost
doubling of the molar absorption to 635 nm (µ 44 300 M✓1 cm✓1)
(Figure 8), in comparison with that of 5. In the near-IR region,
[8]+ exhibits a weaker band at 1350 nm (µ 4000 M✓1 cm✓1).
4. Electrochemistry. The oxidative electrochemistry of

Ru(C…CR)(PP)Cp2 complexes is characterized by the non-
innocent behavior of the acetylide ligand.43,44 In the present
case this behavior may be expected to be moderated by the
strongly electron withdrawing tricyanovinyl substituent, which
should additionally offer a reductive electrochemical response.
Complex 2-Ru shows two almost chemically reversible 1e
processes at ✓0.93 and +0.97 V (in CH2Cl2/0.1 M [NBu4]PF6
vs SCE, referenced to an internal decamethylferrocene/
decamethylferrocenium couple such that FeCp*2/[FeCp*2]

+ =
✓0.02 V),45 and successive ligand replacement of (PPh3)2Cp
with (dppe)Cp and (dppe)Cp* gives only limited changes in
redox potentials to ✓0.96, +1.10 V (4) and ✓1.00, +0.97 V (5),
respectively, despite the increasing electron richness of the metal
center. In the related tetracyanobutadienyl complex Ru{C[»
C(CN)2]CH»C(CN)2}(dppe)Cp (3), two reduction events
are observed (✓1.29, ✓1.08 V), possibly arising from stepwise
reduction of the two chemically distinct »C(CN)2 groups,
while an anodic process gives rise to a wave at +1.05 V.
These redox processes satisfy criteria for electrochemically

reversible processes, with the separation of the anodic and
cathodic waves of each processes being identical with that
observed for the internal decamethylferrocenium reference (ca.
70 mV), ipa/ipc ratios close to unity, and a linear relationship of
peak current vs (scan rate)1/2. The bimetallic complex [8]PF6
shows three 1e events at ✓0.94, +0.91 and +1.30 V, the last
being chemically irreversible. As with 5, these redox processes
can be assigned to reduction of the tricyanovinylethynyl ligand
and sequential oxidation of the metal fragment ligand at the C
and N termini, albeit with a degree of Ru✓C…C mixing likely
in the first oxidation. In further support of these assignments,
it is worth noting that the simple phenylethynyl complexes
Ru(C…CPh)(PP)Cp2 exhibit two redox events at +0.59
(reversible)/+1.39 (irreversible) (Ru(PP)Cp2 = Ru(PPh3)2Cp)
and +0.34 (reversible)/+1.19 V (irreversible) (Ru(PP)Cp2 =
Ru(dppe)Cp*)43 and [Ru(NCPh)(dppe)Cp*]PF6 exhibits an
irreversible oxidation at +1.10 V,46 while Pri3SiC…CC(CN)»
C(CN)2 has a single reduction process at ✓0.72 V associated
with addition of an electron to the dicyanomethylene group to
give a relatively stable anion.40

The limited variation in the redox potentials in the series of
mononuclear complexes 2-Ru, 4, and 5 is consistent with
ligand-centered redox processes in which the metal center is
not appreciably involved. This suggestion is consistent with the
noninnocent redox behavior of the phenylethynyl ligand in
Ru(C…CPh)(PP)Cp2 systems.43,44 The first oxidation poten-
tials of 2-Ru, 4 ,and 5, which are much more positive than those
of the phenylethynyl systems, are also consistent with a largely

tricyanovinylethynyl ligand based oxidation. Coordination of a
second metal center to the ligand in 5 results in a modestly
more facile first oxidation process, consistent with the addition
of an electron-donating group to the redox-active ligand, while
the ligand reduction is largely unaffected. Without a broader
range of compounds from which to draw comparisons, the
character of the second anodic process is less clear and better
addressed using spectroscopic and computational methods.
The protonated compound [7]+ does not display any

oxidation events when first scanning in the anodic direction,
which further supports the assignment of the first oxidation
event in 2-Ru, 4, and 5 to an ethynyl ligand based process;
oxidation of the analogous vinylidene is expected to fall at much
higher potentials and probably lies outside the observable
electrochemical window. However, complex [7]+ does show a
chemically irreversible reduction at Epc = ✓0.53 V. Given the
relative potentials of this reduction observed in the vinylidene
[7]+ and the considerably more negative reduction processes
associated with the dicyanomethylene portions of 2-Ru, 4, and
5, reduction of [7]+ is proposed to occur on the vinylidene
portion of the ligand.47 Further scanning in the cathodic
direction reveals a fully reversible reduction at ✓1.00 V, which is
at the same potential as for the deprotonated compound 5. The
molecule may lose H• upon gaining an electron, generating 5.48

† COMPUTATIONAL STUDIES
As has been noted elsewhere, the acetylide ligand in complexes
Ru(C…CR)(PP)Cp2 and closely related systems is redox
noninnocent, being heavily involved in the oxidation processes
of these complexes, and in radical cations [Ru(C…CR)(PP)-
Cp2]+ the acetylide moiety supports a substantial fraction of the
unpaired electron spin density.43,44,49 In the present case, the
strongly electron-withdrawing nature of the tricyanovinyl
substituent on the acetylide moiety renders the site of oxidation
in 2-Ru, 2-Os, 4, and 5 decidedly unclear. To better understand
the structural, spectroscopic, and electrochemical properties of
this family of complexes, electronic structure calculations were
undertaken on 5, [7]+, and [8]+, supported by UV✓vis✓near-
IR spectroelectrochemical studies. To ensure the most reliable
comparisons, full ligand sets were included in the computa-
tional model, with no symmetry constraints applied. The
computational models are denoted 52, [72]+, and [82]+ to
distinguish them from the experimental systems. For both
mono- and bimetallic complexes, geometry optimizations
revealed a series of closely lying minima distinguished by the
relative orientation of the Ru(dppe)Cp* fragment(s) with
respect to the plane of the tricyanovinylethynyl moiety, the
relative energies of which were sensitive to the functional
employed. The best agreement with the crystallographically
determined structures was obtained with the MPW1K
functional and the 3-21G* basis set. However, the low barrier
to rotation around the Ru✓C(1)/N bond implied by these
results indicates that the different conformations adopted by
the tricyanovinylethynyl ligand in the solid-state structures of
2-Ru and 5 is likely a consequence of packing effects rather
than a result of any significant electronic factors. Table 6
compares the bond lengths and angles of the crystallo-
graphically observed and optimized structures, and the good
agreement of these metric parameters and of the observed and
calculated IR frequencies (Table 7) give confidence in the
accuracy of the computational models.
The electronic structure of the alkynylmetal complexes

Ru(C…CR)(L2)Cp2 has been described in a wide range of
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contexts from calculations at various different levels of theory
on several previous occasions.43,44,50✓52 A qualitative analysis of
the pseudo-octahedral [RuC…CR(L2)Cp2] fragment reveals a
lifting of the degeneracy of the t2g type orbitals by interactions
with the Cp2 ligand. Of this set, two are of the correct symmetry
to interact with the ¿ orbitals of the alkynyl ligand, and in the
case of 52 the antibonding combinations of these d¿ orbitals
feature in the HOMO and HOMO-2. Furthermore, the
orthogonal nature of these orbital fragments results in different
degrees of spatial distribution of the HOMO and HOMO-2
over the Ru{C…CC»(CN)C(CN)2} backbone (Table 8),
with greater participation of the cyanocarbon fragment in the
HOMO than in the HOMO-2 (Figure 10). The HOMO-1 is
derived from the third orbital of the t2g-like set and is more
localized on the Ru(dppe)Cp* fragment.
The LUMO of 52 is well removed from the HOMO

(|îEHOMO✓LUMO| = 4.3 eV) and other unoccupied (metal- and
phosphine-based) orbitals and essentially comprises the C…
CC(CN)»C(CN)2 ¿* system, with a limited contribution from

the metal fragment (Table C1). The partial spatial overlap of the
HOMO and LUMO permits a facile HOMO✓LUMO optical
transition with a degree of MLCT character. Indeed, the
solvatochromic absorption band observed in the solution-phase
spectra of 5 between 527 and 557 nm (Table 5) is reproduced by
TD DFT calculations from 52 as the HOMO✓LUMO transition,
which is found at 409 nm in the gas-phase calculations.
The computational model of the vinylidene [72]+ reproduced

the crystallographically observed ‘horizontal’ ligand conforma-
tion, with the C(4)✓C(3)···Ru✓C(0) angle in the optimized
structure of [72]+ calculated to be ✓81.37°. An examination of
the frontier orbital composition (Table 9, Figure 11) reveals
that the vinylidene ligand serves to decouple the metal
fragment from the tricyanovinyl moiety in the HOMO. The
LUMO retains considerable tricyanovinyl character, while the
vinylidene ligand contributes strongly to the LUMO+1, which
is only some +0.73 eV higher in energy than the LUMO, and
the LUMO+2 is strongly metal in character and ¥ symmetry
with respect to the vinylidene ligand; the relative order of these
orbitals may be sensitive to the level of theory employed, and
we note that reorganization of the orbital manifold may take
place upon reduction; for comparison, the LUMOs of mono-
and dicyanovinylidene complexes of the Ru(dppe)Cp* moiety
are weighted heavily on C±.

46 The HOMO-2 has ¿ character
and is extensively delocalized over the C»C(H)✓C(CN)»
C(CN)2 portion of the molecule. The nodes between Ru✓
C(1) and C(2)✓C(3) are consistent with the valence bond
description of the ligand. In the case of [72]+, TD DFT
calculations indicate that the lowest energy electronic transition
has HOMO✓LUMO (MLCT) character but that this transition
is blue-shifted (349 nm) with respect to the analogous MLCT
transition in 52, in good agreement with the observed spectra
(Figure 8b).
The bimetallic complex model [82]+ gave rise to a series of

closely lying minima with the cisoid conformer lying only

Table 6. Comparison of Selected Bond Lengths (Å) and Angles (deg) from the Crystallographically Determined Structures of 5
and [7]+ (as the BF4

✓ Salt) and the Optimized Geometries of 52, [72]+, and [82]+

5 52 [7]BF4 [72]+ [82]+

Bond Distances (Å)
M✓P(1) 2.274(2) 2.2705 2.3247(6) 2.3375 2.2888; 2.2930a

M✓P(2) 2.305(2) 2.2808 2.3654(6) 2.3179 2.2802; 2.3072a

M✓C(cp) 2.254✓2.292(5) 2.243✓2.306 2.239✓2.353(2) 2.258 - 2.329 2.249✓2.306; 2.237✓2.273a

M✓C (av) 2.271(16) 2.29(6) 2.278, 2.257a

M-C(1) 1.926(6) 1.944 1.801(2) 1.825 1.919 (C(1)); 2.048 (N(1))a

C(1)✓C(2) 1.243(7) 1.233 1.342(3) 1.325 1.243 (C(1)); 1.160 (N(42))a

C(2)✓C(3) 1.388(8) 1.378 1.419(3) 1.439 1.360
C(3)✓C(4) 1.368(8) 1.376 1.370(3) 1.362 1.395
C(3)✓C(31) 1.477(8) 1.427 1.453(3) 1.418 1.428
C(4)✓C(41,42) 1.441, 1.449(8) 1.406, 1.407 1.437, 1.431(3) 1.413, 1.411 1.403; 1.396
C✓N 1.152, 1.128, 1.136(8) 1.155, 1.158, 1.158 1.138; 1.142, 1.145(3) 1.155, 1.156, 1.157 1.159; 1.156

Bond Angles (deg)
P(1)✓M✓P(2) 84.58(5) 83.38 82.78(2) 82.49 82.23; 83.09a

P(1)✓M✓C(1) 86.0(2) 83.43 85.93(7) 96.64 90.23; 84.29a

P(2)✓M✓C(1) 83.9(2) 90.35 88.49(7) 83.61 83.03; 91.62a

M✓C(1)✓C(2) 174.2(5) 173.42 175.4(2) 166.7 175.94 (C(1)); 173.47 (N(42))
C(1)✓C(2)✓C(3) 173.4(6) 176.4 126.4(2) 128.9 176.88 (C(1)); 178.80 (N(42))
C(2)✓C(3)✓C(4) 126.3(6) 124.4 124.0(2) 121.9 125.1
C(2)✓C(3)✓C(31) 117.6(5) 116.6 117.7(2) 119.0 117.2
C(4)✓C(3)✓C(31) 116.0(5) 119.09 118.2(2) 118.9 118.7
C(3)✓C(4)✓C(41,42) 120.4, 120.7(6) 118.4, 122.4 121.4, 123.4(2) 119.6, 122.0 119.3, 121.9
aEquivalent data from Ru(2).

Table 7. Selected Observed (CH2Cl2/cm
✓1) and Calculated

(vacuum/cm✓1 with Oscillator Strength Given in
Parentheses)a IR Bands in 5, [7]+, and [8]+ (as the [PF6]

✓

Salts) and from the Optimized Geometries of 52, [72]+, and
[82]+

Ω(C…C) Ω(C»C) Ω(CN)

5 1979 vs 1463 s 2209 m; 2199 w
52 2024 (2579) 1450 (454) 2242 (6); 2230 (55); 2216 (26)
[7]PF6 1612 s 1612 s 2216 m
[72]+ 1588 (1234)b 1503 (111) 2252 (27); 2243 (2); 2236 (10)
[8]PF6 1963 vs 1448 s 2209 w
[82]+ 1984 (5878) 1400 (846) 2233 (10); 2215 (82); 2193 (45)
aAt the MPW1K/3-21G* level with a frequency correction of 0.92.49c
bΩ(C»CHC).
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+7.5 kJ mol✓1 higher than the transoid structure, the transoid
conformer being the more closely related to the crystallo-
graphically observed structure. The energies and composition
of selected frontier orbitals from the transoid conformer of

[82]+, summarized in Table 10 and illustrated in Figure 12, are
well described in terms of the addition of a [Ru(dppe)Cp*]+

fragment to the metallo ligand 52, with limited mixing of
the orbital character of the two fragments (Table 10).

Table 8. Energy (eV) and Composition (%) of Selected Frontier Orbitals in 52 (MPW1K/3-21G*)

composition

MO energy Ru Cp* dppe C1…C2 C3»C4 CN31 CN41 CN42

201 LUMO+4 ✓0.02 4 2 93 0 0 0 0 0
200 LUMO+3 ✓0.07 4 1 94 0 0 0 0 0
199 LUMO+2 ✓0.30 4 2 94 0 0 0 0 0
198 LUMO+1 ✓0.41 15 9 76 0 0 0 0 0
197 LUMO ✓1.92 5 1 2 16 45 14 10 8
196 HOMO ✓6.22 30 19 11 18 13 0 4 5
195 HOMO-1 ✓6.49 37 42 14 7 0 0 0 0
194 HOMO-2 ✓7.27 36 18 7 34 2 1 0 1
193 HOMO-3 ✓7.35 12 37 23 15 8 1 2 3
192 HOMO-4 ✓7.97 42 12 46 1 0 0 0 0
191 HOMO-5 ✓8.16 9 3 84 1 1 0 1 1

Figure 10. Plots of selected frontier orbitals from 52 (isocontour value ±0.04 (e/bohr3)1/2).

Table 9. Energy (eV) and Composition (%) of Selected Frontier Orbitals in [72]+ (MPW1K/3-21G*)

composition

MO energy Ru Cp* dppe C1»C2H C3»C4 CN31 CN41 CN42

201 LUMO+4 ✓2.88 11 6 78 4 0 0 0 0
200 LUMO+3 ✓3.06 12 6 80 2 0 0 0 0
199 LUMO+2 ✓3.53 30 21 49 0 0 0 0 0
198 LUMO+1 ✓4.30 26 7 7 52 5 1 1 1
197 LUMO ✓5.03 5 1 1 15 47 13 10 8
196 HOMO ✓9.91 29 43 12 11 3 0 1 1
195 HOMO-1 ✓10.07 10 42 30 12 4 0 1 2
194 HOMO-2 ✓10.27 15 20 19 21 14 1 4 6
193 HOMO-3 ✓10.65 1 2 96 0 0 0 0 0
192 HOMO-4 ✓10.84 1 1 97 0 0 0 0 0
191 HOMO-5 ✓10.86 6 3 90 1 0 0 0 0
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The Ru(dppe)Cp* fragment orbitals from the N ligand moiety
interleave with the orbitals derived from 52 in the frontier region
and comprise the HOMO-3, HOMO-2, and LUMO+1 in the
bimetallic system [82]+. The HOMO✓LUMO gap in [82]+

(|îEHOMO✓LUMO| = 3.79 eV) is somewhat smaller than in 5 as a
result of the stabilization of the LUMO by the cationic charge, and

consequently the HOMO✓LUMO transition in the bimetallic
complex is red-shifted relative to the mononuclear precursor.

† DISCUSSION
Over 20 years ago, the formal [2 + 2]-cycloaddition of
tetracyanoethene to √-alkynyl✓transition-metal complexes to

Figure 11. Plots of selected frontier orbitals from [72]+ (isocontour value ±0.04 (e/bohr3)1/2), with hydrogen atoms omitted for clarity.

Table 10. Energy (eV) and Composition (%) of Selected Frontier Orbitals in [82]+ (MPW1K/3-21G*)

composition

MO energy Ru1 Cp-1 dppe-1 C1…C2 C3»C4 CN31 CN41 CN42 Ru2 Cp-2 dppe-2

365 LUMO+4 ✓1.90 0 0 1 0 0 0 0 1 6 3 87
364 LUMO+3 ✓1.96 0 0 0 0 0 0 0 0 7 4 88
363 LUMO+2 ✓2.03 18 12 69 0 0 0 0 0 0 0 1
362 LUMO+1 ✓2.15 0 0 0 0 0 0 0 0 19 10 70
361 LUMO ✓4.11 9 2 2 19 38 14 6 8 1 0 0
360 HOMO ✓7.90 22 17 10 12 12 0 4 5 11 5 3
359 HOMO-1 ✓8.25 32 48 14 6 0 0 0 0 0 0 0
358 HOMO-2 ✓8.39 4 8 4 1 2 0 0 4 26 31 19
357 HOMO-3 ✓8.66 0 1 1 0 0 0 0 2 43 37 15
356 HOMO-4 ✓9.05 41 13 6 33 2 2 0 0 1 1 0
355 HOMO-5 ✓9.06 11 28 20 12 7 0 2 3 6 6 4
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give labile tetracyanocyclobutenyl✓metal derivatives, followed
by their retro-electrocyclic ring opening to the corresponding
tetracyanobutadienyl✓metal complexes, was described.17,18 In
the intervening years, similar reactions have been described
with several other electron-deficient alkenes, such as
(CF3)2C»C(CN)2, R

1CH»CR2(CN) (R1 = Ph, C6H4NO2-
4; R2 = CN, CO2Et, C6H4NO2-4), and (MeO2C)CH»
C(CN)(CO2Me).30,53 In several cases, the intermediate
cyclobutenyls were not isolated or even observed. More
recently, similar reactions of purely organic alkynes have been
studied, first by Hopf and co-workers15 and later by Diederich
and his group.16 The latter group has recently extended these
studies to the addition of 2,2-dicyanovinylalkenes to alkynes
containing donor substituents.40

The present work arose out of an attempt to obtain similar
tetracyanobutadienyl derivatives from the parent ethynyl✓
ruthenium complexes, Ru(C…CH)(PP)Cp2 ((PP)Cp2 =
(PPh3)2Cp, (dppe)Cp, (dppe)Cp*). We were surprised to
find that instead of the well-established [2 + 2]-cyclo-addition
reaction, displacement of a CN group from the cyanoalkene by

the ethynyl✓metal group had occurred. The alkynyl complexes
were thus acting as significant nucleophiles, attacking at an
olefinic carbon, with elimination of HCN. In this, the chemistry
resembled much more the characteristic chemistry of tcne with
more conventional nucleophiles, such as alcohols, thiols and
amines, which had been detailed in the early studies of the du
Pont group.2 Substitution of tcne by alkynyllithiums or
-coppers has been described.40,54,55

The formation of the tricyanovinylethynyl complexes described
above results from the strong steric protection afforded to the
ethynyl groups in the precursors, the metal✓ligand fragment
becoming more bulky along the series Ru(dppe)Cp < Ru-
(PPh3)2Cp < Ru(dppe)Cp*. In addition, the electronic changes
on proceeding along this series cannot be discounted, Cp* being
more basic (a stronger electron donor) than Cp. We recall a
similar effect upon the reactions of MeOH with the related
vinylidenes [Ru(»C»CH2)(PP)Cp2]+, where rapid attack on
C± to give the corresponding carbenes [Ru{CMe(OMe)}-
(PP)Cp2]+ occurs with (PP)Cp2 = (PPh3)2Cp, (dppe)Cp, but
the (dppe)Cp* complex is unreactive (cf. the synthesis of

Figure 12. Plots of selected frontier orbitals from [82]+ (isocontour value ±0.04 (e/bohr3)1/2), with hydrogen atoms omitted for clarity.

Organometallics Article

dx.doi.org/10.1021/om2007503 |Organometallics 2012, 31, 2639✓26572651

http://pubs.acs.org/action/showImage?doi=10.1021/om2007503&iName=master.img-016.jpg&w=359&h=437


Ru(C…CH)(dppe)Cp* described below). Space-filling models
of the ethynyl complexes also show that C± is well shielded by the
(PP)Cp2 ligands, particularly in Ru(C…CH)(dppe)Cp*, while
C≤ is slightly exposed, allowing it to attack the olefinic carbon of
tcne.
There are several examples of the replacement of one or

more CN groups of tcne in its reactions with organometallic
compounds. At high temperatures in polar solvents, ferrocene
reacts with tcne to give a mixture of FcCN and FcC(CN)»
C(CN)2,

56,57 while TlCp gives Tl{C5H4C(CN)»C(CN)2}.
58

Similar reactions have been observed with the Ir(CH2CMe2-
C6H4)(C6H4Bu

t-2)(But2-bpy) complex, where substitution
occurred on the aryl ring to give Ir{CH2CMe2C6H3[C-
(CN)»C(CN)2]-4}(C6H4Bu

t-2)(But2-bpy),
59 while the for-

mation of cyano complexes indicates similar reactions occur
with [fac-Re(CO)3(bpy)MeOH)]+ 60 and {Fe(CO)2Cp}2.

61

The monometallic tricyanovinylethynyl (1,1,2-tricyanobut-1-
en-3-yn-4-yl) complexes described herein are deep purple
solids, which crystallize readily and were originally characterized
by single-crystal X-ray diffraction structure determinations,
supported by elemental microanalyses and mass spectrometric
studies. Their IR and NMR spectra contain absorptions or
resonances characteristic of the C…C triple bond and C…N
groups, as well as of the M(PP)Cp2 (M = Ru, Os) fragments. In
the 13C NMR spectra, only three resonances between ¥ 114
and 120 are found for the CN groups, in contrast to the four
signals usually obtained for the tetracyanobutadienyl com-
plexes. In the 31P NMR spectra, the tricyanovinylethynyl
complexes give singlet resonances, while the phosphine ligand
resonances are found as AB quartets for the ∑1-tetracyanobu-
tadienyls, as a result of the asymmetry of the cyanocarbon
ligand. The observation of different conformations of the
tricyanovinylethynyl ligand (being “up” or “down” with respect
to the Cp2 ligand) in the crystallographically determined
structures of 2-Ru, 4, and 5 is consistent with the flat potential
energy surface associated with ligand rotation determined by
DFT calculations.
The presence of the tricyanovinyl substituent significantly

alters the electronic structure of the complexes M{C…
CC(CN)»C(CN)2}(PP)Cp2 relative to the phenylacetylide
analogues M(C…CPh)(PP)Cp2. The low-lying cyanocarbon
¿* system which comprises the LUMO of these systems has
appreciable special overlap with the HOMO, which is largely
associated with the M✓C…C portion of the molecule. This
effective overlap leads to an intense, solvatochromic MLCT
band that in turn gives rise to the characteristic purple color of
these donor✓acceptor (“push-pull”) complexes. Some electro-
chemical studies have been carried out, which incorporate
comparative studies with analogous cyanocarbon derivatives.
The tricyanovinylethynyl complexes are reduced at much less
negative potentials (ca. ✓1.0 V vs SCE) than the phenylacetylide
derivatives, for which reduction is not usually observed within
the normal solvent window, and reduction likely is associated
with the population of the cyanocarbon ligand based LUMO.
The complexes also exhibit an oxidation process at ca. +0.9 V
which is more closely associated with oxidation of the C-ligated
ruthenium center and C…C group. The much more positive
potential of this oxidation relative to that of the phenylacetylide
examples is consistent with the strongly electron withdrawing
nature of the tricyanovinyl moiety.
Addition of the proton to the ethynyl C≤ is notable and

suggests that C≤ is more electron rich than the N atoms of the
CN groups. Protonation of 5 to give vinylidene [7]+ results in a

significant increase in the energy of the MLCT transition with
concomitant change in the color of the solution to yellow. The
vinylidene ligand adopts the usual “horizontal” orientation in
the solid state. In contrast, however, a second MLn fragment
(here we have used M2(PP)Cp2 (M2 = Ru, (PP)Cp2 = (PPh3)2Cp,
(dppe)Cp, (dppe)Cp*; M2 = Os, (PP)Cp2 = (dppe)Cp2)) and
trans-[RuCl(dppe)2] adds to the CN group trans to the ✓C…C-
Ru(dppe)Cp* group. Steric effects may dictate this result, a
second bulky MLn fragment not being able to add to C±,
although four Fp moieties (less bulky than the Ru(dppe)Cp*
group employed here) are found N-bonded to tcne in
[{Fe(CO)2Cp}4(º4-tcne)]

n+ (n = 3, 4).7 These monocations
have the expected solid-state structures, although the similarity
between C…C and C…N results in disorder in the structures of
8 and 9, making these two groups experimentally indistinguish-
able. DFT studies, supported by the electrochemical results,
suggest that there is only limited delocalization between the two
metal centers in 8, with the HOMO and HOMO-1 being
localized on the C-ligated metal atom and the HOMO-2 and
HOMO-3 being more closely associated with the N-ligated metal
center.

† CONCLUSIONS
This work has demonstrated the ready displacement of one of
the CN groups of tcne by ethynyl✓ruthenium or ✓osmium
groups, which behave as strong nucleophiles akin to alkoxide,
thiolate, or amines. The resulting tricyanovinylethynyl com-
plexes are novel examples of donor✓acceptor molecular arrays
and show the expected solvatochromism. Addition of a second
metal✓ligand fragment to a CN group trans to the metal center
has given further examples of binuclear complexes containing
carbon-rich polynitriles as bridging groups.
The chemistry of tcne contains many examples of the

replacement of a second CN group on the same carbon atom
(gem disubstitution), these reactions being driven by the
excellent leaving properties of the CN group(s) and the
stabilization of the negative charge on the »C(CN)2 group.

3,4

Disubstitution by a second -C…CRu(PP)Cp2 group is not
found in the present study, no doubt because of the strong
steric interactions which would occur if two such MLn groups
were on the same carbon atom. However, as we have briefly
reported,20 the use of smaller nucleophiles has indeed resulted
in the formation of a range of dicyanoethene derivatives, which
will be described in detail elsewhere.31

† EXPERIMENTAL SECTION
General Procedures. All reactions were carried out under dry

nitrogen, although normally no special precautions to exclude air were
taken during subsequent workup. Common solvents were dried,
distilled under nitrogen, and degassed before use. Separations were
carried out by preparative thin-layer chromatography on glass plates
(20 ◊ 20 cm2) coated with silica gel (Merck, 0.5 mm thick), or by flash
chromatography on silica gel (Davisil 40✓63 ºm).
Instrumentation. IR spectra were obtained using a Bruker IFS28

FT-IR spectrometer. Spectra in CH2Cl2 were obtained using a 0.5 mm
path length solution cell with NaCl windows. Nujol mull spectra were
obtained from samples mounted between NaCl disks. UV✓vis✓near-IR
spectra were obtained with a Varian Cary 5000 spectrometer: sample
solutions were in fused quartz cells, path length 1 cm. NMR spectra
were recorded on a Varian Gemini 2000 instrument (1H at 300.145
MHz, 13C at 75.479 MHz, 19F at 282.388 MHz, 31P at 121.501 MHz) or
Varian Unity Inova 600 instrument equipped with a cryoprobe (1H at
599.653 MHz, 13C at 150.796 MHz). Unless otherwise stated, samples
were dissolved in CDCl3 contained in 5 mm sample tubes. Chemical
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shifts are given in ppm relative to internal tetramethylsilane for 1H and
13C NMR spectra and external H3PO4 for 31P NMR spectra. Unless
otherwise stated, electrospray (ES-MS) or high-resolution (HR-MS)
mass spectra were obtained from samples dissolved in MeOH which
contained NaOMe as an aid to ionization.29 Solutions were injected into
a Finnegan LCG (ES-MS, Adelaide) or Bruker MicrOTOF (HR-MS,
Waikato) spectrometer via a 10 mL injection loop. Nitrogen was used
as the drying and nebulizing gas. Peaks listed are the most intense of the
isotopic clusters. Elemental analyses were by the CMAS, Belmont,
Victoria 3216, Australia, and Campbell Microanalytical Centre,
University of Otago, Dunedin, New Zealand.
Reagents. The compounds RuCl(dppe)Cp*,62 RuCl(PPh3)2Cp,

63

Ru(C…CH)(PPh3)2Cp,
64 Ru(C…CC…CH)(dppe)Cp*,65 [M(»

C»CH2)(dppe)Cp2]PF6 (Cp2 = Cp, Cp*; M = Ru,27 Os50b), cis-
RuCl2(dppe)2,

66 and HC…CSiMe3
67 were all prepared by the cited

literature procedures. Os(C…CH)(PPh3)2Cp was prepared by
deprotonation of [Os(»C»CH2)(PPh3)2Cp]PF6 with KOBut.68 All
other reagents were obtained from Sigma-Aldrich or Fluka and used as
received without further purification.
Ru(C…CH)(dppe)Cp*. A degassed solution of Me3SiC…CH

(2.1 mL, 14.90 mmol) in MeOH (20 mL) was added to a mixture
of RuCl(dppe)Cp* (2.0 g, 2.98 mmmol) and [NH4]PF6 (0.971 g,
5.96 mmol) in a Schlenk flask. The mixture was heated to reflux for 2 h
and cooled to room temperature, and then sodium metal (0.343 g,
14.90 mmol) was added to give a yellow precipitate. After 1 h, this was
collected and washed with MeOH (2 ◊ 5 mL) and hexane (5 mL) to
give Ru(C…CH)(dppe)Cp* as a yellow powder (1.91 g, 95%).
Reactions of Ethynyl or Vinylidene Complexes with tcne.

Caution! Extremely toxic HCN is produced in these reactions!
Appropriate care should be taken, working in a well-ventilated area.
HCN and accompanying solvent were collected in a trap cooled in
liquid N2. After it was warmed to room temperature, the condensate
was treated with KMnO4 solution.

Ru(C…CH)(PPh3)2Cp. To a solution of Ru(C…CH)(PPh3)2Cp (70
mg, 0.098 mmol) in thf (12 mL) was added tcne (13 mg, 0.102 mmol).
The color of the solution changed from yellow to yellow-brown to red
to burgundy over a 30 min period. After 2 h, no further color change
was observed and solvent was removed. The residue was purified by
preparative TLC (acetone✓hexane, 3:7) affording two bands.

Extraction of the lower red band (Rf = 0.4) gave Ru{C[»
C(CN)2]CH»C(CN)2}(PPh3)2Cp (1-Ru; 53 mg, 64%). Anal. Calcd
(C49H36N4P2Ru): C, 69.74; H, 4.30; N, 6.64; M, 844. Found: C, 68.83;
H, 4.54; N, 6.47. IR (CH2Cl2, cm

✓1): Ω(C…N) 2226 w, 2207 m,
Ω(C»C) 1605 m, 1480 m, 1433 s, 1414 w. 1H NMR (CDCl3): ¥ 4.78
(s, 5H, Cp), 5.90 (s, 1H, C»CH), 7.10✓7.49 (m, 30 H, Ph). 31P
NMR (CDCl3): ¥ 45.2, 42.2 (AB q, J(PP) = 33 Hz, 2P, Ru(PPh3)2).
ES-MS (m/z): 867, [M + Na]+.

The upper purple band (Rf = 0.6) contained Ru{C…CC(CN)»
C(CN)2}(PPh3)2Cp (2-Ru; 8 mg, 10%) as a dark purple solid. X-ray-
quality crystals were grown from CDCl3/MeOH. Anal. Calcd
(C48H35N3P2Ru·CDCl3): C, 62.86; H, 3.88; N, 4.49; M, 817.
Found: C, 62.98; H, 3.93; N, 4.44. IR (CH2Cl2, cm

✓1): Ω(C…N)
2213 w, 2204 w, Ω(C…C) 1991 vs, Ω(C»C) 1605 m, 1481 m, 1462 s,
1434 m. 1H NMR (CDCl3): ¥ 4.62 (s, 5H, Cp) 7.16✓7.30 (m, 30 H,
Ph). 13C NMR (CDCl3): ¥ 84.76 (t, J(CP) = 2.5 Hz, C≤), 89.32 (s,
Cp), 113.33, 115.35, 115.96 (3s, CN), 118.00 (s, C), 128.11✓137.15
(Ph), 210.71 (t, J(CP) = 22 Hz, C±); in C6D6, ¥ 77.73 (t, J = 32 Hz,
CDCl3).

31P NMR (CDCl3): ¥ 48.6 (s, 2P, Ru(PPh3)2). ES-MS
(m/z): 840, [M + Na]+.

Ru(»C»CH2)(PPh3)2Cp/LiBu. A solution of [Ru(»C»CH2)-
(PPh3)2Cp]PF6 (175 mg, 0.20 mmol) in thf (15 mL) at ✓78 °C was
treated with LiBu (0.23 mL of a 1.8 M solution in hexane, 0.41 mmol).
After 30 min, tcne (52 mg, 0.41 mmol) was added to the reaction
mixture and was warmed to room temperature. The color changed from
yellow to dark purple, and after 2 h hexane (15 mL) was added and the
mixture was passed through a small column (silica, acetone✓petroleum
spirit, 3:7). Further purification by flash chromatography (silica,
CH2Cl2✓hexane, 3:1) gave 2-Ru as a purple solid (61 mg, 37%).

Os(C…CH)(PPh3)2Cp. A reaction similar to that for Ru(C…
CH)(PPh3)2Cp, using Os(C…CH)(PPh3)2Cp (32 mg, 0.04 mmol)
and tcne (6 mg, 0.044 mmol), gave the following products.

Os{C[»C(CN)2]CH»C(CN)2}(PPh3)2Cp (1-Os; 11 mg, 30%)
(Rf = 0.4) was obtained as a dark red solid. X-ray-quality crystals were
grown from C6H6/MeOH. Anal. Calcd (C49H36N4OsP2): C, 63.08; H,
3.89; N, 6.00; M, 934. Found: C, 62.56; H, 3.86; N, 5.91. IR (CH2Cl2,
cm✓1): Ω(C…N) 2228 w, 2204 m, Ω(C»C) 1605 w, 1480 m, 1435 s,
1414 w. 1H NMR (CDCl3): ¥ 4.98 (s, 5H, Cp), 5.82 (s, 1H, C»CH),
7.05✓7.45 (m, 30 H, Ph). 13C NMR (CD2Cl2): ¥ 76.26, 92.82 (s, C),
84.69 (s, Cp), 113.23, 113.65, 118.46, 122.05 (4s, CN), 128.86✓
135.24 (m, Ph), 169.57 (d, J(CP) = 4.8 Hz, »CH), 192.42 (m, Os✓
C±).

31P NMR (CDCl3): ¥ ✓0.1, ✓5.2 (AB q, J(PP) = 17 Hz, 2P,
Os(PPh3)2). ES-MS (m/z): 1889, [2 M + Na]+; 957, [M + Na]+; 935,
[M + H]+; 781, [Os(PPh3)2Cp]

+.
Os{C…CC(CN)»C(CN)2}(PPh3)2Cp (2-Os; 8 mg, 22%) (Rf =

0.5) was obtained as a dark purple solid. X-ray-quality crystals were
grown from CH2Cl2/hexane. Anal. Calcd (C48H35N3OsP2): C, 63.65;
H, 3.89; N, 4.64; M, 907. Found: C, 63.90; H, 3.90; N, 4.62. IR
(CH2Cl2, cm

✓1): Ω(C…N) 2210 w, Ω(C…C) 1998 (sh), 1975 vs,
Ω(C»C) 1481 w, 1457 m, 1435 w. 1H NMR (CDCl3): ¥ 4.78 (s, 5H,
Cp) 7.14✓7.28 (m, 30 H, Ph). 13C NMR (CDCl3): ¥ 86.69 (s, Cp),
111.87, 140.21 (2s, C), 116.03, 116.89, 117.59 (3s, CN) 128.12✓
137.32 (Ph). 31P NMR (CDCl3): ¥ 2.8 (s, 2P, Os(PPh3)2). ES-MS
(m/z): 930, [M + Na]+.

Ru(C…CH)(dppe)Cp. To a stirred thf solution (10 mL) of Ru(C…
CH)(dppe)Cp (57 mg, 0.097 mmol) in thf (10 mL) was added tcne
(14 mg, 0.106 mmol). The solution slowly turned from yellow to
transparent dark red and then to orange after 5 h. The reaction was
monitored by spot TLC: the initial upper burgundy band was replaced
by an orange band. After 7 h, solvent was removed and the residue was
purified by column chromatography (flash silica, acetone✓petroleum
spirit, 3:7). An orange fraction contained Ru{C[»C(CN)2]CH»
C(CN)2]}(dppe)Cp (3) as an orange solid (55 mg, 79%). X-ray-
quality crystals were grown from CH2Cl2✓hexane. Anal. Calcd
(C39H30N4P2Ru): C, 65.27; H, 4.21; N, 7.81; M, 718. Found: C,
65.30; H, 4.25; N, 7.78. IR (CH2Cl2, cm

✓1): Ω(C…N) 2228 m, 2213 s,
Ω(C»C) 1605 m, 1556 m. 1H NMR (CDCl3): ¥ 2.36, 2.80 (2m, 2 ◊
CH2, dppe), 4.94 (s, 5H, Cp), 6.76 (s, 1H, C»CH), 6.83✓7.69 (m,
Ph). 13C NMR (CDCl3): ¥ 27.65✓31.79 (m, PCH2CH2P), 86.43 (s,
Cp), 112.38, 112.85, 113.07, 117.91 (4s, CN), 128.51✓135.92 (m,
Ph), 140.37 (s, C»C(CN)2), 165.25 (d, J(CP) = 4 Hz, C»C(CN)2).
31P NMR (CDCl3): at room temperature, ¥ 82.3 (br s, P, Ru(dppe)),
72.6 (vbr s, P, Ru(dppe)); at ✓57 °C, ¥ 80.8 (d, J(PP) = 23 Hz, 1P,
dppe), 68.9 (d, J(PP) = 23 Hz, 1P, dppe). ES-MS (m/z ): 740, [M ✓
H + Na]+; 565, [Ru(dppe)Cp]+.

With [Ru(»C»CH2)(dppe)Cp]PF6/LiMe. A solution of [Ru(»
C»CH2)(dppe)Cp]PF6 (150 mg, 0.204 mmol) in thf (15 mL) at
✓78 °C was treated with MeLi (0.27 mL, 1.5 M in hexane, 0.408
mmol). After 40 min tcne (29 mg, 0.224 mmol) was added to the
mixture. After the mixture was warmed to room temperature, the color
changed from yellow to purple. After the mixture was stirred for 1 h,
solvent was removed and the residue was purified by preparative TLC
(CH2Cl2), giving Ru{C…CC(CN)»C(CN)2}(dppe)Cp (4) as a
purple solid (97 mg, 69%). X-ray-quality crystals were grown from
CDCl3✓MeOH. Anal. Calcd (C38H29N3P2Ru): C, 66.08; H, 4.23; N,
6.08; M, 691. Found: C, 66.08; H, 4.35; N, 6.02. IR (CH2Cl2, cm

✓1):
Ω(C…N) 2212 w, Ω(C…C) 1990 vs, Ω(C»C) 1462 m, 1410 w. 1H
NMR (CDCl3): ¥ 2.46, 2.88 (2m, 2 ◊ CH2, dppe), 5.02 (s, 5H, Cp),
7.19✓7.76 (m, Ph). 13C NMR (CDCl3): ¥ 28.34 (m, PCH2CH2P),
86.84 (s, Cp), 113.51, 115.40, 115.55 (3s, CN), 117.55 (s, C),
128.38✓138.83 (m, Ph). 31P NMR (CDCl3): ¥ 84.6 (s, 2P, Ru(dppe)).
ES-MS (m/z): 714, [M + Na]+.

With Ru(C…CH)(dppe)Cp*. A stirred solution of Ru(C…CH)-
(dppe)Cp* (500 mg, 0.758 mmol) in thf (20 mL) was treated with tcne
(102 mg, 0.796 mmol). The solution instantaneously turned from yellow
to purple and was stirred at room temperature for a further 30 min
before the solvent was removed under reduced pressure. The residue
was taken up in a minimal amount of CH2Cl2 and purified by flash
chromatography (silica, CH2Cl2✓hexanes, 3:1). The first purple fraction
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afforded Ru{C…CC(CN)»C(CN)2}(dppe)Cp* (5) as a purple solid
(538 mg, 93%). X-ray-quality crystals were grown from CH2Cl2✓hexane.
Anal. Calcd (C43H39N3P2Ru): C, 67.88; H, 5.17; N, 5.52; M, 761.
Found: C, 67.90; H, 5.25; N, 5.60. IR (CH2Cl2, cm

✓1): Ω(C…N) 2199
w, 2209 m; Ω(C…C) 1979 vs; Ω(C»C) 1463 s, 1435 w. 1H NMR
(CDCl3): ¥ 1.58 (s, 15H, Cp*), 2.23, 2.82 (2m, 2 ◊ CH2, dppe), 7.16✓
7.44 (m, Ph). 13C NMR: in CDCl3, ¥ 10.29 (C5Me5), 29.03✓29.65 (m,
PCH2CH2P), 97.75 (s, C5Me5), 116.55, 138.22 (2s, C), 113.72, 116.12,
116.46 (3s, CN), 128.04✓135.55 (m, Ph) 221.30 (t, J(CP) = 21 Hz,
Ru✓C); in C6D6, ¥ 9.91 (C5Me5), 28.70✓34.29 (m, PCH2CH2P), 80.41,
118.48 (2s, C), 97.44 (s, C5Me5), 114.56, 116.09, 116.50 (3s, CN),
128.07✓136.77 (m, Ph), 215.52 (m, C✓Ru). 31P NMR (CDCl3): ¥ 80.0
(s, 2P, Ru(dppe)). ES-MS (m/z): 784, [M + Na]+.

With [Ru(»C»CH2)(dppe)Cp*]PF6 /LiMe. A solution of [Ru(»
C»CH2)(dppe)Cp*]PF6 (90 mg, 0.113 mmol) in thf (15 mL) at ✓78
°C was treated with LiMe (0.09 mL, 2.5 M in hexane, 0.225 mmol).
After 25 min tcne (14 mg, 0.113 mmol) was added to the mixture. The
solution changed through orange-brown (5 min) to maroon (10 min).
After it was stirred overnight, the solution was purple. The solvent was
removed, and purification by preparative TLC (CH2Cl2) gave Ru{C…
CC(CN)»C(CN)2}(dppe)Cp* (5; 72 mg, 95%).

With Ru(C…CC…CH)(dppe)Cp*. A stirred solution of Ru(C…
CC…CH)(dppe)Cp* (53 mg, 0.077 mmol) in thf (12 mL) was
cooled to ✓78 °C, and tcne (11 mg, 0.086 mmol) was added. After
30 min the yellow solution had turned blue. The reaction mixture was
left overnight with no further color change. Solvent was removed, and
the residue was purified by preparative TLC (CH2Cl2). The major
blue band afforded Ru{C…CC[»C(CN)2]CH»C(CN)2}(dppe)-
Cp* (6) as a dark blue solid (30 mg, 48%). Anal. Calcd
(C46H40N4P2Ru): C, 68.05; H, 4.97; N, 6.90; M, 812. Found: C,
68.09; H, 5.03; N, 6.79. IR (CH2Cl2, cm

✓1): Ω(C…N) 2209 m, Ω(C…
C) 1964 vs, Ω(C»C) 1450 br. 1H NMR (C6D6): ¥ 1.42 (s, 15H,
Cp*), 1.93✓2.17, 2.76✓2.94 (2m, 2 ◊ CH2, dppe), 6.37 (s, 1H,
C»CH), 7.00✓7.57 (m, Ph). 13C NMR (CDCl3): ¥ 10.27 (C5Me5),
29.21✓30.47 (m, PCH2CH2P), 75.70, 88.95, 138.85 (3s, C),
95.57 (s, C5Me5), 110.70, 112.81, 116.79, 116.81 (4s, CN), 128.29✓
138.45 (m, Ph), 155.90 (s, C»CH), 222.23 (m, Ru✓C±).

31P
NMR (C6D6): ¥ 81.4 (s, 2P, Ru(dppe)). ES-MS (MeCN, m/z): 813,
[M + H]+.

Protonation of Ru{C…CC(CN)»C(CN)2}(dppe)Cp* (5). A
solution of Ru{C…CC(CN)»C(CN)2}(dppe)Cp* (5; 116 mg,
0.152 mmol) in CH2Cl2 (10 mL) was protonated using either
HBF4·OEt2 (1.05 equiv) or HPF6 (aqueous, 60%, 0.022 mL, 0.16
mmol). The stirred solution changed from dark purple to orange after
3 min. Solvent was removed, and the residue was taken up in CH2Cl2
and added to hexane (60 mL) to give an orange-red precipitate of
[Ru{»C»CHC(CN)»C(CN)2}(dppe)Cp*]X ([7]X; X = BF4,
PF6) (89✓92%). X-ray-quality crystals of the BF4 salt were grown from
CH2Cl2✓hexane. Anal. Calcd (C43H40F6N3P3Ru): C, 56.96; H, 4.45;
N, 4.63; M (cation), 762. Found: C, 56.87; H, 4.51; N, 4.60. IR
(Nujol, cm✓1): Ω(C…N) 2216 m, Ω(C»C) 1612 s. 1H NMR
(CD2Cl2): ¥ 1.72 (s, 15H, Cp*), 2.61, 2.97 (2m, 2 x CH2, dppe), 4.54
(s, 1H, C»CH), 7.12✓7.70 (m, 20H, Ph). 13C NMR (CD2Cl2): ¥
10.89 (C5Me5), 27.84✓28.76 (m, PCH2CH2P), 78.92 (s, C), 107.67 (s,
C5Me5), 110.84, 112.04, 113.04 (3s, CN) 113.92 (s, C»CH, shown
by DEPT NMR), 127.67✓133.54 (m, Ph), 333.20 (t, J(CP) = 15 Hz,
Ru»C). 31P NMR (CD2Cl2): ¥ 67.4 (s, 2P, Ru(dppe)). ES-MS
(MeCN, m/z) 635, [Ru(dppe)Cp*]+; 676, [Ru(NCMe)(dppe)-
Cp*]+; 1545, [2(M ✓ H) + Na]+; 784, [M ✓ H + Na]+; 762, M+;
735, [M ✓ HCN]+.

Reactions of Ru{C…CC(CN)»C(CN)2}(dppe)Cp* (5) with
MClLn. General Conditions. A mixture of Ru{C…CC(CN)»
C(CN)2}(dppe)Cp* (5; 1 equiv), MClLn (1 equiv), and [NH4]PF6
(4 equiv) was heated in refluxing MeOH. In all cases, the solution
changed from deep purple to dark blue. The solution was cooled to
room temperature, and the blue crystalline material was collected upon
a sinter and washed with methanol (2 ◊ 3 mL) and hexane (5 mL) to
give the product.

[{Cp*(dppe)Ru}{º-C…CC(CN)»C(CN)CN}{Ru(dppe)Cp*}]PF6
([8]PF6). From Ru{C…CC(CN)»C(CN)2}(dppe)Cp* (60 mg,

0.079 mmol), RuCl(dppe)Cp* (53 mg, 0.079 mmol), and
[NH4]PF6 (51 mg, 0.315 mmol) in MeOH (8 mL, 90 min),
[{Cp*(dppe)Ru}{º-C…CC(CN)»C(CN)CN}{Ru(dppe)Cp*}]-
PF6 ([8]PF6; 82 mg, 68%) was obtained as dark blue crystals. X-ray-
quality crystals were grown from CDCl3✓hexane. Anal. Calcd
(C79H78F6N3P5Ru2): C, 61.59; H, 5.10; N, 2.73; M (cation), 1396.
Found: C, 61.36; H, 5.17; N, 2.72. IR (CH2Cl2, cm

✓1): Ω(C…N) 2209
w, Ω(C…C) 1963 vs, Ω(Ph✓CH) coupled with Ω(Cp* C✓H) 1604 w,
Ω(C»C) 1448 s, 1436 s. 1H NMR (CDCl3): ¥ 1.55, 1.46 (2s, 15H,
Cp*), 2.24✓2.52 (br m, 3 ◊ CH2, dppe), 2.71✓2.79 (m, 1 ◊ CH2,
dppe), 7.09✓7.50 (m, Ph). 13C NMR (CDCl3): ¥ 9.82 (C5Me5 (Ru✓
N…C)), 10.10 (C5Me5 (Ru✓C…C)) 28.21✓29.97 (m, 2 ◊
PCH2CH2P), 93.51 (s, C5Me5 (Ru✓N…C)), 98.71 (s, C5Me5 (Ru✓
C…C)), 102.61, 124.23, 145.61 (3s, C), 113.92, 115.22 (2s, CN),
128.22✓136.01 (m, Ph). 31P NMR (CDCl3): ¥ 79.8 (s, 2P,
Cp*(dppe)Ru(C…C)), 75.0 (s, 2P, Cp*(dppe)Ru(N…C)), ✓142.9
(sept, J(PF) = 711 Hz, 1P, PF6). ES-MS (MeOH, m/z): 1396, M+;
635, [Ru(dppe)Cp*]+.

[{Cp*(dppe)Ru}{º-C…CC(CN)»C(CN)CN}{Os(dppe)Cp*}]PF6
([9]PF6). From Ru{C…CC(CN)»C(CN)2}(dppe)Cp* (52 mg,
0.072 mmol), OsCl(dppe)Cp* (52 mg, 0.072 mmol), and
[NH4]PF6 (47 mg, 0.287 mmol) in MeOH (7 mL, 24 h),
[{Cp*(dppe)Ru}{º-C…CC(CN)»C(CN)CN}{Os(dppe)Cp*}]-
PF6 ([9]PF6; 58 mg, 50%) was obtained as dark blue microcrystals.
Single crystals suitable for X-ray diffraction were grown from CH2Cl2✓
hexane. Anal. Calcd (C79H78F6N3P5OsRu): C, 58.22; H, 4.82; N, 2.58;
M (cation), 1486. Found: C, 58.24; H, 4.84; N, 2.61. IR (CH2Cl2,
cm✓1): Ω(C…N) 2206 w, 2158 w, Ω(C…C) 1964 vs, Ω(C»C) 1445
w, 1436 m. 1H NMR (CDCl3): ¥ 1.55 (s, 30H, 2 ◊ Cp*), 2.30 (br m,
1 ◊ CH2, dppe), 2.44✓2.49 (br m, 2 ◊ CH2, dppe), 2.74 (m, 1 ◊ CH2,
dppe), 7.12✓7.48 (m, Ph). 13C NMR (CDCl3): ¥ 9.54 (C5Me5 (Os✓
N…C)), 10.13 (C5Me5 (Ru✓C…C)), 29.47✓31.06 (m, 2 ◊
PCH2CH2P), 90.84 (s, C5Me5 (Os✓N…C)), 98.50 (s, C5Me5 (Ru✓
C…C)), 128.22✓136.01 (m, Ph). 31P NMR (CDCl3): ¥ 79.7 (s, 2P,
Cp*(dppe)Ru✓(C…C)), 41.3 (s, 2P, Cp*(dppe)Os✓(N…C)),
✓142.5 (sept, J(PF) = 710 Hz, 1P, PF6). ES-MS (MeOH, m/z):
1486, M+; 725, [Os(dppe)Cp*]+; 635, [Ru(dppe)Cp*]+.

[{Cp*(dppe)Ru}{º-C…CC(CN)»C(CN)CN}{Ru(PPh3)2Cp}]PF6
([10]PF6). From Ru{C…CC(CN)»C(CN)2}(dppe)Cp* (55 mg,
0.072 mmol), RuCl(PPh3)2Cp (52 mg, 0.072 mmol), and [NH4]PF6
(47 mg, 0.288 mmol) in MeOH (8 mL, 30 min), [{Cp*(dppe)Ru}{º-
C…CC(CN)»C(CN)CN}{Ru(PPh3)2Cp}]PF6 ([10]PF6; 59 mg,
51%) was obtained as dark blue crystals. X-ray-quality crystals were
grown from CDCl3✓hexane. Anal. Calcd (C84H74F6N3P5Ru2): C,
63.19; H, 4.76; N, 2.63; M (cation), 1451. Found: C, 62.82; H, 4.76;
N, 2.66. IR (CH2Cl2, cm

✓1): Ω(C…N) 2210 w, 2165 w, Ω(C…C)
1961 vs, Ω(C»C) 1481 w, 1436 s. 1H NMR (CDCl3): ¥ 1.60 (s, 15H,
Cp*), 2.37, 2.88 (2m, 2 ◊ CH2, dppe), 4.48 (s, 5H, Cp), 7.04✓7.50
(m, Ph). 13C NMR (CDCl3): ¥ 10.23 (C5Me5), 29.43 (m,
PCH2CH2P), 84.36 (s, C5H5), 99.19 (s, C5Me5), 97.83, 104.42,
149.68 (3s, C), 113.69, 114.66, 115.25 (3s, CN), 127.63✓136.45 (m,
Ph). 31P NMR (CDCl3): ¥ 79.5 (s, 2P, Ru(dppe)Cp*), 41.3 (s, 2P,
Ru(PPh3)2Cp), ✓142.5 (sept, J(PF) = 709 Hz, 1P, PF6). ES-MS
(MeOH, m/z): 1451, M+; 691, [Ru(PPh3)2Cp]

+.
[{Cp*(dppe)Ru}{º-C…CC(CN)»C(CN)CN}{trans-RuCl(dppe)2}]PF6

([11]PF6). The product from Ru{C…CC(CN)»C(CN)2}(dppe)-
Cp* (80 mg, 0.105 mmol), cis-RuCl2(dppe)2 (51 mg, 0.053 mmol),
and [NH4]PF6 (68 mg, 0.420 mmol) in MeOH (10 mL, 24 h) was
purified by column chromatography (silica). Unreacted purple
Ru{C…CC(CN)»C(CN)2}(dppe)Cp* first eluted with CH2Cl2,
while with acetone✓hexane (1:1), a blue fraction containing
[{Cp*(dppe)Ru}{º-C…CC(CN)»C(CN)CN}{trans-RuCl-
(dppe)2}]PF6 ([11]PF6; 42 mg, 43%) was obtained. Anal. Calcd
(C95H89F6N3P7Ru2): C, 61.97; H, 4.87; N, 2.28; M (cation), 1696.
Found: C, 61.84; H, 4.90; N, 2.35. IR (CH2Cl2, cm

✓1): Ω(C…N) 2207
w, Ω(C…C) 1964 vs, Ω(C»C) 1605 w, 1484 w, 1436 m. 1H NMR
(CDCl3): ¥ 1.57 (s, 15H, Cp*), 2.35 (br m, 1 ◊ CH2, dppe) 2.62 (br
m, 2 ◊ CH2, dppe), 2.81 (m, 3 ◊ CH2, dppe), 7.01✓7.58 (m, Ph). 13C
NMR (CDCl3, 50 MHz): ¥ 10.10 (C5Me5), 29.26✓29.91 (m, 3 ◊
PCH2CH2P), 98.73, 102.66, 124.62, 148.11 (4s, C), 99.16 (s, C5Me5),
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112.01, 113.73, 115.62 (3s, CN), 127.22✓136.00 (m, Ph). 31P NMR
(CDCl3): ¥ 80.1 (s, 2P, Cp*(dppe)Ru), 43.2 (s, 4P, RuCl(dppe)2),
✓142.5 (sept, J(PF) = 710 Hz, 1P, PF6). ES-MS (MeOH, m/z): 1696,
M+; 933, [RuCl(dppe)2]

+; 635, [Ru(dppe)Cp*]+.
Structure Determinations. Full spheres of diffraction data were

measured using CCD area-detector instrumentation. Ntot reflections
were merged to N unique (Rint cited) after “empirical”/multiscan
absorption correction (proprietary software), No with F > 4√(F) being
considered “observed”; all data were used in the full matrix least-
squares refinements on F 2. All data were measured using
monochromatic Mo K± radiation (ª = 0.710 73 Å). Anisotropic
displacement parameter forms were refined for the non-hydrogen
atoms, (x, y, z, Uiso)H being included following a “riding” model

(reflection weights (√2(F 2) + (aP)2 (+ bP))✓1 (P = (Fo
2 + 2Fc

2)/3)).
Neutral atom complex scattering factors were used; computation used
the SHELXL 97 program.69 Pertinent results are given in the figures
(which show non-hydrogen atoms with 50% probability amplitude
displacement ellipsoids) and in Tables 1 and 11.

Variata. [8]PF6. As refined in space group C2/c, with a
centrosymmetric cation, three of the four phenyl rings were modeled
as disordered over pairs of sites, with occupancies 0.5, as were also the
fluorine atoms. In the isomorphous [9]PF6, all phenyl rings were
modeled as disordered, with isotropic adp forms; the metal atom was
modeled as a Ru/Os composite. The pendant ligand atom at the metal
was modeled as a C/N composite.

Table 11. Crystal Data and Refinement Details for 2-Ru, 3✓5, [7]BF4, [9]PF6, and [10]PF6

2-Ru 3 4 5

formula C48H35N3P2Ru C39H30N4P2Ru·CH2Cl2 C38H29N3P2Ru C43H39N3P2Ru
MW 816.80 802.61 690.65 760.78
cryst syst monoclinic triclinic orthorhombic monoclinic
space group P21/n P1⇧ Pca21 P21/n
a/Å 11.4978(7) 11.7459(5) 21.433(2) 13.362(3)
b/Å 17.5630(9) 11.9723(5) 16.439(1) 17.193(4)
c/Å 19.605(1) 13.2917(6) 17.989(2) 16.114(4)
±/deg 82.087(4)
≤/deg 100.135(1) 89.623(4) 98.964(4)
≥/deg 75.665(4)
V/Å3 3897 1793 6338 3657
¡c/g cm✓3 1.392 1.487 1.448 1.382
Z 4 2 8 4
2∏max/deg 75 60 67 50
º(Mo K±)/mm✓1 0.52 0.71 0.63 0.55
Tmin/max 0.82 0.94 0.86 0.62
cryst dimens/mm3 0.45 ◊ 0.38 ◊ 0.35 0.20 ◊ 0.18 ◊ 0.13 0.48 ◊ 0.16 ◊ 0.10 0.52 ◊ 0.18 ◊ 0.03
Ntot 81 052 19 495 89 975 35 617
N (Rint) 20 404 (0.022) 9313 (0.038) 23 867 (0.054) 6472 (0.109)
No 17 661 5735 17 574 4584
R1 0.027 0.040 0.048a 0.057
wR2 (a (,b)) 0.075 (0.036, 1.4) 0.088 (0.038) 0.117 (0.052, 5.4) 0.148 (0.079, 2.5)
T/K 150 100 150 100

[7]BF4 [9]PF6 [10]PF6

formula C43H40N3P2Ru·BF4 C79H78N3OsP4Ru·F6P C84H74N3P4Ru2·F6P
MW 848.60 1629.56 1596.45
cryst syst monoclinic monoclinic orthorhombic
space group P21/n C2/c Fdd2
a/Å 11.1286(2) 20.9050(10) 36.72(2)
b/Å 17.4916(3) 14.7607(8) 68.84(3)
c/Å 20.1481(4) 23.7010(10) 11.415(5)
≤/deg 103.473(2) 100.138(5)
V/Å3 3814 7199 28 857
¡c/g cm✓3 1.478 1.502 1.470
Z 4 4 16
2∏max/deg 68 62 55
º(Mo K±)/mm✓1 0.55 2.15 0.59
Tmin/max 0.80 0.81 0.85
cryst dimens/mm3 0.34 ◊ 0.24 ◊ 0.03 0.23 ◊ 0.20 ◊ 0.10 0.60 ◊ 0.12 ◊ 0.10
Ntot 75 979 51 366 47 047
N (Rint) 15 394 (0.072) 10 772 (0.077) 15 861 (0.072)
No 8061 5503 10 929
R1 0.042 0.075 0.062b

wR2 (a (,b)) 0.097 (0.043) 0.204 (0.075, 43) 0.16 (0.056, 243)
T/K 100 100 150
axabs = ✓0.02(10). bxabs = 0.02(4).
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Introduction

Three-coordinate organoboron compounds and polymers
exhibit linear and nonlinear optical and electronic properties
which make them attractive for use in functional materi-
als.[1,2] In such compounds, the three-coordinate boron
center generally behaves as a p-acceptor, due to its vacant

pz orbital, but as boron is more electropositive than carbon,
the boryl moiety can also exhibit s-donor character. The
field has been dominated by the use of dimesitylboryl
(BMes2, Mes =2,4,6-Me3C6H2) and related moieties, as the
presence of the ortho-methyl groups stabilizes the unsaturat-
ed boron center through steric protection of the empty pz

orbital. The BMes2 group is considered to be a p-acceptor
similar to NO2 based on UV data,[3] but closer to CN based
on cyclic voltammetry (CV) data,[4] for which reduction
waves are observed. These compounds can display sizable
second- and third-order nonlinear optical (NLO) proper-
ties,[5–10] in which the BMes2 acceptor strength is usually
somewhere between that of NO2 and CN. They can also ex-
hibit large two-photon absorption (TPA) cross-sections and
strong two-photon excited fluorescence (TPEF).[11–13] Such
electron-deficient compounds have low LUMO energies and
have thus been shown to be efficient electron-transporting
and/or -emitting layers in organic light-emitting diodes
(OLEDs).[14–16] Compounds with BMes2 groups are often
strongly colored and/or luminescent,[17] and thus have poten-
tial for use as colorimetric or luminescent sensors for

Abstract: Four linear p-conjugated sys-
tems with 1,3-diethyl-1,3,2-benzodiaza-
borolyl [C6H4ACHTUNGTRENNUNG(NEt)2B] as a p-donor at
one end and dimesitylboryl (BMes2) as
a p-acceptor at the other end were syn-
thesized. These unusual push–pull sys-
tems contain phenylene (!1,4-C6H4!;
1), biphenylene (!4,4’-(1,1’-C6H4)2!; 2),
thiophene (!2,5-C4H2S!; 3), and di-
thiophene (!5,5’-(2,2’-C4H2S)2!; 4) as
p-conjugated bridges and different
types of three-coordinate boron moiet-
ies serving as both p-donor and p-ac-
ceptor. Molecular structures of 2, 3,
and 4 were determined by single-crys-
tal X-ray diffraction. Photophysical
studies on these systems reveal blue-
green fluorescence in all compounds.
The Stokes shifts for 1, 2, and 3 are no-
tably large at 7820–9760 cm!1 in THF
and 5430–6210 cm!1 in cyclohexane,
whereas the Stokes shift for 4 is signifi-

cantly smaller at 5510 cm!1 in THF and
2450 cm!1 in cyclohexane. Calculations
on model systems 1’–4’ show the
HOMO to be mainly diazaborolyl in
character and the LUMO to be domi-
nated by the empty p orbital at the
boron atom of the BMes2 group. How-
ever, there are considerable dithio-
phene bridge contributions to both or-
bitals in 4’. From the experimental data
and MO calculations, the p-electron-
donating strength of the 1,3-diethyl-
1,3,2-benzodiazaborolyl group was
found to lie between that of methoxy
and dimethylamino groups. TD-DFT
calculations on 1’–4’, using B3LYP and

CAM-B3LYP functionals, provide in-
sight into the absorption and emission
processes. B3LYP predicts that both
the absorption and emission processes
have strong charge-transfer character.
CAM-B3LYP which, unlike B3LYP,
contains the physics necessary to de-
scribe charge-transfer excitations, pre-
dicts only a limited amount of charge
transfer upon absorption, but some-
what more upon emission. The excited-
state (S1) geometries show the borolyl
group to be significantly altered com-
pared to the ground-state (S0) geome-
tries. This borolyl group reorganization
in the excited state is believed to be re-
sponsible for the large Stokes shifts in
organic systems containing benzodiaza-
borolyl groups in these and related
compounds.

Keywords: charge transfer · density
functional calculations · diazabor-
ole · donor–acceptor systems · lumi-
nescence
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anions, particularly fluoride ions.[18,19] Conjugated molecules
with boryl side groups have recently been shown to display
very large Stokes shifts and high quantum yields both in so-
lution and the solid state, properties that were attributed to
the lack of close packing caused by the bulky mesityl
groups.[20,21]

In the past decade, the chemistry of another class of
three-coordinate boron compounds, namely 1,3,2-diazabor-
oles, has developed rapidly.[22–27] Some of these compounds
show strong fluorescence properties.[28–36] The 1,3-diethyl-
1,3,2-benzodiazaborolyl group (1,3-Et2-1,3,2-N2BC6H4) is
perhaps the most widely used benzodiazaborolyl group and
compounds containing this group are somewhat air-
stable.[24,30–35] Previous calculations on 2-arylethynyl-1,3,2-di-
azaboroles showed a localization of the HOMO on the dia-
zaborole group, leading to the suggestion that this group
could act as a p-donor.[35] Consistent with this proposal,
cyclic voltammetry studies have shown that diazaboroles ox-
idize easily.[30,33,36]

As the BMes2 group is known to be an effective p-accept-
or and the benzodiazaborolyl group has been suggested to
be a p-donor, the novel “push–pull” systems (1–4, shown
here) were targeted. This study describes the syntheses, crys-
tal structures, photophysical properties, and computational
studies on these four novel compounds, each containing two
different types of three-coordinate boron centers function-
ing as p-donor and p-acceptor. The results confirm our pre-
vious theoretical prediction of the unusual p-donor behavior
of the benzodiazaborolyl moiety[35] and provide a compari-
son of its donor properties with those of typical p-donor
groups.

Results and Discussion

Synthesis : The new bisboryl compounds 1–4 were all formed
by the established methodology[24,25,30, 31,34, 35] of reacting 2-
bromo-1,3-diethyl-1,3,2-benzodiazaborole[24] (5) with the re-
spective lithiated compound containing a BMes2 group
(Scheme 1). The para-phenylene derivative 1 was formed in
67 % yield through the lithiation of 4-bromophenyldimesityl-
borane[17] with n-butyllithium followed by addition of an

equimolar amount of 5. An analogous treatment of 4’-bro-
mobiphenyldimesitylborane[37] with n-butyllithium followed
by addition of 5 afforded the 4,4’-bisborylated biphenyl 2 as
a colorless solid in 54 % yield. The moderately air- and
moisture-sensitive compounds 1 and 2 are very soluble in
common organic solvents, such as benzene, ethers, CH2Cl2,
CHCl3, CH3CN and DMSO.

The lithiated precursors for the syntheses of 3 and 4 were
generated by reaction of 2-dimesitylborylthiophene (6) and
5’-bromo-5-dimesitylboryl-2,2’-dithiophene (7), respectively,
with butyllithium. The new compounds, 6 and 7, were ob-
tained as oils in 59-65 % yields from the reactions of dimesi-
tylfluoroborane[38] (Mes2BF, 8) with the corresponding lithi-
ated thiophenes as shown in Scheme 2. Lithiation of 6 by n-
butyllithium followed by addition of 5 gave 3 as an off-white
solid in 67 % yield. A similar procedure from 7 afforded 4
as a white solid in 71 % yield.

It is interesting to note that thiophenes with electron-do-
nating amino groups, such as those in 3, instead of the borol-
yl group have not yet been reported.[15] The only reported
push–pull dithiophene involving a BMes2 group has a pyrro-
lidin-1-yl ((CH2)4N!) group in place of the borolyl substitu-
ent in 4.[10] Related systems with Ph2N donors and B ACHTUNGTRENNUNG(Mes)-
4-tBuPh or B ACHTUNGTRENNUNG(Mes)-4-(poly)styryl groups[18h] as well as BPh2

and B ACHTUNGTRENNUNG(C6F5)2 acceptor moieties[3b, 34] have been examined
previously.

Scheme 1. General route used in the syntheses of push–pull systems 1–4.

Scheme 2. Syntheses of new dimesitylborylthiophenes 6 and 7.
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X-ray structural analyses of 2, 3, and 4 : The molecular struc-
tures of compounds 2, 3, and 4 were determined by single-
crystal X-ray diffraction (Figures 1–3). Bond lengths and tor-
sion angles of interest are listed in Table 1. The crystal struc-
ture of 2 contains three independent molecules (2 A, 2 B and
2 C) in each unit cell ; whereas for 3 there are two independ-

ent molecules (3 A and 3 B). The bond lengths observed for
the borolyl and BMes2 substituents are typical of those
found in crystal structures of compounds containing a ben-
zodiazaborolyl[24,30, 35] or a BMes2

[39,40] group.
The B!C bond lengths of the bridges shorten slightly on

going from the arene bridge in 2 to the thiophene-contain-
ing bridges in 3 and 4. Even though the mesityl groups have
essentially the same twisted orientations in the solid-state
structures of 2–4, as shown by the torsion angles listed in
Table 1, the bridge Mes2B!C bond lengths are shortened by
about 0.02 ! on going from the arene bridge in 2 to the
thiophene bridges in 3 and 4. This is in accord with X-ray
data for Mes2B–thiophene and Mes2B–arene compounds re-
ported elsewhere.[41–44] The B!C bond lengths involving the
borolyl groups are less affected by the nature of the bridge,
with a range of 1.556(2) and 1.568(3) ! for 2–4. The torsion
angles between the planes of the borolyl groups and the
bridges vary considerably between 20.7 and 59.28 ; the mea-
sured B!C values and torsion angles are similar to those in
related borolyl–thiophenes and borolyl–arenes reported
elsewhere.[31,34] The two rings in the bridges in the three con-

formers of 2 are not coplanar
(36.1–39.18), whereas the two
thiophene rings in 4 are orient-
ed anti to one another and are
nearly coplanar (11.98).

Photophysical properties : The
photophysical properties of 1–4
are listed in Table 2 along with
related D-p-A, D-p-D, and A-
p-A systems for comparison.
The lowest energy UV absorp-
tion maxima for 1–4 decrease in
energy and in intensity on
going from 1 to 2 to 3 to 4, but
these are not significantly influ-
enced by different solvents. The
small solvatochromic effects

Figure 1. One of three independent molecules in the crystal structure of
2. Ellipsoids drawn at 50% probability. Selected bond lengths in !:
B(1)!C(11) 1.563(3); C(14)!C(17) 1.481(3); C(20)!B(2) 1.564(3). Tor-
sion angle for C(13)-C(14)-C(17)-C(18) 39.18.

Figure 2. One of two independent molecules in the crystal structure of 3.
Ellipsoids drawn at 50% probability. Selected bond lengths in !: B(1)!
C(11) 1.556(2); C(11)!C(12) 1.381(2); C(12)!C(13) 1.394(2); C(13)!
C(14) 1.385(2); C(14)!B(2) 1.547(2).

Figure 3. Molecular structure of 4. Ellipsoids drawn at 50 % probability.
Selected bond lengths in !: B(1)!C(11) 1.561(5); C(14)!C(15) 1.473(4);
C(18)!B(2) 1.541(5). Torsion angle for S(1)-C(14)-C(15)-S(2) 168.18.

Table 1. Selected geometric parameters for systems 2–4.

2A 2B 2C 3A 3B 4

bond lengths [!]
borolyl unit
B!C 1.563(3) 1.566(3) 1.568(3) 1.556(2) 1.557(3) 1.561(5)
B!N 1.435(3)

1.431(3)
1.433(3)
1.435(3)

1.433(3)
1.434(3)

1.438(2)
1.433(2)

1.438(2)
1.432(2)

1.426(5)
1.430(5)

BMes2 unit
B!C 1.564(3) 1.564(3) 1.569(3) 1.547(2) 1.548(3) 1.541(5)
B!CACHTUNGTRENNUNG(Mes) 1.585(3)

1.585(3)
1.588(3)
1.586(3)

1.586(3)
1.581(3)

1.579(3)
1.583(3)

1.577(3)
1.576(3)

1.588(5)
1.577(6)

torsion angles [8]
borolyl-C (N-B-C-C) 56.1 59.2 48.7 20.7 33.8 33.0
bridging C-BMes2 (C-B-C-C/S) 20.2 14.6 12.2 14.0 23.9 23.1
BMes2 (C-B-C-C) 54.3

61.3
56.5
59.9

55.5
61.2

54.6
63.3

50.2
59.2

56.2
61.8

aryl–aryl 39.1 37.6 36.1
thienyl–thienyl 168.1
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show that these systems have small dipole moments in the
ground state.

All of the compounds 1–4 are luminescent; the thiophenes
3 and 4 have moderate fluorescence quantum yields of Ffl =
0.45 and 0.46, respectively, in THF, whereas Ffl for the phe-
nylenes 1 and 2 is only 0.02 and 0.08, respectively. This con-
trasts with reported D-p-D systems in which the quantum
yields for systems containing phenylene bridges are superior
to systems containing thiophene bridges in THF (Table 2).
In cyclohexane, high fluorescence quantum yields of Ffl =
0.99, 0.99, 0.81 and 0.85 were obtained for 1–4, respectively.
The nonradiative processes are presumably more efficient in
the polar solvent, THF, than in the nonpolar solvent, cyclo-
hexane, for 1–4. The Stokes shifts for 1, 2, and 3 are large,
with values of 5430–6210 cm!1 in cyclohexane, and more
modest for 4, being 2450 cm!1 in cyclohexane. In all cases,
the Stokes shifts are significantly larger in the more polar
solvent, THF, and solvatochromic shifts in the emission
maxima of 1610–4330 cm!1 are observed on changing the
solvent from cyclohexane to THF. Such large Stokes shifts
have been observed for related D-p-D systems in which the
donor ends are borolyl groups (Table 2). It seems that large
Stokes shifts are characteristic of compounds containing
benzodiazaborolyl groups, whereas no large Stokes shifts
were observed with A-p-A systems containing dimesitylbor-

yl groups (Table 2). Interestingly, the Stokes shift generally
increases on going from (C4H2S)2< (C4H2S)<C6H4< (C6H4)2

in all D-p-A, D-p-D, and A-p-A systems listed in Table 2.
The substantial solvatochromic shifts in the fluorescence
data for 1–4 may indicate that the compounds have relative-
ly large dipole moments in their singlet excited states, vide
infra. Indeed, experimental differences between ground-
and excited-state dipole moments, estimated using the Lip-
pert–Mataga method, of 14.4 and 18.8 D have recently been
reported for 3 and 4, respectively, in a study of their solvato-
chromic and fluoride sensing properties.[32] However, we
note that significant solvatochromic shifts in emission spec-
tra of the centrosymmetric para-disubstituted bis(1,3-dieth-
yl-1,3,2-benzodiazaborolyl)diphenylacetylene have recently
been reported.[31] Thus, the observed emission solvatochrom-
ism may reflect factors other than just changes in dipole mo-
ments.

It is instructive to compare the photophysical data of 1
and 2 with those of Me2NC6H4BMes2 and Me2N-ACHTUNGTRENNUNG(C6H4)2BMes2 in order to compare the borolyl group with
the strong p-donor Me2N group. The absorption maxima in
these compounds suggest that the borolyl group is a weaker
p-donor group than the Me2N group; however, the data for
1 and MeOC6H4BMes2 imply that the borolyl group is a
stronger p-donor group than the methoxy group.

Table 2. Photophysical data of 1–4 and related systems.

Solvent lmax

abs
[nm]

lmax

absACHTUNGTRENNUNG[cm!1]

eACHTUNGTRENNUNG[m!1 cm!1]
Solvato-
chromic
shiftACHTUNGTRENNUNG[cm!1]

lmax

em
[nm]

lmax

emACHTUNGTRENNUNG[cm!1]

Stokes
shiftACHTUNGTRENNUNG[cm!1]

Ffl Solvato-
chromic
shiftACHTUNGTRENNUNG[cm!1]

Ref.

D-p-A
C6H4ACHTUNGTRENNUNG(NEt)2BC6H4BMes2 1 THF 329 30400 31 600 180 477 20 960 9440 0.08 3370

cyclohexane 327 30580 29 600 408 24 510 6070 0.99
C6H4ACHTUNGTRENNUNG(NEt)2BACHTUNGTRENNUNG(C6H4)2BMes2 2 THF 331 30210 25 900 280 489 20 450 9760 0.02 4330

cyclohexane 328 30490 23 900 399 25 060 5430 0.99
C6H4ACHTUNGTRENNUNG(NEt)2BACHTUNGTRENNUNG(C4H2S)BMes2 3 THF 350 28570 20 100 420 482 20 750 7820 0.46 1610

cyclohexane 345 28990 19 400 439 22 780 6210 0.81
C6H4ACHTUNGTRENNUNG(NEt)2BACHTUNGTRENNUNG(C4H2S)2BMes2 4 THF 392 25510 32 800 200 500 20 000 5510 0.45 3060

cyclohexane 389 25710 11 400 430 23 260 2450 0.85
Me2NC6H4BMes2 methanol 358 27930 – 400 512 19 530 8400 0.05 6380 [17]

CHCl3 358 27930 – 400 465 21 510 6420 0.26 4000 [7,17]
cyclohexane 353 28330 26 000 386 25 910 2420 0.42 [7,17]

MeOC6H4BMes2 CHCl3 318 31450 – 0 372 26 880 4570 – 1370 [7]
cyclohexane 318 31450 18 000 354 28 250 3200 – [7]

Me2N ACHTUNGTRENNUNG(C6H4)2BMes2 acetonitrile 374 26740 28 000 470 511 19 570 8430 – [9]
CH2Cl2 376 26600 610 488 20 490 6110 – [9]
cyclohexane 368 27210 - [9]

D-p-D
C6H4ACHTUNGTRENNUNG(NEt)2BC6H4BACHTUNGTRENNUNG(NEt)2C6H4 THF 300 33330 20 200 385 25 970 7360 0.98 [34]
C6H4ACHTUNGTRENNUNG(NEt)2BACHTUNGTRENNUNG(C6H4)2B ACHTUNGTRENNUNG(NEt)2C6H4 THF 304 32890 427 23 420 9470 0.52 [30]
C6H4ACHTUNGTRENNUNG(NEt)2BACHTUNGTRENNUNG(C4H2S)B ACHTUNGTRENNUNG(NEt)2C6H4 THF 316 31650 404 24 750 6900 0.59 [30]
C6H4ACHTUNGTRENNUNG(NEt)2BACHTUNGTRENNUNG(C4H2S)2B ACHTUNGTRENNUNG(NEt)2C6H4 THF 351 28490 33 000 448 22 320 6170 0.52 [34]

A-p-A
Mes2BC6H4BMes2 CHCl3 338 29590 23 000 394 25 380 4210 – [2,6]
Mes2BACHTUNGTRENNUNG(C6H4)2BMes2 CHCl3 342 29240 59 000 423 23 640 5600 – [2,6]
Mes2BACHTUNGTRENNUNG(C4H2S)BMes2 THF – – – 440 22 730 – – [45]
Mes2BACHTUNGTRENNUNG(C4H2S)2BMes2 THF 402 24880 53 700 446 22 420 2460 0.86 [14]
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Geometry computations : Geometries of model compounds
1’–4’, in which the ethyl groups were replaced by methyl
groups and the para-methyl groups of the mesityl moieties
were replaced by hydrogen atoms to reduce computational
effort, were optimized by means of DFT calculations at the
B3LYP/6-31G* level of theory. Important parameters of
these optimized geometries are listed in Table 3 to compare

with experimental data for 2–4. The agreements between
optimized and experimental B!C bond lengths on the
bridges are very good. The largest geometric differences be-
tween the optimized and experimental geometries are the
torsion angles between the planes of the thiophene ring and
the borolyl group in 3 and 4 by 17.8 and 10.38, respectively.
Constraining the torsion angle to 27.38 (which is the aver-
aged experimental value for 3 in the solid-state) in 3’ and
optimizing the rest of the geometry gives a structure that
lies 0.5 kcal mol!1 higher in energy than the minimum of 3’.
This energy difference suggests that a modest rotation barri-
er is present at the B!C bond between the borolyl group
and the thiophene bridge.

The model compounds 9’, 10’, 11’, and 12’, shown in
Scheme 3, were therefore examined to estimate the rotation-
al energy barriers at the B!C bonds between the borolyl or

BMes2 group and a phenyl or thienyl group. Relative ener-
gies and B!C bond lengths with respect to the torsion
angles involving the bonds viewed in bold in Scheme 3 are
listed in Table S1 in the Supporting Information. The pre-
ferred conformation in all cases involves the twisting of both
borolyl and BMes2 groups with respect to the phenyl or
thienyl planes. A very good agreement is found in the struc-
tural parameters between the fully optimized geometry of
10’ and the X-ray determined geometry of Mes2BPh.[44] The
energies required for the borolyl group to become coplanar
with the phenyl and thienyl groups are 6.5 and 3.0 kcal
mol!1, respectively. In contrast, the energies required for the
BMes2 group to become coplanar with phenyl and thienyl
groups are only 1.3 and 0.3 kcal mol!1, respectively.

Molecular orbital computations : To compare the frontier or-
bitals (HOMO, LUMO) of the p-donor and p-acceptor end
groups, the geometries of C6H4ACHTUNGTRENNUNG(NEt)2BH and HBMes2

[40]

were optimized and their MOs computed. Figure 4 shows

their frontier orbitals and energies determined using
B3LYP/6-31G*. The orbitals of Me2N and NO2 as strong p-
donor and p-acceptor end groups, respectively, are also rep-
resented using Me2NH and HNO2 molecules for compari-
son. The HBMes2 compound has 47 % boron character
(empty p orbital) in its LUMO reflecting the strong p-ac-
ceptor properties of the BMes2 moiety.

The borolyl group is an electron donor based on a similar
HOMO energy of C6H4ACHTUNGTRENNUNG(NEt2)2BH to that of HNMe2. Irre-
versible oxidation waves have been reported from cyclic vol-
tammetry data of some C6H4 ACHTUNGTRENNUNG(NEt)2BR systems.[30,33] The D-
p-D analogue of 2, C6H4ACHTUNGTRENNUNG(NEt)2B ACHTUNGTRENNUNG(C6H4C6H4)B ACHTUNGTRENNUNG(NEt)2C6H4,
shows an irreversible oxidation wave at 1.33 V which may
be compared to that of related D-p-D biphenyls,
Me2NC6H4C6H4NMe2 at 0.35 V[46] and MeOC6H4C6H4OMe
at 1.37 V.[47] The CV data thus suggest that the C6H4 ACHTUNGTRENNUNG(NEt)2B
unit, as an electron donor, behaves like a MeO group if at-
tached to an aromatic ring. Some p-orbital character exists

Table 3. Comparison of selected parameters for calculated geometries
1’–4’ and experimental (averaged) geometries 2–4.

1’ 2 2’ 3 3’ 4 4’

bond lengths [!]
borolyl unit
B!C 1.565 1.566 1.564 1.557 1.558 1.561 1.556
B!N 1.442 1.433 1.442 1.435 1.442 1.428 1.442
BMes2 unit
B!C 1.571 1.566 1.569 1.548 1.548 1.541 1.544
B!CACHTUNGTRENNUNG(Mes) 1.588 1.585 1.588 1.579 1.588 1.583 1.589
torsion angles [8]
borolyl-C 49.7 54.7 50.2 27.3 45.1 33.0 43.3
C-BMes2 22.2 15.7 21.6 19.0 17.4 23.1 16.2
BMes2 57.4 58.1 57.4 56.8 58.6 59.0 58.8
aryl–aryl 37.6 35.9
thienyl–thienyl 168.1 175.6

Scheme 3. Model compounds, with the torsion angles shown in bold, ex-
amined for rotation barriers at the B!C bonds.

Figure 4. Comparison of frontier orbitals for Me2NH, C6H4 ACHTUNGTRENNUNG(NEt)2BH,
HBMes2, and HNO2.
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at the B atom in the HOMO of C6H4ACHTUNGTRENNUNG(NEt)2BH, but it repre-
sents only 13 % of the HOMO composition. The HOMO
for the benzodiazaborolyl moiety is similar to the HOMO
for the diazaborolyl moiety of H2C2ACHTUNGTRENNUNG(NtBu)2BH.[26] These
borolyl moieties are essentially aromatic p-donors rather
than a p-orbital donor such as Me2N. The benzodiazaborolyl
group can thus be regarded as a ten-electron p-donor group,
isoelectronic with indole, the indenyl anion, and benzimidi-
zolium cation. The borolyl group also contains 16 % boron
character (empty p orbital) in its LUMO. This borolyl group
can thus bond to a fluoride anion, as has been shown experi-
mentally for C6H4 ACHTUNGTRENNUNG(NEt)2B ACHTUNGTRENNUNG(C4H2S)nH (n= 1,2),[33] [{C6H4-ACHTUNGTRENNUNG(NEt)2B ACHTUNGTRENNUNG(C4H2S)}2] and 1,3,5-[C6H4ACHTUNGTRENNUNG(NEt)2B ACHTUNGTRENNUNG(C4H2S)]3C6H3.[32]

The substantially higher energy and smaller B atom contri-
bution in the LUMO for C6H4ACHTUNGTRENNUNG(NEt)2BH compared to the
LUMO for HBMes2 indicate that the BMes2 group in the
push–pull systems 1–4 is more likely to bind to a fluoride
anion than the borolyl group. This has very recently been
demonstrated experimentally for compounds 3 and 4,[32] sup-
porting our computational results.

The energies and compositions of the important molecu-
lar orbitals for 1–4 are listed in Tables S2–S5 in the Support-
ing Information, and the frontier orbitals of these systems
are shown in Figures 5–8. As expected from Figure 4, the
HOMOs are mainly located on the benzodiazaborolyl
moiety whereas the LUMOs are situated at the BMes2

groups. The involvement of the bridge in these HOMOs and
LUMOs increases on going from 1’ to 3’ to 2’ to 4’. The di-
thiophene bridge makes up 63 % of the LUMO and 34 % of
the HOMO in the frontier orbitals for 4’. Table 4 lists the
MO energies for model compounds 1’–4’ and related D-p-A,
D-p-D, and A-p-A systems to examine closely whether the

borolyl group behaves more like a MeO group or a Me2N
group when connected to different p-rings. Comparing the
HOMO energies of 1’–4’ with those of the MeO and Me2N
analogues, it can be seen that the borolyl group is more like
the Me2N group for 1’, between MeO and Me2N for 2’ and
3’ and similar to the MeO group for 4’. In general, the
HOMO–LUMO gaps (HLG) are considerably smaller for
the dithiophene systems compared to the other three.

TD-DFT computations—absorption : To provide insight into
the optical absorption process, TD-DFT was used to study
the lowest vertical excitation in the four models, 1’–4’. Sin-
glet vertical excitation energies and oscillator strengths were
determined using the B3LYP and CAM-B3LYP[48] ex-
change-correlation functionals at their respective ground-
state geometries. B3LYP is a hybrid functional containing
20 % exact orbital exchange at all interelectronic distances.
It is well-established that the low percentage at large distan-
ces can lead to underestimated, spurious charge-transfer ex-
citations.[49] CAM-B3LYP is a Coulomb-attenuated function-
al, whereby the amount of exact exchange increases with in-
terelectronic distance, to a limiting value of 65 %. Studies
have demonstrated that this functional provides significantly

Figure 5. Orbital transitions for 1’ with corresponding kia value for
B3LYP and CAM-B3LYP functionals. MOs shown in this and subsequent
figures are from B3LYP/6-31G* which are indistinguishable to MOs from
CAM-B3LYP/6-31G*.

Table 4. Comparison of B3LYP/6-31G* HOMO, LUMO and HOMO–
LUMO gap (HLG) energies [in eV] for model geometries of 1’–4’ and re-
lated D-p-A, D-p-D and A-p-A systems.

LUMO HOMO HLG

C6H4ACHTUNGTRENNUNG(NMe)2BC6H4BMes2 1’ !1.77 !5.37 3.60
Me2NC6H4BMes2 !1.24 !5.29 4.05
MeOC6H4BMes2 !1.48 !6.00 4.52
C6H4ACHTUNGTRENNUNG(NMe)2BC6H4B ACHTUNGTRENNUNG(NMe)2C6H4 !0.71 !5.27 4.56
Mes2BC6H4BMes2 !2.13 !6.20 4.07

C6H4ACHTUNGTRENNUNG(NMe)2B ACHTUNGTRENNUNG(C6H4)2BMes2 2’ !1.83 !5.33 3.50
Me2N ACHTUNGTRENNUNG(C6H4)2BMes2 !1.58 !5.06 3.48
MeO ACHTUNGTRENNUNG(C6H4)2BMes2 !1.69 !5.67 3.98
C6H4ACHTUNGTRENNUNG(NMe)2B ACHTUNGTRENNUNG(C6H4)2B ACHTUNGTRENNUNG(NMe)2C6H4 !1.08 !5.26 4.18
Mes2BACHTUNGTRENNUNG(C6H4)2BMes2 !2.04 !6.15 4.11

C6H4ACHTUNGTRENNUNG(NMe)2B ACHTUNGTRENNUNG(C4H2S)BMes2 3’ !1.86 !5.40 3.54
Me2N ACHTUNGTRENNUNG(C4H2S)BMes2 !1.31 !5.21 3.90
MeO ACHTUNGTRENNUNG(C4H2S)BMes2 !1.54 !5.80 4.26
C6H4ACHTUNGTRENNUNG(NMe)2B ACHTUNGTRENNUNG(C4H2S)B ACHTUNGTRENNUNG(NMe)2C6H4 !0.91 !5.22 4.31
Mes2BACHTUNGTRENNUNG(C4H2S)BMes2 !2.29 !6.18 3.89

C6H4ACHTUNGTRENNUNG(NMe)2B ACHTUNGTRENNUNG(C4H2S)2BMes2 4’ !2.11 !5.31 3.20
Me2N ACHTUNGTRENNUNG(C4H2S)2BMes2 !1.76 !4.86 3.10
MeO ACHTUNGTRENNUNG(C4H2S)2BMes2 !1.90 !5.30 3.40
C6H4ACHTUNGTRENNUNG(NMe)2B ACHTUNGTRENNUNG(C4H2S) 2BACHTUNGTRENNUNG(NMe)2C6H4 !1.54 !5.11 3.57
Mes2BACHTUNGTRENNUNG(C4H2S)2BMes2 !2.42 !5.75 3.33
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improved long-range excitation energies, such as those of
charge-transfer character.[50–56] A diagnostic test was used to
help identify problematic excitations in B3LYP.[51] The test
states that when the degree of spatial overlap between the
occupied and virtual orbitals involved in the excitation, as
measured using a parameter L, is at or below approximately
0.3 for a hybrid functional, then the excitation will be signif-
icantly underestimated. Each TD-DFT excitation contains
contributions from all symmetry-allowed occupied-virtual
orbital pairs and the contribution of each pair was quanti-
fied using the parameter kia =Xia +Yia, in which X and Y are
the solutions to the usual TD-DFT generalized Eigenvalue
problem.[57,58] Results are presented in Table 5 and dominant
orbital transitions are presented in Figures 5–8.

For 1’ and 2’, the B3LYP L values are only 0.31 and 0.25,
respectively, and so the diagnostic test predicts that both ex-
citation energies are unreliable. For 3’and 4’, the L values
are larger, being 0.39 and 0.54, respectively, and so the diag-
nostic test does not predict a breakdown. Despite this, the
excitations are of long-range character and so the accuracy
of the B3LYP description must still be questionable. The sit-
uation somewhat resembles a study[55] in which a long-range
excitation was shown to be significantly in error, despite ex-
hibiting a large value of L. For all four molecules, B3LYP

predicts that the character of the excitation is essentially
pure HOMO to LUMO, as shown in Figures 5–8, indicating
strong charge-transfer character. In moving to CAM-B3LYP,
all excitation energies increase and, importantly, the charac-
ter of the excitations change considerably, as shown in Fig-
ures 5–8. For 1’ and 2’, the HOMO to LUMO (charge-trans-
fer) transition still contributes, but its contribution is smaller
than that of the other local transitions that do not involve
the borolyl group. For 3’ and 4’, the HOMO to LUMO tran-
sition is dominant, but there are now other significant con-
tributions. Overall, therefore, CAM-B3LYP predicts signifi-
cantly less charge-transfer character in the lowest vertical
excitation than B3LYP. Given that B3LYP is known to intro-
duce spuriously low charge-transfer states and that CAM-
B3LYP contains the necessary physics (long-range exact ex-
change) to fix this deficiency, we suggest that the CAM-
B3LYP picture is more representative of the actual absorp-
tion process. In support of this, we have performed addition-
al high-level ab initio CCSD calculations on a simpler
model system, 1-(H2N)2B-4-(H2B)C6H4. Once again, B3LYP
predicts a low L excitation in which a single orbital transi-
tion is dominant, whereas CAM-B3LYP predicts that addi-
tional orbital transitions are present. CCSD predicts the
same picture as CAM-B3LYP.

Figure 6. Orbital transitions for 2’ with corresponding kia value for
B3LYP and CAM-B3LYP functionals.

Figure 7. Orbital transitions for 3’ with corresponding kia value for
B3LYP and CAM-B3LYP functionals.
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As is common in such calculations, the excitation energies
in Table 5 are not strictly comparable with the lmax values,
due to the presence of vibrational structure in the latter.
However, it is clear that CAM-B3LYP does correctly predict
the variation in the excitation energies between the four sys-
tems. In addition, while the calculations are based on static
geometries, an ensemble of geometries will exist in solution,
differing, for example, in the dihedral angles between rings.
A barrier of about 3.8 kcal mol!1 was calculated for rotation
around the central thiophene–thiophene bond in the ground
state of 4’. In this regard, we note that the oscillator
strengths are very sensitive to the torsion angles in mole-
cules 2’ and 4’.

Excited-state structures : Table 6 lists selected bond lengths
and angles for the optimized (S1) excited-state geometries
for 1’–4’ at both B3LYP/6-31G* and CAM-B3LYP/6-31G*
levels. Comparison of the data with the ground-state geome-
tries in Table 3 reveals that at B3LYP/6-31G* the most sig-
nificant structural changes involve the borolyl units. Figure 9
shows important bond lengths in the two states for 2’. The
B!C bonds are shorter by 0.04 !, whereas the B!N bonds
are longer by 0.04 ! in the borolyl groups for the excited-
state geometries compared to the ground-state geometries
in all molecules. The bridges and the BMes2 groups are not
significantly altered and the twisting angles between the
donor, link, and acceptor still remain largely unchanged on
going from the ground state to the excited state. Optimized
excited-state geometries carried out at CAM-B3LYP/6-31G*
reveal similar geometries as those from B3LYP/6-31G* for
the short molecules, 1’ and 3’, but differ for the long mole-
cules, 2’ and 4’. The CAM-B3LYP geometries show less
twisting between the boron-containing groups and the
bridges than the B3LYP geometries, but remain nonplanar.

Figure 8. Orbital transitions for 4’ with corresponding kia value for
B3LYP and CAM-B3LYP functionals.

Table 5. TD-DFT data for the first vertical excitation using B3LYP and CAM-B3LYP functionalsfor 1’–4’.

Observed
[eV]

B3LYP
[eV]

Osc. strength
[f]

Transition (kia) CAM-B3LYP
[eV]

Osc. strength
[f]

Major transitions (kia)

1’ 3.78 3.19 0.234 HOMO!LUMO (0.69) 4.22 0.096 HOMO!LUMO (011)
HOMO!3!LUMO (0.62)
HOMO!4!LUMO (0.22)

2’ 3.78 3.19 0.274 HOMO!LUMO (0.70) 4.23 0.763 HOMO!LUMO (0.27)
HOMO!2!LUMO (0.51)

2’(0)[a] 3.10 0.343 HOMO!LUMO (0.69) 4.08 1.214 HOMO!LUMO (0.38)
HOMO!2!LUMO (0.53)

2’(90)[a] 3.37 0.004 HOMO!LUMO (0.70) 4.28 0.080 HOMO!3!LUMO (0.64)

3’ 3.60 3.10 0.266 HOMO!LUMO (0.69) 4.04 0.584 HOMO!LUMO (0.55)
HOMO!4!LUMO (0.36)

4’ 3.19 2.85 0.677 HOMO!LUMO (0.67) 3.57 1.127 HOMO!LUMO (0.55)
HOMO!1!LUMO (0.40)

4’(0)[b] 2.84 0.619 HOMO!LUMO (0.67) 3.55 1.134 HOMO!LUMO (0.55)
HOMO!1!LUMO (0.40)

4’(90)[b] 3.14 0.005 HOMO!LUMO (0.70) 4.22 0.069 HOMO!4!LUMO (0.56)
HOMO!5!LUMO (0.33)

[a] From a partly-optimized geometry with a fixed torsion angle between the two phenylene rings. [b] From a partly-optimized geometry with a fixed tor-
sion angle between the two thiophene rings.
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This is consistent with the recent observation[59] that func-
tionals with insufficient exact exchange tend to artificially
favor twisted geometries due to their increased charge-trans-
fer character. In the CAM-B3LYP S1 geometries for 2’ and
4’, the borolyl groups do not alter geometrically compared
to their respective S0 geometries. The two-ring bridges, how-
ever, are flatter and have quinoidal character. The bonds
linking the identical rings are 1.429 and 1.391 ! for 2’ and
4’, respectively, compared to 1.483 and 1.447 ! for the cor-
responding bonds at the ground states. Figure 9 shows the
bond-length differences between the B3LYP and CAM-
B3LYP for the S1 state of 2’.

The link between the CAM-B3LYP excited-state geome-
tries and the occupied molecular orbitals involved in the
lowest energy CAM-B3LYP transitions for all models is re-
vealing. Only models 2’and 4’ contain occupied molecular
orbitals involving bridge character that contribute to the
transitions.

Emission and Stokes shift : To provide insight into the opti-
cal emission process, vertical excitation energies were deter-
mined from the ground to first excited state, at the opti-
mized excited-state structure. The reverse of this process is
emission, that is, fluorescence. Results of our TD-DFT cal-
culations are presented in Table 7. Interestingly, the “emis-
sion” transitions computed using CAM-B3LYP exhibit an

Table 6. Comparison of selected parameters for calculated S1 excited-state geometries of 1’–4’.

1’
B3LYP

1’
CAM-B3LYP

2’
B3LYP

2’
CAM-B3LYP

3’
B3LYP

3’
CAM-B3LYP

4’
B3LYP

4’
CAM-B3LYP

bond lengths [!]
borolyl unit
B!C 1.526 1.499 1.527 1.531 1.513 1.491 1.513 1.529
B!N 1.484 1.486 1.480 1.453 1.483 1.481 1.478 1.447
BMes2 unit
B!C 1.556 1.533 1.541 1.541 1.544 1.523 1.528 1.532
B!CACHTUNGTRENNUNG(Mes) 1.595 1.592 1.601 1.587 1.592 1.588 1.596 1.584
torsion angles [8]
borolyl-C 58.1 31.3 46.1 35.8 38.5 19.1 30.8 29.2
C-BMes2 19.2 16.2 16.4 20.0 20.9 14.7 13.5 15.5
BMes2 54.2 55.7 57.0 53.8 56.9

52.2
59.2
55.0

60.2
57.3

59.3
54.8

aryl–aryl 21.4 10.1
thienyl–thienyl 178.8 180.0

Figure 9. Selected bond lengths of optimized geometries for 2’at ground
(S0) and excited (S1) states at B3LYP/6-31G*. The optimized S1 geometry
of 2’ at CAM-B3LYP is included for comparison.

Table 7. TD-DFT data using B3LYP and CAM-B3LYP functionals for S1 excited-state geometries 1’–4’.

Observed
[eV][a]

B3LYP
[eV]

Osc. strength
[f]

Transition (kia) CAM-B3LYP
[eV]

Osc. strength
[f]

Major transitions (kia)

1’ 3.04 2.55 0.144 HOMO !LUMO (0.71) 3.46 0.695 HOMO !LUMO (0.66)
HOMO !LUMO +1 (0.15)
HOMO!4 !LUMO (0.13)

2’ 3.11 2.55 0.327 HOMO !LUMO (0.70) 3.54 1.455 HOMO !LUMO (0.54)
HOMO!2 !LUMO (0.41)

3’ 2.83 2.53 0.262 HOMO !LUMO (0.71) 3.23 0.718 HOMO !LUMO (0.67)
HOMO!4 !LUMO (0.14)

4’ 2.89 2.38 0.703 HOMO !LUMO (0.70) 2.96 1.248 HOMO !LUMO (0.65)
HOMO!1 !LUMO (0.25)

[a] In cyclohexane.
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increased charge-transfer character at this new geometry,
with respect to that seen in absorption, in the sense that the
HOMO !LUMO transition is now dominant for all four
systems. This is valid provided that the HOMO and LUMO
at the excited-state geometries resemble those at the
ground-state geometries.

The geometrical reorganization of the borolyl group may
be responsible for the substantial Stokes shifts (0.67–
0.77 eV) observed in the photophysical data for 1–3 here
and in other organic systems containing borolyl groups. Ob-
served and computed Stokes shift values are compared in
Table 8. The agreement between values calculated using

CAM-B3LYP and observed values is very good for 1–3, but
less good for dithiophene 4. As expected, the computed
value for 4’ is quite sensitive to the thiophene–thiophene
torsion angle using either functional, and a barrier of only
about 3.8 kcal mol!1 was calculated for rotation around the
central C!C bond of 4’ in the ground state.

Dipole moments : The dipole moment differences between
the ground and excited states for 3 and 4 have very recently
been estimated from solvatochromic data using the Lippert–
Mataga model.[32] It is worth bearing in mind the fact that
even centrosymmetric bis(benzodiazaborolyl) compounds
can show strong solvatochromism in emission, vide supra.
Notwithstanding this, we computed dipole moments for
both ground and excited states of models 1’–4’, using both
B3LYP and CAM-B3LYP functionals; the values are listed
in Table 9. The values labeled S0 and S0(S1) are the ground-
state dipole moments evaluated at the optimized ground-

state and first-excited-state structures, respectively. S1 and
S1(S0) are the first-excited-state dipole moments evaluated
at the optimized excited-state and ground-state structures,
respectively. The S1(S0) dipole moments computed using
B3LYP/6-31G* are notably larger than those using CAM-
B3LYP/6-31G*, consistent with our observation that the
former theory predicts more charge-transfer character in ab-
sorption. Of interest is the fact that B3LYP predicts larger
changes in dipole moment (S1(S0)–S0) for the two-ring
bridged systems 2’ and 4’ than for the one-ring bridged com-
pounds 1’ and 3’, whereas CAM-B3LYP predicts the oppo-
site. This is clearly due to the greater bridge contributions
found using the CAM-B3LYP functional. In addition, for all
but 4’, CAM-B3LYP predicts that vibrational relaxation in
the S1 excited state leads to an increase in dipole moment.
This is consistent with the increased HOMO !LUMO char-
acter computed for emission compared with that for absorp-
tion. Experimental values estimated from solution solvato-
chromic data are also presented, but extreme caution must
be used in interpreting such values and comparing with the-
oretically determined quantities.

Conclusion

Four novel organic D-p-A systems containing three-coordi-
nate boron moieties as both donor and acceptor were syn-
thesized with benzodiazaborolyl groups as p-donors and di-
mesitylboryl groups as p-acceptors. The compounds are all
fluorescent with large Stokes shifts up to 9800 cm!1. While
the electron-accepting property of the dimesitylboron group
is known to be between that of the cyano and nitro group,
the photophysical studies and computations show that the
electron-donating effect of the benzodiazaborolyl group is
between that of dimethylamino and methoxy groups. Molec-
ular orbital calculations on these novel organic D-p-A sys-
tems show the HOMO to be mainly located on the borolyl
group and the LUMO to be mainly located on the BMes2

group, but the involvement of the p-bridge (phenylene, bi-
phenylene, thiophene, dithiophene) between these groups in
these frontier orbitals vary, being dominant in the dithio-
phene derivative. Insight into the absorption and emission
processes is provided by TD-DFT calculations using both
B3LYP and CAM-B3LYP functionals, which also allowed us
to compare their behavior. B3LYP predicts that both the ab-
sorption and emission processes are strongly charge-transfer
in character. CAM-B3LYP predicts only a limited amount
of charge-transfer in absorption, but somewhat more in
emission. CAM-B3LYP, unlike B3LYP, does contain the
physics necessary to describe charge-transfer excitations. In
the excited-state (S1) geometries, the borolyl group is signifi-
cantly altered compared to the ground-state (S0) geometries.
This borolyl group reorganization in the excited state is be-
lieved to be responsible for the large Stokes shifts in organic
systems with benzodiazaborolyl groups reported here and
elsewhere.

Table 8. Comparison of observed and computed Stokes shifts [in eV].

Observed[a] B3LYP CAM-B3LYP

1’ 0.74 0.64 0.76
2’ 0.67 0.64 0.69
3’ 0.77 0.57 0.81
4’ 0.30 0.47 0.61

[a] In cyclohexane.

Table 9. Dipole moments in Debye (B3LYP/6-31G* and CAM-B3LYP/6-
31G*).

1’ 2’ 3’ 4’

B3LYP S0 0.1 0.1 1.0 1.1
B3LYP S0(S1) 0.6 0.1 1.0 1.1
B3LYP S1 23.7 33.3 18.4 20.7
B3LYP S1(S0) 24.3 37.4 20.6 22.5
B3LYP S1-S0 23.6 33.2 17.4 19.6
experimental estimate[a] 14.4 18.8
CAM-B3LYP S0 0.2 0.1 1.0 0.7
CAM-B3LYP S0(S1) 0.4 0.2 1.1 1.0
CAM-B3LYP S1 14.9 9.2 11.6 6.3
CAM-B3LYP S1(S0) 5.3 2.7 8.3 6.5
CAM-B3LYP S1-S0 14.7 9.1 10.6 5.6
experimental estimate[a] 14.4 18.8

[a] Estimated from solvatochromic data using the Lippert–Mataga
model.[32]
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Experimental Section

All manipulations were performed under an atmosphere of dry oxygen-
free argon using Schlenk techniques. All solvents were dried with the
usual drying agents and then freshly distilled prior to use. The com-
pounds 4-bromophenyldimesitylborane,[17] 2-bromo-1,3-diethyl-1,3,2-ben-
zodiazaborole (5),[24] 4’-bromo-4-dimesitylboryl-biphenyl,[37] dimesityl-
fluoroborane (8),[38] and 5,5’-dibromodithiophene[60] were prepared ac-
cording to literature methods, and 4,4’-dibromobiphenyl and 1,4-dibro-
mobenzene were purchased from Acros. NMR spectra were recorded
from solutions at room temperature in C6D6 or CDCl3 (unless otherwise
stated) on a Bruker AM Avance DRX500 spectrometer (1H, 11B, 13C)
with SiMe4 (1H,13C) and BF3

.OEt2 (11B) as external standards. Some ex-
pected broad 13C peaks corresponding to the carbon attached to boron
were not detected above the noise levels. Mass spectra were obtained
with a VG Autospec sector field mass spectrometer (Micromass). For de-
tailed spectroscopic data see the Supporting Information. Absorption
spectra were measured with a UV/VIS double-beam spectrometer (Shi-
madzu UV-2550). For details see the Supporting Information.

4-(Dimesitylboryl)-1-(1’,3’-diethyl-1’,3’,2’-benzodiazaborol-2’-yl)benzene
(1): A solution of 1.6m n-butyllithium (1.90 mL, 3.04 mmol) in n-hexane
was added to a solution (!78 8C) of (4-bromophenyl)(dimesityl)borane
(0.79 g, 2.95 mmol) in THF (25 mL). The mixture was stirred 1 h at
!78 8C before a sample of neat 5 (0.75 g, 2.96 mmol) was added. The re-
action mixture was warmed to ambient temperature with stirring for
16 h. Solvent and volatile components were removed in vacuo. The solid
residue was triturated three times with boiling n-hexane. The filtrate was
evaporated to dryness and the residue was crystallized from n-hexane to
afford a colorless microcrystalline solid 1 (0.99 g, 67% yield). Elemental
analysis calcd (%) for C34H40B2N2: C 81.95, H 8.09, N 5.62; found: C
81.89, H 7.99, N 5.43.

4’-Dimesitylboryl-4-(1’’,3’’,2’’-benzodiazaborole-2’’-yl)-biphenyl (2): A so-
lution of 1.6m n-butyllithium (2.40 mL, 3.84 mmol) in n-hexane was
added to a solution (!78 8C) of 4’-bromo-4-dimesitylborylbiphenyl
(1.80 g, 3.74 mmol) in THF (40 mL). The mixture was stirred 1 h at
!78 8C before a sample of neat 5 (0.97 g, 3.84 mmol) was added. Stirring
was continued for 1 h at !78 8C and for 16 h at room temperature. After
evaporation to dryness the residue was
suspended in toluene (30 mL) and the
obtained slurry was filtered. The fil-
trate was concentrated and stored at
!35 8C for 2 d and a colorless micro-
crystalline product 2 was obtained
(1.16 g, 54% yield). Elemental analysis
calcd (%) for C40H44B2N2·0.5 CH2Cl2:
C 74.69, H 7.03, N 4.25; found: C
74.98; H 7.30, N 4.14.

2-Dimesitylboryl-5-(1’,3’,2’-benzodia-
zaborol-2’-yl)-thiophene (3): A solu-
tion of 1.6m n-butyllithium (1.75 mL,
2.81 mmol) in n-hexane was added to
a solution (!78 8C) of 2-dimesitylbor-
ylthiophene (6) (0.85 g, 2.56 mmol) in
THF (40 mL). Stirring was continued
for 15 min and for another 60 min at
ambient temperature. The reaction
mixture was re-cooled to !78 8C and
then neat 5 (0.65 g, 2.56 mmol) was
added. The solution was warmed to
room temperature and stirred for 6 h.
After removing solvent and volatile
components in vacuo, the remaining
green oil was purified by short-path
distillation (350 8C, 10!6 bar) to give an
off-white solid. Recrystallization of the
solid from n-pentane at !35 8C gave
colorless crystals of 3 (0.80 g, 67%
yield). Elemental analysis calcd (%)

for C32H38B2N2S: C 76.21, H 7.59, N 5.55; found: C 76.09, H 7.73, N 5.50.

5-(Dimesitylboryl)-5’-(1“,3”-diethyl-1“,3”,2“-benzodiazaborol-2”-yl)-2,2’-
dithiophene (4): A solution of 1.6m n-butyllithium (1.79 mL, 2.87 mmol)
in n-hexane was added to a chilled solution (!78 8C) of 7 (1.35 g,
2.74 mmol) in n-hexane (30 mL). After stirring for 30 min, the mixture
was warmed to ambient temperature and stirring was pursued for anoth-
er 3 h. A sample of neat 5 (0.69 g, 2.74 mmol) was added and stirring of
the mixture was continued for 16 h at 20 8C. The resulting slurry was fil-
tered, and the filtrate was freed from solvent and volatile components in
vacuo. The solid residue was dissolved in a minimum amount of boiling
n-hexane and after cooling to room temperature, the solution was stored
overnight at !35 8C to give a yellow solid 4 (1.34 g, 71% yield). Elemen-
tal analysis calcd (%) for C36H40B2N2S2: C 73.73, H 6.87, N 4.78; found:
C 73.68, H 6.74, N 4.60.

2-Dimesitylborylthiophene (6): A solution of 1.6m n-butyllithium
(4.33 mL, 6.93 mmol) in n-hexane was added to a solution of thiophene
(0.53 g, 6.30 mmol) in THF (30 mL) at !78 8C. The mixture was warmed
to 20 8C and stirred for 1 h before a solution of 8 (1.69 g, 6.30 mmol) in
THF (20 mL) was added. After stirring over night, the solution was
washed with water (100 mL) and the aqueous phase was extracted with
diethyl ether. (2 ! 100 mL). The combined organic fractions were dried
over anhydrous Na2SO4 and volatiles were removed in vacuo. The re-
maining oil was purified by column chromatography at silica gel, and 6
were obtained as colorless oil (1.23 g, 59% yield). Compound 6 was iden-
tified by 1H and 11B NMR spectroscopy.

5-Bromo-5’-dimesitylboryl-2,2’-dithiophene (7): A solution 1.6 m n-butyl-
lithium (2.9 mL, 4.7 mmol) in n-hexane was added dropwise to a solution
of 5,5’-dibromo-2,2’-dithiophene (1.34 g, 4.24 mmol) in THF (40 mL) at
!78 8C and the resulting mixture was then stirred for 30 min. The mixture
was warmed to room temperature, stirred for 1 h and then cooled to
!78 8C. Then a solution of 8 (1.11 g, 4.24 mmol) in n-pentane (30 mL)
was added and the mixture was warmed to 20 8C. After stirring overnight,
the reaction mixture was added to water (100 mL), the organic layer was
separated and the aqueous layer was washed with diethyl ether (2 !
200 mL). The combined organic extracts were dried over anhydrous
Na2SO4. The solvents were removed in vacuo. The crude residue was pu-
rified by column chromatography on silica gel with cyclohexane to afford

Table 10. Crystallographic data for compounds 2, 3, and 4.

2 3 4

formula C40H44B2N2
.CH2Cl2 C32H38B2N2S C36H40B2N2S2

Mr [gmol!1] 659.32 504.32 586.44
crystal size [mm] 0.30 ! 0.26 ! 0.24 0.16 ! 0.12 ! 0.04 0.30 ! 0.16 ! 0.05
crystal system monoclinic triclinic orthorhombic
space group P21/n P1̄ Pna21

a ["] 9.6086(2) 9.1341(2) 35.908(11)
b ["] 36.0766(7) 16.4987(4) 11.664(5)
c ["] 31.4181(6) 19.1034(4) 7.749(3)
a [8] 90 89.1668(12) 90
b [8] 95.3049(6) 88.3439(12) 90
g [8] 90 89.5897(13) 90
V ["3] 10 844.3(4) 2877.32(11) 3246(2)
Z 12 4 4
1calcd [gcm!3] 1.212 1.164 1.200
m [nm!1] 0.211 0.136 0.192
F (000) 4200 1080 1248
q [8] 3.0-25.0 3.0-27.5 3.2-27.5
reflns collected 93 795 62 524 31 152
unique reflns 19 032 13 184 7028
R (int) 0.040 0.049 0.1133
reflns observed [I>2s(I)] 15 447 9643 4142
parameters 1299 683 387
GOF 1.025 1.025 1.014
RF [I>2s(I)] 0.0501 0.0479 0.0594
wRF2 (all data) 0.1358 0.1248 0.1297
D1max/min [e "!3] 0.899/!0.633 0.276/!0.309 0.322/!0.236

Chem. Eur. J. 2012, 18, 1369 – 1382 # 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 1379

FULL PAPERLuminescent Boron Compounds

www.chemeurj.org


7 as a light yellow oil (1.35 g, 67 % yield). Compound 7 was identified by
1H and 11B NMR spectroscopy.

Computational studies : All ab initio computations at B3LYP[61–63]/6-
31G*[64] level were carried out with the Gaussian 03 package.[65] The
Gaussian 09 package[66] was used for CAM-B3LYP[48]/6-31G* computa-
tions. The model and full geometries discussed herein were optimized at
B3LYP/6-31G* level with no symmetry constraints, or partially optimized
with a constrained dihedral angle using the keyword OPT ACHTUNGTRENNUNG(Z-MAT). Fre-
quency calculations carried out on these fully optimized geometries
showed no imaginary frequencies. The electronic structure and TD-DFT
computations were also carried out at the same level of theory. In addi-
tion, TD-DFT computations at CAM-B3LYP[48]/6-31G* were carried out
on starting B3LYP/6-31G* geometries. Each TD-DFT excitation contains
contributions from all symmetry-allowed occupied–unoccupied orbital
pairs and the contribution of each pair was quantified using the parame-
ter kia =Xia +Yia, in which X and Y are the solutions to the usual TD-
DFT generalized Eigenvalue (TD-DFT)[57, 58] problem. The MO diagrams
and orbital contributions were generated with the aid of Gabedit[67] and
GaussSum[68] packages, respectively. Ground-state dipole moments were
determined in the conventional manner, as the expectation value of the
dipole operator using the ground-state density. For excited states, the
dipole moments were determined as energy derivatives.

Crystallographic studies : Crystallographic data were collected with a
Nonius Kappa CCD diffractometer with MoKa radiation (graphite mono-
chromator, l=0.71073 !) at 100 K. Crystallographic programs used for
structure solution and refinement were SHELXS-97 and SHELXL-97.[69]

The structures were solved by direct methods and were refined by using
full-matrix least squares of F2 of all unique reflections with anisotropic
thermal parameters for all non-hydrogen atoms. Hydrogens atoms were
included at calculated positions with U(H)=1.2Ueq for CH2 groups and
U(H)=1.5 Ueq for CH3 groups. Crystallographic data for the compounds
are listed in Table 10. CCDC-832085 (2), CCDC-832086 (3), and CCDC-
832087 (4) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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ABSTRACT: Langmuir and Langmuir−Blodgett films have been fabricated from an
acetylene-terminated phenylene−ethynylene oligomer, namely 4-((4-((4-ethynylphenyl)-
ethynyl)phenyl)ethynyl)benzoic acid (HOPEA). Characterization of the Langmuir film by
surface pressure vs area per molecule isotherms and Brewster angle microscopy reveals the
formation of a high quality monolayer at the air−water interface. One layer Langmuir−
Blodgett (LB) films were readily fabricated by the transfer of HOPEA Langmuir films
onto solid substrates by the withdrawal of the substrate. The deposition mode was Z-type.
Quartz crystal microbalance (QCM) experiments confirm the formation of directionally
oriented, monolayer LB films, in which the HOPEA molecules are linked to the gold
substrate by attachment through the acid group. The morphology of these films was
analyzed by atomic force microscopy (AFM), which revealed an optimum transference
surface pressure of 18 mN m−1 for the formation of homogeneous films. Cyclic voltammetry also showed a significant blockage
of gold electrodes covered by HOPEA monolayers. Electrical properties of HOPEA monolayers sandwiched between a bottom
gold electrode and a gold STM (scanning tunneling microscope) tip have been recorded, revealing that the acetylene group is an
efficient linker for electron transport. In addition, the STM experiments indicate a nonresonant tunneling mechanism of charge
transport through these metal−molecule−metal junctions.

■ INTRODUCTION
The design of molecules for use in molecular electronics has
been a topic of intense interest since the seminal work of
Aviram and Ratner.1 The special roles of saturated, conjugated,
and redox active moieties within a molecular backbone have
been elucidated and combined with various donor and acceptor
groups to create a substantial library of molecular components
with functions that range from simple wires to rectifiers,
transistors, and even logic elements.2−6 In recent years,
anchoring groups and electrode materials in molecular
electronic junctions have also begun to receive special attention
following the widespread recogniton that these factors can also
strongly influence the charge transport characteristics of a
molecular junctions.7−12 Effective molecule-to-electrode con-
tacts have been in particular focus in recent years, especially
owing to the interest in single molecule junctions and growing
capacity for single molecular electrical measurements.13 In this
regard, the exploration of different molecule−metal contacts is
of current interest in order to determine the role of this
interface in measurements of conductance of single molecules
or molecular assemblies.14−18 Thiol functional groups are most
commonly used to contact organic compounds to gold to form

an electrical contact.19 Using thiol contacts, it is possible to
fabricate large area metal|molecule|metal junctions or even
junctions in which a single molecule spans between a pair of
metal contacts. At present, the drawbacks of thiol contacts to
gold for fabricating reliable metal|molecule|metal junctions,
such as surface etching, molecular mobility on the surface, and
high contact resistance, are clearly apparent.20−22 As a result,
other chemisorption chemistries using amines, carboxylic acids,
nitriles, etc., have also been employed to contact molecules to
metallic substrates.7,16,17,23−27 Recently, a new type of organic−
metal contact has been reported, in which the phenyl terminal
of an oligophenylene−ethynylene monothiol is directly
contacted to one of the gold contacts in a two-terminal
configuration, the other contact being made through conven-
tional thiolate−gold chemisorption.11,28 These studies have
concluded that the phenyl group contacts the electrode face-on
through the end phenyl group to a gold adatom or other
coordinated gold surface atom (referred to as a “high
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coordination site”) leading to effective electrical junctions. This
result opens new questions about how other π-rich terminal
groups might also be employed for contacting single molecules
or assembles of molecules at such defect sites on metallic
electrodes. In this context, it seems that an acetylenic moiety,
−CCH, could also behave as a contacting group. Terminal
acetylenes RCCH are synthetically available offering a
cylindrical π-electron system that can be conjugated with the
π-system of the molecular wire. Coordination of metal atoms
and clusters to acetylenic systems is well-known,29,30 and
acetylenes have a rich surface chemistry.31 As junction
components, acetylene moieties have also been covalently
attached to hydrogen passivated silicon surfaces via surface
based hydrosilylayion reactions32 and can be used as reactive
entities to further modify molecular species within the junction
by facile click chemistry methods.33

Conductance studies for molecular assemblies often focus on
“symmetric” molecular junctions, where the respective chemical
contacting groups at either end of the molecule binding to the
electrode surfaces are identical. However, systems where the
contacting groups at either ends of the molecule are different
are also of interest, particularly since they may be used to
promote efficient contact to different electrode materials.
Nonsymmetric molecular junctions, where there is a directional
orientation of molecules between pairs of nonsimilar electrodes,
also have interest and can show rectifying or diode-like
behavior.16,17,34,35 While self-assembly methods are the work-
horse techniques for the fabrication of molecular species on
surfaces for molecular electronics, Langmuir−Blodgett tech-
nologies have been reported as a useful alternative for the
preparation of directionally oriented monolayers.35 In this
paper, we make use of the LB method for the fabrication of
directionally oriented monolayers of an antisymmetric oligo-
meric phenylene−ethynylene oligomer (OPE) derivative,
namely 4-((4-((4-ethynylphenyl)ethynyl)phenyl)ethynyl)-
benzoic acid (Figure 1, HOPEA). Herein we examine the

capacity of the terminal alkyne moiety to serve as a contacting
group for molecular electronics applications by measuring the
conductivity of monomolecular layers on gold substrates using
scanning tunneling microscopy (STM).

■ EXPERIMENTAL SECTION
Synthesis. See Supporting Information for details about the

synthesis of 4-((4-((4-ethynylphenyl)ethynyl)phenyl)ethynyl)-
benzoic acid (HOPEA).
Films Fabrication and Characterization. The films were

prepared on a Nima Teflon trough with dimensions 720 × 100
mm2, which was housed in a constant temperature (20 ± 1 °C)
clean room. A Wilhelmy paper plate pressure sensor was used
to measure the surface pressure (π) of the monolayers. The
subphase was an aqueous (Millipore Milli-Q, resistivity 18.2
MΩ·cm) solution of NaOH whose pH was 9, in which the
carboxylic groups are expected to be ionized leading to a more
expanded isotherm due to the repulsive Coulombic forces
between the negatively charged acid moieties, which should
reduce the formation of 3D aggregates at the air−water

interface.36 A solution of HOPEA in hexane:ethanol (2:1)
(both solvents purchased from Aldrich and used as received;
purity HPLC grade 99% and >99.5%, respectively) was
delivered from a syringe held very close to the surface, allowing
the surface pressure to return to a value as close as possible to
zero between each addition. Hexane was employed as the
spreading solvent since the HOPEA is not soluble in other
common solvents used in the Langmuir−Blodgett technique
(e.g., chloroform). The use of ethanol in the spreading solvent
serves to limit the formation of hydrogen-bonded carboxylic
acid dimers and aggregates in solution prior to deposition.36

The spreading solvent was allowed to completely evaporate
from the surface of the subphase over a period of at least 20
min before compression of the monolayer commenced at a
constant sweeping speed of 0.015 nm2 molecule−1 min−1. Each
compression isotherm was recorded at least three times to
ensure the reproducibility of the results so obtained. Under the
described experimental conditions the isotherms were highly
reproducible. The ΔV−A measurements were carried out using
a Kelvin Probe provided by Nanofilm Technologie GmbH,
Göttingen, Germany. A commercial mini-Brewster angle
microscope (mini-BAM) also from Nanofilm Technologie
GmbH, Göttingen, Germany, was employed for the direct
visualization of the monolayers at the air/water interface and a
commercial UV−vis reflection spectrophotometer, details
described elsewhere,37 was used to obtain the reflection spectra
of the Langmuir films during the compression process.
The solid substrates used for the transferences were cleaned

carefully as described elsewhere.38,39 The monolayers were
deposited onto cleaved mica, gold, silicon, or quartz substrates
at a constant surface pressure by the vertical dipping method
(the dipping speed was 3 mm min−1). UV−vis spectra of the
LB films were acquired on a Varian Cary 50 spectrophotometer
and recorded using a normal incident angle with respect to the
film plane. Quartz crystal microbalance (QCM) measurements
were carried out using a Stanford Research System instrument
and employing AT-cut, α-quartz crystals with a resonant
frequency of 5 MHz having circular gold electrodes patterned
on both sides. Atomic force microscopy (AFM) experiments
were performed by means of a Multimode 8 AFM system from
Veeco, using the tapping mode. The data were collected with a
silicon cantilever provided by Bruker, with a force constant of
40 mN and operating at a resonant frequency of 300 kHz. The
images were collected with a scan rate of 1 Hz, an amplitude set
point lower than 1 V, and in ambient air conditions.
Cyclic voltammetry (CV) experiments were carried out in an

electrochemical cell containing three electrodes as described
before.40 The working electrode was a gold electrode with the
deposited LB film, the counter electrode was a platinum sheet,
and the reference electrode was Ag|AgCl|satd KCl(aq).
X-ray photoelectron spectroscopy (XPS) spectra were

acquired on a Kratos AXIS ultra DLD spectrometer with a
monochromatic Al Kα X-ray source (1486.6 eV) using a pass
energy of 20 eV. The photoelectron take off angle was 90° with
respect to the sample plane. To provide a precise energy
calibration, the XPS binding energies were referenced to the
Au(4f7/2) peak at 84.0 eV. The thickness of LB films on the
gold substrates was estimated using the attenuation of the Au 4f
signal from the substrate according to ILB film = Isubstrate exp(−d/
λ sin θ),41 where d is the film thickness, ILB film and Isubstrate are
the average of the intensities of the Au 4f5/2 and Au 4f7/2 peaks
attenuated by the LB film and from bare gold, respectively, θ is

Figure 1. Molecular structure of 4-((4-((4-ethynylphenyl)ethynyl)-
phenyl)ethynyl)benzoic acid (HOPEA).
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the photoelectron take off angle, and λ is the effective
attenuation length of the photoelectron (4.2 ± 0.1 nm).42

Reflectivity experiments were performed with a Bruker D8
Advance, with Cu Kα radiation (λ = 1.54 Å). Continuous scans
along omega/2theta (2θ−ω) were obtained. The reflected
beam intensity was recorded as a function of the wave vector
transfer along the substrate normal. The wave vector transfer
(Qz) is directly related to the incident angle, Qz = sin θinc × 4π/
λ. No off-specular/background scattering has been subtracted,
and the intensities are given in arbitrary units because the
curves have been rescaled. Simulations were carried out using
Leptos software suite where a layered sample model was
constructed to generate a simulated reflectivity curve, given the
initial mass density, thickness, and interface roughness
parameters. Initial parameters were refined to minimize the
deviation between the experimental and simulated reflectivity
curves. The simulated annealing algorithm was used in the trial-
and-error process.
An Agilent STM Picoplus 2500 STM system running the

Picoscan 5.3.3 software was used for the characterization of the
electrical properties of the LB films. In these measurements the
tip potential is referred to as Ut. STM tips were freshly prepared
for each experiment by etching of a 0.25 mm Au wire (99.99%)
in a mixture of HCl (50%) and ethanol (50%) at +2.4 V. Gold
films employed as substrates were purchased from Arrandee,
Schroeer, Germany. These were flame-annealed at approx-
imately 800−1000 °C with a Bunsen burner immediately prior
to use. This procedure is known to result in atomically flat
Au(111) terraces.43

■ RESULTS AND DISCUSSION
Synthesis. The preparation of HOPEA was carried out

from hexyl-4-(ethynyl)benzoate in a sequential manner
involving Songashira cross-coupling reactions with 4-bromo-
(trimethylsilylethynyl)benzene, desilylation (NBu4F), and
further chain extension. The presence of the hexyl ester served
to maintain sufficient solubility in the various intermediate
compounds to permit facile purification by conventional
column chromatography and analysis by solution spectroscopic
methods. In contrast, the methyl esters were highly insoluble
and far less tractable materials to work with. In the final step,
the hexyl ester was hydrolyzed with NBu4OH, which also
served to remove the trimethylsilyl protecting group.
Combustion analysis of HOPEA was complicated by the
formation of a thermally stable (ca. 1000 °C) material following
loss of CO/CO2 (ca. 450 °C) and acetylene (ca. 791 °C)
(detected by TGA-MS). Others have noted the formation of
glassy carbon materials from thermal degradation of phenylene
ethynylene oligomers, and products are very likely formed from
HOPEA.44

Fabrication and Characterization of Langmuir and
Langmuir−Blodgett Films. Figure 2 shows a reproducible
surface pressure−area per molecule (π−A) isotherm of a
HOPEA Langmuir film fabricated onto a NaOH aqueous
subphase. The π−A isotherm is characterized by a zero surface
pressure in the 1.8−0.50 nm2 molecule−1 range, featuring a lift-
off at ca. 0.50 nm2 molecule−1 followed by a monotonous
increase of the surface pressure upon compression. The surface
potential area per molecule (ΔV−A) isotherm is also depicted
in Figure 2 for comparison purposes. The ΔV−A isotherm can
often provide useful information relating to the molecular order
within the monolayer, showing phase changes a few Å2 before
they are detected in the π−A isotherm, and this can be clearly

seen in the case of the HOPEA. Compression of HOPEA
monolayer results in an increase of the surface potential with
this increase in ΔV being observed at higher values of the area
per molecule than those corresponding to the increase in the
surface pressure in the π−A isotherm. This is indicative of a
progressive orientation of the molecules even in the gas phase
where π→ 0. Another especially worthy of note feature in the
ΔV−A isotherm is the sudden decrease of ΔV values at ca. 0.18
nm2, which corresponds to a surface pressure of 20 mN m−1.
This decrease in ΔV values upon compression is consistent
with local collapses of the monolayer, in which the dipole
moments are randomly distributed in a three-dimensional
arrangement of HOPEA molecules. This observation is in
agreement with the increase in the brightness of certain regions
of Brewster angle microscopy (BAM) images at 20 mN m−1

(inset of Figure 2). It is important to highlight that the OPE
derivative used in this work lacks the alkyl chains commonly
used to stabilize films by promoting strong van der Waals
interactions between neighboring molecules. Instead, it has an
acetylenic (CC) moiety that is probably causing higher
aggregation due to conjugation enhancement. This may lead to
doubts about the likelihood of fabricating stable and
homogeneous monolayers at the water−air interface. However,
BAM images show no evidence of the formation of three-
dimensional aggregates under the experimental conditions used
to fabricate these films.
Molecular orientation and two-dimensional (2D) aggrega-

tion phenomena associated with HOPEA at the air−water
interface were investigated by in-situ UV−vis reflection
spectroscopy through reflection of unpolarized light under
normal incidence. The reflection spectra, ΔR, at different values
of the area per molecule upon the compression process were
recorded. Figure 3 shows the normalized spectra, ΔRn= ΔR ×
A (where A is the area per molecule of HOPEA at the air−
water interface at several surface pressures), together with the
absorption spectrum of HOPEA in a hexane:ethanol 2:1
solution. As can be seen in Figure 3, there is a significant blue
shift of the reflection spectra recorded at the air−water
interface of ca. 41 nm relative to the solution spectrum. This

Figure 2. Surface pressure vs area per molecule (π−A) and surface
potential (ΔV−A) isotherms of HOPEA onto a NaOH aqueous
subphase (pH = 9) at 20 °C and BAM images of HOPEA at the air−
liquid interface at the indicated surface pressures.
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blue shift is attributed to the formation of 2D H-aggregates as
reported before for other LB films in which the chromophore
has the main transition dipole arranged more or less along the
amphiphile backbone, such as trans-stilbenes,45,46 trans-
azobenzenes,47 hemicyanine derivatives,48 tolan,49 and other
OPE derivatives.36 The hypsochromic shift of the Langmuir
film is persistent and practically independent of the applied
surface pressure, which indicates that the arrangement observed
in the film must represent a minimum free energy
conformation for the system and suggests that the formation
of the aggregate or assembly responsible for the blue-shifted
spectroscopic profile aggregates does not depend for its
formation upon orientation imposed by the LB technique. A
quantitative analysis has allowed us to calculate the tilt angle of
the transition dipole moment of the molecule with respect to
the water surface, ϕ (inset of Figure 3). This angle was
determined by comparing the reflection spectra at air−water
interface and UV−vis absorption spectrum at dissolution of
HOPEA. The method and relationships used to achieve these
results have been comprehensively detailed elsewhere.37 The
obtained results indicate that no significant change in the tilt
angle of the molecules occurs upon the compression process
and this angle is slightly above 60° from the beginning of the
isotherm lift-off.
Atomic force microscopy (AFM) was used to provide

topographic images of the LB films and, thus, to check the
homogeneity and quality of the films transferred onto mica
substrates at different surface pressures. Representative images
and section analysis profiles are shown in Figure 4. AFM images
of HOPEA monolayers transferred at 18 mN m−1 show a
homogeneous surface, in which the mica is wholly covered by
the monolayer. Films transferred at 15 mN m−1 show the
presence of holes on the surface. In contrast, monolayers
deposited at a surface pressure of 20 mN m−1 lead to much less
homogeneous films, which are characterized by the presence of
irregular domains. The film roughness, calculated in terms of
the root mean squared (rms), is 0.142 nm at 15 mN m−1, 0.064
nm at 18 mN m−1, and 0.415 nm at 20 mN m−1. From these
results it can be concluded that a surface pressure around 18

mN m−1 yields very homogeneous films, which are remarkably
free of defects. During the upstroke process, the deposition
ratio is close to unity (≈1.05) for the transference surface
pressure of 18 mN m−1.
Electrochemical electron transfer currents at electrodes under

controlled potential provide an indirect measure of defect
densities in thin films50 where electron transport by tunneling
through the film is significantly blockaded and can be
conveniently studied by cyclic voltammetry for the film-coated
electrodes. Cyclic voltammograms (CV) obtained from
aqueous solutions containing 1 mM [Ru(NH)6]Cl3 and 0.1
M KCl for a bare gold and for a gold working electrode
modified by a one-layer LB film deposited at the indicated
surface pressures of transference are shown in Figure 5. The
electrochemical response of a bare gold electrode exhibits a
clear voltammetric wave for the ruthenium redox probe. The
significant blockade for the electrode modified by the LB film
transferred at 18 mN m−1 points to a low density of holes or
defects in the monolayer. Nevertheless, the small, but clearly
apparent, sigmoidal wave does indicate that there is either a
certain density of defects or electron tunnelling across the film
from and to the approaching electroactive redox species can
occur. Higher and lower surface transference pressures give rise
to much more significant voltammetric waves, indicating they
offer lower blockade. These electrochemical results show that
18 mN m−1 is an optimum surface pressure of transference, but
even at this value complete suppression of electron transfer
from the gold surface to the redox probe in solution is not
achieved.
During the immersion process, the transference ratio is close

to zero; therefore, the deposition of HOPEA molecules is Z-
type, resulting in the formation of noncentrosymmetric LB

Figure 3. Normalized reflection spectra upon compression (left) and
absorption spectrum of a 10−5 M solution of HOPEA in
hexane:ethanol (right). The inset figure illustrates the variation of
the tilt angle (ϕ) of the main transition dipole moment of HOPEA
molecules with respect to the water surface upon the compression
process.

Figure 4. AFM images (left) and section analysis profile (right) of a
one-layer LB film transferred onto freshly cleaved mica at the indicated
surface pressures.
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layers, which could be of interest at a later stage for nonlinear
optical applications. This deposition rate was also assessed
using a quartz crystal microbalance (QCM). Thus, the
frequency change (Δf) for a QCM quartz resonator before
and after the deposition process was determined. Taking into
account the Sauerbrey equation51

Δ = −
Δ

ρ μ
f

f m

A

2 0
2

q
1/2

q
1/2

(1)

where f 0 is the fundamental resonant frequency of 5 MHz, Δm
(g) is the mass change, A is the electrode area, ρq is the density
of the quartz (2.65 g cm−3), μq is the shear module (2.95 × 1011

dyn cm−2), and HOPEA molecular weight (346 g mol−1); the
surface coverage (Γ) is 8.7 × 10−10 mol cm−2, which is in good
agreement with the estimated value for the saturated surface
coverage, 8.3 × 10−10 mol cm−2, determined from the
molecular area of HOPEA at the air−water interface at the
surface pressure studied.

However, the issue of whether these films are fully organized
with all the carboxylic groups attached to the substrate or a
subsequent reorganization of the film occurs is not addressed
by the above experiments. To further study the homogeneity of
the molecular ordering and surface orientation, a quantitative
study based on the different chemical reactivity of the −COOH
and −CC−H terminal groups with an amine was undertaken
(Scheme 1). The frequency change (Δf) for a QCM quartz
resonator before and after the exposure of an Au-OOC-OPE-
CC-H monomolecular film to an amine solution (H13C6-O-
OPE-NH2, 4.3 × 10−4 M in CHCl3, 4 h) indicates that no
binding of the amine to the surface film occurs since no change
in the frequency was observed. In contrast, a frequency change
for the QCM quartz resonator would have been observed if a
certain fraction of the acetylene groups were attached to the
gold substrate (which would lead to outward facing carboxylic
acid groups which could bind the amine).35 To verify the result
and the significance of the consistency of the QCM results, a
control experiment with behenic acid in which the alkyl chain
was attached to the substrate and the acid group was the
terminal free group (facing away from the surface) was
undertaken. In this case, a monolayer of the amine derivative,
H13C6-O-OPE-NH2, was deposited onto the behenic acid-
terminated LB film which gave rise to a change in the frequency
of the QCM resonator. These results indicate that the QCM is
sensitive enough to register the acid−base interactions with a
monolayer substrate and indicates a defined orientation of the
HOPEA molecules in the films according to the deposition
mode.
The optical properties of the transferred films offer additional

insight into the molecular arrangement and degree of order
within the film. Langmuir films of HOPEA were transferred
onto quartz substrates at 18 mN m−1 during the upstroke of the
substrate, and the UV−vis absorption spectrum was recorded
(Figure 6). For the purpose of comparison, the UV−vis
spectrum of HOPEA in hexane:ethanol solution and the
reflection spectrum of the Langmuir film at 18 mN m−1 are also
plotted. The spectrum is similar in profile to the reflection
spectra obtained at the air−water interface upon compression,

Figure 5. Cyclic voltammograms of one-layer-thick LB films of
HOPEA deposited on gold electrodes at different surface transference
pressures. An electrochemical potential was applied to the LB films
deposited on a working gold electrode immersed in aqueous solutions
with 1 mM [Ru(NH)6]Cl3 and 0.1 M in KCl. The scan rate was 0.1 V
s−1 at 20 °C. The reference electrode was Ag|AgCl|satd KCl, and the
counter electrode was a Pt sheet.

Scheme 1. Schematic Showing the QCM Experiment Performed To Probe That the Obtained LB Films Are Directionally
Oriented
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with a maximum absorption feature at 289 nm although the
spectrum of the LB film is broader, which may suggest a higher
aggregation. In addition, lower values in the molar absorptivity
for the films in comparison with the solution are indicative of a
preferential orientation of the molecules in the film with the
transition dipole moment oriented in a quite vertical position
with respect to the substrate or interface.
Si (100) substrates with one monolayer transferred at 18 mN

m−1 were analyzed with X-ray reflectivity (XRR). The
experimental data are shown in Figure 7, expressed by

reflectivity vs momentum transfer (QZ) together with the
fitting model. The results confirm that a uniform monolayer
can be transferred onto the silicon substrate. The fitting varies
the free parameters in order to achieve a match between the
measured and the calculated reflectivity. A layer of SiO2 on top
of the Si(100) has been included in the simulation in order to
obtain better modeling.17 The fitting indicates that the overall
thickness of the monolayer is ca. 2.04 ± 0.01 nm, while the
length of the molecule in this configuration has been estimated
to be 2.12 nm using molecular models (Chem3D).
The thickness of the monolayer was also determined using

the attenuation of the Au 4f signal in the XPS spectrum as
explained in the Experimental Section. The thickness of the film
determined by this method is 2.01 ± 0.05 nm, in excellent
agreement with the value calculated by the XRR technique.

Electrical Properties of HOPEA LB Films. The electrical
properties of these LB films were determined using a scanning
tunneling microscope (STM). For these STM measurements,
the monolayers were deposited at 18 mN m−1 onto Au(111).
To ensure reproducibility and reliability of the results, current−
voltage (I−V) curves were recorded and averaged from
multiple scans (720 scans) at different locations on the
substrate and using different samples. Moreover, before
recording I−V curves, it is necessary to have an estimate of
the tip-to-substrate distance (s), in order to position the tip
sufficiently above the monolayer, hence avoiding either locating
the tip well above the monolayer or embedding it within the
monolayer. If the STM tip is not in contact with the monolayer,
the tunneling current measured represents tunneling through
both the monolayer and the gap which exists between the top
of the monolayer and the tip. On the other hand, if the STM tip
penetrates the monolayer, it is difficult to establish how far the
tip penetrates and it is difficult to describe the complex
contacting between tip and film and the film deformation. In
order to estimate the tip-to-film proximity, it is necessary to
know both the thickness of the monolayer and the tip-to-
substrate distance (s). The thickness of the monolayer (2.01 ±
0.05 nm) was determined by using the attenuation of the Au 4f
signal in the XPS spectra as explained before. The tip-to-
substrate distance was estimated by relating the set-point
parameters (I0 ≡ “set-point current” and Ut ≡ “tip bias”) to an
estimated gap separation by using a distance calibration
procedure. For conditions where the tip is embedded within
the film, current−distance scans which display a monotonic
exponential decrease of the tunneling current as the tip is
retracted were recorded at regular intervals during the
measurements. These monotonic exponential decay curves
were then plotted as ln(I) versus s. Averaging the slope of the
corresponding d ln(I)/ds curves yields d ln(I)/ds values
typically on the order of 5.46 ± 0.97 nm−1. This d ln(I)/ds
value corresponds to an average current “decay value” within
the film. It is then assumed that the conductance at the point
where metal−tip contact occurs is the conductance quantum G0
(G0 = 2e2h ≈ 77.4 μS). These values can then be used in
conjuction with the equation below as the basis for an
estimation of the tip-to-distance at a given current:

=s
G U I

I s
ln( / )
d ln( )/d

0 t 0

(2)

Figure 8a shows I−V curves obtained for a one-layer LB film
transferred onto Au(111) at 18 mN m−1 using several set-point
parameters: Ut = 0.6 V and I0 = 0.5, 0.8, and 1.1 nA which give
a tip-to-substrate distance of 2.09, 2.01, and 1.95 nm,
respectively according to eq 2. Since the independently
determined thickness of the monolayer is 2.01 ± 0.05 nm,
when using the set-point parameters of 0.6 V and 0.8 nA the
STM tip is estimated as being located just above the monolayer.
Meanwhile, for 1.1 nA (s = 1.95 nm) the tip penetrates inside
the monolayer (conductance increases), and for 0.5 nA (s =
2.09 nm) there is a notable gap between the tip and the LB film
(junction conductance decreases).
The I−V response obtained at 0.8 nA is close to ohmic

between bias voltages of −0.6 to +0.6 V, giving a molecule
conductance value of ca. (1.48 × 10−5)G0. This value is of the
same order of magnitude as the conductance values obtained
for other OPE derivatives using different functional groups as
anchoring groups to make the contact with the metal, even at

Figure 6. Molar absorptivity for a HOPEA solution in hexane:ethanol,
a Langmuir film at the air−water interphase, and a monomolecular
film of HOPEA transferred at 18 mN m−1 onto a quartz substrate
during the withdrawal of the substrate from the water subphase.

Figure 7. XRR spectrum of a single LB monolayer of HOPEA
transferred onto a Si(100) substrate at a surface pressure of 18 mN
m−1.
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both ends of the molecule.17,35,52 This leads us to conclude that
the π-electron-rich triple bonds of acetylenic end groups can be
used as effective linkers in metal-molecule-metal junctions and
that they do not appear to notably attenuate the electronic
transmission when compared to other linkers (e.g., −SH,
−COOH, NH2). This demonstrates that acetylenic end groups
are alternative anchoring groups in such junctions and that
show comparably effective electronic coupling at metal−
molecule contacts. In addition, acetylenic moieties can be
used to further modify the molecular species within the
junction by facile click chemistry methods.53,54 Outside the
−0.6 to +0.6 V range the response clearly deviates from
linearity showing a sigmoidal behavior over the full voltage
region, in accordance with the Simmons model fitting (see
below). However, the I−V curves are relatively symmetrical
despite the asymmetry of the molecule. This implies that its
behavior is like that of a molecular wire where the molecule is
simply an amphiphilic electron-donating wire, as has been
previously reported for similar “antisymmetric” OPE deriva-
tives,16,17,35,55 and does not behave like a molecular diode with
strong rectifying characteristic produced by the asymmetric
molecular junction.
The I−V curve characteristics (sigmoidal I−V curve and

absence of any spectroscopic peaks in the I−V curve) points
toward a nonresonant tunneling mechanism of transport
through these metal−molecule−metal junctions. One of the
simplest tunneling barrier models that can be used for
comparison with the experimental I−V data is the Simmons
model.56 In this model, the current I is given by

=
π ℏ
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where V is the applied potential, A is the contact area of the
molecule with the tip (0.20 nm2 in concordance to the isotherm
shown in Figure 2 at the surface pressure of 18 mN m−1), s is
the width of the tunneling barrier which was assumed to be the
through-bond distance between the end groups (carboxylic acid
and acetylene) in OPE molecular wire as calculated with a

molecular modeling program (2.12 nm), Φ is the effective
barrier height of the tunneling junction (relative to the Fermi
level of the Au), α is related to the effective mass of the
tunneling electron, and m and e represent the mass and the
charge of an electron. To fit the I−V data in Figure 8b, Φ and α
are the fit parameters. A good agreement between the data and
the model is obtained with Φ = 0.67 eV and α = 0.37. This
effective barrier height is rather similar or even lower than that
obtained for either “symmetric” OPEs with amine (Φ ∼ 0.60
eV)57 or thiol groups (Φ = 0.77 eV)58 at both ends of the
molecule or for “asymmetric” OPEs using different end
groups.17,35 Therefore, we conclude from these collected
electrical measurements that terminal acetylene moieties can
function as linkers, suitable for coupling conjugated molecular
backbones to gold terminals. Single molecule conductance
values obtained here for OPEs with acetylenic end groups are
comparable to those using more conventional chemisorption
chemistry (e.g., −SH, −COOH, NH2) between the gold
contacts and the molecule. In addition, since eq 3 is based on a
very simple model of nonresonant tunneling and gives a good
description of our experimental I−V data, it is reasonable to
assume that the mechanism of transport through these metal−
molecule−metal junctions is nonresonant tunneling.

■ CONCLUSIONS
An “antisymmetric” OPE derivative, with an acid group at one
terminus of the molecule and an acetylene group linked to the
aromatic ring at the other, has been synthesized and assembled
into well-packed monolayer films by means of the Langmuir−
Blodgett technique. Langmuir films were prepared at the air−
water interface and characterized by surface pressure vs area per
molecule isotherms and Brewster angle microscopy, which
revealed that this molecule can form true monomolecular films
at the air−water interface. These monomolecular films were
transferred undisturbed onto solid substrates with a transfer
ratio close to 1 with a Z-type deposition. QCM experiments
demonstrated that HOPEA was linked through the acid group
to the gold substrate. Atomic force microscopy images together
with cyclic voltammetry experiments revealed the formation of
highly homogeneous films with low defect densities at an
optimized transfer surface pressure of 18 mN m−1. Electrical
characteristics of the LB films on gold substrates were
determined, obtained by recording I−V curves with a gold

Figure 8. (a) I−V curves of a monomolecular LB film of HOPEA transferred onto Au(111) at 18 mN m−1 using several set-point parameters: 0.5 nA
(s = 2.09 nm), 0.8 nA (s = 2.01 nm), and 1.1 nA (s = 1.95 nm). Ut = 0.6 V. (b) I−V curve of a monomolecular LB film of HOPEA at 0.8 nA and
fitting according to the Simmons equation, Φ = 0.68 eV, and α = 0.42.
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STM tip positioned just above the monolayer (as determined
from calibration of the tip-to-substrate distance and knowledge
of the thickness of the LB film determined from XPS
measurements). I−V curves were symmetric, despite “anti-
symmetric” contacting of the molecule junction with respect to
the tip and the substrate. These I−V curves and good Simmons
model fits indicate that charge flow through the HOPEA
metal−molecule−metal junction is via a nonresonant tunneling
mechanism. Importantly, it is concluded that the acetylene
group is an efficient anchoring group, which provides effective
electronic coupling at metal−molecule contacts. Finally, the
terminal acetylene group at the LB monolayer additionally
raises the prospect of chemically anchoring gold nanoparticles
or even a second layer, of a different compound, to the
monolayer, thereby offering a new route to the construction of
well-defined sandwich-type structures.
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Abstract The reaction of [Co2(CO)6(dppm)] (1) with the ethynyl substituted tria-
rylamines [N(C6H4-4-C:CSiMe3)(C6H4Me-4)2] (2) or [N(C6H4-4-C:CSiMe3)2

(C6H4Me-4)] (3) affords [{Co2(CO)4(dppm)}{l-(Me3SiC2-4-C6H4)N(C6H4Me-4)2}]
(4) or a mixture of [Co2{l-Me3SiC2-4-C6H4N(C6H4-4-C:CSiMe3)(C6H4Me-4)}
(CO)4(dppm)] (5) and [{Co2(CO)4(dppm)}2{l-(Me3SiC2-4-C6H4)2N(C6H4Me-4)}]
(6), respectively. A combination of electrochemical measurements in different elec-
trolytes, and IR and NIR spectroscopic studies of these compounds, which feature both
organometallic and organic redox active groups, indicates that the cluster centres are
oxidised at significantly less positive potentials than the triarylamine moieties. Reaction
of 6 with one or two equivalents of [Fe(g-C5H4COMe)Cp]PF6 gives [6][PF6]n (n = 1,
2), which are best described in terms of cluster-localised oxidation processes. Despite
the presence of the substantial differences in the first and second cluster based oxidations
in 6 (up to 220 mV in CH2Cl2/0.1 M [NBu4][BAr4

F]), there is little ground state delo-
calisation between the cluster centres through the triarylamine bridge. The stabilisation
of [6]? with respect to disproportionation can be attributed to electrostatic effects.
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Introduction

The study of complexes in which a ligand bridges two or more organic, inorganic or
organometallic redox active moieties is in the midst of a significant renaissance
[1–4]. These systems are ideal candidates for the study of intramolecular electron
transfer processes [5–7], which in turn underpin applications in catalysis [8], energy
science [9, 10] and molecular electronics [11, 12] whilst also illustrating fine details
of electronic structure arising from the often unexpected redox activity of the
supporting or bridging ligands [13–17]. Whilst the considerable majority of studies
in this area have focussed on bis(monometallic) complexes in which two metal
centres are linked through a (usually p-conjugated) bridging ligand [18, 19],
systems derived from organic electrophores [20] and cluster systems [21] have not
been overlooked. Within this range of molecular scaffolds, cluster systems offer
some appealing aspects not so easily introduced using organic or mono-metallic
systems, such as the capacity to act as an electron-sink and often offering IR active
probe groups (e.g. CO ligands) which are sensitive to the electron density at the
cluster core and can be used to probe intra and inter molecular electron transfer
processes on a relatively fast timescale [22–26]. In addition, the well-developed
synthetic chemistry of cluster complexes permits the simple design of candidate
systems, with cluster cores introduced either as redox active probe groups [27–31]
or directly within the bridging entity [32–41].

Dicobaltdicarbon tetrahedrane clusters of general form [Co2(l-RC2R0)
(CO)6-nLn] are conveniently prepared from reactions of [Co2(CO)8] and alkynes,
RC:CR0, with carbonyl ligand exchange reactions with ligands L (usually
phosphines and phosphites). Alternatively, initial reaction of [Co2(CO)8] with L
may be used to prepare the substituted derivatives [Co2(CO)8-nLn] which undergo
further reaction with alkynes to give the tetrahedrane products [42]. This simple
reaction sequence, coupled with the capacity to readily tune the electrochemical
behaviour of the resulting Co2C2 clusters through ligand substitution reactions and
relatively simple IR m(CO) spectra has led to several investigations of the redox
chemistry and electron transfer behaviour in ligand bridged species based on these
moieties [43–45]. For example, following initial electrochemical studies by Osella
et al. [46], the Otago group have used a combination of electrochemical and
spectroelectrochemical methods to show that oxidation of [{Co2(CO)4(dppm)}2

(l-PhC2C2Ph)] in which two tetrahedrane clusters are linked by a C–C single bond,
gives rise to a mono-cation in which the cluster centres are in identical electronic
environments on the IR timescale [47]. Interpolation of other p-conjugated moieties
between the cluster centres gives rise to less strongly coupled to decoupled systems
[48–50], with results from electrochemical studies being consistent with significant
contributions from both through-space and through-bond effects to the stabilisation
of the one-electron redox products in some cases [51, 52].

We have previously taken advantage of the relatively simple synthetic protocols,
ease of crystallisation, characteristic m(CO) spectra and electrochemical response of
[Co2(l-RC2R0)(CO)4(dppm)] clusters and used the Co2C2 cluster core as an
electronic, spectroscopic, and redox-active auxiliary in studies of bridge-mediated
electronic interactions [53–55]. In the present study we have been drawn to related
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complexes in which Co2C2 clusters are linked by a redox active triarylamine group.
In addition to offering possibilities to investigate the bridge-mediated electronic
coupling of organic and organometallic electrophores, the triarylamine group offers
an interesting topology when employed as a bridging ligand, capable of promoting
linear conjugation between up to three remote sites through the central nitrogen
atom [56–59]. Here we describe the results of our initial investigations, and give
details of the synthesis, structure, electrochemical and spectroelectrochemical
response of [{Co2(CO)4(dppm)}2{l-(Me3SiC2-4-C6H4)2N(C6H4Me-4)}] (6). The
experimental results, together with those from the related mono-cluster complex
[{Co2(CO)4(dppm)}{l-(Me3SiC2-4-C6H4)N(C6H4Me-4)2}] (4), support a descrip-
tion of [6]n? in terms of a localised electronic structure, with the radical confined to
a single cluster redox centre in the case of n = 1.

Experimental

General Conditions

All reactions were carried out under an atmosphere of nitrogen using standard
Schlenk techniques. Reaction solvents were purified and dried using an Innovative
Technology SPS-400, and degassed before use. No special precautions were taken
to exclude air or moisture during work-up. The compounds [Co2(CO)6(dppm)] [60],
[Pd2(dba)3] [61], 1,10-bis(diphenylphosphino)ferrocene (dppf) [62], [PdCl2(PPh3)2]
[63] [Pd(PPh3)4] [64], [N(C6H4Br-4)(C6H4Me-4)2] [65], [NC6H4Br-4)2(C6H4Me-4)]
[66], [N(C6H4-4-C:CSiMe3)(C6H4Me-4)2] [67] and [N(C6H4-4-C:CSiMe3)2

(C6H4Me-4)] [66] were prepared by the literature routes, or minor modifications
as detailed below. Other reagents were purchased and used as received.

The NMR spectra were recorded on a 400 MHz Bruker Avance spectrometer
from deuterated chloroform solutions and referenced against residual protio solvent
resonances (CHCl3:1H 7.26 ppm; 13C 77.0 ppm) or external phosphoric acid. IR
spectra were recorded using a Thermo 6700 spectrometer from CH2Cl2 solutions in
a cell fitted with CaF2 windows. MALDI-mass spectra of organometallic complexes
were recorded using Autoflex II TOF/TOF mass spectrometer with a 337 nm laser.
Samples in CH2Cl2 (1 mg/ml) were mixed with a matrix solution of trans-2-[3-
(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) in a 1:9 ratio,
with 1 ll of mixture spotted onto a metal target prior to exposure to the MALDI
ionization source. Organic compounds were analysed by GC-EI(?) mass spec-
trometry using a Trace GCMS instrument. Elemental analyses were performed by
technical staff at the Department of Chemistry, Durham University.

Electrochemical analyses were carried out using an EcoChemie Autolab PG-
STAT 30 potentiostat, with platinum working, platinum counter and platinum
pseudo reference electrodes, from solutions in CH2Cl2 containing 0.1 M supporting
electrolyte, m = 100 mV s-1. The decamethylferrocene/decamethylferrocenium
(FcH*/FcH*?) couple was used as an internal reference for potential measurements
such that the FcH/FcH? couple falls at 0.00 V (FcH*/FcH*? = -0.48 V) [68].
Spectroelectrochemical measurements were made in an OTTLE cell of Hartl design
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[69], from CH2Cl2 solutions containing 0.1 M [NBu4]PF6 electrolyte. The cell was
fitted into the sample compartment of the Thermo 6700 or Thermo Array UV–Vis
spectrophotometer, and electrolysis in the cell was performed with a PGSTAT-30
potentiostat. In 13C NMR assignments, the various C6H4 and C6H5 rings are denoted
Ar-cluster (for the phenylene ring pendent to the Co2C2 cluster core), Ar–CH3 (for
the tolyl rings pendent to the amine N centre) and Ph for those rings associated with
the dppm ligand. In cases where assignments were ambiguous, the term ‘Ar’ is used.

X-Ray Crystallography

Single crystal X-ray data were collected at 120 K on a Bruker SMART 6 K
(compounds 4 and 5; graphite monochromator, kMoKa, k = 0.71073 Å) and at
100 K on a Bruker Proteum M rotating anode (compound 6, focusing mirrors,
kCuKa, k = 1.54178 Å) diffractometers equipped with Cryostream and Cobra
(Oxford Cryosystems) cryostats respectively. The data for all compounds were
corrected for absorption by multi-scan method using SADABS program [70]. All
structures were solved by direct methods and refined by full-matrix least squares on
F2 for all data using OLEX2 [71] and SHELX [72] software. All non-disordered
non-hydrogen atoms were refined with anisotropic displacement parameters, atoms
of disordered groups were refined isotropically with fixed SOF = 0.5. All H atoms
were placed in the calculated positions and refined in ‘‘riding’’ mode. Crystallo-
graphic data and refinement parameters are listed in Table 1. Crystallographic data
for the structures have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publications CCDC 871097–871099.

Syntheses

Preparation of [Co2(CO)6(dppm)] (1)

A Schlenk flask was charged with degassed toluene (60 ml), to which [Co2(CO)8]
(5.0 g, 14.6 mmol) was added and the resulting solution stirred whilst treated with
dppm (5.61 g, 14.6 mmol) in several small portions at room temperature. The CO
liberated after each addition was allowed to completely evolve prior to addition of
the subsequent aliquot of diphosphine. The solution gradually became burnt orange
in colour, and a bright orange precipitate became evident after approximately
30 min of reaction. The solution was allowed to stir for several hours, during which
time copious amounts of product precipitated from the reaction solution. When
adjudged complete, the solution was filtered to give [Co2(CO)6(dppm)] as a free-
flowing microcrystalline orange powder in essentially quantitative yield (ca. 9.7 g),
identical with that prepared by the literature method [60].

Preparation of [NH(C6H4Me-4)2]

To an oven dried flask was added dry toluene (50 ml) and the solvent rigorously
degassed three times using the freeze-pump-thaw technique. To the degassed
solvent, para-toluidine (2.23 g, 20.8 mmol), 4-iodotoluene (5.00 g, 22.9 mmol),
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[Pd2(dba)3] (0.19 g, 0.21 mmol), dppf (0.35 g, 0.63 mmol) and sodium tert-
butoxide (3.00 g, 31.2 mmol) were added and the mixture stirred at reflux for 20 h.
The mixture was cooled, filtered and the solvent removed in vacuo. The residue was
purified by silica column chromatography eluting with hexane increasing to a
hexane:acetone (95:5) mixture. The eluent was concentrated in vacuo to 5 ml and
the precipitated white solid collected and washed with cold hexane (2 9 5 ml) to
give [NH(C6H4Me-4)2] (2.77 g, 68 %). 1H NMR: d 2.30 (s, 6H, CH3), 5.51 (s, 1H,
NH), 6.95 (d, J = 8 Hz, 4H, Ar) 7.07 (d, J = 8 Hz, 4H, Ar). 13C NMR: d 20.6
(CH3), 117.9 (Aro), 129.8 (Arm), 130.2 (Arp), 141.1 (Ari). ES-MS(?) (m/z): 197.2
[M?H]?.

Preparation of [N(C6H4Br-4)(C6H4Me-4)2]

To an oven dried flask was added dry toluene (50 ml) and the solvent rigorously
degassed three times using the freeze-pump-thaw technique before [NH(C6H4Me-4)2]

Table 1 Crystal data and structure refinement for 4–6

Compound 4 5 6

Empirical formula C54H49Co2NO4P2Si 9
CH2Cl2

C58H55Co2NO4P2Si2 9
CH2Cl2

C87H77NO8Si2P4Co4

Formula weight 1068.76 1150.94 1680.28

Temperature (K) 120 120 100

Crystal system Triclinic Triclinic Triclinic

Space group P-1 P-1 P-1

a (Å) 10.0519(2) 13.4179(3) 12.5714(5)

b (Å) 15.3922(3) 14.6648(3) 14.0341(6)

c (Å) 18.5247(4) 15.7740(4) 24.9132(10)

a (!) 72.071(10) 75.9950(10) 101.688(2)

b (!) 79.906(10) 72.6230(10) 100.653(2)

c (!) 83.068(10) 83.1210(10) 102.245(2)

Volume (Å3) 2677.94(9) 2870.37(11) 4085.4(3)

Z 2 2 2

qcalc (mg/mm3) 1.325 1.332 1.366

l (mm-1) 0.845 0.814 7.712

F(000) 1,104 1,192 1,732

Reflections collected 50,506 47,964 14,939

Independent reflections, Rint 14,880, 0.0357 15,262, 0.0374 9,317, 0.0368

Data/restraints/parameters 14,880/0/604 15,262/0/609 9,317/0/866

Goodness-of-fit on F2 1.047 1.061 1.050

Final R1 indexes [I C 2r (I)] 0.0432 0.0585 0.0532

Final wR2 indexes (all data) 0.1307 0.1707 0.1485
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(2.38 g, 12.0 mmol), 1-bromo-4-iodobenzene (3.76 g, 13.2 mmol), [Pd2(dba)3]
(0.11 g, 0.12 mmol), dppf (0.20 g, 0.36 mmol) and sodium tert-butoxide (1.74 g,
18.1 mmol) were added and the mixture stirred at reflux for 60 h. The mixture was
cooled, filtered and the solvent removed in vacuo. The residue was treated with
petroleum ether (30 ml) and the persistent solid removed by filtration, and the
precipitate washed with petroleum ether (2 9 30 ml). The combined organic
solutions were concentrated in vacuo to ca. 10 ml, which upon standing deposited a
white precipitate. The precipitate was collected by filtration, and washed with cold
petroleum ether (5 ml) to give [N(C6H4Br-4)(C6H4Me-4)2] (2.84 g, 69 %). 1H
NMR: d 2.32 (s, 6H, CH3), 6.90 (d, J = 9 Hz, 2H, Ar), 6.98 (d, J = 8 Hz, 4H, Ar),
7.08 (d, J = 8 Hz, 4H, Ar), 7.28 (d, J = 9 Hz, 2H, Ar). 13C NMR: d 20.8 (CH3),
113.6 (Arp0), 123.9 (Aro), 125.0 (Aro0), 130.3 (Arm), 131.9 (Arm0), 132.9 (Arp), 145.0
(Ari), 147.4 (Ari0). ESI-MS(?) (m/z): 351.1 [M?H]?.

Preparation of [N(C6H4-4-C:CSiMe3)(C6H4Me-4)2] (2)

To an oven dried flask was added dry triethylamine (75 ml) and the solvent
rigorously degassed three times using the freeze-pump-thaw technique. To the
degassed solvent [N(C6H4Br-4)(C6H4Me-4)2] (1.80 g, 5.12 mmol), HC:CSiMe3

(0.85 ml, 6.15 mmol), [PdCl2(PPh3)2] (0.18 g, 0.25 mmol) and copper(I) iodide
(0.02 g, 0.13 mmol) were added and the mixture stirred under reflux for 17 h. The
mixture was cooled, filtered and the solvent removed under high vacuum. The
residue was treated with hexane (30 ml) and the precipitated solid removed by
filtration and washed with hexane (2 9 10 ml). The solvent was removed from the
combined filtrates in vacuo and the residue purified by silica column chromatog-
raphy in hexane increasing polarity to a hexane:CH2Cl2 (8:2) mixture. The solvent
was removed in vacuo to leave a yellow oil that solidifies on standing, affording
[N(C6H4-4-C:CSiMe3)(C6H4Me-4)2] (1.37 g, 73 %). 1H NMR: d 0.25 (s, 9H,
SiMe3), 2.33 (s, 6H, CH3), 6.90 (d, J = 9 Hz, 2H, Ar), 6.98 (d, J = 8 Hz, 4H, Ar),
7.08 (d, J = 8 Hz, 4H, Ar), 7.28 (d, J = 9 Hz, 2H, Ar). 13C NMR: d 0.00 (SiMe3),
14.0 (CH3), 92.5 (C:CSiMe3), 105.6 (C:CSiMe3) 114.8 (Arp’), 120.8 (Aro0),
125.1 (Aro), 129.9 (Arm), 132.7 (Arm0), 133.1 (Arp), 144.6 (Ari), 148.3 (Ari0). ESI-
MS(?) (m/z): 370.3 [M?H]?.

Preparation of [N(C6H4Br-4)2(C6H4Me-4)]

In oven dried glassware purged with nitrogen, dry toluene (50 ml) was degassed by
freeze-pump-thaw methods. To this solvent was added para-toluidine (0.54 g,
5.04 mmol), 1-bromo-4-iodobenzene (2.97 g, 10.5 mmol), [Pd2(dba)3] (0.05 g,
0.05 mmol), dppf (0.08 g, 0.15 mmol) and sodium tert-butoxide (1.35 g,
14.0 mmol). The reaction was heated to reflux for 36 h, after which time the
solution was allowed to cool to room temperature before being poured into water.
The resulting suspension was extracted with dichloromethane (3 9 30 ml) and the
combined organic phases washed with water (3 9 40 ml), dried over magnesium
sulphate, filtered and the solvent removed to produce a black residue. The crude
product was purified by column chromatography on silica (hexane) to give
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[N(C6H4Br-4)2(C6H4Me-4)] as a white crystalline solid (1.37 g, 66 %). 1H NMR: d
2.32 (s, 3H, CH3), 6.91 (d, 4H, J = 8 Hz, Ar–Br), 6.97 (d, 2H, 8 Hz, Ar–CH3), 7.09
(d, 2H, 8 Hz, Ar–CH3), 7.32 (d, 4H, 8 Hz, Ar–Br). 13C NMR: d 21.2 (CH3), 115.3
(Arp0), 125.2 (Aro0), 125.5 (Aro), 130.6 (Arm), 132.6 (Arm0), 134.2 (Arp), 144.6 (Ari),
147.0 (Ari0). GC-EI(?) MS (m/z): 417.0 (100 %).

Preparation of [N(C6H4-4-C:CSiMe3)2(C6H4Me-4)] (3)

In oven dried glassware purged with nitrogen, dry triethylamine (40 ml) was
degassed by freeze pump thaw methods. The reagents [N(C6H4Br-4)2(C6H4Me-4)]
(1.00 g, 2.41 mmol), Me3SiC:CH (3.4 ml, 240.0 mmol), [Pd(PPh3)4] (0.08 g,
0.07 mmol) and copper iodide (0.01 g, 0.07 mmol) were added to the solvent and
the solution heated at reflux point for 18 h. The solution was allowed to cool to
room temperature and the precipitated ammonium salts removed by filtration. The
solvent was removed from the filtrate in vacuo, and the remaining brown oil purified
by flash chromatography on silica (hexane-3:10 CH2Cl2/hexane gradient) to
produce a yellow oil which solidified under high vacuum (0.66 g, 60 %). 1H NMR:
d 0.23 (s, 18H, SiMe3), 2.33 (s, 3H, CH3), 6.94 (d, 4H, J = 8 Hz, Ar), 6.97 (d, 2H,
J = 8 Hz, Ar), 7.09 (d, 2H, J = 8 Hz, Ar), 7.31 (d, 4H, J = 8 Hz, Ar). 13C NMR: d
0.4 (SiMe3), 21.2 (CH3), 93.0 (C:CSiMe3), 106.0 (C:CSiMe3), 115.2 (Arp0),
121.3 (Aro0), 125.5 (Aro), 130.3 (Arm), 133.2 (Arm0), 133.6 (Arp), 145.0 (Ari), 148.8
(Ari0). GC-EI(?) MS (m/z): 451.2 [M?H]?. IR (CH2Cl2): m(C:C) 2105, m(C–H)
3295, 3311 cm-1.

Reaction of [N(C6H4-4-C:CSiMe3)(C6H4Me-4)2] with [Co2(CO)6(dppm)]

The reagents [N(C6H4-4-C:CSiMe3)(C6H4Me-4)2] (0.11 g, 0.30 mmol) and
[Co2(CO)6(dppm)] (0.20 g, 0.30 mmol) were added to dry degassed toluene
(12 ml) and heated to 80 !C under nitrogen for 2 h. The solvent was removed and
the resulting residue purified by preparative TLC using hexane and acetone (70:30).
A brown band was collected, the solvent removed and X-ray quality crystals of
[{Co2(CO)4(dppm)}{l-(Me3SiC2-4-C6H4)N(C6H4Me-4)2}] (4) (0.15 g, 51 %) were
obtained from the slow diffusion of methanol into a CH2Cl2 solution. 1H NMR: d
0.36 (s, 9H, SiMe3), 2.32 (s, 6H, CH3), 3.28–3.37 (m, 2H, dppm), 6.83–7.30 (m,
32H, 20H Ph ? 12H Ar). 13C NMR: d 1.2 (s, SiMe3), 21.2 (s, CH3), 36.6 (t,
1JCP = 20 Hz, dppm), 88.7 (t, 2JCP = 9 Hz, C2SiMe3), 106.0 (t, 2JCP = 9 Hz,
C2SiMe3), 123.4 (s, o/m-Ar cluster), 124.4 (s, o/m-Ar–CH3), 128.2 (pseudo t,
3JCP = 5 Hz, m-PPh2), 128.7 (pseudo t, 3JCP = 5 Hz, m-PPh2), 129.4 (s, p-PPh2),
129.9 (s, p-PPh2), 130.2 (s, o/m-Ar–CH3), 130.8 (s, o/m-Ar cluster), 131.0 (pseudo t,
2JCP = 6 Hz, o-PPh2), 132.3 (s, p-Ar–CH3), 133.0 (pseudo t, 2JCP = 6 Hz, o-PPh2),
135.1 (pseudo t, 1JCP = 16 Hz, i-PPh2), 136.7 (pseudo t, 3JCP = 3 Hz, p-Ar
cluster), 139.4 (pseudo t, 1JCP = 25 Hz, i-PPh3), 145.6 (s, i-Ar–CH3), 146.1 (s, i-Ar
cluster), 203.6 (s, CO), 207.7 (s, CO). 31P NMR: d 35.1. MALDI(?)-MS (m/z):
871.1 [M-4CO]?. IR (CH2Cl2): m(CO) 2017m, 1989s, 1961m, 1942w cm-1. Anal.
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Calcd (C54H49Co2NO4P2Si): C, 65.91; H, 5.02; N, 1.42. Found: C, 66.03; H, 5.22;
N, 1.36 %.

Reaction of [N(C6H4-4-C:CSiMe3)2(C6H4Me-4)] with Co2(CO)6(dppm)

The reagents [N(C6H4-4-C:CSiMe3)2(C6H4Me-4)] (0.06 g, 0.14 mmol) and
[Co2(CO)6(dppm)] (0.20 g, 0.30 mmol) were added to dry degassed toluene
(12 ml) and heated to 80 !C under nitrogen overnight. The solvent was removed and
the resulting residue purified by preparative TLC using hexane and acetone (70:30).
Two major bands were observed and collected. The first band was identified
as [Co2{l-Me3SiC2-4-C6H4N(C6H4-4-C:CSiMe3)(C6H4Me-4)}(CO)4(dppm)] (5)
(0.044 g, 31 %) and the second band as [{Co2(CO)4(dppm)}2{l-(Me3SiC2-4-
C6H4)N(C6H4Me-4)}] (6) (0.086 g, 38 %). X-ray quality crystals of each complex
were obtained from slow diffusion of methanol into a CH2Cl2 solution. [Co2{l-
Me3SiC2-4-C6H4N(C6H4-4-C:CSiMe3)(C6H4Me-4)}(CO)4(dppm)] (5): 1H NMR:
d 0.25 (s, 9H, SiMe3), 0.37 (s, 9H, SiMe3), 2.35 (s, 3H, CH3), 3.23–3.40 (m, 2H,
dppm), 6.86–7.32 (m, 32H, 20H Ph ? 12H Ar). 13C NMR: d 0.3 (s, SiMe3), 1.1 (s,
SiMe3), 21.1 (s, CH3), 36.4 (t, 1JCP = 20 Hz, dppm), 88.8 (t, 2JCP = 10 Hz,
C2SiMe3), 93.1 (s, C:CSiMe3), 105.3 (t, 2JCP = 10 Hz, C2SiMe3), 105.7
(s, C:CSiMe3), 115.3 (s, p-Ar–CH3), 121.4 (s, o/m-Ar), 124.6 (s, o/m-Ar), 125.7
(s, o/m-Ar), 128.0 (pseudo t, 3JCP = 5 Hz, m-PPh2), 126.5 (pseudo t, 3JCP = 5 Hz,
m-PPh2), 129.3 (s, p-PPh2), 129.6 (s, p-PPh2), 130.3 (s, o/m-Ar), 130.7 (s, o/m-Ar),
130.8 (pseudo t, 2JCP = 6 Hz, o-PPh2), 132.7 (pseudo t, 2JCP = 6 Hz, o-PPh2),
133.0 (s, o/m-Ar), 133.8 (s, p-Ar), 134.9 (pseudo t, 1JCP = 17 Hz, i-PPh2), 138.4
(unresolved pseudo triplet, p-Ar cluster), 139.1 (pseudo t, 1JCP = 24 Hz, i-PPh2),
144.5 (s, i-Ar–CH3), 144.8 (s, i-Ar cluster), 148.4 (s, i-Ar), 203.2 (s, CO), 207.3 (s,
CO). 31P NMR: d 36.0. MALDI(?)-MS (m/z): 953 [M-4CO]?. IR (CH2Cl2):
m(C:C) 2149w; m(CO) 2016m, 1988s, 1961m, 1941w cm-1. Anal. Calcd
(C58H55Co2NO4P2Si2): C, 65.34; H, 5.20; N, 1.31. Found: C, 64.97; H: 5.16; N,
1.29 %. [{Co2(CO)4(dppm)}2{l-(Me3SiC2-4-C6H4)2N(C6H4Me-4)}] (6): 1H NMR:
d 0.39 (s, 18H, SiMe3), 2.35 (s, 3H, CH3), 3.32–3.37 (t, 4H, dppm), 6.88–7.26
(m, 52H, 40H Ph ? 12H Ar). 13C NMR: d 1.2 (s, SiMe3), 21.0 (s, CH3), 36.2
(t, 1JCP = 20 Hz, dppm), 88.6 (t, 2JCP = 9 Hz, C2SiMe3), 105.9 (t, 2JCP = 8 Hz,
C2SiMe3), 123.6 (s, o/m-Ar cluster), 125.0 (s, o/m-Ar–CH3), 128.0 (pseudo t,
3JCP = 4 Hz, m-PPh2), 128.5 (t, 3JCP = 4 Hz, m-PPh2), 129.3 (s, p-PPh2), 129.7
(s, p-PPh2), 130.0 (s, o/m-Ar–CH3), 130.6 (s, o/m-Ar cluster), 130.7 (pseudo t,
2JCP = 8 Hz, o-PPh2), 132.8 (pseudo t, 2JCP = 6 Hz, o-PPh2), 135.0 (pseudo t,
1JCP = 16 Hz, i-PPh2), 137.0 (s, p-Ar cluster), 139.1 (pseudo t, 1JCP = 24 Hz,
i-PPh2), 145.2 (s, i-Ar–CH3), 145.7 (s, i-Ar cluster), 203.4 (s, CO), 207.4 (s, CO).
*p-Ar not observed/obscured. 31P NMR: d 35.7. MALDI(?)-MS: 953.0 [M-4CO–
{Co2(CO)4(dppm)}]?. IR (CH2Cl2): m(CO) 2016m, 1989s, 1960m, 1942w cm-1.
Anal. Calcd (C87H77Co4NO8P4Si2): C, 62.17; H, 4.62; N, 0.83. Found: C, 62.10; H,
4.58; N, 0.83 %.
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Results and Discussion

Synthesis

Complexes of general form [Co2(l-RC2R0)(CO)4(dppm)] are most conveniently
prepared from thermal reactions of [Co2(CO)6(dppm)] (1) with an alkyne.
Compound 1 is usually prepared using the method of Chia and Cullen from the
room temperature reaction of [Co2(CO)8] and one equivalent of dppm in benzene,
followed by chromatographic purification and crystallisation [60]. If the reaction is
carried out in toluene, compound 1 precipitates directly from the reaction mixture as
a high purity powder and in essentially quantitative yield.

Triarylamines undergo one-electron oxidation processes to give radical cations,
the chemical and thermodynamic stability (E!) of which can be tuned through
electronic and steric effects by variation in the substituents on the aryl groups [68],
leading to extensive materials chemistry applications [73–77]. The redox activity of
the triarylamine group, together with the simple synthetic chemistry associated with
the preparation of such species, has prompted consideration of triarylamine based
ligands 2 [67] and 3 [66] in organometallic chemistry.

The alkynes 2 and 3 were prepared from para-toluidine through sequential
Hartwig-Buchwald amination [78, 79] and Sonogashira cross-coupling [80]
reactions (Scheme 1). There are numerous reports of the preparation of the ligand
building block 4,40-dimethyldiphenylamine, [NH(C6H4Me-4)2], from arylation
reactions of para-toluidine with 4-chloro [81–88], bromo- [89, 90] or iodo-toluene
[91]; the material is also available commercially. We elected to employ a simple
combination of readily available palladium source [Pd2(dba)3], supporting phos-
phine (dppf) and base (NaOtBu) in a Hartwig-Buchwald based methodology to cross
couple 4-iodotoluene with para-toluidine, which gave 4,40-dimethyldiphenylamine
in good (68 %) yield in an experimentally convenient fashion. The same conditions
were employed to selectively couple the iodo moiety in 1-bromo-4-iodobenzene to
each of para-toluidine and 4,40-dimethyldiphenylamine, which afforded the mono-
and di-bromo substituted tertiary amines [N(C6H4Br-4)(C6H4Me-4)2] and
[N(C6H4Br-4)2(C6H4Me-4)], respectively (Scheme 1). Alternate approaches in the
literature to similar compounds include sequences of Ullmann couplings and
bromination reactions [66] but we have found the application of the [Pd2(dba)3]/
dppf/NaOtBu/toluene system to be a reliable and simple synthetic protocol.

Subsequent reaction of 1 with 2 or 3 gave the anticipated Co2C2 clusters with
pendant (4, 5) or bridging (6) triarylamine groups (Scheme 2). The complexes were
all readily identified by the usual combination of spectroscopic methods and
microanalytical methods, and confirmed by single crystal X-ray diffraction. The IR
m(CO) spectra of all three complexes were essentially identical (4 2017m, 1989s,
1961m, 1942w cm-1; 5 2016m, 1988s, 1961m, 1941w cm-1; 6 2016m, 1989s,
1960m, 1942w cm-1). When these data are compared with related systems such as
[Co2(l-HC2Ph)(CO)4(dppm)] [m(CO) 2027vs, 1999s, 1975s, 1956w cm-1] [Co2(l-
HC2C6H4NMe2)(CO)4(dppm)] [m(CO) 2023vs, 1995s, 1971s, 1952w cm-1] and
[Co2(l-Me3SiC2C:C{Ru(PPh3)2Cp})(CO)4(dppm)] (2004s, 1981vs, 1954s cm-1)
[92] the influence of the relatively strong electron donating triarylamine group on
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the cluster core in 4, 5 and 6 is apparent. The carbon nuclei of the cluster cores in 4,
5 and 6 are identified as triplets (JCP ca. 9 Hz) near dc 89 and 106 ppm in each case,
whilst the CO ligands give rise to resonances near dc 203 and 207 ppm. The dppm
ligands give rise to singlets in the 31P NMR spectra near dP 31 ppm. Together these
IR and NMR data indicate the electronic environment of the clusters to be similar
across the series. Other features of the triarylamine moiety and dppm ligands give
rise to the expected resonances in the 1H and 13C spectra. Mass spectra obtained
using MALDI methods display rather extensive fragmentation, with [M-4CO]?

and, in the case of 6, [M-4CO–{Co2(CO)4(dppm)}]?, ions being predominant.

Molecular Structures

The molecular structures of 4 (Fig. 1), 5 (Fig. 2) and 6 (Fig. 3) were confirmed by
single crystal X-ray diffraction studies using crystals grown from slow diffusion of
methanol into CH2Cl2 solutions of the complexes. Selected bond lengths, angles and
torsions are summarised in the figure captions. The dppm ligands are disposed so as
to minimise steric interactions with the SiMe3 groups, while the triarylamine
moieties exhibit the usual planar environment at N(1) with the aryl rings disposed in
a propeller arrangement. The N(1)–C(6) distances fall in the same range as found
for the other N–CAr bonds in these complexes and [N(C6H5)3] (N–CAr = 1.408(7)–
1.427(6) Å across four independent molecules) [93]. The bond lengths around the
C(3)–C(8) phenylene ring are typical for a para-substituted system, and display no
significant quinoidal distortions. Within the Co2C2 tetrahedrane cluster core, the
Co(1,3)–Co(2,4) bond lengths span a narrow range [2.4821(5)–2.4933(10) Å],
whilst the C(1)–C(2) distances are identical [1.350(2) (4); 1.351(4) (5); 1.351(6),
1.353(6) (6) Å] both of which are similar to those found in Co2(l-HC2Ph)(CO)4(dppm)

Scheme 1 Preparation of the ligands 2 and 3. Conditions: (a) [Pd2(dba)3]/dppf/NaOtBu/toluene/reflux;
(b) [PdCl2(PPh3)2]/CuI/NEt3/reflux; (c) [Pd(PPh3)4]/CuI/NEt3/reflux
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[Co–Co 2.4873(3) Å; C–C 1.348(2) Å] [92]. It must therefore be concluded that
there is no structural evidence for substantial ground-state delocalisation between
the cluster core and the pendant amine nitrogen centre in 4 and 5, and the
similarity of the bond parameters between the mono-cluster compounds and the
analogous parameters in 6 argues against extended conjugation in the bis(cluster)
system.

Electrochemistry and Spectroelectrochemistry

The presence of redox active organic (NAr3) and organometallic (Co2C2) moieties
in 4, 5 and 6 prompts investigation of the electrochemical response of these systems,
which can be conveniently compared and contrasted with the electrochemical
response of the ligands 2 and 3 and [Co2(l-HC2C6H4R)(CO)4(dppm)] model cluster
complexes. The ethynyl-substituted triarylamines 2 and 3 each exhibit a single,

Scheme 2 The preparation of 4, 5 and 6
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electrochemically reversible oxidation wave in CH2Cl2/0.1 M [NBu4]PF6 solution
at a platinum working electrode (Table 2). The half-wave potentials of these
triarylamine derivatives varies modestly as a function of the peripheral groups, with
substitution of one weakly electron-donating methyl group in 2 by a second, more
electron-withdrawing trimethylsilylethynyl group in 3 resulting in a shift of E1/2

by ca. ?70 mV from ?0.53 V (2) to ?0.60 V (3). The clusters [Co2(l-
HC2C6H4R)(CO)4(dppm)] undergo a one-electron oxidation and reduction, the
redox potentials of which are also sensitive to the electron donating or withdrawing
properties of the phenyl substituent, R. For example, the oxidation wave shifts from
ca. -0.10 V (R = NMe2) to ?0.23 V (R = H) and ?0.29 V (R = NO2) (vs.
ferrocene/ferrocenium in THF/0.1 M [NBu4]PF6) [92]. In general, the chemical
reversibility of these cluster-based redox processes improves at lower temperatures.

Compounds 4 and 5 feature both Co2C2 and triarylamine based redox centres, and
unsurprisingly, each of these complexes exhibit two, one-electron oxidation waves,
which are essentially chemically reversible at room temperature. By comparison with
the data from 2, 3 and the complexes [Co2(l-HC2C6H4R)(CO)4(dppm)], the first of these
oxidation processes (E1/2 = 0.04 V, 4; 0.08 V, 5) can be assigned to oxidation of the
cluster, whilst the second wave (E1/2 = 0.56 V, 4; 0.60 V, 5) can be attributed to the
triarylamine group; the relative potentials of these processes in 4 vs. 5 follow the same
substituent effects observed for 2 vs 3.

Fig. 1 The molecular structure of 4, showing the atom labelling scheme. Selected bond lengths (Å)
and angles (!): Co(1)–Co(2) 2.4884(5); Co(1)–P(1) 2.2211(5); Co(2)–P(2) 2.2161(6); Co(1)–C(1,2)
1.9674(19), 1.9924(18); Co(2)–C(1,2) 1.9835(18), 1.9617(18); C(1)–C(2) 1.350(2); C(2)–C(3) 1.465(2);
C(3)–C(4) 1.404(2); C(4)–C(5) 1.383(2); C(5)–C(6) 1.401(3); C(6)–C(7) 1.395(3); C(7)–C(8) 1.389(2);
C(8)–C(3) 1.399(2); N(1)–C(6) 1.419(2); N(1)–C(61) 1.423(2); N(1)–C(71) 1.431(2); C(6)–N(1)–C(61)
120.51(15); C(6)–N(1)–C(71) 119.79(15); C(61)–N(1)–C(71) 119.55(15)
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At room temperature, electrochemical analysis of the bis(cluster) 6 was
complicated by rapid passivation of the platinum electrode, and a film over the
electrode surface was apparent by simple visual inspection. The chemical stability
of the electrogenerated products improves at lower temperatures, and at -40 !C the
CV of 6 exhibits three reversible oxidation waves (Table 2), the first two of which
(E1/2 = 0.07, 0.17 V; DE1/2 = 100 mV) are assigned to sequential oxidation of the
cluster cores and the third (E1/2 = 0.63 V) to the triarylamine centre by comparison
with the data from other complexes in Table 1, and results of spectroscopic
investigations described below.

The observation of two separate oxidation events for the cluster based redox
processes reflects the stability of [6]? relative to 6 and [6]2?. The comproportion-
ation constant, KC, for the equilibrium

½6" þ ½6"2þ !KC

2 ½6"þ

can be derived from the difference in the redox potentials, DE = |E1/2(1) - E1/2(2)|,
through the expression KC = exp(DEF/RT). As discussed elsewhere [21, 94–97] the
thermodynamic stability of [6]? relative to 6 and [6]2? can be attributed to a number
of factors which include solvation, ion-pairing, electrostatic effects and resonance/
delocalisation. Of these various terms, only the latter relates to the concept of
stabilisation arising from ‘electronic interactions’ between the remote cluster cen-
tres. The observation of three distinct waves in the CV of 6 presents an interesting

Fig. 2 The molecular structure of 5, showing the atom labelling scheme. Selected bond lengths (Å) and
angles (!) (one component of a disordered model): Co(1)–Co(2) 2.4821(5); Co(1)–P(1) 2.2036(8); Co(2)–
P(2) 2.2130(8); Co(1)–C(1,2) 1.975(3), 1.944(3); Co(2)–C(1,2) 1.972(3), 1.989(3); C(1)–C(2) 1.351(4);
C(2)–C(3) 1.475(4); C(3)–C(4) 1.399(4); C(4)–C(5) 1.387(4); C(5)–C(6) 1.398(4); C(6)–C(7) 1.391(4);
C(7)–C(8) 1.393(4); C(8)–C(3) 1.396(4); N(1)–C(6) 1.413(4); N(1)–C(23) 1.380(5); N(1)–C(12)
1.414(4); C(6)–N(1)–C(23) 118.7(3); C(6)–N(1)–C(12) 119.8(3); C(23)–N(1)–C(12) 121.3(3)
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opportunity to address the role electrochemical and spectroelectrochemical methods
can play in clarifying the electronic structure of compounds featuring multiple
electroactive centres.

Fig. 3 The molecular structure of 6 showing the atom labelling scheme. Selected bond lengths (Å) and
angles (!): Co(1)–Co(2) 2.4853(10); Co(1)–P(1) 2.2244(14); Co(2)–P(2) 2.1995(14); Co(1)–C(1,2)
1.976(5), 1.973(4); Co(2)–C(1,2) 1.976(4), 1.966(4); C(1)–C(2) 1.351(6); C(2)–C(3) 1.461(6); C(3)–C(4)
1.405(6); C(4)–C(5) 1.383(6); C(5)–C(6) 1.402(6); C(6)–C(7) 1.390(7); C(7)–C(8) 1.387(6); C(8)–C(3)
1.398(6); Co(3)–Co(4) 2.4933(10); Co(3)–P(3) 2.2182(14); Co(4)–P(4) 2.2136(15); Co(3)–C(101,102)
1.981(5), 1.985(4); Co(4)–C(101,102) 2.000(5), 1.964(5); C(101)–C(102) 1.353(6); C(102)–C(103)
1.468(6); C(103)–C(104) 1.407(7); C(104)–C(105) 1.376(6); C(105)–C(106) 1.390(7); C(106)–C(107)
1.372(7); C(107)–C(108) 1.401(7); C(108)–C(103) 1.376(6); N(1)–C(6) 1.405(6); N(1)–C(17) 1.430(6);
N(1)–C(106) 1.439(6); C(6)–N(1)–C(106) 118.9(4); C(6)–N(1)–C(17) 122.1(4); C(106)–N(1)–C(17)
118.7(4)

Table 2 The electrochemical response of 2–6

Complex Electrolyte E1/2 (1) (V) E1/2 (2) (V) DE1/2 (mV) E1/2 (amine) (V)

2a [NBu4]PF6 0.53

3a [NBu4]PF6 0.60

4b [NBu4]PF6 0.04 – – 0.56

[NBu4][BAr4
F] 0.05 – – 0.63

5b [NBu4]PF6 0.08 – – 0.60

6b [NBu4]PF6 0.07 0.17 100 0.63

[NBu4][BAr4
F] 0.07 0.29 220 0.87

Conditions: 0.1 M electrolyte solutions in CH2Cl2, Pt electrode, scan rate 100 mV s-1. Referenced to
FcH/FcH? = 0 V. [BAr4

F]- = [B(C6F5)4]-

a Room temperature
b -40 !C

866 W. Y. Man et al.

123



Although many interpretations of the significance of KC have assumed a
dominate contribution from delocalisation effects, Geiger and colleagues have
presented a series of informative reminders of the significance of ion-pairing
interactions in stabilising charged species, and the consequent effects that choice of
supporting electrolyte can have on stabilising of intermediate charged species [98–
100]. Table 2 summarises CV measurements of 4 and 6 conducted in CH2Cl2/0.1 M
[NBu4][BAr4

F] ([BAr4
F]- = [B(C6F5)4]-), and which emphasise the role weakly

coordinating anions such as [BAr4
F]- can play on stabilising charged species by

maximising electrostatic (Coulombic or through space) effects.
In the case of 4, the cluster based oxidation takes place at essentially the same

potential in both CH2Cl2/0.1 M [NBu4]PF6 and CH2Cl2/0.1 M [NBu4][BAr4
F].

However the amine oxidation in CH2Cl2/0.1 M [NBu4][BAr4
F] is some 70 mV more

positive than in the [NBu4]PF6 electrolyte. This can be explained in terms of a
simple electrostatic model; since the [BAr4

F]- anion is less strongly associating than
PF6

- in CH2Cl2, the dication is less stabilised by ion-pairing interactions and further
oxidation of [4]? to [4]2? is less favourable. In the case of the bis(cluster)
compound 6, changing the electrolyte anion from PF6

- to [BAr4
F]- results in

an increased separation of the first two (cluster based) oxidation waves from
|E1/2(1) - E1/2(2)| = 100 mV ([NBu4]PF6) to 220 mV ([NBu4][BAr4

F]). The trica-
tion [6]3? is also less stabilised in the [BAr4

F]- containing electrolyte, and
consequently the difference between the second and third oxidation processes
|E1/2(2) - E1/2(3)| also increases from 460 mV in [NBu4]PF6 to 580 mV in
[NBu4][BAr4

F]. Clearly, ion-pairing interactions with the electrolyte anion are
playing a significant role in stabilising the charged states of these species, and the
use of DE as a measure of the ground state interactions/delocalisation between the
cluster centres and between the cluster centres and the amine moiety is not
appropriate.

To further explore the nature of the redox products, and to investigate potential
electronic interactions between the various electroactive components in 4 and 6, we
turned to IR and NIR spectroscopic methods. In the case of 4, which offers more
chemically reversible electrochemical behaviour at room temperature on platinum,
the assignment of the first and second oxidation events to the cluster core and
triarylamine, respectively, were confirmed by IR spectroelectrochemical studies.
Upon one electron oxidation, a shift of ca. ?45 cm-1 is observed in the m(CO)
frequencies (Fig. 4), consistent with cluster oxidation.

The poorer chemical stability of the redox products derived from bis(cluster) 6
and the rapid passivation of platinum electrodes observed in CV experiments
precluded the further study of this compound using our room temperature
spectroelectrochemical cell, which is fitted with a platinum gauze working
electrode. However, chemical oxidation of 6 with [Fe(g-C5H4COMe)Cp]PF6

([FcAc]PF6) [68] in CH2Cl2 at low temperature afforded solutions of [6]PF6 and
[6][PF6]2, from which spectroscopic information could be obtained. Treatment of 6
with one equivalent of the oxidising agent gave [6]PF6, the IR m(CO) spectrum of
which was characterised by a band pattern approximating a superposition of the
spectra of 4 (2017m, 1989s, 1961m, 1942w cm-1) and [4]? (2055m, 2034s, 2017m,
2007sh cm-1) (Fig. 5).
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This strongly supports a description of [6]? in terms of oxidation at one of the
cluster moieties [bands at 2054w, 2033m, 2018sh (unresolved) cm-1], with the
radical cation localised on the IR timescale. The very limited shift of the m(CO)
bands associated with the ‘neutral’ cluster in [6]? (bands at 2018s, 1989s, 1961m,
1942w cm-1) relative to those in the parent cluster 6 (2016m, 1989s, 1960m,
1941w cm-1) indicates little ground state delocalisation between the two cluster
moieties. Upon treatment of [6]PF6 with a second equivalent of oxidant, the dication
[6][PF6]2 is formed and the m(CO) band pattern (bands at 2058m, 2037s, 2020m,
2007sh cm-1) evolves towards a pattern similar to that observed for [4]? (2055m,
2034s, 2017m, 2007sh cm-1). The IR spectrum of [6][PF6]2 is therefore consistent
with the presence of two oxidised, but non-interacting, cluster moieties (Fig. 6).

Fig. 4 The spectroelectrochemically determined IR spectra of 4 and [4]? in CH2Cl2/0.1 M [NBu4]PF6

Fig. 5 The IR m(CO) spectra of 6 and [6]PF6 (the latter obtained by stoichiometric oxidation of 6 with
[FcAc]PF6) in CH2Cl2
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Turning to NIR spectroscopy, a new electronic transition is observed in [4]? at
7920 cm-1 (1,260 nm)/e = 1,590 M-1 cm-1. A very similar transition is observed
in the NIR spectrum of [6]PF6 [8,020 cm-1 (1,250 nm)/e = 2,260 M-1 cm-1],
although on the basis of this spectroscopic data alone it is not possible to
unambiguously determine if the band envelope also conceals a cluster-to-cluster
intervalence charge transfer band. However, further oxidation of [6]PF6 to [6][PF6]2

results not in a collapse of the low energy feature, but rather an increase in the
band intensity and a small shift to higher energy [8,950 cm-1 (1,120 nm)/
e = 4,320 M-1 cm-1]. In addition, the spectrum of the simple tolyl substituted
cluster [{Co2(CO)4(dppm)}{l-(Me3SiC2C6H4Me-4)}]? ([7]?, obtained by spectro-
electrochemical oxidation of 7 in CH2Cl2/0.1 M [NBu4]PF6) contains a weak band
in the same region [8,240 cm-1 (1,210 nm)/e = 350 M-1 cm-1]. On the basis of
the IR and NIR data we conclude that the cluster centres in [6]n? are electronically
independent, and that the low energy electronic absorption band is associated with
electronic transitions within the [Co2C2]? cluster core.

Conclusion

Simplified synthetic protocols have been developed for [Co2(CO)6(dppm)] (1), and
the trimethylsilylethynyl-substituted triarylamines [N(C6H4-4-C:CSiMe3)
(C6H4Me-4)2] (2) and [N(C6H4-4-C:CSiMe3)2(C6H4Me-4)] (3). Reaction of 1
with 2 or 3 gives the anticipated Co2C2 tetrahedrane clusters [{Co2(CO)4

(dppm)}{l-(Me3SiC2-4-C6H4)N(C6H4Me-4)2}] (4), [Co2{l-Me3SiC2-4-C6H4N
(C6H4-4-C:CSiMe3)(C6H4Me-4)}(CO)4(dppm)] (5) and [{Co2(CO)4(dppm)}2{l-
(Me3SiC2-4-C6H4)2N(C6H4Me-4)}] (6). Structural parameters determined by single
crystal X-ray diffraction indicate the Co2C2 cluster cores to be in essentially
identical electronic environments, and there is no structural evidence for ground

Fig. 6 The IR m(CO) spectra of [6]PF6 and [6][PF6]2 (obtained by stoichiometric oxidation of 6 with
[FcAc]PF6) in CH2Cl2
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state delocalisation either between the amine nitrogen and the cluster core in 4 and
5, nor between the clusters in 6. Electrochemical and spectroelectrochemical
analysis reveals the cluster centres to be oxidised at less positive potentials than the
triarylamine moiety, and that the clusters in 6 are oxidised sequentially in two
separate one-electron processes. The difference in cluster oxidation potentials in 6 is
sensitive to the nature of the supporting electrolyte anion, varying from |E1/2(1)
- E1/2(2)| = 100 mV in CH2Cl2/0.1 M [NBu4]PF6 to 220 mV in CH2Cl2/0.1 M
[NBu4][BAr4

F]. The IR m(CO) spectrum of [6]? clearly indicates the localised (on the
IR time scale) electronic structure of this species, with the cluster centres acting
independently; there is no evidence for bridge-mediated cluster–cluster interactions.
The NIR spectra of the cluster radicals [4]? and [6]n? (n = 1, 2) feature almost
identical low energy electronic transitions, but there is no indication of a new
transition in [6]? that can be attributed to a cluster-to-cluster IVCT style transition.
A similar, albeit weak, band is also observed in the model compound [8,240 cm-1

(1,210 nm)/e = 350 M-1 cm-1] which suggests this low energy transition is
associated with the oxidised dicobaltdicarbon tetrahedrane cluster core. On the
basis of all of the available data it must be concluded that the cluster centres in [6]
are electronically independent, and that [6]? represents a cluster based Class I Robin
and Day mixed valence system.
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ABSTRACT: The dithia[3.3]paracyclophane-bridged bimetallic
ruthenium alkynyl and vinyl complexes {Cp*(dppe)RuCC}2(μ-
dithia[3.3]paracyclophane) (8) and {(PMe3)3(CO)ClRuCH
CH}2(μ-dithia[3.3]paracyclophane) (9) have been prepared and, in
the case of 8, structurally characterized. Compounds 8 and 9 each
undergo two consecutive one-electron-oxidation processes, with
supporting investigations conducted using IR and UV/vis/near-IR
spectroelectrochemical methods establishing the redox-noninnocent
character of the dithia[3.3]paracyclophane bridge unit in both 8 and 9.
Both [8]+ and [9]+ exhibit multiple transitions in the near-IR region, which have been assigned with the aid of DFT calculations
to combinations of MLCT and intraligand transitions and transitions involving the donor sulfur atoms within the cyclophane
scaffold to the partially occupied orbital located on the diethynyl- or divinylphenylene portion of the bridging cyclophane.

■ INTRODUCTION
Organometallic mixed-valence complexes1 have attracted
considerable contemporary interest for their potential applica-
tions in the field of molecular electronics2 and as research
objects through which to study the nature of thermal and
photoinduced intramolecular electron processes.3 In addition to
serving as precursors for mixed-valence systems,4 bimetallic
complexes of the type [{LnM}(μ-bridge){MLn}] (M = metal; L
= supporting ligand) can also exhibit significant nonlinear
optical and magnetic properties, both of which are sensitive to
the redox state of the molecule.5,6 The electronic properties of
these prototypical bimetallic complexes can be tuned by
variation in metal end group, supporting ligand, nature of the
bridge, and different chemical connections (and hence
electronic couplings) between the metal centers and the
bridging ligand (for example, through a single, double, or triple
bond etc.).1,4,7 The frontier molecular orbitals of these
complexes generally have both metal and π-conjugated bridge
character, the relative amounts of which depend on the nature
of the end groups and bridge. Therefore, by varying the energy
and symmetry of the metal- and bridging-ligand-based orbitals,
the complexes [{LnM}(μ-bridge){MLn}] can be tuned from
precursors of genuine mixed-valence complexes,1b,8 to
delocalized systems in which the metal centers are intrinsic
components of the π-electronic system that spans the molecular
backbone,9 to examples of organic redox systems bearing metal-
based donor substituents.10

It is now clear that the redox chemistry of bimetallic
ruthenium complexes with carbon-rich bridging ligands is often
dominated by the noninnocent character of the bridging

fragment11 and that considerable care in molecular design is
necessary to engineer a degree of “mixed-valence” character in
radical ions derived from [{LnRu}(μ-bridge){RuLn}] systems.
For example, previous studies on the diruthenium alkynyl-
bridged complexes [{Cp(PPh3)2Ru}2(μ-CCCC)] (1a),
[{Cp(PPh3)(PMe3)Ru}2(μ-CCCC)] (1b), and [{Cp*-
(dppe)Ru}2(μ-CCCC)] (1c) (Chart 1) demonstrated
that the sequential oxidation of these metal-supported carbon
chains results in significant changes to the formal valence
structure of the C4 bridge from diynediyl through a cumulated
butatrienediyl form to a ethynyl-bridged dicarbyne.12 A DFT
study of the model [{Cp(PH3)2Ru}2(μ-CCCC)] (1-H)
revealed 27% metal and 59% C4 character in the HOMO, with
the HOMO-1, which is comprised of the orthogonal π system,
being similarly comprised with 25% metal and 69% C4
character.12a Introduction of a phenylene group into the
−C4− spacer gives the complex [1,4-{Cp*(dppe)RuC
C}2C6H4] (2) (Chart 1);13 oxidation to [2]+ gives a radical
cation which displays both mixed-valence and organic bridge-
ligand characteristics, likely a consequence of rotation of the
phenylene ring around the long molecular axis.13b In the meta-
substituted isomer [1,3-{Cp*(dppe)RuCC}2C6H4], oxida-
tion was shown to be localized along one “RuCCC6H4” arm,
with the second ruthenium ethynyl moiety serving as a pendant
donor moiety leading to a new low-energy (near-IR) electronic
transition with a degree of charge transfer character between
the pendant metal ethynyl donor and the oxidized bridge.14 By
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further “decoupling” the orbital energies of the bridging moiety
and the metal−ethynyl fragments through the introduction of a
carboranyl fragment to the bridging ligand, systems which lie
closer to the mixed-valence limit have been prepared.15

With regard to other ruthenium fragments and linking
groups, recent studies by Winter and colleagues with the five-
coordinate divinylphenylene-bridged diruthenium complexes
(E,E)-[{(PiPr3)2(CO)ClRu}2(μ-HCCHC6H4CHCH-
1,4)] (3) (Chart 1) have demonstrated that the two sequential
one-electron-oxidation events observed electrochemically can
be treated in terms of the loss of electron density from the
organic π system (38% for the first and 28% for the second
oxidation) with smaller contributions from the ruthenium
centers (11% and 11%).16 Some of the present authors have
also shown that the redox processes associated with the related
six-coordinate PMe3-containing Ru−vinyl analogues (E,E)-
[{(PMe3)3(CO)ClRu}2(μ-HCCHC6H4CHCH-1,4)] (4)
(Chart 1) are vinyl ligand in character rather than metal-
based. Thus, spectroelectrochemical measurements of the
ν(CO) frequency in [4]n+ (n = 0−2), UV/vis/near-IR
spectroscopy, and DFT studies on the model compound
[{RuCl(CO)(PH3)3}2(μ-CHCHC6H4CHCH-1,4)] (4-
H) using the B3LYP/3-21G* basis set, which indicated that
the HOMO is largely localized on the unsaturated bridging
ligand (86%), all indicated that the oxidation processes
associated with 4 can be interpreted in terms of progressive
depopulation of a vinyl-ligand-based orbital.17

In seeking to fine tune the electronic character of ruthenium-
based [{LnRu}(μ-bridge){RuLn}]

n+ systems further, we have
refocused our attention on the bridging element. The
transannular π−π interaction associated with a high degree of
structural rigidity in dithia[3.3]paracyclophane18 (Chart 2) was
recently used to explore the optical and electronic properties of
novel organic materials and π-conjugated oligomers,19,20 and it
is now established that weak noncovalent π−π interactions can
have a significant effect on the electron transport processes in
some biological and chemical systems.21,22 Measurements of

single-molecule electron transfer through systems containing
the paracyclophane scaffold23 and conductance between
molecules held together by spontaneous π−π stacking24 have
provided evidence for electron transport across two neighbor-
ing π systems, leading to suggestions that wirelike constructions
incorporating π−π interactions will be useful as new electronic
materials25 or as components in molecular devices.26

With this in mind, we describe here the synthesis and
characterization of diruthenium complexes featuring diethynyl-
and divinyldithia[3.3]paracyclophane bridges, and investiga-
tions of the electronic structure of these and redox-related
derivatives using spectroelectrochemical and computational
methods. We note that a very recent report describing the
mixed-valence nature of vinyl complexes in [2,2]- and
[2,1]cyclophanes indicates the importance of through-space
interactions in these systems, which feature structural isomers
of the bridging moiety used in the compounds described
herein.22d

■ RESULTS AND DISCUSSION
The dibromodithia[3.3]paracyclophane 5 was prepared under
high-dilution conditions, as illustrated in Scheme 1, according
to a recently reported procedure.27 The trimethylsilyl-protected
bis(ethynyl) proligand 6 was synthesized by a Pd(PPh3)4/CuI-
catalyzed Sonogashira cross-coupling reaction between 5 and
(trimethylsilyl)acetylene. Compound 6 was smoothly con-
verted into the corresponding diethynyldithia[3.3]-
paracyclophane 7 by deprotection with KOH in MeOH/THF
(Scheme 1).
The cyclophane-bridged dinuclear ruthenium alkynyl com-

pound 8 was obtained from 7 by reaction with RuCl(dppe)Cp*
and in situ deprotonation of the resulting vinylidene complex
(Scheme 2).28 Reaction of 7 with the ruthenium hydride
complex RuHCl(CO)(PPh3)3 in CH2Cl2 at room temperature
afforded the corresponding five-coordinate bis(vinyl) complex
[ { ( P P h 3 ) 2 ( CO )C l R uCHCH} 2 ( μ - d i t h i a [ 3 . 3 ] -
paracyclophane)] via phosphine dissociation and hydroruthe-
nation of the terminal alkyne moieties,29 with subsequent
phosphine ligand exchange with PMe3 affording the six-
coordinate ruthenium vinyl complex 9 (Scheme 2).17,30

Complexes 8 and 9 were characterized by conventional
spectroscopic methods. The presence of the ruthenium ethynyl
and ruthenium vinyl end groups in 8 and 9 follow from the
observation of typical Ru−CC− and Ru−CHCH− 13C
NMR spectroscopic resonances at 109.3 (Ru−C) and 163.7
ppm (Ru-CH), respectively. Complex 9 also displayed
resonances characteristic of the vinyl Ru−CH protons at
7.78−7.83 ppm, where the JCP, JHP, and JHH couplings were not
resolved. The thioether methylene protons can be differentiated
in terms of their connection to the “top” (C6H4, CH2

a) or
“bottom” (C6H2, CH2

b) aromatic moieties of the cyclophane.
The CH2

a protons were detected as an unresolved resonance at
δH 3.49 ppm (8) or as an unresolved resonance at δH 3.74 ppm
(9). The CH2

b protons, which are also diasterotopic, appear as
two doublets at 3.85 and 4.11 ppm in the 1H NMR spectrum of
9 (JHH = 15 Hz). In 8, one of these resonances is shifted to
substantially lower field (6.02 ppm), and both are substantially

Chart 1 Chart 2. Dithia[3.3]paracyclophane
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broadened. The low-field shift is presumably due to the ring
current effects of a nearby phenyl ring from the dppe ligand;
similar effects are observed on the benzylic protons in
nonperipherally substituted phthalocyanines.31 The dppe
methylene protons give rise to a set of four broad resonances
between 2.21 and 2.97 ppm, while in the 31P NMR spectra,
complex 8 displayed two resonances at 81.2 and 82.8 ppm,
consistent with two different magnetic environments for the
metal fragments, which may be indicative of a predominantly
transoid arrangement of the half-sandwich moieties. The 31P
NMR spectrum of complex 9 exhibited an AM2 coupling
pattern, clearly demonstrating the meridional geometry of the
three PMe3 ligands about the ruthenium center. A ν(CC)
band near 2050 cm−1 for compound 8 and a single strong
ν(CO) band near 1920 cm−1 for compound 9 are also apparent
in both solution and solid-state IR spectra.
The spectroscopically derived structure of 8 (as the CH2Cl2

solvate) was confirmed by an X-ray single-crystal structural
analysis (Figure 1). Details of the data collection and
refinement are presented in Table S1 (Supporting Informa-
tion), and selected bond lengths and bond angles are reported

in the figure caption. The interplane distance of the two
benzene rings of 3.29 Å is less than the normal packing distance
of aromatic rings in organic aromatic molecules (∼3.4 Å) but is
similar to that found in other dithia[3.3]cyclophanes.32

Isomerization of the dithia[3.3]paracyclophane bridge between
boat and chair conformations occurs by flipping of the CH2−
S−CH2 moiety, resulting in the positional disorder of S(2). The
C(37)−C(38) and C(55)−C(56) bond lengths of 1.208(5) Å
confirm the presence of CC triple bonds in complex 8.33 The
Cp* ligands are disposed in a transoid fashion (Cp(0)−
Ru···Ru−Cp(0) = 179.3°, where Cp(0) is the centroid of a Cp*
ring), with the C6H2 (C(39)−C(44)) plane almost aligned with
a Ru−P bond (P(1)−Ru(1)···C(39)−C(40) = −7.1°; P(4)−
Ru(2)···C(42)−C(43) = 18.7°). The unsaturated carbon chain
deviates slightly from linearity at C(38) and C(55), the C(37)−
C(38)−C(39) and C(56)−C(55)−C(42) bond angles being
171.6(4) and 173.9(4)°, respectively. This bending of the
alkynyl core has been noted previously in dinuclear alkynyl-
bridged complexes13,34 and arises from the low bending force
constant of the alkynyl moiety and is exacerbated in the present
example by the steric bulk of the cyclophane, dppe, and Cp*
ligands.35 The ruthenium centers of 8 are separated in space by
ca. 11.95 Å.

Electrochemistry. Cyclic voltammetry in CH2Cl2 with
[NBu4]PF6 (0.1 M) as supporting electrolyte revealed that
complexes 8 and 9 undergo two consecutive one-electron-
oxidation processes (Figures S1−S4, Supporting Information);
additional electrochemical processes were observed at higher
potentials but have not been examined further. The first one-
electron redox waves in the voltammograms of 8 and 9
exhibited ipc/ipa peak current ratios of unity at v = 100 mV/s
and room temperature. The peak to peak separation for 8,

Scheme 1

Scheme 2

Figure 1. ORTEP depiction of 8·CH2Cl2 (thermal ellipsoids are
plotted at the 50% probability level). Hydrogen atoms and solvent
molecules are omitted for clarity. Selected bond lengths (Å) and angles
(deg): C(37)−C(38), 1.208(5); C(37)−Ru(1), 2.004(4); C(38)−
C(39), 1.435(5); C(55)−C(56), 1.208(5); C(56)−Ru(2), 2.016(4);
C(42)−C(55), 1.448(5); C(38)−C(37)−Ru(1), 176.3(4); C(37)−
C(38)−C(39), 171.6(4); C(56)−C(55)−C(42), 173.9(4); C(55)−
C(56)−Ru(2), 175.7(3).
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ΔEp(1) = |Epa(1) − Epc(1)| = 80 mV, was independent of scan
rate, and a linear plot of ipa vs ν

1/2 was also obtained. Hence, the
first wave is fully reversible. In the case of 9, the first wave is
strictly electrochemically quasi-reversible with ΔEp(1) varying
slightly from 80 mV (100 mV/s) to 100 mV (800 mV/s), with
the high chemical reversibility at 100 mV/s demonstrated by
the unitary ratio of peak currents. The second oxidation process
E(2) is electrochemically irreversible in each case. For the
acetylide complex 8, ΔEp(2) varies with scan rate up to 120 mV
(800 mV/s) with ipc/ipa varying from 0.8 at 100 mV/s to closer
to unity at 800 mV/s. In the case of 9, ΔEp(2) is also sensitive
to scan rate and is as large as 150 mV at 800 mV/s, while ipc/ipa
ranges from ca. 0.7 to close to 1 over scan rates from ν = 100 to
800 mV/s. The half-wave potentials (E1/2(1) and E1/2(2)) for
complexes 8 and 9 are given in Table 1 along with those of

their 1,4-diethynylphenylene- and 1,4-divinylphenylene-bridged
diruthenium counterparts 2 and 4.13,30 The first oxidation
potential E1/2(1) of 8 is essentially identical with that of 2, while
E1/2(1) for 9 is lower than that in 4. However, the redox
potentials of vinyl complexes derived from 4 are more sensitive
to the substituents on the phenylene ring30 in comparison to
alkynyl complexes derived from 2,13b due to the substantial
redox-noninnocent nature of this moiety.16,17 The electro-
chemical data for 9 are in excellent agreement with those
obtained from the analogous 1,4-divinyl-2,5-dimethylpheny-
lene-bridged complex under identical conditions (0.20, 0.50
V).30 The potential separation of 8 (ΔE = |E1/2(1) − E1/2(2)| =
250 mV at 100 mV/s) is marginally smaller than that for the
phenylene-bridged counterpart 2 (ΔE = 280 mV at 100 mV/s),
while the dithia[3.3]paracyclophane-bridged diruthenium vinyl
complex 9 has an ΔE value (300 mV at 100 mV/s) that is

indistinguishable (within experimental error) from that of 4
(ΔE = 290 mV).

IR Spectroelectrochemistry. Owing to the rather
substantial splitting of individual redox potentials, the
monooxidized radical intermediates [8]+ and [9]+ constitute
thermodynamically stable species with large comproportiona-
tion constants, Kc, of 1.8 × 104 and 1.0 × 105, respectively. The
radical cations [8]+ and [9]+ could thus be generated in situ by
electrolysis in an optically transparent thin-layer electrode
(OTTLE) cell and were characterized by in situ IR and UV/
vis/near-IR solution spectroelectrochemistry. The presence of
charge-sensitive infrared spectroscopic labels for the complexes
8 (ν(CC), 2060 cm−1) and 9 (ν(CO), 1923 cm−1)
prompted us to study the spectroscopic changes accompanying
stepwise oxidation (Table 2).
During the first oxidation of 8 the band at 2060 cm−1

decreased, while a very strong band at 1970 cm−1 appeared
(Δν(CC) = 90 cm−1) together with a very weak band at 2055
cm−1 (Figure 2a). Similar observations have been reported for
the radical cations of the symmetrical diethynyl-bridged
complex [1,4-{Cp*(dppe)RuCC}2C6H4] (2)13 and [1,4-
{Cl(dppe)2RuCC}2C6H4] (10),

37 with the significant shift of
the most intense band taken as indicative of the strong
participation of the bridge in the first oxidation process.
However, the spectrum of [2]+ is further complicated by the
presence of conformational isomers which influence the
distribution of charge between the metal centers and bridging
ligand and give rise to vibrational bands that correspond to the
mixed-valence state.13b Conformational issues presumably also
account for the presence of multiple ν(CC) bands in
[10]+,13b,37 and the weak band in [8]+ may also indicate a
small contribution from a similar conformational distribution,
although we find no further spectroscopic evidence to support
this (vide infra).
Upon further oxidation of [8]+ to obtain [8]2+, the band at

1970 cm−1 disappeared and no other detectable absorptions
emerged in the 1500−2150 cm−1 range, which can be taken as
evidence for a highly symmetric distribution of charge in the
dication. The chemical reversibility of the system was verified
by the complete recovery of the spectrum of 8 upon sequential
reduction of [8]2+ through [8]+ and suggests that the
electrochemical irreversibility observed in the cyclic voltamme-
try is due to slow electron transfer rather than any inherent
chemical instability of [8]2+. Other 1,4-diethynylphenylene-
based dications often exhibit a ν(CC) band of medium or weak
intensity, despite their apparently delocalized nature, thought to
be due to either intensity borrowing by coupling of the ν(CC)
mode to an electronic MLCT transition or a small degree of
asymmetry introduced by environmental factors.12,37 By way of
example, [2]2+ exhibits two weak bands at 1970 and 1924 cm−1

arising from the symmetric and asymmetric ν(CC) modes,13b

Table 1. Electrochemical Data for Complexes 8 and 9 and
Related Systemsa

compd E1/2(1) (V) E1/2(2) (V) ΔE (mV)b Kc
c

213a −0.27 0.01 280 5.4 × 104

430 0.30 0.59 290 8.0 × 104

8 −0.25 0.00 250 1.8 × 104

9 0.23 0.53 300 1.0 × 105

aPotential data were determined in CH2Cl2 containing 1 mM
compound and 0.1 M [NBu4]PF6; An Ag/Ag+ electrode (internal
solution 0.01 M AgNO3 + 0.1 M [NBu4]PF6 in acetonitrile; salt bridge
0.1 M [NBu4]PF6 in CH2Cl2) was used as a reference; the potential of
the [FcH]/[FcH]+ couple is +0.23 V under these conditions.
Additional waves were observed at higher potentials but not examined
further. bΔE = |E1/2(1) − E1/2(2)| denotes the potential difference
between the individual one-electron-oxidation processes at 100 mV/s.
cThe comproportionation constants, Kc, were estimated using the
expression Kc = exp(ΔE/25.69 mV) at 298 K with data at 100 mV/s.36

Table 2. Spectroelectrochemically Determined ν(CC) and ν(CO) Vibrational Frequencies (cm−1) for [8]n+ and [9]n+ and
Related Systems

compd (ref) freq n = 0 n = 1 n = 2

[2]n+ (13b) ν(CC) 2068 (m) 2061 (w), 1997 (s), 1974 (vs), 1915 (w, sh), 1564 (m) 1970 (vw), 1924 (w)
[3]n+ (16b) ν(CO) 1910 1942 1991
[4]n+ (17) ν(CO) 1921 1934 1974
[8]n+ ν(CC) 2060 (s) 2055 (vw), 1970 (vs), 1560 (m) not obsd
[9]n+ ν(CO) 1923 (s) 1924 (s) 1922 (s)
[10]n+ (35) ν(CC) 2071 (m) 2068 (m), 1966 (vs), 1570 (s) 1918 (s)
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whereas [10]2+ contains a single ν(CC) band of “middle to
weak” intensity at 1918 cm−1.37 The absence of similar bands in
[8]2+ suggests either decreased vibronic coupling in the present
example or, perhaps, that the combination of cyclophane, dppe,
and Cp* ligands and serves to more effectively insulate the
bridge-localized charge from effects of the medium (solvent,
ion-pairing interactions, etc.). Nevertheless, the IR spectroelec-
trochemical data are consistent with a significant reduction of
the CC bond order upon stepwise oxidation of 8.
The ν(CO) band of [9]+ at 1924 cm−1 appeared at almost

the same position as in the neutral compound 9 (1923 cm−1)
(Figure 2b). Shifts in the position of the ν(CO) band for the
divinylphenylene-bridged five- and six-coordinate diruthenium
complexes 3 and 4 upon sequential oxidation from neutral to
monocation are 32 and 13 cm−1, respectively,16b,17 and have
been taken as evidence for significant involvement of the
bridging ligand in the oxidation processes.16c The small shift of
1 cm−1 for the one-electron oxidation of 9 indicates that
oxidation takes place almost entirely on the bridge. On further
oxidation to the dicationic complex [9]2+ a strong CO band is
observed at 1922 cm−1. In addition, a band with an apparent
maximum at 1949 cm−1 in [9]2+ was also observed and
attributed to partial decomposition of the sample, due to the

preservation of this band and reduced intensity of the primary
ν(CO) band after sequential re-reduction through [9]+ to 9. By
comparison, dications from 3 and 4 were reported to contain
bands at 1991 and 1974 cm−1, respectively. To summarize the
IR spectroelectrochemistry, the substantive shift in the CC
stretching mode from 8 to [8]+ , the IR-silent nature of [8]2+,
and the negligible shift in the value of ν(CO) upon oxidation of
9 indicate that the dithia[3.3]paracyclophane unit supports
substantial participation of the bridge in the redox processes
associated with 8 and 9.

UV/Vis/Near-IR Spectroelectrochemistry. The UV/vis
spectra of radical cations [8]+ and [9]+ featured absorption
bands between 22 000 and 15 000 cm−1 with some unresolved
structure, which was not present in the neutral or dication
states (Figure 3). These are similar to those observed in the
related radical complexes [2]+ and [4]+, in which the bridging
ligands are intimately involved in supporting the unpaired
electron/hole.13,17 TD-DFT calculations (vide infra) indicate
that transitions in this region have MLCT and intra-ring π−π
character in the case of [8]+ and more divinylbenzene π−π*
character in the case of [9]+.
The neutral and dication complexes of 8 and 9 do not

contain any absorption bands in the near-IR range. In contrast,
the near-IR spectra of the radical cation complexes [8]+ and
[9]+ presented strong absorption envelopes below 10 000 cm−1.
Deconvolution of this absorption band of complex [8]+ into a
sum of Gaussian-shaped curves reveals three overlapping
transitions (ν1 = 6875 cm−1, ε = 15 300 dm3 mol−1 cm−1,
Δν1/2 = 2800 cm−1; ν2 = 5565 cm−1, ε = 9400 dm3 mol−1 cm−1,
Δν1/2 = 1160 cm−1; ν3 = 4420 cm−1, ε = 1400 dm3 mol−1 cm−1,
Δν1/2 = 760 cm−1) (Figure 4a). The lowest energy transition
was not resolved in the near-IR spectrum of the 1,4-
diethynylphenylene-bridged diruthenium complex [2]+.13 The
other transitions revealed by the deconvoluted near-IR bands
pattern are very similar to those identified in [2]+ as belonging
to the “bridge localized” component and plausibly have the
same MLCT character. The near-IR band of complex [9]+ can
likewise be deconvoluted into three overlapping transitions
with Gaussian shapes (ν1 = 9760 cm−1, ε = 3000 dm3 mol−1

cm−1, Δν1/2 = 1480 cm−1; ν2 = 8700 cm−1, ε = 3360 dm3 mol−1

cm−1, Δν1/2 = 800 cm−1; ν3 = 8320 cm−1, ε = 1100 dm3 mol−1

cm−1, Δν1/2 = 2340 cm−1) (Figure 4b). This pattern of three
relatively intense transitions is substantially different from the
two-band pattern observed previously for the 1,4-divinylphe-
nylene-bridged diruthenium counterpart [4]+, which contains
only two low-energy transitions in the near-IR region.17 To aid
in the assignment of the near-IR spectra, DFT calculations on a
series of model systems were performed (vide infra).

DFT Calculations. In order to further explore the electronic
structure of [8]n+ and [9]n+ (n = 0−2), DFT calculations were
carried out on the model systems [8-H]n+ and [9-H]n+, with the
extension “-H” indicating that η-C5Me5 and dppe ligands were
replaced by η-C5H5 and two PH3 in 8 and PMe3 ligands were
replaced by PH3 ligands for 9, as well as systems featuring the
complete ligand structures (denoted [8′]n+ and [9′]n+). All
calculations were carried out using the B3LYP/3-21G*
functional and basis set combination previously found suitable
for studies of related ruthenium acetylide and vinyl
complexes.13,17,38 Although quantitative agreement between
the experimental (solution and solid state) and computational
(gas phase, model ligand systems in the case of [8-H]n+ and [9-
H]n+) data are not expected, and the limited exact exchange
component of the B3LYP functional restricts accuracy of long-

Figure 2. ν(CC) and ν(CO) spectra of (a) [8]n+ and (b) [9]n+ (n =
0−2) collected during in situ oxidation in a spectroelectrochemical cell
(0.1 M [NBu4]PF6/CH2Cl2, room temperature).
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range charge transfer transitions,39 nevertheless, the trends
from these calculations can be useful aids in interpreting the
experimental data, and in turn good agreement between
computed and observed spectroscopic properties can give
confidence in the accuracy of the computational re-
sults.11−17,38,40

Selected bond lengths and bond angles of [8-H]n+ and [9-
H]n+ (n = 0−2) and [8′]n+ and [9′]n+ (n = 0, 1) are presented
in Tables S2 and S3 (Supporting Information). The optimized
structures of both the model complex [8-H] and [8′] are in
good agreement with the crystallographically determined
structure of 8, with most bond lengths falling within 0.02 Å
of the experimentally determined values and representing a
good level of agreement for this level of theory and the general
overestimation of bond lengths by DFT methods.41 The bond
lengths of [8-H] and [8′] are essentially identical for the Ru−
bridge−Ru moiety, although the Ru−P bond lengths in [8-H]
are more significantly contracted relative to the analogous
distances in [8′]. While the bond lengths in both [8-H] and

[8′] are in acceptable agreement with those obtained from the
solid-state structure, the larger model gave better agreement
with the observed molecular conformation. While [8-H]
contained an essentially linear Ru−CC···CC−Ru backbone
(Table S2), with a Cp(0)−Ru···Ru−Cp(0) torsion angle of
135.4°, the inclusion of both Cp* and dppe ligands in [8′]
successfully reproduced the observed concave bending of the
bridging ligand with respect to the metal centers (Table S2),
the transoid disposition of the Cp* fragments (Cp(0)−
Ru···Ru−Cp(0) = 179.3°), and the relative orientation of the
cyclophane moiety (P−Ru(1,2)···Cipso−Cortho = −6.0, 14.2°).
In the absence of a crystallographically determined structure of
9, only qualitative comparison between the structures of [9-H]
and [9′] is possible. As found for [8-H] and [8′], the bond
lengths vary little with the inclusion of the larger ligand model,
save for the Ru−P distances, which are considerably shorter in
the PH3 derivative. The Ru−P bond trans to the vinyl ligand is
about 0.08 Å longer than the other Ru−P distances in both

Figure 3. UV−vis spectra of (a) [8]n+ and (b) [9]n+ (n = 0−2) collected during in situ oxidation in a spectroelectrochemical cell (0.1 M [NBu4]PF6/
CH2Cl2).
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models, reflecting the strong trans influence of the carbon σ
donor.
Comparison of the optimized geometries of [8-H]n+ (n = 0−

2) indicate an elongation of the CC (1.229, 1.242, and 1.256
Å for n = 0−2, respectively) and Ru−P bonds (2.278, 2.301,
and 2.324 Å) and a complementary contraction of the Ru−
C(alkynyl) bond (2.018, 1.969, and 1.925 Å) upon stepwise
oxidation of [8-H]. Similarly there is an elongation of the Ru−
P (2.437, 2.468, and 2.519 Å for n = 0−2, respectively) and
vinyl CC bonds (1.347, 1.376, and 1.408 Å) accompanied by
contraction of the Ru−C(vinyl) bond (2.105, 2.053, and 1.991
Å) as a consequence of the loss of electrons from the neutral
compound [9-H]. Similar trends are also apparent from [8′]n+
(Table S2) and [9′]n+ (Table S3). Clearly, removal of electrons
from either the alkynyl or vinyl complexes results in evolution
toward structures with more cumulated ligands.
Contour plots of selected frontier molecular orbitals of the

models [8-H] and [9-H], which are simpler to visualize than
those of [8′] and [9′], are provided in Figure 5, and the

contributions of the individual constituents to the respective
orbitals as based on Mulliken analysis are given in Tables S4
and S6 (Supporting Information). Related data from frontier
orbitals of [8′] and [9′], which are similar to those of the
smaller models, are collated in Tables S5 and S7 (Supporting
Information). DFT calculations indicate that the HOMOs of
neutral [8-H] and [9-H], which are well separated from the
other frontier orbitals, are delocalized across the entire metal−
organic π system with contributions of 22% (8-H) and 12% (9-
H) from the ruthenium atoms and 70% and 82% from the
conjugated “1,4-diethynylphenylene” and “1,4-divinylpheny-
lene” bridges associated with the underlayer phenylene ring
of dithia[3.3]paracyclophane, respectively. Of interest in
connection with their oxidation chemistry, HOMO-1 and
HOMO-2 in the models of 8 and 9 have different
compositions, with substantial metal−ethynyl character in the
former and cyclophane character in the latter (Tables S4−S7).
The ligand π* system comprises the LUMO+2 in the case of
[8-H] and the LUMO in [9-H]. Expansion of the model to

Figure 4. Near-IR spectra, proposed deconvolution, and resulting sum of components from (a) [8]+ and (b) [9]+ in CH2Cl2, collected during in situ
oxidation in a spectroelectrochemical cell.
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include a more complete representation of the supporting
ligands introduces a number of low-lying dppe-based
unoccupied orbitals, which comprise the LUMOs of [8′],
while the general description of the electronic structure of [9′]
varies little from that of the simpler analogue.
The frontier molecular orbitals of [8-H]+ and [9-H]+ are

presented in Figure 6, again being used to illustrate the
composition more clearly than those of the full geometry
models, and Tables S8−S11 (Supporting Information) give the
composition of selected orbitals from [8-H]+, [8′]+, [9-H]+,
and [9′]+ as obtained by Mulliken analysis. The highest
occupied α-spin orbital (α-HOSO) and lowest unoccupied β-
spin orbitals (β-LUSO) are similar to the HOMOs of the
neutral structures. In the case of [8-H]+ and [8′]+ the π*
orbitals of the diethynyldithia[3.3]paracyclophane bridge lie
above a set of unoccupied metal-fragment-based orbitals, while
in the vinyl systems [9-H]+ and [9′]+ the β-HOSO exhibits
nearly complete cyclophane character (≥80%). This is entirely
consistent with the HOMO-1 orbitals in the models of 8 and 9
and also with the ν(CO) data obtained from the IR
spectroelectrochemical experiments for 9. One-electron
oxidation of 8 and 9 can therefore be approximated in terms
of removal of electrons from the HOMOs of the neutral

systems, a suggestion that is supported further by the spin
density distribution (Figure 7).
The computational model of the dications [8-H]2+ and [9-

H]2+ predict the singlet states to be largely energetically favored
by 30.9 kJ mol−1 (0.32 eV) and 43.7 kJ mol−1 (0.45 eV) in

Figure 5. Selected frontier molecular orbitals of complexes [8-H] and
[9-H] plotted with contour values ±0.04 (e/bohr3)1/2.

Figure 6. Plots of selected frontier molecular orbitals of [8-H]+ and
[9-H]+ plotted with contour values ±0.04 (e/bohr3)1/2.
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comparison to the triplet states, respectively; the triplet states
are therefore not discussed further here. Also, given the
essentially identical conclusions drawn from the smaller models
and the larger systems, the dications derived from [8′] and [9′]
were not explored. Contour plots of representative orbitals of
the singlet-state dications [8-H]2+ and [9-H]2+ are shown in
Figure 8, and the compositions of respective orbitals are

described in Tables S12 and S13 (Supporting Information).
The HOMOs display overall dithia[3.3]paracyclophane char-
acter, in which the contributions from the “upper” portion of
the cyclophane unit ((CH2SCH2)2 plus C6H4) are 97% and
95%, respectively. It is interesting to note that the HOMO in
[8-H]2+ is essentially comprised of orbitals (particularly sulfur)
from the cyclophane moiety and therefore is not of the same

character as the largely metal−ethynyl-based HOMO-1 in
neutral 8-H, due to some rearrangement of orbital energies
taking place on two-electron oxidation of 8-H. The LUMOs are
substantially more associated with the lower deck, acetylide or
vinyl linkers and the metal centers, consistent with further
depopulation of the HOMO in the neutral systems and the
description of these complexes in terms of possessing a redox-
noninnocent diethynyl- or divinylbenzene bridging ligand.
TD-DFT calculations were conducted on each of the species

[8-H]+, [8′]+, [9-H]+, and [9′]+ to aid in the assignment of the
near-IR spectra of [8]+ and [9]+, the results of which are given
in Tables S14−S17 (Supporting Information). In the case of
[8-H]+, an excitation at 9080 cm−1 ( f = 0.03) with substantial
β-[HOSO-2] → β-[LUSO] character (sulfur to bridge charge
transfer admixed with MLCT) is calculated, which corresponds
to the weakest and lowest energy transition observed in the
spectroelectrochemical study. The third (largely β-[HOSO] →
β-[LUSO], 10133 cm−1, f = 0.48) and sixth excited states
(largely β-[HOSO-5] → β-[LUSO], 12480 cm−1, f = 0.05)
both have a degree of MLCT character and are also calculated
to have appreciable intensity, giving reasonable qualitative
agreement with the experimentally observed spectrum of [8]+.
The larger system [8′], which offers a complete model of the
supporting ligands, results in some subtle changes in the
descriptions of the observed transitions (Table S14). TD-DFT
calculations with [8′]+ contain two MLCT transitions (7047
cm−1, f = 0.21; 8418 cm−1, f = 0.30), the former admixed with
some S → LCT character. A weaker band in the same energy
region (7994 cm−1, f = 0.05), also with MLCT character, is also
predicted, but clearly defined intraligand charge transfer
processes are not apparent.
TD-DFT calculations with the gas-phase model [9-H]+

contain a number of excitations between 8000 and 13 000
cm−1. Two of these (11 581 cm−1, f = 0.01; 12 198 cm−1, f =
0.02) are relatively close in energy, offer essentially Cl → β-
[LUSO] character, and likely correspond to the broad band
observed at ca. 9760 cm−1 in the spectroelectrochemically
generated spectrum of [9]+ (Figure 4). An excitation with more
MLCT character (β-[HOSO-7]→ β-[LUSO], 13 080 cm−1, f =
0.28) is also calculated. Together these Cl-LCT and MLCT
features account for two of the three bands resolved in the
deconvolution of the near-IR spectrum of [9]+ and also map
well to the two transitions observed in the phenylene analogue
[4]+.17 A more intense transition from the sulfur donor atoms
of the thioether linkers in the cyclophane to the divinylphe-
nylene bridge (β-[HOSO-1] → β-[LUSO], 9156 cm−1, f =
0.05) is present in the calculations, and it is this S → LCT
transition that likely accounts for the additional strong
transition observed in the cyclophane derivative [9]+. The
intraligand (π−π) transition associated with charge transfer
from the “top deck” of the cyclophane to the “lower deck” (β-
[HOSO-2] → β-[LUSO]) is of vanishingly low intensity (9820
cm−1, f = 0.0008). The same general pattern is obtained from
the full-geometry model [9′]+, with a series of closely spaced,
weak transitions with largely Cl → LCT character (10 438, 10
616, 10 660 cm−1), an intraligand band of negligible intensity
(12468 cm−1, f = 0.001), and more significant MLCT (10 965
cm−1, f = 0.29) and S → LCT (12 870 cm−1, f = 0.13)
excitations accounting for the appearance of the experimentally
observed near-IR envelope.
To support the assignment of the near-IR features in [9]+

further, DFT calculations with a model of the parent 1,4-
divinyl[3.3]paracyclophane complex [11-H]+ (Chart 3) were

Figure 7. Calculated spin densities for (a) [8-H]+ [spin density
distribution: Ru 0.15/CC 0.18/C6H2 0.29/CC 0.18/Ru 0.15]
and (b) [9-H]+ [spin density distribution: Ru 0.08/CHCH 0.23/
C6H2 0.38/CHCH 0.23/Ru 0.08].

Figure 8. Selected frontier molecular orbitals from the singlet state of
dications [8-H]2+ and [9-H]2+ plotted with contour values ±0.04 (e/
bohr3)1/2.
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performed. The good agreement between the conclusions
drawn from [9-H]n+ and [9′]n+ suggest that reasonable
qualitative arguments can be based on this simpler model
system. The molecular geometry of [11-H]+ is, unsurprisingly,
very similar to that of [9-H]+ (Figure S3 and Table S11), and
whereas the β-LUSO is localized on the 1,4-divinylphenylene
portion of the molecule in a manner essentially identical with
that in [9-H]+, there is some reorganization of the key
molecular orbitals relative to the thioether analogue brought
about by the substitution of a methylene group for the S atom
in the cyclophane tethers (Table S13). The TD-DFT
calculation contains a low-energy (7500 cm−1) excitation of
low oscillator strength ( f = 0.007), which corresponds to a
transition with charge transfer character between the top and
bottom decks of the cyclophane (Table S14). This very weak
feature aside, the TD-DFT calculations with [11-H]+ are
consistent with an essentially two-band pattern in the near-IR
region, arising from a series of transitions with charge transfer
character from the chloride ligands to the divinylphenylene
moiety and a relatively intense MLCT-like transition. On
balance, direct charge transfer between the rings of the
cyclophane group appears to be a relatively weak process at
best, and the more dominant features in the near-IR spectra of
complexes based on this moiety seem to be dominated by
charge transfer processes from other donor groups in the
complexes, including the thioether sulfur atom.
A previous study of 4 also revealed two largely bridge-

centered oxidation processes, and [4]n+ and [9]n+ feature
similar ν(CO) patterns and the near-IR spectra feature similar
MLCT bands, augmented in the case of [9]+ by an additional S
→ LCT transition. The spectroscopic features of [2]+ and a
related series of diethynyl aromatic bridged bimetallic
complexes have been interpreted in terms of the presence of
both bridge-centered and metal-centered (mixed-valence)
forms. These forms are thought to be distinguished by the
relative conformation of the metal fragments with respect to the
plane of the aromatic portion of the bridging ligand.13b The
observation of only the “bridge-centered” form in the case of
[8]+ suggests that the steric bulk of the cyclophane serves to
restrict the range of available conformers, in agreement with the
conclusions drawn from the NMR spectra of 8. The use of such
mechanical properties of a molecule to influence electronic
structure and, hence, charge transfer properties in ligand-
bridged bimetallic complexes is an area now targeted for further
exploration.

■ CONCLUSIONS
Our investigations on dithia[3.3]paracyclophane-bridged bi-
metallic ruthenium alkynyl and vinyl complexes establish that
the cyclophane unit constitutes a further example of redox-
noninnocent ligands in the growing family of bimetallic

ruthenium complexes featuring carbon-rich bridging ligands.
As demonstrated by IR and UV/vis/near-IR spectroelectro-
chemical experiments, and supported by DFT calculations,
oxidation of these systems is largely centered on the organic
bridge. IR spectroelectrochemistry reveals that the ν(CC)
absorption of compound 8 shifts to lower wavenumber by
some 90 cm−1, while [8]2+ has negligible intensity; both
observations support the notion of redox-noninnocent
character in the cyclophane bridging ligand. Complex 9 bears
vibrational reporter CO groups on the metal centers, and the
negligible Δν(CO) observed throughout two consecutive
oxidation events also supports the concept that the metal
centers are not redox active in this bis(vinyl) complex. In both
cases the IR trends upon oxidation indicate that redox activity
must be associated with the bridging moiety. Deconvolution of
the near-IR bands of [8]+ and [9]+ gives a series of relatively
intense transitions that can be attributed to MLCT and
thioether S to bridging ligand charge transfer transitions. In the
present case, while electronic interactions between the top and
bottom decks of the cyclophane do not appear to be significant
in moderating the overall electronic structure of these systems,
the steric bulk of the cyclophane and supporting ligands in 8
(and its redox congeners) may be more influential.

■ EXPERIMENTAL SECTION
Unless otherwise stated, all reactions were carried out under a nitrogen
atmosphere using standard Schlenk techniques. No special precautions
were taken to exclude oxygen during workup. Solvents were distilled
under nitrogen from sodium-benzophenone-ketyl radical (toluene) or
calcium hydride (dichloromethane). The compounds RuCl(dppe)-
Cp*12b and RuHCl(CO)(PPh3)3

42 were prepared by standard
literature methods. The detailed procedures for the synthesis of
compounds 5−7 have been described elsewhere.27

Elemental analyses (C, H, N) were performed by the Micro-
analytical Services, College of Chemistry, CCNU. 1H, 13C, and 31P
NMR spectra were collected on a Varian Mercury Plus 400 (400
MHz) or 600 spectrometer (600 MHz). 1H and 13C NMR chemical
shifts are relative to TMS, and 31P NMR chemical shifts are relative to
85% H3PO4. Mass spectra were analyzed on a Thermo-Finnigan LTQ
FT instrument. Infrared spectra were obtained on a Nicolet AVATAR
360 FT-IR instrument using KBr pellets.

Electrochemical measurements were performed on a CHI660C
potentiostat (CH Instruments Co.). A three-electrode one-compart-
ment cell containing a solution of the analyte and supporting
electrolyte in dry CH2Cl2 was utilized. Deaeration of the solution was
achieved by bubbling argon through the solution for about 10 min
before measurement. Analyte and electrolyte ([NBu4]PF6) concen-
trations were typically 0.001 and 0.1 M, respectively. A 500 μm
diameter platinum-disk working electrode, a platinum-wire counter
electrode, and an Ag|Ag+ reference electrode were used. The Ag|Ag+
reference electrode contained an internal solution of 0.01 M AgNO3 in
acetonitrile and was incorporated to the cell with a salt bridge
containing 0.1 M [NBu4]PF6 in CH2Cl2. All electrochemical
experiments were carried out at ambient temperature.

Spectroelectrochemical experiments were performed at room
temperature in an airtight optically transparent thin-layer electro-
chemical (OTTLE) cell equipped with Pt-minigrid working and
counter electrodes (32 wires cm−1), Ag wire pseudoreference
electrode, and CaF2 windows for a 200 μm path length solvent
compartment.43 The cell was positioned in the sample compartment of
a Nicolet Avatar 6700 FT-IR spectrometer or a Perkin-Elmer Lambda-
900 spectrophotometer. An initial potential was applied such that no
electrochemical work was done. The applied potential was then
increased in a small (50−100 mV) step and the system allowed to
come to equilibrium, as determined by both the decrease in current
flowing through the cell and the reproducibility of spectra vs time,
before further increase in applied potential. When complete

Chart 3. 1,4-Divinyl[3.3]paracyclophane Model Complex
[11-H]+
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electrolysis had been achieved (as determined by the relative changes
in the spectroscopic profile), the chemical reversibility was determined
by back-reduction using a similar sequence of controlled-potential
steps. The controlled-potential electrolyses were carried out utilizing a
home-built potentiostat.
Preparation of 8. A solution of RuCl(dppe)Cp* (0.36 g, 0.53

mmol), 7 (0.080 g, 0.25 mmol), and NH4PF6 (0.41 g, 2.5 mmol) in 15
mL of CH2Cl2 was stirred for 48 h at room temperature under N2.
Then tBuOK (0.062 g, 0.55 mmol) was added, and the reaction
mixture was stirred for another 6 h. The crude product was purified by
chromatography on silica gel eluted with acetone/petroleum ether (bp
30−60 °C) (1/2, v/v) to give 8 as a yellow solid (0.19 g, 48%). 1H
NMR (400 MHz, CDCl3): δ 1.67 (s, 30H, C5Me5); 2.21, 2.85, (2 × m,
2 × 2H, CH2 of dppe); 2.39, 2.97 (2 × m, 2 × 2H, CH2 of dppe); 3.49
(s, 4H, 2 × SCH2); 3.73 (br, 2H, 2 × SCH); 6.02 (br, 2H, 2 × SCH);
6.62 (d, JHH = 7 Hz, 2H, C6H4); 6.71 (d, JHH = 7 Hz, 2H, C6H4);
6.97−6.99 (m, 4H, Ar); 7.17−7.47 (m, 30H, Ar); 7.84 (m, 8H, Ar).
13C{1H} NMR (100 MHz, CDCl3): δ 10.24 (CH3 of C5Me5); 28.89−
30.17 (m, CH2 of dppe); 35.31, 37.33 (SCH2); 92.48 (C5Me5); 109.29
(br, Ru−C); 125.24, 127.31−129.21 (m, Ar); 132.14−135.01 (m,
Ar); 136.63−140.81 (m, Ar). 31P{1H} NMR (160 MHz, CDCl3): δ
81.2 (s); 82.8 (s). IR (KBr/cm−1): ν(CC) 2056 w. Anal. Calcd for
C92H92P4Ru2S2: C, 69.59; H, 5.84. Found: C, 69.75; H, 5.58.
Preparation of 9. To a stirred solution of RuHCl(CO)(PPh3)3

(0.86 g, 0.90 mmol) in CH2Cl2 (30 mL) was added dropwise a
solution of 7 (0.16 g, 0.50 mmol) in 10 mL of CH2Cl2 at room
temperature under N2. After the addition was complete, the resulting
mixture was stirred for 4 h before addition of PMe3 (5 mL, 1 M in thf,
5 mmol), and the reaction mixture was stirred at room temperature for
a further 18 h. The volatile materials were then removed under
vacuum. The remaining solid residue was purified by column
chromatography on silica gel, with acetone/petroleum ether (1/2, v/
v) as eluent, to afford 9 as a yellow solid (210 mg, 38%). 1H NMR
(600 MHz, CDCl3): δ 1.33 (d, JHP = 5 Hz, 18H, CH3); 1.50 (d, JHP =
7 Hz, 18H, CH3); 1.65 (d, JHP = 5 Hz, 18H, CH3); 3.74 (m, 4H,
CH2); 3.85 (d, J = 15 Hz, 2H, 2 × SCH); 4.11 (d, J = 15 Hz, 2H, 2 ×
SCH); 6.72 (d, JHH = 7 Hz, 2H, Ar); 6.81 (d, JHH = 5 Hz, 2H, C
CHAr); 6.89 (s, 2H, Ar); 7.04 (d, JHH = 7 Hz, 2H, Ar); 7.78−7.83 (m,
2H, CCHRu). 13C NMR (100 MHz, CDCl3): δ 16.34−16.95 (m,
PMe3); 20.14 (d, JCP = 21 Hz, PMe3); 36.06, 37.59 (CH2); 126.86,
127.92, 129.18, 129.33, 131.75, 135.06 (Ar); 135.23 (ArC=); 163.65
(Ru−C); 202.35 (CO). 31P NMR (160 MHz, CDCl3): δ −7.80 (s);
−19.93 (s). IR (KBr/cm−1): ν(CO) 1913 s; ν(CC) 1552 m. Anal.
Calcd for C40H74Cl2O2P6Ru2S2: C, 43.28; H, 6.72. Found: C, 43.54; H,
6.47.
Crystallography. Crystals suitable for X-ray diffraction were

grown from a dichloromethane solution of 8 layered with hexane. A
crystal with approximate dimensions of 0.20 × 0.15 × 0.10 mm3 was
mounted on a glass fiber for diffraction experiments. Intensity data
were collected on a Nonius Kappa CCD diffractometer with Mo Kα
radiation (0.710 73 Å) at room temperature. The structures were
solved by a combination of direct methods (SHELXS-97)44 and
Fourier difference techniques and refined by full-matrix least squares
(SHELXL-97).44 All non-H atoms were refined anisotropically. The
hydrogen atoms were placed in ideal positions and refined as riding
atoms.
Computational Details. DFT calculations were performed with

the Gaussian 03 and 09 programs,45 at the B3LYP/3-21G* level of
theory.46 Geometry optimizations were performed without any
symmetry constraints, and frequency calculations on the resulting
optimized geometries showed no imaginary frequencies. Electronic
transitions were calculated by the time-dependent DFT (TD-DFT)
method. The MO contributions were generated using the GaussSum
package and plotted using GaussView 5.0.47
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ABSTRACT: Spontaneous decarboxylation of RCCCO2H (R = H, Ph) occurs in
reactions with RuCl(PP)Cp (PP = (PPh3)2, dppe) to give [Ru(CCHR)(PP)-
Cp]+. Computational studies (DFT) of possible decarboxylation mechanisms suggest
that the reaction that leads to extrusion of CO2 and formation of [Ru(C
CH2)(dppe)Cp]

+ most likely occurs by initial interaction of the anion HCCCO2
−

with RuCl(dppe)Cp by coordination of carboxylate to Ru, followed by formation of an
η2-alkyne intermediate which rearranges to the η1-ethynyl species with loss of CO2. Protonation of the ethynyl group affords the
parent vinylidene. In contrast, reactions of HCCCO2R (R = Me, Et) with RuCl(PP)Cp and [NH4]PF6 in MeOH have given
[Ru{C(OMe)CH2(CO2R)}(PP)Cp]

+, formed by attack of MeOH at Cα of the intermediate vinylidenes [Ru{C
CH(CO2R)}(PP)Cp]

+. Deprotonation of the carbenes affords Ru{C(OMe)CH(CO2R)}(PP)Cp as mixtures of cis and trans
isomers. The vinylidenes, which are obtained directly from RuCl(PP)Cp and HCCCO2R in the presence of [NH4]PF6 in
ButOH, can be deprotonated (Na/PriOH) to the corresponding alkynyls. Attempted deprotonation of [Ru(C
CH2)(dppe)Cp]

+ with LiBu gave the binuclear cyclobutenylidinium complex [{Ru(dppe)Cp}2(μ-C4H3)]
+. The X-ray diffraction

molecular structures of [{Ru(dppe)Cp}2(μ-C4H3)]PF6 (11), [Ru{C(OMe)CH2(CO2Me)}(dppe)Cp]PF6 (13), Ru{C-
(OMe)CH(CO2R)}(dppe)Cp (R  Me (15), Et (16)) and Ru(CCCO2R)(dppe)Cp (R = Me (21), Et (22)) are
described.

■ INTRODUCTION

Fixation of CO2 by organic molecules to give carboxylates is a
useful synthetic method, since CO2 is a readily available starting
material that is nontoxic and is a C1 moiety.1 In the context of
alkyne chemistry, carboxylation is usually carried out with
metalated (Li, Mg) terminal alkynes reacting with CO2
directly.2 Also known is the Cu-catalyzed coupling of alkynes
with CO2, especially in the presence of alkyl bromides.3

Initially, this reaction was reported to require elevated
temperatures (100 °C) in polar solvents, although later studies
used more reactive Cu/diamine,4 Cu/NHC,5 or Cu/
phosphine6 or, in one case, ligand-free Ag7 systems.
The reverse reaction, decarboxylation of metal carboxylates,

has long been used as a route to organometallic compounds.
Originally described in 1901, the Pesci reaction uses thermal
decarboxylation of the metal carboxylate formed from a metal
salt and the carboxylic acid, often involving copper.8 Many
examples of its use both in the condensed phase9 and, more
recently, in the gas phase, have been reported.10 It is of use in
organic synthesis, potentially in metal-catalyzed syntheses.11

Relatively few examples of decarboxylations at lower
temperatures are known. While decarboxylation of a variety
of organic substrates in the presence of transition-metal
compounds, particularly those of copper, is a well-established
transformation,9 such reactions generally require heating or
free-radical initiation. Under the mild conditions described
above, such reactions are rare and appear to be confined to
polyfluorinated systems. Thus, the reaction between RhCl-
(CO)(PPh3)2 and TlO2CC6F5 affords Rh(C6F5)(CO)(PPh3)2
directly,12 while similar reactions with PtCl2(dppx)2 (x = e, p,
b) in the presence of pyridine proceed at room temperature to
give PtCln(C6F5)2−n(dppx) (n = 0, 1).13 Optimum yields in the
second reaction are obtained in refluxing pyridine, however. A
similar preparation of AgCH(CF3)2 from (CF3)2CHCO2Ag in
pyridine is known,14 while the reactions between Hg(OAc)2
and ArCO2H (Ar = (MeO)nC6H5−n(OMe)n, n = 2 (2,6), 3
(2,3,4; 2,4,6)) in aqueous MeOH are reported to give HgAr2
via Hg(OAc)Ar.15 The proposed mechanism for the latter
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reaction resembles that of electrophilic aromatic substitution.
Decarboxylation of TlO2CC6F5 to give C6F5H has also been
described.13,16

The closest example to the present work is the reaction of
Hg(OAc)2 with phenylpropiolic acid to give Hg(CCPh)2,
which occurs between 0 °C and room temperature.17 Several
mechanisms have been invoked to explain the decarboxylation
reactions, most involving the formation of carbanions or free
radicals.9

Elegant studies by O’Hair and his co-workers have extended
the decarboxylation to the gas phase, studying particularly the
formation of a variety of organocuprate species by multistage
mass spectrometry experiments.18 The minima and transition
states relevant to fragmentation of ions [Cu(O2CR)2]

− (R =
Me, Et, CF3) have been examined by DFT methods.19

Recently, we have been interested in examining the reactions
of alkynecarboxylic acids and their esters with ruthenium
complexes Ru(PP)Cp (PP = (PPh3)2, dppe). As previously
described, the esters afford vinylidene and derived vinyl
complexes;20,21 we take this opportunity here to record
relevant X-ray structural and spectroscopic data. The reactions
with propiolic acids were originally carried out as a possible
route, in the event unsuccessful, to 3-oxopropadienylidene
(C3O) derivatives, by analogy with the well-established route to
allenylidenes:22

′ +
→ ′
→ ′

+

+


 
  

RuCl(PP)Cp HC CCR (OH)

[Ru{ C CCHC(OH)R }(PP)Cp ]

[Ru( C C CR )(PP)Cp ]

2

2

2

′ +
→ ′
→ ′

+

+

 
  
   

RuCl(PP)Cp HC CC(OH) O

[Ru{ C CHC(OH) O}(PP)Cp ]

[Ru( C C C O)(PP)Cp ]

Only one substantiated example of a 3-oxopropadienylidene
complex is known, namely Cr(CCCO)(CO)5,
obtained from a reaction between [Cr(I)(CO)5]

− and AgC
CCH(CO2Na).

23

Instead, the reaction resulted in facile decarboxylation
reactions to give the parent vinylidenes, which can be
deprotonated to the ethynyl−ruthenium complexes. This
paper describes this chemistry and attempts to delineate
possible mechanisms for this reaction.

■ RESULTS
Reactions of Propiolic Acids or Their Salts. Attempted

preparations of [Ru{CCH(CO2H)}(dppe)Cp]PF6 (1)
from propiolic acid and RuCl(dppe)Cp under conditions
similar to those used for preparation of the esters [Ru{C
CH(CO2R)}(dppe)Cp]PF6 (R = Me (2), Et (3)) afforded
instead the light yellow parent vinylidene [Ru(CCH2)-
(dppe)Cp]PF6 (4) (Scheme 1), identical with the material
prepared in the conventional manner from RuCl(dppe)Cp and
HCCSiMe3 in ButOH.24 The same complex was isolated
from a reaction between RuCl(dppe)Cp and Ag[PF6] (to
generate [Ru(thf)(dppe)Cp]PF6 in situ), followed by addition
of propiolic acid. Finally, an attempt to intercept the propiolic
vinylidene by carrying out the reaction in MeOH gave only
[Ru{CMe(OMe)}(dppe)Cp]PF6 (5) as an off-white solid.
This complex is a known product from the reaction of MeOH
with vinylidene 4.20

Treatment of RuCl(PP)Cp′ with potassium propiolate in
methanol also resulted in spontaneous elimination of CO2
(most efficiently achieved by using refluxing MeOH) with
formation of the neutral alkynyls Ru(CCH)(PP)Cp*
((PP)Cp′ = (PPh3)2Cp (6), (dppe)Cp* (7)) in good to high
yields (Scheme 2). In the presence of [NH4]PF6, the vinylidene

[Ru(CCH2)(PPh3)2Cp]PF6 (8) was obtained from the
former precursor. With PhCCCO2K, RuCl(PPh3)2Cp gave
Ru(CCPh)(PPh3)2Cp (9). Attempted formation of a
binuclear μ-C2 complex by using C2(CO2K)2 was thwarted,
only RuH(PP)Cp′ being isolated. A similar reaction of
RuCl(PPh3)2Cp, (HO2C)CC(CO2K), and [NH4]PF6 in
refluxing MeOH gave the carbene complex [Ru{CMe-
(OMe)}(PPh3)2Cp]PF6 (10), probably formed by a double
decarboxylation and protonation of 6 so formed by [NH4]

+,
followed by addition of MeOH to the resulting vinylidene 8.

Formation of a Cyclobutenylidinium Complex. In
studies of the deprotonation of the parent vinylidene [Ru(
CCH2)(dppe)Cp]PF6 with LiBu, we found that the reaction
was accompanied by the formation of an orange material, which
was successfully isolated and characterized by mass spectrom-
etry and an X-ray structural determination as the binuclear
cyclobutenylidinium complex [{Ru(dppe)Cp}2(μ-C4H3)]PF6
(11) (Scheme 2). Once its identity had been established, a
logical synthesis by reaction of equivalent amounts of [Ru(
CCH2)(dppe)Cp]PF6 with Ru(CCH)(dppe)Cp at room
temperature for 2 h was carried out. Workup by filtration of a
dichloromethane extract of the dried reaction mixture into
diethyl ether afforded pure 11 as a yellow-brown solid in 86%
yield.
Complex 11 was characterized by microanalysis, spectrosco-

py, and a single-crystal X-ray structure determination. In
addition to signals from the Ru(PPh3)2Cp group, a
cumulenylidene ν(CC) band was found at 1980 cm−1. In the
1H NMR spectrum, triplets at δ 2.83 (CH2) and 5.3 (CH) in a

Scheme 1. Reaction of HCCCO2H with RuCl(dppe)Cp

Scheme 2. Formation of a Cyclobutenylidinium−Ruthenium
Complex
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2/1 ratio were assigned to the C4H3 protons. The
13C NMR

spectrum contains resonances at δ 54.9 (CH2), 174.1 (CH),
and 262.1 (t, Ru−C), assigned to three of the four carbons of
the bridging C4 ligand. In the ES-MS, the molecular cation is at
m/z 1181, with related ions at m/z 565 ([Ru(dppe)Cp]+) and
606 ([Ru(NCMe)(dppe)Cp]+; from solutions containing
MeCN).
Figure 1 shows the binuclear cation in [{Ru(dppe)Cp}2(μ-

C4H3)]PF6 (11). Two Ru(dppe)Cp groups, with Ru−P =

2.2449−2.2696(9) Å and Ru−C(cp) = 2.26 Å (average), are
attached at the 1,3-positions of a four-membered ring. Three
hydrogen atoms were located on the C4 ring, one on C(2) and
two on C(4). The bridging ligand is thus the parent
cyclobutenylidinium group, substituted examples of which
have earlier been crystallographically substantiated in (OC)5Cr-
{μ-C4H2(CO2Me)}Fe(CO)2Cp

25 and [{Ru(dppe)Cp*}2{μ-
CCC4H2(SiMe3)CC}]PF6.

26 In agreement with this
assignment, there are two long (C(1,3)−C(2) = 1.542,
1.547(5) Å) and two short C−C distances (C(1,3)−C(4) =

1.402, 1.403(4) Å), suggesting that the positive charge is
delocalized over atoms C(1,4,3) as well as the two Ru atoms,
which are attached to C(1,3) by short Ru−C multiple bonds
(1.971, 1.968(3) Å), as indicated in the structural diagram of
the cation. The C4 group is planar (χ

2 = 32), Ru(1,2) deviations
being 0.125(7) and 0.053(7) Å (to the same side). There are
pronounced asymmetries in the C(1,3)−Ru−P angles at each
metal.
Following this synthesis, we attempted to obtain the mixed

complex [{Cp(dppe)Ru}(μ-C4H3){Ru(dppe)Cp*}]PF6 (12)
from reactions between equimolar amounts of Ru(C
CH)(dppe)Cp and [Ru(CCH2)(dppe)Cp*]PF6, or from
the reverse addition of [Ru(CCH2)(dppe)Cp]PF6 to
Ru(CCH)(dppe)Cp*, both in thf at room temperature.
However, the only complex that could be isolated from either
reaction was 11. Neither the mixed analogue nor [{Ru(dppe)-
Cp*}2(μ-C4H3)]

+ was formed.
Reactions between equimolar amounts of (i) Ru(C

CH)(dppe)Cp and [Ru(CCH2)(dppe)Cp]PF6, (ii)
Ru(CCH)(dppe)Cp* and [Ru(CCH2)(dppe)Cp*]-
PF6, (iii) Ru(CCH)(dppe)Cp and [Ru(CCH2)(dppe)-
Cp*]PF6, and (iv) Ru(CCH)(dppe)Cp* and [Ru(C
CH2)(dppe)Cp]PF6 dissolved in d6-acetone were monitored by
31P NMR. For reaction i, the C4H3 complex [{Ru(dppe)-
Cp}2(μ-C4H3)]PF6 (11) forms in less than 25 min, the color of
the solution changing from yellow to orange. No reaction
occurred between the two Cp* complexes in reaction ii. In
reactions iii and iv, equilibria between all four possible
components were set up, with proton transfer from the
vinylidene to the more basic Cp* derivative being favored.
Consequently, the only cyclobutenylidinium complex detected
is the symmetrical complex [{Ru(dppe)Cp}2(μ-C4H3)]PF6
(11), accompanied by an equimolar amount of [Ru(C
CH2)(dppe)Cp]PF6 (4). These reactions are summarized in
Scheme 3. The specificity found here is likely to be a
consequence of the steric protection of Cα and Cβ by the bulky
Cp* ligands together with the dppe Ph groups. This reaction
proceeds by attack of the electron-rich Cβ upon the electron-

Figure 1. Plot of the cation in [{Ru(dppe)Cp}2(μ-C4H3)]PF6 (11).

Scheme 3. Reactions between Ethynyl−Ruthenium and Vinylidene−Ruthenium Complexesa

a[Ru] = Ru(dppe)Cp, [Ru*] = Ru(dppe)Cp*.
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poor Cα of both reagents, resulting in a formal [2 + 2]
cycloaddition reaction.
Reactions of HCCCO2R (R = Me, Et). Reactions

between RuCl(dppe)Cp and HCCCO2R (R = Me, Et)
were carried out in refluxing methanol in the presence of
[NH4]PF6.

21 Conventional workup afforded pale yellow solids,
which were characterized as the carbene complexes [Ru{
C(OMe)CH2(CO2R)}(dppe)Cp]PF6 (R = Me (13), Et (14);
Scheme 4) by elemental microanalyses (as for all complexes
described herein) and spectroscopic methods, detailed in the
Experimental Section. Only data relevant to the organic group
will be discussed below. Thus, the IR spectra contained ester
ν(CO) absorptions at ca. 1740 and 1250 cm−1. The 1H NMR
spectra contained singlets at δ 2.9 (OMe, 13 and 14) and 3.7
(for 13, CO2Me), or multiplets at δ 1.2, 3.8, and 4.1 (CO2Et,
for 14). The 13C NMR spectrum similarly contained
resonances at δ 163.5 (ester CO) and 293.2 (RuC), with
the Me/Et resonances at δ 14.0. The electrospray mass spectra
(ES-MS) contained parent molecular cations at m/z 680 (13)
and 694 (14), together with fragment ions at m/z 593
[Ru(CO)(dppe)Cp]+ and 565 [Ru(dppe)Cp]+.
Deprotonation of both 13 and 14 with metallic sodium or

KOBut in MeOH solution resulted in the separation of pale
yellow powders, which were characterized as the neutral vinyl
complexes Ru{C(OMe)CH(CO2R)}(dppe)Cp (R = Me
(15), Et (16), respectively). Their IR spectra contained strong
ν(CO) absorptions at 1667, 1141, and 1048 cm−1, together
with a weaker ν(CC) band at 1493 cm−1. The NMR spectra
of these complexes indicated that cis and trans isomers, each in
the ratio 4/1, were present. Thus, characteristic Cp resonances
were found for 15 at δH 4.6 (major)/4.5 (minor) and δC 85.1/
86.2. Similarly, the OMe groups resonated at δH 2.2/2.7 and δC
49.5/49.2, the CO2Me groups at δH 3.5/3.4 and δC 53.9/62.1,
and the CH groups at δH 4.9/5.3 and δC 100.6/103.0. The ester
CO carbons were found at δC 170.5/160.4, while the RuC
signals overlapped at δC 224.9. Similar resonances were found
for the ethyl ester complex 16. The 31P resonances for the dppe
ligands are at δP 93.0/96.5 and 92.7/96.1, respectively. In the
ES-MS M+ ions were found at m/z 680 and 695, respectively.
The analogous carbenes [Ru{C(OMe)CH2(CO2R)}-

(PPh3)2Cp]PF6 (R = Me (17), Et (18)) and the vinyl
compounds cis- and trans-Ru{C(OMe)CH(CO2R)}-
(PPh3)2Cp (R = Me (19), Et (20)) were similarly prepared
from RuCl(PPh3)2Cp.

27 As detailed in the Experimental
Section, their spectroscopic properties were very similar to
those of complexes 13−16, with the exception of the
anticipated differences resulting from replacement of the

dppe ligand by two PPh3 groups. As previously noted, for
steric reasons it is likely that the major isomer is trans, although
the NMR spectra are not a reliable guide to the stereo-
chemistry.27

In these reactions, the carbene cations 10, 13, 14, 17, and 18
result from attack by MeOH on Cα of the initially formed
vinylidene complexes [Ru{CCH(CO2R)}(PP)Cp]

+.28

However, if tert-butyl alcohol is used as solvent for the initial
reaction between RuCl(dppe)Cp and HCCCO2R (R = Me,
Et), the orange vinylidenes [Ru{CCH(CO2R)}(dppe)-
Cp]PF6 (R = Me (2), Et (3)) are obtained, ButOH being too
bulky to attack at the Cα atoms, which are sterically protected
by the Ph groups of the tertiary phosphine ligands. These two
compounds were characterized particularly by the downfield
triplet resonances of Cα at δC 198.8 and 200.5, respectively
(J(CP) = 17 Hz for both). Other resonances could be assigned
to the groups present, including OMe at δH 3.1 and δC 51.6, the
CH at δH 4.1 (for both complexes, with J(CP) = 1 Hz), and the
ester CO at δC 163.2 and 162.8. Both IR spectra contained
ν(CO) at 1697 cm−1 and ν(CC) at 1619 cm−1. Molecular
cations at m/z 649 and 663 were found in the ES-MS of 2 and
3, respectively. Some sensitivity to oxidation (by adventitious
air) and solvent used for the ES sample (MeCN) was evident
from accompanying ions at m/z 593 ([Ru(CO)(dppe)Cp]+)
and 606 ([Ru(NCMe)(dppe)Cp]+).
Deprotonation of vinylidenes 2 and 3 with sodium in PriOH

readily afforded the corresponding neutral alkynyls Ru(C
CCO2R)(dppe)Cp (R = Me (21), Et (22)) as light yellow
solids. In their IR spectra, v(CC) bands were found at 2039
and 2050 cm−1, respectively, together with ν(CO) bands at
1658 and 1655 cm−1. The ES-MS contained [M + H]+ ions at
m/z 649 and 663, respectively; again, the operating conditions
resulted in the presence of the carbonyl and acetonitrile cations
found in the spectra of precursors 2 and 3, no doubt as a result
of ready protonation occurring in solution.

Molecular structures. The structures of complexes 13, 15,
16, 21, and 22 have been confirmed by single-crystal X-ray
diffraction studies. The cation of 13 and single molecules of 15
and 21 are portrayed in Figures 2−4; the similar molecules of
16 and 22 are shown in Figures S1 and S2 (Supporting
Information), while selected bond parameters of all molecules
are collected in Table S1 (Supporting Information). All
complexes contain the ruthenium atoms pseudo-octahedrally
coordinated by the Cp, two P atoms, and the carbon atom of
the unsaturated ligand, with P(1)−Ru−P(2) and P(1,2)−Ru−
C(1) angles in the ranges 83.31(3)−84.82(2) and 80.65(4)−
93.17(9)°, respectively. For the neutral complexes, the Ru−P

Scheme 4. Reactions of Ruthenium Complexes with Propiolic Acid and Esters
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distances range between 2.2450(4) and 2.2709(6) Å, while the
Ru−C(cp) separations average 2.239−2.267 Å. These param-
eters do not differ significantly from those found in many other
analogous complexes with similar structures. The longer Ru−P
distances (2.2890, 2.3043(10) Å) and increased Ru−C(cp)
separations (2.267(11) Å (average)) in the cation of 13 reflect
the reduced back-bonding into the Ru−P MOs.
The most interesting features relate to the unsaturated

ligands derived from the alkynes. In carbene 13, the Ru−C(1)
distance of 1.933(4) Å is consistent with a degree of multiple
bonding expected for the RuC interaction and may be
compared with the longer values of 1.989(2), 2.008(2) Å
(alkynyl; Ru−C(sp)) and 2.070(2), 2.083(3) Å (vinyl; Ru−
C(sp2)) found in the neutral complexes. Similarly, the C(1)−
C(2) distances in 15 and 16 (1.365(4), 1.372(3) Å) and in 21
and 22 (1.221(3), 1.184(2) Å) are consistent with the presence
of CC double and CC triple bonds, respectively. Angles at

C(1) in 13 and at C(1) and C(2) in 15 and 16 indicate the sp2

hybridization of this atom, whereas the angles at C(1) and C(2)
in alkynyls 21 and 22 (177.8(2), 177.80(14)°) are close to
linear, as expected for C(sp) atoms. Within the ester groups,
parameters associated with the various C−O bonds are within
the usual ranges.

■ DISCUSSION
The syntheses of complexes described above parallel the well-
known alkyne-to-vinylidene conversion by means of a 1,2-H
shift, followed by characteristic reactions involving nucleophilic
addition of MeOH to Cα of the resulting vinylidenes to give the
corresponding alkoxycarbene complexes. Deprotonation of the
vinylidenes or carbenes gives neutral alkynyls and alkoxyvinyls,
respectively.27,28

The unusual decarboxylation of propiolic acids RC
CCO2H or their potassium salts under mild conditions in the
presence of complexes containing the Ru(PP)Cp′ moieties may
proceed via initial formation of the expected vinylidene [Ru{
CCR(CO2H)}(PP)Cp′]+, but this could not be intercepted
before decarboxylation occurred. Instead, this reaction provides
a useful synthetic approach to the parent vinylidenes which
does not use either ethyne or ethynyltrimethylsilane.
To gain more insight into the low-temperature decarbox-

ylation reaction that results in the formation of the parent
vinylidene [Ru(CCH2)(dppe)Cp]

+ (4), DFT calculations
were used to explore various reaction pathways and to provide
information about the intermediate and transition state
structures involved. Currently accepted mechanisms for the
formation of vinylidene complexes from 1-alkynes include an
approach of the metal center to the terminal carbon (Cα) with
concomitant 1,2-migration of the proton over the alkyne to
Cβ

29−31 or formation of the η2-alkyne complex, followed by
oxidative addition of the C−H bond to the metal center and a
concerted 1,3-shift of H to Cβ.

32 The latter route has been
demonstrated experimentally for Rh complexes32 and, rarely,
for Ru.33 The latter mechanism appears to be more difficult for
a d6 → d4 change (RuII → RuIV) than for a d8 → d6 change (RhI

→ RhIII).
In performing the present calculations, two scenarios were

considered: one looking at the interaction of HCCCO2H
with RuCl(dmpe)Cp and the other similarly involving the

Figure 2. Plot of the cation in [Ru{C(OMe)CH2(CO2Me)}-
(dppe)Cp]PF6 (13). Only one component of the disordered carbene
ligand is shown.

Figure 3. Plot of a molecule of Ru{C(OMe)CH(CO2Me)}(dppe)-
Cp (15).

Figure 4. Plot of a molecule of Ru(CCCO2Me)(dppe)Cp (21).
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propiolate ion [HCCCO2]
−. For the former, three reaction

pathways were determined overall, with the starting point for all
of them involving the initial formation of an η2-alkyne
intermediate. For the latter scenario, only one reaction pathway
was computed, commencing with the formation of an
intermediate containing a coordinated carboxylate group.34,35

Figure 5 presents one of the three reaction pathways
determined for the decarboxylation reaction occurring after the
interaction of HCCCO2H with RuCl(dmpe)Cp. As shown,
the first step of this pathway results in formation of the initial
η2-alkyne−Ru intermediate I, which is followed by intra-
molecular attack on the Ru center by the C−H bond of HC
CCO2H. This gives reaction intermediate II by formation of
Ru−C and Ru−H bonds. Transition state TSI‑II is determined
to be 76.2 kJ mol−1 higher in energy than structure I (80.2 kJ
mol−1 when ButOH solvation is taken into account). This is the
lowest energetic barrier determined for all reaction pathways
involving the interaction of HCCCO2H with RuCl(dmpe)-
Cp (two alternative pathways involving this interaction but with
higher energies are given in the Supporting Information). After
the formation of II, the proton bridging the Ru and Cβ migrates
to Cα via transition state TSII‑III, leading to the formation of the
carboxyvinylidene intermediate III, which is the global
minimum on the potential energy surface of the [Cp(dmpe)-
Ru]+−HCCCO2H interaction. Formation of III is then
followed by proton transfer from the CO2H group to Cα with
concomitant extrusion of CO2 and formation of a [Ru(C2H2)-
(dmpe)Cp]+ isomer (IV). This isomer would be expected to
rearrange to the parent vinylidene [Ru(CCH2)(dmpe)-
Cp]+ (V), as shown earlier by studies of the alkyne to
vinylidene isomerizations occurring in [Ru(HCCR)-
(PMe3)2Cp]

+ (R = H, Me)31 and [Ru(HCCCO2Me)-
(dippe)Cp*]+.33 Despite the low initial energetic barrier
associated with this reaction pathway, the barrier related to
the proton transfer from the CO2H group to Cα is 179.5 kJ
mol−1 (157.4 kJ mol−1 with the ButOH solvation correction)
relative to structure III. We regard this as being too large for
the decarboxylation reaction to proceed via this mechanism
under mild conditions. Hence, as all three reaction pathways

possess large energetic barriers associated with the CO2H
proton transfer process, it would appear that likely mechanisms
for the decarboxylation reaction which involve an initial Ru−
(η2-HCCCO2H) intermediate are not viable.
A reaction sequence involving oxidative addition of HC

CCO2H to the Ru center to give a hydrido−Ru(IV)
intermediate is detailed in the Supporting Information (Figure
S5 and discussion therein). Although the initial step has a
satisfyingly low energy barrier, subsequent processes involve
much higher energies and we conclude that this route is
improbable.
We then considered an alternative approach involving

interaction of the propiolate anion with the Ru center (Figure
6). Initial formation of the coordinated carboxylate inter-
mediate VI leads to the formation of the η2-alkynecarboxylate
intermediate VII via transition state TSVI‑VII. This is followed
by concomitant shortening of the Ru−Cα bond, lengthening of
the Ru−Cβ bond, and cleavage of the C−CO2

− bond to yield

Figure 5. Calculated decomposition route of Ru−propiolic acid complex I. [Ru] = Ru(dmpe)Cp. In this and the following figures, energies are given
in kJ mol−1.

Figure 6. Calculated pathway for decomposition of Ru−propiolate
complex VI. [Ru] = Ru(dmpe)Cp.
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the parent ethynyl Ru(CCH)(dmpe)Cp VIII with sponta-
neous emission of CO2. Finally, protonation of VIII at the Cβ
atom and rearrangement occurs to give [Ru(CCH2)-
(dmpe)Cp]+ (V). Closer inspection of transition state TSVI‑VII
shows that it is 98.9 kJ mol−1 higher in energy than VI (64.8 kJ
mol−1 with the ButOH solvation correction). Furthermore,
transition state TSVII‑VIII is 37.1 kJ mol−1 higher in energy than
VII (80.4 kJ mol−1 with the ButOH solvation correction).
Despite the initially encountered barrier being of energy similar
to that calculated in the reaction pathway shown in Figure 5,
the subsequent energetic barrier for the liberation of CO2 is
significantly lower in energy than any of the barriers
encountered in the three reaction pathways which start from
propiolic acid itself (relative to gas-phase energetics). Hence,
we suggest that the facile decarboxylation reaction that leads to
[Ru(CCH2)(dmpe)Cp]+ with extrusion of CO2 most
likely occurs via initial coordination of HCCCO2

− to the Ru
center obtained from the precursor RuCl(dmpe)Cp. This
conclusion is also supported by the same decarboxylation
reaction occurring with the salt HCCCO2K.
Coupling of Ethynyl and Vinylidene To Form Cyclo-

butenylidinium. Deprotonation of vinylidene to alkynyl is a
well-established reaction, and its reverse is often the reaction of
choice for the preparation of vinylidene complexes.28 However,
in the case of the present complexes, while deprotonation of
the ester derivatives affords the expected alkynyl or alkoxyvinyl
derivatives, when applied to the parent vinylidene, rapid
coupling of the ethynyl complex with remaining vinylidene
occurred to give the binuclear cyclobutenylidinium complex 11.
Formation of this type of complex has been described on
several occasions. The first mentioned treatment of FpCCPh
(Fp = Fe(CO)2Cp) with HBF4·OMe2 or FSO3Me to give
[Fp2(μ-C4RPh2)]

+ (R = H, Me).36−38 Thermolysis of [Ru(
CCHMe)(PMe3)2Cp][M(CO)3Cp] (M = Cr, Mo, W) in
MeCN afforded a mixture of [Ru(NCMe)(PMe3)2Cp]

+ and
[{Ru(PMe3)2Cp}2(μ-C4HMe2)]

+.39 More recently, Fischer and
co-workers have described the addition of FpCCR (R = Me,
Bu, Ph, C6H4NO2-4, CO2Me) to Cr(CCMe2)(CO)5 to
give the neutral heterobimetallic analogues {(OC)5Cr}(μ-
C4Me2R){Fp}; several related complexes were also prepared,
with extensions to butadiynyl complexes such as FpCCC
CR (R = SiMe3, Bu, Ph) affording {(OC)5Cr}{μ-C4(C
CR)Me2}{Fp} and hence some trimetallic derivatives.25 Similar
chemistry of Ru(CCCCSiMe3)(dppe)Cp* afforded {Ru-
(dppe)Cp*}2{μ-CCC4H2(SiMe3)CC} as one product.26

With the HOMO of alkynyl−metal complexes being localized
on Cβ,

40,41 electrophilic attack by the vinylidene thereupon
readily leads to the bimetallic C4R3 compounds (Scheme 2).
Formation of Complexes from HCCCO2R (R = Me,

Et). The syntheses of complexes described above parallel the
well-known alkyne-to-vinylidene conversion by means of a 1,2-
H shift,29,30 followed by characteristic reactions involving
nucleophilic addition of MeOH to Cα of the resulting
vinylidenes to give the corresponding alkoxycarbene complexes.
Deprotonation of the vinylidenes or carbenes gives neutral
alkynyls and alkoxyvinyls, respectively.27,28,42

■ CONCLUSIONS
Spontaneous decarboxylation of propiolic acids or their
potassium salts in similar reactions is attributed to the stability
of the parent vinylidene complex, which theoretical studies have
already shown to resist the insertion of CO2. Computational
studies of possible reaction mechanisms suggest that the lowest

energy pathway derives from an initial structure involving η2

coordination of O2CCC− to the Ru center. Addition of
ethynyl−ruthenium to cationic vinylidene−ruthenium moieties
afforded a further example of a binuclear cyclobutenylidinium
complex by (Cα + Cβ) coupling. The formation of several
alkynyl, vinylidene, and carbene complexes from HCCCO2R
(R = H, Me, Et) and RuCl(PP)Cp (PP = (PPh3)2, dppe) is also
described, together with single-crystal XRD structure determi-
nations of some of the complexes, these studies supplementing
earlier reports.20,21

■ EXPERIMENTAL SECTION
General Considerations. All reactions were carried out under dry

nitrogen, although normally no special precautions to exclude air were
taken during subsequent workup. Common solvents were dried,
distilled under nitrogen, and degassed before use. Separations were
carried out by preparative thin-layer chromatography on glass plates
(20 × 20 cm2) coated with silica gel (Merck, 0.5 mm thick).

Instruments. IR spectra were obtained on a Bruker IFS28 FT-IR
spectrometer. Spectra in CH2Cl2 were obtained using a 0.5 mm path
length solution cell with NaCl windows. Nujol mull spectra were
obtained from samples mounted between NaCl disks. NMR spectra
were recorded on a Varian 2000 instrument (1H at 300.13 MHz, 13C at
75.47 MHz, 31P at 121.503 MHz). Unless otherwise stated, samples
were dissolved in CDCl3 contained in 5 mm sample tubes. Chemical
shifts are given in ppm relative to internal tetramethylsilane for 1H and
13C NMR spectra and external H3PO4 for 31P NMR spectra.
Electrospray mass spectra (ES-MS, positive ion mode) were obtained
from samples dissolved in MeOH unless otherwise indicated; if
necessary, NaOMe was added as an aid to ionization.43 Solutions were
injected into a Fisons VG Platform II spectrometer via a 10 mL
injection loop. Nitrogen was used as the drying and nebulizing gas.
Ions listed are the most intense in the respective ion clusters.
Elemental analyses were carried out by CMAS, Belmont, Victoria,
Australia.

Reagents. The complexes RuCl(PP)Cp (PP = (PPh3)2,
44 dppe45),

Ru(CCH)(PP)Cp,20,46 and [Ru(CCH2)(PP)Cp]PF6
20,46 were

obtained as previously described. HCCCO2H, HCCCO2K,
PhCCCO2K, and (HO2C)CC(CO2K) were purchased from
Aldrich and used as received; methyl and ethyl propiolates were
prepared from HCCCO2H.

Decarboxylation of Propiolic Acids. Reactions of Propiolic
Acid. Propiolic acid (77 mg, 1.10 mmol) was added to a suspension of
RuCl(dppe)Cp (302 mg, 0.502 mmol) and [NH4]PF6 (82 mg, 0.499
mmol) in dry degassed t-BuOH (5 mL). The mixture was refluxed for
2 h to give a light yellow precipitate. Hot solvent was removed by
cannula, and the light yellow precipitate was washed with Et2O (2 × 4
mL) to remove traces of t-BuOH and dried under vacuum to give
[Ru(CCH2)(dppe)Cp]PF6 (4).
Ag[PF6] (42 mg, 0.166 mmol) was added to a solution of
RuCl(dppe)Cp (100 mg, 0.166 mmol) in degassed thf (15 mL) and
stirred at room temperature for 15 min. The solution immediately
changed to red-orange with the precipitation of AgCl. After filtration,
propiolic acid (23 mg, 0.333 mmol) was added to the filtrate and the
mixture stirred at room temperature for 2 h to give a yellow-orange
solution. Solvent was removed under vacuum, the residue was
extracted with CH2Cl2 (3 mL), and the solution was filtered into
rapidly stirred Et2O (30 mL) to give a light brown precipitate.
Filtration, washing with Et2O (3 mL), and drying under vacuum gave
[Ru(CO)(dppe)Cp]PF6.
Propiolic acid (48 mg, 0.68 mmol) was added to a suspension of
RuCl(dppe)Cp (203 mg, 0.338 mmol) and [NH4]PF6 (55 mg, 0.338
mmol) in degassed MeOH (10 mL). The reaction mixture was stirred
at the reflux point for 2 h to give an off-white precipitate. This was
isolated by filtration, washed with MeOH (2 mL), and dried under
high vacuum to give [Ru{CMe(OMe)}(dppe)Cp]PF6 (5; 49 mg,
19%).
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Reactions of KO2CCCR (R = H, Ph). In general, reactions
between powdered RuCl(PP)Cp′ ((PP)Cp′ = (PPh3)2Cp, (dppe)-
Cp*) and KO2CCCR (R = H, Ph) were carried out in refluxing
MeOH for several hours, although they proceeded slowly at room
temperature. Qualitatively, the reaction of RuCl(PPh3)2Cp was faster
than that of RuCl(dppe)Cp*.
A mixture of RuCl(PPh3)2Cp (100 mg, 0.138 mmol) and HC
CCO2K (22 mg, 0.207 mmol) in MeOH (5 mL) was heated at the
reflux point for 3 h, after which time a yellow precipitate had separated.
After cooling, the solid was collected and washed with MeOH (2 × 3
mL) and hexanes (4 mL) to give Ru(CCH)(PPh3)2Cp (6; 66 mg,
67%). 1H NMR: δ 2.02 (t, J(HP) = 3 Hz, 1H, CH), 4.28 (s, 5H,
Cp), 7.09−7.51 (m, 30H, Ph). 31P NMR: δ 51.0 (s, PPh3). The
reaction between RuCl(PPh3)2Cp and HCCCO2K, carried out in
the presence of [NH4]PF6, gave [Ru(CCH2)(PPh3)2Cp]PF6.
The product from RuCl(dppe)Cp* (150 mg, 0.223 mmol) and HC
CCO2K (36 mg, 0.336 mmol) was yellow Ru(CCH)(dppe)Cp* 7
(97 mg, 66%). 1H NMR (C6D6): δ 1.69 (s, 15H, Cp*), 2.06 (t, J(HP)
= 3 Hz, 1H, HC), 2.00, 2.83 (2m, 2 × CH2, CH2P), 7.03−8.04 (m,
20H, Ph). 31P NMR: δ 82.3 (s, dppe).
Similarly, RuCl(PPh3)2Cp (100 mg, 0.138 mmol) and KO2CCCPh
(32 mg, 0.152 mmol) in MeOH (5 mL) gave, after refluxing for 90
min, a yellow precipitate of Ru(CCPh)(PPh3)2Cp (9; 95 mg, 87%).
1H NMR: δ 4.33 (s, 5H, Cp), 7.07−7.53 (m, 35H, Ph). 31P NMR: δ
51.5 (s, PPh3).
Reactions of KO2CCCCO2R (R = H, K). A mixture containing

RuCl(PPh3)2Cp (191 mg, 0.263 mmol), (HO2C)CC(CO2K) (20
mg, 0.132 mmol), and [NH4]PF6 (23 mg, 0.138 mmol) in MeOH (8
mL) was heated at the reflux point for 6 h. After this time, unreacted
RuCl(PPh3)2Cp (81 mg, 42%) was removed by filtration. The filtrate
was layered with Et2O and kept at −10 °C for 24 h to give yellow
[Ru{CMe(OMe)}(PPh3)2Cp]PF6 (10; 62 mg, 53%). 1H NMR: δ
2.96 (s, 3H, Me), 3.21 (s, 3H, OMe), 4.69 (s, 5H, Cp), 6.89−7.38 (m,
30H, Ph). 13C NMR δ 46.78 (Me), 61.00 (OMe), 91.58 (Cp),
128.28−136.28 (Ph), 308.78 (t, J(CP) = 13 Hz, RuC). 31P NMR: δ
48.3 (PPh3), −142.3 (sept, J(PF) = 708 Hz, PF6). ES-MS (MeOH, m/
z): 429, [Ru(PPh3)Cp]

+.
Addition of RuCl(PPh3)2Cp (191 mg, 0.263 mg) to a mixture of
(HO2C)CC(CO2K) (20 mg, 0.132 mmol) and K2CO3 (18 mg,
0.132 mmol) in MeOH (8 mL) and heating at the reflux point for 2.5
h afforded a yellow precipitate of RuH(PPh3)2Cp (119 mg, 65%).

47 1H
NMR (C6D6): δ −11.09 (t, J(PH) = 34 Hz, 1H, RuH), 4.49 (s, 5H,
Cp), 6.89−7.56 (m, 30H, Ph). 13C NMR (C6D6): δ 82.39 (Cp),
127.59−142.43 (Ph). 31P NMR (C6D6): δ 69.2 (PPh3). ES-MS
(MeOH, m/z): 690, [M − H]+; 429 [Ru(PPh3)Cp]

+.
Similarly, RuCl(dppe)Cp* (176 mg, 0.263 mmol), (HO2C)C
C(CO2K) (20 mg, 0.132 mmol), and K2CO3 (18 mg, 0.32 mmol) in
refluxing MeOH (8 mL) after 18 h afforded RuH(dppe)Cp* (92 mg,
55%).48 1H NMR (C6D6): δ −13.50 (t, J(PH) = 34 Hz, 1H, RuH),
1.76 (s, 15H, Cp*), 1.89, 1.94 (2s (br), 2 × 2H, dppe), 7.10−7.82 (m,
20H, Ph). 31P NMR (C6D6): δ 69.2 (PPh2). ES-MS (MeOH, m/z):
635, [M − H]+.
Cyclobutenylidinium Complex. Synthesis of [{Ru(dppe)Cp}2(μ-

C4H3)]PF6 (11). n-BuLi (0.16 mL, 1.74 M, 0.28 mmol) was added to a
solution of [Ru(CCH2)(dppe)Cp]PF6 (103 mg, 0.139 mmol) in
dry degassed thf (20 mL) at −78 °C. The reaction mixture was stirred
at −78 °C for 15 min before being warmed to room temperature for
15 min, at which time the color had changed to orange-yellow. After
the mixture was cooled to −78 °C, SiClMe3 (0.026 mL, 0.208 mmol)
was added to remove excess n-BuLi and the mixture was stirred for 30
min. After a further 30 min at room temperature, solvent was removed
under vacuum to give a yellow-brown solid, which was recrystallized
from acetone/hexane to give brown needles of [{Ru(dppe)Cp}2(μ-
C4H3)]PF6 (11; 118 mg, 86%).
A solution containing [Ru(CCH2)(dppe)Cp]PF6 (75.8 mg,
0.103 mmol) and [Ru(CCH)(dppe)Cp] (60.8 mg, 0.103 mmol)
in degassed thf (25 mL) was stirred at room temperature for 2 h, after
which time the yellow solution had changed to yellow-brown. After
removal of solvent, a CH2Cl2 extract of the residue was filtered into
Et2O (30 mL), precipitating a yellow-brown solid. Filtration and

washing with Et2O (5 mL) gave 11, which was dried under vacuum.
Anal. Calcd for C66H57F6P5Ru2: C, 60.00; H, 4.35; M (cation), 1321.
Found: C, 60.01; H, 4.42. IR (Nujol, cm−1): 1980 s ν(CCC), 839 vs
ν(PF). 1H NMR (d6-acetone): δ 7.6−7.2 (m, 40H, Ph), 5.3 (1H, CH),
4.9 (10H, Cp), 2.87 (8H, PCH2), 2.83 (t, 2H, CH2).

13C NMR (d6-
acetone): δ 262.1 (m, Ru−C), 174.1 (CH), 141.2−129.0 (m, Ph), 87.6
(Cp), 54.9 (s, CH2), 27.3 (t, PCH2).

31P NMR (d6-acetone): δ 86.1
(dppe), −142.7 (sep, J(PF) = 708 Hz, PF6). ES-MS (MeOH−MeCN,
m/z): 565, [Ru(dppe)Cp]+; 606, [Ru(MeCN)(dppe)Cp]+; 1180,
[{Ru(dppe)Cp}2(C4H3)]

+.
Attempts To Prepare [{Ru(dppe)Cp}(μ-C4H3){Ru(dppe)Cp*}]PF6

(12). A solution of [Ru(CCH2)(dppe)Cp*]PF6 (49 mg, 0.061
mmol) and Ru(CCH)(dppe)Cp (36 mg, 0.061 mmol) in degassed
thf (20 mL) was stirred at room temperature for 2 h. The yellow
solution changed to yellow-brown. After removal of solvent, the
residue was extracted with CH2Cl2 and filtered into Et2O (30 mL),
precipitating yellow-brown [{Ru(dppe)Cp}2(μ-C4H3)]PF6 (11). This
was isolated by filtration, washed with Et2O (5 mL), and dried under
vacuum.
A solution containing [Ru(CCH2)(dppe)Cp]PF6 (93 mg, 0.127
mmol) and Ru(CCH)(dppe)Cp*] (84 mg, 0.127 mmol) in
degassed thf (20 mL) similarly gave yellow-brown 11.

Reactions of Propiolic Esters with Chloro−Ruthenium
Complexes. [Ru{C(OMe)CH2(CO2R)}(dppe)Cp]PF6 (R = Me (13),
Et (14)). HCCCO2R (61 mg for 13 (R = Me), 71 mg for 14 (R =
Et); 0.722 mmol) was added to a suspension of RuCl(dppe)Cp (203
mg, 0.337 mmol) and [NH4]PF6 (55 mg, 0.338 mmol) in degassed
MeOH (20 mL). The reaction mixture was stirred at the reflux point
for 1 h. After removal of solvent, the residue was extracted with
CH2Cl2 and the extract filtered into Et2O (30 mL), precipitating a light
yellow solid. This was isolated by filtration, washed with Et2O (2 mL),
and dried under vacuum. The precipitate was recrystallized from
CH2Cl2/MeOH under nitrogen.

R = Me (13; 223 mg, 0.270 mmol, 80%). 1H NMR: δ 7.6−7.1 (m,
20H, Ph), 5.1 (5H, Cp), 3.8 (2H, CH2), 3.7 (3H, OMe), 3.0 (m, 2H,
PCH2), 2.9 (3H, Me), 2.7 (m, 2H, PCH2).

13C NMR: δ 293.4 (t,
J(CP) = 13 Hz, RuC), 163.7 (CO2), 133.3−128.7 (Ph), 90.8 (Cp),
61.3, 60.1, 52.9, 28.2 (t, CH2CH2).

31P NMR: δ 89.5 (dppe), −142.8
(sep, J(PF) = 708 Hz, PF6). ES-MS (m/z): 564, [Ru(dppe)Cp]+; 592,
[Ru(CO)(dppe)Cp]+; 680, [Ru{C(OMe)CH2(CO2Me)}(dppe)Cp]+.
IR (KBr, cm−1): 1737 s ν(ester CO), 1247 s ν(CO), 839 vs ν(PF).
Anal. Calcd for C36H37F6O3P3Ru: C, 52.37; H, 4.52; M (cation), 825.
Found: C, 52.28; H, 4.54.

R = Et (14; 192 mg, 0.229 mmol, 68%). 1H NMR: δ 7.6−7.1 (m,
20H, Ph), 5.1 (5H, Cp), 4.1 (q, 2H, CH2), 3.8 (2H, CH2), 3.0 (m, 2H,
PCH2), 2.9 (3H, OMe), 2.7 (m, 2H, PCH2), 1.2 (t, 3H, Me). 13C
NMR: δ 293.1 (t, J(CP) = 13 Hz, RuC), 163.3 (CO2), 139.0−128.7
(Ph), 90.8 (Cp), 61.9, 61.1, 60.3, 28.0 (t, CH2CH2), 14.0 (Me). 31P
NMR: δ 89.6 (dppe), −142.8 (sep, J(PF) = 708 Hz, PF6). ES-MS (m/
z): 565, [Ru(dppe)Cp]+; 595, [Ru(CO)(dppe)Cp]+; 695, [Ru{C-
(OMe)CH2(CO2Et)}(dppe)Cp]

+. IR (KBr, cm−1): 1725 s ν(ester
CO), 1275 s ν(CO), 839 vs ν(PF). Anal. Calcd for C37H39F6O3P3Ru:
C, 52.92; H, 4.68; M (cation), 840. Found: C, 52.95; H, 3.49.

Ru{C(OMe)CH(CO2R)}(dppe)Cp (R = Me (15), Et (16)). Sodium
(4.17 mg, 0.181 mmol) was added to a solution of [Ru{
C(OMe)CH2(CO2R)}(dppe)Cp]PF6 (150 mg for 15 (R = Me),
153 mg for 16 (R = Et); 0.181 mmol) in MeOH (20 mL). As sodium
slowly dissolved in solution, a light yellow precipitate separated. The
reaction mixture was stirred at room temperature for 15 min. The
precipitate was isolated by filtration, washed with MeOH (2 mL),
dried under vacuum, and recrystallized from CH2Cl2/hexane.

R = Me (15; 71 mg, 0.104 mmol, 58%). This complex is obtained as
a 4/1 isomeric mixture. 1H NMR: major isomer, δ 4.9 (1H, CH), 4.6
(5H, Cp), 3.5 (3H, CO2Me), 2.2 (3H, OMe); minor isomer, δ 5.3
(1H, CH), 4.5 (5H, Cp), 3.4 (3H, CO2Me), 2.7 (3H, OMe); common
resonances, δ 7.8−7.1 (m, 20H, Ph), 2.7, 2.6 (2m, 2 × 2H, PCH2).

13C
NMR: major isomer, δ 170.5 (CO2), 100.6 (CH), 85.1 (Cp), 53.9,
49.5, 29.7 (t, CH2CH2); minor isomer, δ 160.4 (CO2), 103.0 (CH),
86.2 (Cp), 62.1, 49.2, 29.2 (t, CH2CH2); common resonances, δ 224.9
(t, J(CP) = 15 Hz, Ru−C), 144.8−127.2 (m, Ph). 31P NMR: δ 96.5
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(minor isomer), 93.0 (major isomer). ES-MS (m/z): 681, [Ru(C-
(OMe)CHCO2Me)(dppe)Cp]+. IR (KBr, cm−1): 1667 m ν(CO),
1493 s ν(CC), 1141 s ν(CO), 1048 s ν(CO). Anal. Calcd for
C36H36O3P2Ru: C, 63.62; H, 5.34; M, 680 Found: C, 63.60; H, 5.27.
R = Et (16; 89 mg, 0.104 mmol, 77%). This complex is obtained as

a 4/1 isomeric mixture. 1H NMR: major isomer, δ 4.9 (1H, CH), 4.6
(5H, Cp), 4.0 (q, 2H, CH2), 2.2 (3H, OMe), 1.2 (t, CH3); minor
isomer, δ 5.3 (1H, CH), 4.6 (5H, Cp), 3.8 (q, 2H, CH2), 2.6 (3H,
OMe), 1.1 (t, Me); common resonances, δ 7.8−7.1 (m, 20H, Ph), 2.7
(m, 2H, PCH2), 2.5 (m, 2H, PCH2).

13C NMR: major isomer, δ 224.3
(t, J(CP) = 15 Hz, Ru−C), 170.4 (CO2, major), 101.3 (CH), 85.4
(Cp), 57.5, 54.1, 29.8 (t, CH2CH2), 15.1 (Me); minor isomer, δ 229.2
(t, J(CP) = 15 Hz, Ru−C), 160.2 (CO2), 104.1 (CH), 86.3 (Cp), 62.3,
53.9, 29.3 (t, CH2CH2), 15.0 (Me); common resonances, δ 144.8−
127.4 (m, Ph). 31P NMR: δ: 96.1 (minor isomer), 92.7 (major
isomer). ES-MS (m/z): 565, [Ru(dppe)Cp]+; 593, [Ru(CO)(dppe)-
Cp]+; 695, [Ru{C(OMe)CH(CO2Et)}(dppe)Cp]

+. IR (KBr, cm−1):
1667 m ν(CO), 1493 s ν(CC), 1141 s ν(CO), 1046 s ν(CO). Anal.
Calcd for C37H38O3P2Ru: C, 64.06; H, 5.52; M, 694. Found: C, 63.96;
H, 5.64.
[Ru{C(OMe)CH2(CO2R)}(PPh3)2Cp]PF6 (R = Me (17), Et (18)).

HCCCO2R (61 mg for 17 (R = Me), 71 mg for 18 (R = Et); 0.722
mmol) was added to a suspension of RuCl(PPh3)2Cp (245 mg, 0.337
mmol) and [NH4]PF6 (55 mg, 0.338 mmol) in degassed MeOH (20
mL). The reaction mixture was stirred at reflux for 1 h. After removal
of solvents, the residue was extracted with CH2Cl2 and filtered into
Et2O (30 mL), precipitating a light orange solid. This was isolated by
filtration, washed with Et2O (2 mL), dried under vacuum, and
recrystallized from CH2Cl2/MeOH under nitrogen.
R = Me (17; 263 mg, 0.276 mmol, 82%). 1H NMR: δ 7.7−6.9 (m,

30H, Ph), 4.8 (5H, Cp), 4.5 (2H, CH2), 3.8 (3H, OMe), 3.4 (3H,
CO2Me). 13C NMR: δ 297.9 (m, RuC), 164.9 (CO2), 135.5−128.2
(Ph), 91.9 (Cp), 90.6, 61.9, 52.2. 31P NMR: δ 46.2 (PPh3), −142.8
(sep, J(PF) = 708 Hz, PF6). ES-MS (m/z): 719, [Ru(CO)-
(PPh3)2Cp]

+; 807, [Ru{C(OMe)CH2(CO2Me)}(PPh3)2Cp]
+. IR

(KBr, cm−1): 1731 s ν(ester CO), 1264 s ν(CO), 839 vs ν(PF).
Anal. Calcd for C46H43F6O3P3Ru: C, 58.05; H, 4.55; M (cation), 952.
Found: C, 57.94; H, 4.54.
R = Et (18; 234 mg, 0.242 mmol, 72%). 1H NMR: δ 7.7−6.9 (m,

30H, Ph), 4.8 (5H, Cp), 4.5 (2H, CH2), 4.2 (q, 2H, CH2), 3.4 (3H,
OMe), 1.3 (t, 3H, CH3).

13C NMR: δ 298.4 (t, J(CP) = 13 Hz, Ru
C), 164.5 (CO2), 135.6−128.2 (Ph), 91.9 (Cp), 90.7, 65.8, 62.2, 13.9.
31P NMR: δ 46.1 (PPh3), −142.8 (sep, J(PF) = 708 Hz, PF6). ES-MS
(m/z): 719, [Ru(CO)(PPh3)2Cp]

+; 821, [Ru{C(OMe)-
CH2(CO2Et)}(PPh3)2Cp]

+. IR (KBr, cm−1): 1725 s ν(ester C−O),
1264 s ν(CO), 839 vs ν(PF). Anal. Calcd for C47H45F6O3P3Ru: C,
58.45; H, 4.70; M (cation), 966. Found: C, 58.33; H, 4.76.
Ru{C(OMe)CH(CO2R)}(PPh3)2Cp (R = Me (19), Et (20)). Sodium

(4 mg, 0.18 mmol) was added to a solution of [Ru{C(OMe)-
CH2(CO2R)}(PPh3)2Cp]PF6 (172 mg for 19 (R = Me), 175 mg for
20 (R = Et); 0.181 mmol) in MeOH (20 mL). As the sodium slowly
dissolved, a light yellow precipitate formed. The reaction mixture was
stirred at room temperature for 15 min. The precipitate was isolated
by filtration, washed with MeOH (2 mL), dried under vacuum, and
recrystallized from CHCl2/hexane.
t-BuOK (37 mg, 0.332 mmol) was added to a solution of [Ru{
C(OMe)CH2(CO2Me)}(PPh3)2Cp]PF6 (105 mg, 0.110 mmol) in dry
thf (30 mL). The reaction mixture immediately changed color from
light orange to red-orange. After the mixture was stirred at room
temperature for 15 min, solvent was removed under vacuum and the
residue was recrystallized from benzene/hexane, yielding yellow
crystals.
R = Me (19; 95 mg, 0.117 mmol, 65%). The product was obtained

as a 7/3 isomeric mixture. 1H NMR: major isomer, δ 5.4 (1H, CH),
4.4 (5H, Cp), 3.7 (3H, CO2Me), 2.5 (3H, OMe); minor isomer, δ 5.8
(1H, CH), 4.3 (5H, Cp), 3.5 (3H, CO2Me), 3.1 (3H, OMe); common
resonances, δ 7.3−7.1 (m, 30H, Ph). 13C NMR: major isomer, δ 170.9
(CO2), 102.1 (CH), 85.8 (Cp), 58.2, 49.8; minor isomer, δ 160.8
(CO2), 103.9 (CH), 87.3 (Cp) 62.6, 52.0; common resonances, δ
222.9 (t, J(CP) = 16 Hz, Ru−C), 140.1−127.2 (Ph). 31P NMR

(CDCl3): δ 51.9 (major), 51.0 (minor). ES-MS (m/z): 806,
[Ru{C(OMe)CH(CO2Me)}(PPh3)2Cp]

+. IR (KBr, cm−1): 1686 m
ν(CO), 1493 s ν(CC), 1149 s ν(CO), 1046 s ν(CO). Anal. Calcd
for C46H42O3P2Ru: C, 68.56; H, 5.25; M, 806. Found: C, 68.58; H,
5.23.

R = Et (20; 89 mg, 0.108 mmol, 60%). This complex was obtained
as a 65/35 isomeric mixture. 1H NMR: major isomer, δ 5.4 (1H, CH),
4.4 (5H, Cp), 4.2 (2H, CH2), 2.5 (3H, OMe), 1.3 (3H, Me); minor
isomer, δ 5.8 (1H, CH), 4.3 (5H, Cp), 4.0 (2H, CH2), 3.1 (3H, OMe),
1.2 (3H, Me); common resonances, δ 7.4−7.2 (m, 30H, Ph). 13C
NMR: major isomer, δ 170.5 (CO2), 102.6 (CH), 85.8 (Cp), 57.8,
58.1, 14.9; minor isomer, δ 160.5 (CO2), 104.4 (CH), 87.2 (Cp), 62.6,
57.6, 14.3; common resonances, δ 222.1 (t, J(CP) = 16 Hz, Ru−C),
140.2−127.0 (Ph). 31P NMR: δ 51.9 (major), 51.0 (minor). ES-MS
(m/z): 820, [Ru{C(OMe)CH(CO2Et)}(PPh3)2Cp]

+. IR (KBr, cm−1):
1681 m ν(CO), 1493 s ν(CC), 1144 s ν(CO), 1048 s ν(CO). Anal.
Calcd for C47H44O3P2Ru: C, 68.85; H, 5.41; M, 820. Found: C, 68.73;
H, 5.29.

[Ru{CCH(CO2R)}(dppe)Cp]PF6 (R = Me (2), Et (3)). HC
CCO2R (62 mg for 2 (R = Me), 73 mg for 3 (R = Et); 0.741 mmol)
was added to a suspension of RuCl(dppe)Cp (204 mg, 0.339 mmol)
and [NH4]PF6 (55 mg, 0.338 mmol) in degassed t-BuOH (5 mL).
The reaction mixture was stirred at the reflux point for 2 h, generating
an orange precipitate. After removal of the hot solvent by cannula
filtration, the orange precipitate was washed with Et2O (2 × 4 mL) to
remove traces of t-BuOH and dried under vacuum.

R = Me (2; 213 mg, 0.268 mmol, 79%). 1H NMR: δ 7.9−7.1 (m,
20H, Ph), 5.5 (5H, Cp), 4.1 (t, 1H, CH), 3.1 (3H, Me), 3.0 (m, 4H,
PCH2).

13C NMR: δ 198.8 (t, J(CP) = 16 Hz, RuC), 163.2 (CO2),
135.8−129.0 (Ph), 110.2 (CH), 88.1 (Cp), 51.6 (Me), 29.0 (t, PCH2).
31P NMR: δ 76.1 (dppe), −142.8 (sept, J(PF) = 709 Hz, PF6). ES-MS
(m/z): 565, [Ru(dppe)Cp]+; 593, [Ru(CO)(dppe)Cp]+; 606, [Ru-
(MeCN)(dppe)Cp]+; 649, [Ru(CCHCO2Me)(dppe)Cp]+. IR (KBr,
cm−1): 1697 s ν(CO), 1619 s ν(CC), 839 vs ν(PF). Anal. Calcd for
C35H33F6O2P3Ru: C, 52.97; H, 4.19; M (cation), 749. Found: C,
52.85; H, 4.18.

R = Et (3; 208 mg, 0.257 mmol, 76%). 1H NMR: δ 7.6−7.2 (m,
20H, Ph), 5.5 (5H, Cp), 4.1 (t, 1H, CH), 3.68 (q, 2H, CH2), 3.0 (m,
4H, PCH2), 0.9 (t, 3H, Me). 13C NMR: δ 200.5 (t, J(CP)17 Hz,
RuC), 162.8 (CO2), 134.8−127.9 (Ph), 110.5 (CH), 88.1 (Cp),
60.5 (CH2), 27.7 (t, PCH2), 14.1 (Me). 31P NMR: δ 75.9 (dppe),
−142.7 (sept, J(PF) = 708 Hz, PF6). ES-MS (m/z): 565,
[Ru(dppe)Cp]+; 593, [Ru(CO)(dppe)Cp]+; 606, [Ru(MeCN)-
(dppe)Cp]+; 663, [Ru(CCHCO2Et)(dppe)Cp]

+. IR (KBr, cm−1):
1689 s ν(CO), 1613 s ν(CC), 833 vs ν(PF). Anal. Calcd for
C36H35F6O2P3Ru: C, 53.54; H, 4.37; M (cation), 808. Found: C,
53.57; H, 4.25.

Ru(CCCO2R)(dppe)Cp (R = Me (21), Et (22)). Sodium (18 mg,
0.80 mmol) was added to a solution of [Ru{CCH(CO2R)}-
(dppe)Cp]PF6 (159 mg for 21 (R = Me), 162 mg for 22 (R = Et);
0.20 mmol) in PriOH (10 mL). The reaction mixture was stirred at
room temperature for 2 days, giving a light yellow precipitate. Solvent
was removed by cannula filtration, and the residue was dried under
vacuum.

R = Me (21; 65 mg, 0.100 mmol, 50%). 1H NMR: δ 7.8−7.2 (m,
20H, Ph), 4.8 (5H, Cp), 3.4 (3H, Me), 2.8 (m, 2H, PCH2), 2.3 (m,
2H, PCH2).

13C NMR: δ 152.8 (CO2), 141.2−127.6 (m, Ph), 104.8
(Ru−C), 88.0 (C), 83.4 (Cp), 51.0 (Me), 27.9 (t, PCH2).

31P NMR: δ
85.6 (dppe). ES-MS (m/z): 565, [Ru(dppe)Cp]+; 593, [Ru(CO)-
(dppe)Cp]+; 606, [Ru(MeCN)(dppe)Cp]+; 649, [Ru(C2CO2Me)-
(dppe)CpH]+. IR (KBr, cm−1): 2039 s ν(CC), 1658 s ν(CO). Anal.
Calcd for C35H32O2P2Ru: C, 64.91; H, 4.98; M, 648. Found: C, 64.92;
H, 4.90.

R = Et (22; 71 mg, 0.108 mmol, 54%). 1H NMR: δ 7.8−7.2 (m,
20H, Ph), 4.8 (5H, Cp), 3.8 (q, 2H, CH2), 2.8 (m, 2H, PCH2), 2.3 (m,
2H, PCH2), 1.1 (t, 3H, Me). 13C NMR: δ 152.7 (CO2), 141.5−127.6
(m, Ph), 105.3 (Ru−C), 83.3 (Cp), 79.6 (C), 59.7 (CH2), 27.9 (t,
PCH2), 14.5 (Me). 31P NMR: δ 85.9. ES-MS (m/z): 565,
[Ru(dppe)Cp]+; 606, [Ru(MeCN)(dppe)Cp]+; 663, [Ru(C2CO2Et)-
(dppe)Cp]+. IR (KBr, cm−1): 2050 s ν(CC), 1655 s ν(CO) cm−1.
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Anal. Calcd for C36H34O2P2Ru: C, 65.35; H, 5.18; M, 662. Found: C,
65.30; H, 5.07.
Structure Determinations. Full spheres of diffraction data were

measured at ca. 153 K using a Bruker AXS CCD area-detector
instrument. Ntot reflections were merged to Nunique (Rint cited) after
“empirical”/multiscan absorption correction (proprietary software), all
reflections being used in the full-matrix least-squares refinements on
F2; No values with F > 4σ(F) were considered “observed”. All data
were measured using monochromatic Mo Kα radiation (λ = 0.710 73
Å). Anisotropic displacement parameter forms were refined for the
non-hydrogen atoms; hydrogen atoms were treated with a riding
model. Reflection weights were (σ2(Fo

2) + (aP)2 + bP)−1 (P = (Fo
2 +

2Fc
2)/3). Neutral atom complex scattering factors were used;

computation used the SHELXL-97 program.49 Pertinent results are
given in the figures (which show non-hydrogen atoms with 50%
probability amplitude displacement ellipsoids) and in Table 1 and
Table S1 (Supporting Information).
Variata. 11·C3H6O: the two independent PF6 groups are disposed

about a crystallographic 2 axis and an inversion center, respectively.
The central C4H3 group was assigned as such from refinement
behavior and difference map evidence.
13: the ligand string was modeled as disordered over two sets of

sites from C(2) onward, site occupancies being set at 0.5 after trial
refinement. The PF6 was also modeled as disordered about the F(1)−
P−F(2) axis, component occupancies refining to 0.867(10) and
complement (minor component adp form isotropic).
15 and 16: these complexes are isomorphous, the specimens chosen

being of opposite chiralities (xabs = −0.04(2), −0.015(15),
respectively).
21: the solvent molecule was modeled with the Cl atoms disordered

over two sets of sites, occupancies refining to 0.808(8) and
complement.
Computational Methods. All calculations were carried out using

the Gaussian03 suite of programs.50 All geometry optimizations were
performed using the B3LYP51−53 density functional and the
LANL2DZ/6-31+G(d,p) compound basis set (LANL2DZ54,55 on
the ruthenium atom and the 6-31+G(d,p)56−59 basis set on the
remaining atoms), with pure d functions (5D) used throughout. In
order to minimize computational resources, all calculations were

performed with dmpe (1,2-bis(dimethylphosphino)ethane) in place of
dppe (1,2-bis(diphenylphosphino)ethane) used experimentally. Ex-
cellent agreement between the real and simplified systems has been
found in previous studies.60

Upon attaining all optimized structures, harmonic vibrational
frequency calculations at the same level of theory were subsequently
performed to ascertain whether they were local minima (zero
imaginary frequencies) or local transition state maxima (one imaginary
frequency). Wave function stability tests (Stable=Opt) were also
performed in order to ensure that there were no instabilities in the
optimized electronic wave functions. Once the characteristics of all
individual stationary points was determined and their wave function
stabilities verified, various reaction pathways (Figures 5 and 6 and
Figures S3−S5 (Supporting Information)) were explored by visually
linking specific transition-state structures to minimum structures and
confirmed using intrinsic reaction coordinate (IRC) calculations.

In order to account for the effects of solvation upon the energetics
of the reaction pathways, single-point energy corrections were
calculated by means of a polarizable continuum model (IEP-
PCM)61−63 using radii based on the united atom topological model
(RADII = UAHF). To simulate experimental conditions in ButOH,
the values for the static dielectric constant (ε = EPS), dynamic
dielectric constant (εinf = EPSINF), solvent density (ρ = DENSITY),
and solvent radius (r = RSOLV) were set to 12.47, 1.92, 0.0063
particles/Å3, and 2.70 Å, respectively. The EPS and DENSITY values
were generated from readily available data,64 while the remaining
values were not readily available and were calculated using the square
of the refractive index of ButOH for the EPSINF value65 and the
Stearn−Eyring equation for the RSOLV value.66

In each of the reaction pathways presented, the relative gas-phase
Gibbs free energies of all minima and transition states are represented
by solid lines. The relative ButOH solvation-corrected Gibbs free
energies are represented by dashed lines. All relative energy values
discussed and displayed throughout the computational section of this
paper are in kJ mol−1 and were calculated at 298 K unless otherwise
specified.

Table 1. Crystal Data and Refinement Details

11 13 15 16 21 22

formula C66H61F6P4Ru2·F6P.2C3H6O C36H37O3P2Ru·F6P C36H36O3P2Ru C37H38O3P2Ru C35H32O2P2Ru·CH2Cl2 C36H34O2P2Ru
MW 1441.29 825.64 679.66 693.68 732.54 661.64
cryst syst monoclinic monoclinic orthorhombic orthorhombic triclinic monoclinic
space group C2/c P21/n Pna21 Pna21 P1̅ P21/c
a/Å 46.357(3) 16.548(2) 17.869(2) 18.276(2) 8.8398(14) 9.4256(7)
b/Å 11.9083(8) 11.4212(14) 10.5412(10) 10.6795(10) 12.126(2) 16.0155(11)
c/Å 24.695(2) 18.348(2) 16.1841(15) 16.1890(15) 16.502(3) 20.5021(14)
α/deg 80.644(3)
β/deg 107.864(1) 95.738(2) 80.180(3) 101.760(1)
γ/deg 73.254(3)
V/Å3 12975 3450 3049 3160 1657 3030
ρc/g cm−3 1.476 1.589 1.481 1.458 1.468 1.450
Z 8 4 4 4 2 4
2θmax/deg 60 58 58 58 60 67
μ(Mo Kα)/
mm−1

0.65 0.66 0.66 0.63 0.76 0.66

Tmin/max 0.85 0.80 0.88 0.92 0.79 0.86
cryst dimens/
mm3

0.50 × 0.23 × 0.15 0.32 × 0.28 × 0.16 0.45 × 0.20 ×
0.16

0.55 × 0.40 ×
0.23

0.55 × 0.24 × 0.10 0.48 × 0.40 × 0.32

Ntot 91 596 10 650 27 906 28 867 22 965 43 203
N (Rint) 18 060 (0.061) 8678 (0.056) 7567 (0.024) 7801 (0.015) 9545 (0.046) 11 526 (0.020)
No 12254 6843 7233 7705 8324 9598
R1 0.048 0.059 0.029 0.020 0.037 0.031
wR2 (a, b) 0.14 (0.071, 13.7) 0.116 (0.098, 3.1) 0.065 (0.030, 23) 0.051 (0.026,

1.37)
0.111 (0.082, 0.18) 0.080 (0.035, 2.1)
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ABSTRACT: Two series of extended carbon chain butadiynyl and hexatriynyl
complexes, [Mo{(CC)nCCSiMe3}(bpy)(η-C7H7)] (n = 1, 2; bpy = 2,2′-
bipyridine) and [Mo{(CC)nCCR}(dppe)(η-C7H7)] (n = 1, R = H, SiMe3;
n = 2, R = SiMe3; dppe = Ph2PCH2CH2PPh2), have been prepared and
structurally characterized. The redox chemistry of these complexes has been
investigated by cyclic voltammetry, and the 17-electron radical cations resulting
from one-electron oxidation have been characterized by spectroelectrochemical
IR and UV−visible methods and EPR spectroscopy. DFT calculations on the H-
terminated model complexes [Mo{(CC)nCCH}(L2)(η-C7H7)]

z+ (L2 =
bpy, dppe) reveal a largely metal-centered HOMO (z = 0) with a modest
increase in carbon chain character with increasing chain length. Spin density
calculations for the 17-electron radical cations (z = 1) show large coefficients of
spin density at the metal center, consistent with the remarkably high stability of
the experimental complexes. However, both DFT theoretical and experimental
synthetic studies highlight a distinction between the bpy- and dppe-supported systems. The 17-electron complexes [Mo{(C
C)nCCSiMe3}(bpy)(η-C7H7)]PF6 (n = 1, 2) are unique examples of isolable, metal-stabilized butadiynyl and hexatriynyl
radicals. In contrast, the dppe radical [Mo(CCCCSiMe3)(dppe)(η-C7H7)]

+ exhibits chain-centered reactivity, consistent
with enhanced coefficients of spin density at Cβ and Cδ in the model complex [Mo(CCCCH)(dppe)(η-C7H7)]

+.

■ INTRODUCTION
Monometallic diynyl and polyynyl complexes of the type
M{(CC)nCCR} represent an important class of organo-
metallic compounds containing linear “carbon-rich” ligands.1

However, in contrast with the remarkable success in the
preparation and crystallographic characterization of bimetallic
compounds containing bridging carbon ligands of exceptional
length,2 investigations on monometallic systems featuring
polyynyl ligands are restricted mainly to synthetic studies on
butadiynyl (n = 1) complexes,3 with fewer examples of
hexatriynyl (n = 2) and longer chain species.4

The electronic properties of metal alkynyl complexes MC
CR have been reported in detail for many metal systems,5 but
very little work has been carried out to probe the effect of
extending the chain length on the electronic structure6 and
redox chemistry of these systems.3c,e A key issue, central to a
productive investigation of the redox chemistry of M{(C
C)nCCR} is the moderation of reactivity at the carbon chain
in activated radical complexes; the remote carbons are
unprotected by the immediate coordination sphere of the

metal auxiliary, leading to the rapid formation of secondary
products.5 One strategy to promote a more controlled redox
chemistry is the introduction of a sterically demanding
protecting group R at the nonmetal chain terminus, but this
is unlikely to be effective for longer chains (n > 1). An
alternative approach, employed in the current work, is the use
of a supporting metal auxiliary in which the relative
contributions of the metal and carbon chain ligand to the
frontier orbitals can be fine-tuned; in this way reactivity at the
diynyl/polyynyl ligand can be attenuated via a redox orbital
with reduced carbon chain character. In a recent DFT study, we
have shown that alkynyl complexes of the cycloheptatrienyl
molybdenum auxiliary Mo(dppe)(η-C7H7) possess a strongly
metal-centered HOMO with significant dz2 character (the z axis
is directed along the metal ring−centroid vector). As a
consequence, the effectiveness of the interaction between the
metal and filled π orbitals on the alkynyl ligand is symmetry
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constrained, manifested experimentally by limited redox-
induced perturbation of the alkynyl ligand and the exceptional
stability of 17-electron radicals of the type [Mo(CCR)-
(dppe)(η-C7H7)]

+.7 In the current work, this principle is
developed to examine the interplay of the metal orbitals and
carbon π system in extended chain complexes [Mo{(C
C)nCCR}(L2)(η-C7H7)]

z+ (L2 = bpy, dppe; n = 1, 2). The
balance between metal and carbon character in the frontier
orbitals leads to the stabilization of 17-electron radicals, thereby
permitting unprecedented spectroscopic, structural, and re-
activity studies on metal-stabilized butadiynyl and hexatriynyl
radicals. Some aspects of this work on the redox chemistry of
the butadiynyl systems have recently been communicated.8

■ RESULTS AND DISCUSSION
Synthetic Studies. Several general methods are known for

the preparation of metal complexes featuring butadiynyl,
hexatriynyl, and higher polyynyl ligands. These include reaction
of an appropriately ligated metal halide with Li{(CC)nC
CR},3a,e,4d transmetalation reactions,3b,9 and chain modification
and extension protocols in which complexes of the type
M{(CC)nCCH} are elaborated by variations on the
Sonogashira, Hay, and Cadiot-Chodkiewicz cross coupling
reactions.4a,c We have previously described the synthesis of the
butadiynyl complex [Mo(CCCCSiMe3)(bpy)(η-C7H7)]
(1; bpy = 2,2′-bipyridine) by direct reaction of [MoBr(bpy)(η-
C7H7)] with LiCCCCSiMe3 (prepared from Me3SiC
CCCSiMe3 and MeLi/LiBr complex) (Scheme 1, n = 1),10

and in the current work this methodology was extended to the
substituted bpy derivative [Mo(CCCCSiMe3)(

tBu2-bpy)-
(η-C7H7)] (2; tBu2-bpy = 4,4′-tBu2-2,2′-bipyridine). Substitu-
tion of the bpy ligand of 1 for dppe gave [Mo(CCC
CSiMe3)(dppe)(η-C7H7)] (3), which was desilylated with
nBu4NF in thf to give [Mo(CCCCH)(dppe)(η-C7H7)]
(4).10

The formation of the hexatriynyl reagent Li{(CC)2C
CSiMe3} from Me3SiCCCCCCSiMe3 and MeLi/LiBr
complex4d,11 is more sensitive to conditions than the
preparation of the analogous butadiynyl system, but in the

current work, the reaction sequence developed for the diynyl
complexes 1 and 3 was successfully extended to the hexatriynyl
analogues 5 and 6 (Scheme 1, n = 2). Thus, reaction of a thf
solution of Li{(CC)2CCSiMe3} (prepared from
Me3SiCCCCCCSiMe3 and MeLi/LiBr) with [MoBr-
(bpy)(η-C7H7)] afforded a deep purple-red solution of
[Mo{(CC)2CCSiMe3}(bpy)(η-C7H7)] (5), which was
isolated in moderate yield as a deep purple solid following
purification by chromatography on alumina. The ligand
substitution of bpy by dppe proceeded in refluxing toluene to
give [Mo{(CC)2CCSiMe3}(dppe)(η-C7H7)] (6) as a
deep green solid which was purified by chromatography on
Celite.
The new butadiynyl and hexatriynyl complexes 2, 5, and 6

were characterized by microanalysis, mass spectrometry,
infrared spectroscopy, and 1H, 31P{1H} and 13C{1H} NMR
spectroscopy (see the Experimental Section and Table 1).
Parameters diagnostic of the presence of the carbon chain
ligand in these complexes are the IR-active ν(CC) stretching
absorptions and the Cα to Cζ resonances in the 13C{1H} NMR
spectrum; these key data are summarized in Table 1. Data for
the diynyl complexes 1, 3, and 4 have been reported
previously10 but are included in Table 1 to facilitate direct
comparisons between butadiynyl and hexatriynyl systems.
Table 2 presents reported ν(CC) IR data and 13C{1H}
NMR chemical shifts for carbon chain resonances where data
are available for direct comparison between diynyl and triynyl
systems. In the diynyl/triynyl pairs 1 and 5, and 3 and 6,
substitution of the C4 with the C6 ligand is evident in a number
of trends. In the IR spectra of both series of complexes, the
ν(CC) absorptions fall into two regions: 2150−2090 and
1990−1950 cm−1. However, comparison of analogous diynyl
and triynyl complexes reveals a difference in the intensity of the
ν(CC) absorption in the range 1990−1950 cm−1; in the
diynyl complexes 1−4, this is the weakest ν(CC) band,
whereas in the triynyl complexes 5 and 6, it is the most intense
band. In the 13C{1H} NMR spectra, the diynyl complexes 1−4
exhibit four resonances for the carbon chain Cα−Cδ, with
chemical shifts decreasing along the series to the terminal chain
carbon Cδ, which has the lowest δ value. However, on further
chain extension to hexatriynyl systems, in general, the central
carbons Cγ and Cδ are located to high field of the end of chain
carbons Cε and Cζ (see Table 2). For complex 6, this pattern of
assignment is supported by the observation of phosphorus
coupling to the resonance at 66.2 ppm attributed to Cγ. An
additional feature of chain extension from C4 to C6 is a shift of
Cα to low field by 5−10 ppm; this trend is also observed for the
literature examples presented in Table 2.

Structural Investigations. While there are now many
examples of structurally characterized bimetallic complexes of
general form M{μ-(CC)n}M,2a only a limited series of
structural characterizations of monometallic carbon chain
complexes M{(CC)nCCR} with n > 1 have been
reported,1,4b,13 and examples which enable a direct comparison
of the structural effects of increasing the carbon chain length
against a common metal−ligand fragment are even more
restricted.4a,e,f We have previously reported the X-ray crystal
structures of the butadiynyl complexes 1 and 410 and the 17-
electron radical [1]PF6,

8 and in the current work, we describe
the expansion of this series to include 3 and the hexatriynyl
complexes 5 and 6. The molecular structures of 3, 5, and 6
together with atomic numbering schemes are presented in
Figures 1−3, respectively, and key bond lengths and angles are

Scheme 1. Synthetic Routes to [Mo{(CC)nC
CR}(L2)(η-C7H7)] Complexesa

aReagents and conditions: (i) Li{(CC)nCCSiMe3} in thf, n = 1,
2.5 h and n = 2, 4.5 h; (ii) dppe, toluene reflux, 3 h; (iii) nBu4NF/thf,
1.5 h.

Organometallics Article

dx.doi.org/10.1021/om3005756 | Organometallics 2012, 31, 6322−63356323

http://pubs.acs.org/action/showImage?doi=10.1021/om3005756&iName=master.img-001.png&w=229&h=173


summarized in Table 3 alongside structural data for 1, [1]PF6,
and 4. With the exception of complexes [1]PF6 and 5, the
structural data are of good precision, and the series of closely
analogous complexes allow a valid comparison of key structural
parameters.

A key structural feature is the contraction of the Mo−Cα
bond length as the carbon chain is elongated. Thus, in the dppe
series of complexes, the Mo−Cα distance of 2.138(2) Å in the
alkynyl complex7 [Mo(CCBut)(dppe)(η-C7H7)] decreases
to 2.117(2) Å in 3 with a further reduction to 2.100(3) Å in the
hexatriynyl derivative 6. These changes in the metal−Cα bond
length are consistent with the results of electronic structure
calculations on the model complexes [Ru{(CC)nCCR}-
(PH3)2Cp] and have been attributed to enhanced Coulombic
attraction arising from greater charge separation Mδ+−{(C
C)nCCR}δ− between the metal and chain fragments with an
increase in chain length.6b In the bpy series, the Mo−Cα bond
length in 1 is slightly longer than for the dppe analogue 3, and
this trend probably extends to the triynyl analogues 5 and 6.

Table 1. IRa and 13C{1H} NMRb Data for [Mo{(CC)nCCR}(L2)(η-C7H7)]

δ, ppm

complex IR ν(CC), cm−1 Cα Cβ Cγ Cδ Cε Cζ SiMe3 C7H7 L2 = bipy, dppe

1 2151 (m), 2111 (m), 1991 (w) 142.1 95.1 91.6 76.7 −0.4 90.0 149.1, CA; 147.6, CE; 130.8, CC; 121.3, 120.5,
CB, CD

2 2151 (m), 2110 (m), 1987 (w) 144.3 96.7 92.2 77.4 0.2 89.0 156.1, CC; 149.5, CA; 148.6, CE; 119.8, 118.1,
CB, CD; 34.9, CMe3; 30.7, CMe3

3 2153 (w), 2105 (sh), 2090 (m),
2063 (sh), 1976 (w)

142.8, t
(25)

105.1, t
(2)

93.0, t
(4)

75.7 0.6 87.8 26.9, m, PCH2; 140.5−128.1, m, PPh2

4 2098 (m), 1956 (w)c 138.7, t
(25)

103.6 72.7, t
(4)

59.5 87.7 26.8, m, PCH2; 140.5−128.0, m, PPh2

5d 2131 (s), 2106 (m), 1967 (s)
6 2121 (m), 2092 (m), 1949 (s) 151.9, t

(25)
105.1 66.2, t

(5)
57.0 91.4,

83.5
0.0 88.0 26.7, m, PCH2; 140.2−128.1, m, PPh2

aCH2Cl2 solution spectra. b100 MHz spectra. Abbreviations: s = singlet, d = doublet, t = triplet, m = multiplet, br = broad. Chemical shifts are
downfield from SiMe4, with coupling constants in Hz (given in parentheses). In CD2Cl2 solution unless stated otherwise. Carbon chain carbons
identified as α, β, γ, δ, ε, and ζ correspond to carbons 1−6, respectively, along the carbon chain with Cα (C(1)) attached to the metal center;
assignment of bpy carbons follows the lettering shown in Scheme 1. cIR: 3301 cm−1 (m), CH. d13C NMR data for complex 5 not obtained due to
poor solution stability.

Table 2. Comparison of IRa and 13C{1H} NMRb Data for Selected Diynyl and Triynyl Complexes

δ, ppm

complex IR ν(CC) cm−1 Cα Cβ Cγ Cδ Cε Cζ ref

[Fe(CCCCH)(CO)2Cp*] 2141 106.4 92.8 71.9 53.5 12
[Fe{(CC)2CCH}(CO)2Cp*] 2158, 2100 114.6 93.7 64.5 48.6 70.4 61.7 11
[Ru(CCCCSiMe3)(dppe)Cp*] 2171 (w), 2095 (m), 1990, (w)c 120.1 115.8 96.6 66.9 3f
[Ru{(CC)2CCSiMe3}(dppe)Cp*] 2110 (s), 1971 (s)c 137.6, t (23) 94.1 69.8 49.4 77.9 92.2 4c
[Re(CCCCSiMe3)(NO)(PPh3)Cp*] 2118 (m), 2098 (m), 105.8, d (15.9) 112.3 93.2, d (2.7) 80.6 3c
[Re{(CC)2CCSiMe3}(NO)(PPh3) Cp*] 2132 (m), 2109 (m), 1979 (vs)d 113.3, d (15.9) 112.8 66.5, 63.8 92.2, 86.3 4a
[Re(CCCCH)(NO)(PPh3)Cp*] 2115 (s), 1975 (w)e 102.1, d (15.9) 110.8 72.4 65.2 3c
[Re{(CC)2CCH}(NO)(PPh3) Cp*] 2140 (s), 2080 (m), 1970 (m)d 113.6, d (15.4) 111.2 63.7, d (2.8) 61.5 70.3 68.4 4a
aIR data in CH2Cl2 solution unless stated otherwise. b2J(P−C) in Hz, given in parentheses. Abbreviations: d = doublet, t = triplet. cIn Nujol. dIn thf
solution. eIR: 3305 cm−1, CH.

Figure 1. Plot of the molecular structure of 3 showing the atom
labeling scheme. In this and all subsequent structural figures, thermal
ellipsoids are plotted at the 50% probability level. Hydrogen atoms and
solvent of crystallization have been omitted for clarity.

Figure 2. Plot of the molecular structure of 5 showing the atom
labeling scheme.
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For the SiMe3- terminated derivatives some additional
shortening of Mo−Cα may result from hyperconjugation
effects,14 although a comparison of data for 3 with those for
the H-terminated analogue 4 reveals a significant difference
only in the Cγ−Cδ distance. A second feature of note is the
curvature of the carbon chain, which can be expressed by the
parameter ∑(bend) (Table 3). Significant distortion from
linearity of extended sp carbon chains has been reported
previously, analyzed in detail, and attributed to the low bending
force constant associated with the −CC− moiety and
underlying crystal-packing phenomena.4a,15 Therefore, further
discussion of this effect will not be made here other than to
draw attention to the bending of the hexatriynyl chain in 5 and
6, apparent from Figures 2 and 3.
Electrochemistry. The electrochemical response of the

complexes [Mo{(CC)nCCR}(L2)(η-C7H7)] (1−6) was
examined by cyclic voltammetry; the results are presented in
Table 4. Under the conditions given in Table 4, each of the
complexes undergoes a diffusion-controlled, chemically and
electrochemically reversible, one-electron oxidation with the

separation between cathodic and anodic peak potentials
comparable to that determined for the internal ferrocene
standard.
Descriptions of the electrochemical properties of mono-

metallic butadiynyl and hexatriynyl complexes M{(CC)nC
CR are very limited,3c,e,f and in the majority of cases the redox
processes are chemically irreversible, making attempts to study
the redox products difficult. The current work therefore
provides a rare opportunity to make systematic comparisons
over an extended series (n = 0−2). The E1/2 values for the
reversible one-electron oxidation of [Mo{(CC)nCCR}-
(L2)(η-C7H7)] show a modest dependence upon chain length
(n) and the supporting ligand L2. As the chain length increases,
the general trend is a shift in E1/2 to positive potential,
consistent with a decrease in σ-donor character of the
polyyne.6b Thus, the diynyl complex 3 is harder to oxidize
than related alkynyl complexes by 0.15−0.25 V, although
further chain extension to the hexatriynyl derivative 6 leads to a
much smaller change in E1/2 (0.05 V). A minor shift in E1/2 to
positive potential with an increase in chain length is also
observed for the bpy complexes 1 and 5, with substitution of
dppe by bpy resulting in a small shift in E1/2 to negative
potential by ca. 80 mV, reflecting the strongly electron-
donating character of the bpy ligands. In principle, E1/2 values

Figure 3. Plot of the molecular structure of 6 showing the atom
labeling scheme.

Table 3. Key Structural Parameters for [Mo{(CC)nCCR}(L2)(η-C7H7)]
z+

1 3 4 5 6 [1]PF6
Bond Lengths (Å)

Mo−Cα 2.135(2) 2.118(2) 2.114(3) 2.106(13) 2.100(3) 2.11(2)
Cα−Cβ 1.207(3) 1.227(3) 1.223(4) 1.215(8) 1.235(4) 1.24(2)
Cβ−Cγ 1.382(3) 1.373(3) 1.369(4) 1.393(9) 1.357(4) 1.35(2)
Cγ−Cδ 1.214(3) 1.220(4) 1.198(4) 1.194(8) 1.220(4) 1.20(2)
Cδ−Cε 1.366(9) 1.368(4)
Cε−Cζ 1.200(9) 1.215(4)
Cδ−R/Cζ−R 1.834(2) 1.854(3) 1.854(9) 1.841(3) 1.82(2)
Mo−N/Mo−P 2.134(2) 2.4543(8) 2.4726(7) 2.156(4) 2.4682(9) 2.19(1)

2.142(2) 2.4675(9) 2.4578(6) 2.141(4) 2.4640(9) 2.15(2)
Bond Angles (deg)

Mo−Cα−Cβ 174.5(2) 176.0(2) 174.6(2) 174.3(16) 171.5(2) 171.1(2)
Cα−Cβ−Cγ 175.6(2) 171.9(3) 175.2(3) 178.0(2) 173.9(3) 175.6(2)
Cβ−Cγ−Cγ 176.4(2) 176.6(3) 178.8(3) 177.0(2) 176.3(3) 169.9(2)
Cγ−Cδ−Cε 177.8(12) 175.6(3)
Cδ−Cε−Cζ 177.4(9) 177.6(3)
Cγ−Cδ−R/Cε−Cζ−R 170.3(2) 172.6(2) 176.6(9) 172.4(2) 170.2(2)
∑(bend)a 23 23 19 33 33

a∑(bend) is the sum of deviations of angles from 180° along the carbon chain.

Table 4. Cyclic Voltammetric Data for [Mo{(CC)nC
CR}(L2)(η-C7H7)]

a

compd E1/2 (V)

1 −0.66
2 −0.73
3 −0.58
4 −0.58
5 −0.64
6 −0.53
[Mo(CCBut)(dppe)(η-C7H7)] −0.82b

[Mo(CCPh)(dppe)(η-C7H7)] −0.72b
aAll potentials for complexes 1−6 are reported vs FeCp2/[FeCp2]

+ =
0.00 V, from 0.1 M nNBu4PF6 /CH2Cl2 solutions at ambient
temperature at a Pt working electrode. bData from ref 7.
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are also sensitive to the carbon chain substituent R but, as
observed in other systems,3f exchange of SiMe3 for H in the
butadiynyl complexes 3 and 4 has a very small or negligible
effect on the magnitude of E1/2.
IR and UV−Visible Spectroelectrochemical Analysis of

[Mo{(CC)nCCR}(L2)(η-C7H7)]z+. The reversibility of the
one-electron-oxidation processes associated with the butadiynyl
and hexatriynyl complexes under investigation suggested that
the corresponding 17-electron radicals might be sufficiently
stable for spectroscopic analysis and, potentially, isolation. In
general, one-electron oxidation of butadiynyl or hexatriynyl
metal complexes leads to highly reactive species, and therefore
the chemical stability of extended carbon chain complexes
based on the Mo(L2)(η-C7H7) auxiliary provides a potential
entry point to some unique chemistry. However, before
probing the synthetic redox chemistry of the 17-electron
radicals [1]+−[6]+, we investigated their characterization by IR,
UV−visible, and EPR spectroscopy using samples generated
either by spectroelectrochemical methods or in situ by addition
of [FeCp2]PF6 to solutions of the 18-electron precursors.
Guided by the results of the cyclic voltammetry, we carried

out an IR spectroelectrochemical investigation on each of the
butadiynyl complexes 1−4 and the hexatriynyl derivatives 5 and
6. With the exception of the unprotected chain complex 4, the
stability of the radical cation (and hence the validity of the
assignment of the spectroscopic data to the redox product) was
established by back-reduction, which resulted in full recovery of
the IR spectrum assigned to the 18-electron precursor.
Spectroelectrochemically generated IR spectra for [1]z+, [3]z+,
and [5]z+ (z = 0, 1) in the ν(CC) region are presented in
parts a−c, respectively, of Figures 4, and a summary of the data
obtained is given in Table 5.
A detailed analysis of redox-induced changes in the ν(CC)

stretching frequencies of metal diynyl and triynyl systems is far
more involved than for alkynyl derivatives because of the
multiple absorptions observed for the extended chain ligands
and is therefore not presented in the current discussion.
However, only small shifts in absorption frequencies were
observed following one-electron oxidation (for example in 1, all
the bands shift to higher wavenumber by just 6−7 cm−1) and
these small changes may reflect the largely metal-centered
redox process imposed by the Mo(L2)(η-C7H7) system.
The UV−visible spectra of the cycloheptatrienyl molybde-

num alkynyl complexes [Mo(CCR)(dppe)(η-C7H7)]
z+

exhibit distinctive visible region MLCT/LMCT charge transfer
bands involving the alkynyl ligand. For example, in the case of
[Mo(CCPh)(dppe)(η-C7H7)]

z+ (z = 0, 1), the neutral 18-
electron species exhibits a low-intensity MLCT band centered
at 18 900 cm−1, whereas in the 17-electron radical, a strong
LMCT (C2Ph → metal) band is observed around 16 500 cm−1,
giving rise to the intense blue coloration of the complex.7 In the
current investigation, the evidence for the related involvement
of extended chain, diynyl, and triynyl ligands in MLCT and
LMCT processes was examined. In view of the results of the IR
spectroelectrochemical investigations, UV−visible studies were
not made on H-terminated [4]z+ due to the limited stability of
the 17-electron radical. Table 6 summarizes experimental data
for complexes 1, 3, 5, and 6 together with the results of a TD-
DFT treatment (see later) of the H-chain-terminated model
complexes [Mo{(CC)nCCH}(L2)(η-C7H7)]

z+ to assist in
the assignment of the experimental spectra. The experimental
spectra for [3]z+, [6]z+, and [5]z+ are illustrated in parts a−c,
respectively, of Figure 5.

The dppe complexes [3]z+ and [6]z+ are discussed first since
these are free of additional absorptions arising from transitions
to the bpy π* level, characteristic of complexes [1]z+ and [5]z+.
As is evident from Figure 5a, the principal features of interest in
the spectra of [3]z+ are the absorptions at 17 390 and 19 690
cm−1 in the 17-electron radical, assigned with the aid of a DFT
treatment as LMCT bands involving the C4 chain. As the chain

Figure 4. IR spectra (ν(CC) region) obtained in a spectroelec-
trochemical cell (CH2Cl2/0.1 M nNBu4PF6) of (a) [Mo(CCC
CSiMe3)(bpy)(η-C7H7)]

z+ ([1]z+), (b) [Mo(CCCCSiMe3)-
(dppe)(η-C7H7)]

z+ ([3]z+), and (c) [Mo{(CC)2CCSiMe3}-
(bpy)(η-C7H7)]

z+ ([5]z+) (z = 0, 1).
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length increases to the hexatriynyl complexes [6]z+, in the 17-
electron radical, the absorption associated with the LMCT
process from the extended carbon chain appears as a broad,
weak feature shifted to higher energy (21 640 cm−1) by
comparison with the butadiynyl analogue.
The UV−visible spectrum of the 18-electron bpy complex 1

exhibits three strong absorptions in the visible region around
13 000, 19 000, and 22 000 cm−1. These features (which are
also present in the UV−visible spectrum of [MoBr(bpy)(η-
C7H7)]) are attributed to MLCT processes, arising principally
from transitions from the metal to the bpy π* level. In the
visible region of the spectrum of the 17-electron radical [1]+,
the strong MLCT features of the 18-electron complex are
replaced by two weaker absorptions centered around 18 700
and 20 900 cm−1, assigned as LMCT/LLCT transitions from

Table 5. Spectroelectrochemical Infrared Spectroscopic Data
for the Complexes [Mo{(CC)nCCR}(L2)(η-C7H7)]

z+ (z
= 0, 1) Measured in 0.1 M nNBu4PF6/CH2Cl2

ν(CC) (cm−1)

complex z = 0 z = 1

1 2151 (m), 2111 (m), 1991 (w) 2158 (w), 2117 (w), 1998
(m)

2 2151 (m), 2110 (m), 1987 (w) 2158 (w), 2116 (w), 1999
(m)

3 2153 (w), 2105 (sh), 2090 (m),
2063 (sh), 1976 (w)

2151 (vw), 2110 (vw), 2095
(vw), 1970 (m)

4 2098 (m), 1956 (w) 1952 (m)
5 2131 (m), 2106 (m), 1967 (s) 2146 (m), 1965 (vw)
6 2121 (m), 2092 (m), 1949 (s) 2138 (vw), 2114 (vw), 2103

(vw), 1934 (m)

Table 6. UV−Visible Dataa for Selected Members of the Series [Mo{(CC)nCCR}(L2)(η-C7H7)]
z+ (n = 1, 2; z = 0, 1)

z exptl transition/cm−1 (R = SiMe3) (ε/dm
3 mol−1 cm−1) calcd transition/cm−1 (R = H) (intensity) character of transition

[Mo(CCCCR)(dppe)(η-C7H7)]
z+ (3)

0 43 480 (20 060) 37 500 (0.087 5) Mo→dppe
32 790 (15 770) 34 400 (0.057 8) MoC4(C7H7)→dppe
28 490 (8 000), sh, 23 980 (4 000), sh 24 700 (0.046 1) MoC4(C7H7)→dppe
17 640 (800), vbr

+1 43 860 (18 700), 36 100 (13 970) 32 900 (0.069 6) dppe→MoC7H7

25 100 (0.068 7) C4→MoC7H7

19 690 (2 170), 17 390 (2 790) 20 000 (0.000 3) C4→MoC7H7

17 300 (0.003 7) C4→MoC7H7

16 800 (0.046 9) dppe/C4→MoC7H7

10 300 (0.002 2) C4→MoC7H7

[Mo{(CC)2CCR}(dppe)(η-C7H7)]
z+ (6)

0 43 860 (24 810) 36 400 (0.140 5) MoC6→dppe
38 290 (18 920) 32 750 (0.187) MoC6→dppe
29 790 (4 520), 26 000 (3 780) 23 800 (0.043 3) Mo→dppe
22 090 (890) 17 700 (0.001 6) Mo→C7H7

16 600 (0.002 3) MoC6→dppe/C7H7

+1 43 860 (22 740), 37 590 (16 850) 30 700 (0.158 1) MoC6→dppe
21 640 (1 120), vbr 23 950 (0.116 7) C6→MoC7H7

14 600 (0.073 4) C6→Mo
10 300 (0.009 8) C6→Mo

[Mo(CCCCR)(bpy)(η-C7H7)]
z+ (1)

0 40 980 (19 680) 44 500 (0.145 5) C7H7→bpy
34 840 (14 950) 36 900 (0.332 1) bpy→bpy
30 960 (8 490), sh 24 500 (0.091) C4→bpy
22 120 (2 920) 21 900 (0.029 1) Mo→C7H7

18 450 (2 450) 19 200 (0.023 6) Mo→bpy
12 870 (3 820) 13 800 (0.063 5) Mo→bpy

+1 43 670 (19 960) 38 500 (0.083) Mo→bpy
35 210 (11 990) 36 200 (0.092 4) MoC4→bpy
29 150 (4 000), sh 25 900 (0.060 6) MoC4→bpy
20 920 (1 200) 24000 (0.034 5) C4→Mo
18 730 (1 010) 15 600 (0.050 9) C4→Mo

[Mo{(CC)2CCR}(bpy)(η-C7H7)]
z+ (5)

0 43 600 (24 000) vbr 37 000 (0.303 1) C7H7→C6

33 440 (15 400) 32 600 (0.383 8) Mo→C7H7

26 870 (8 060), 21 200 (3 050), 18 820 (1 930) 23 600 (0.083 1) MoC6→bpy
12 690 (2 450) 13 700 (0.064 2) MoC6→bpy

+1 40 720 (19 840), 33 340 (12 380) 37 400 (0.207) MoC6→bpy
27 600 (5 850) 27 200 (0.085 8) MoC6→bpy

22 800 (0.080 5) MoC6→bpy
18 900 (1 150), 16 625 (1 020) 13 600 (0.080 6) C6→Mo

aνmax/ cm−1, (ε/ dm3 mol−1 cm−1) determined by spectroelectrochemical methods in 0.1 M nNBu4PF6/CH2Cl2
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the carbon chain to the metal center or bpy π* level in accord
with the predictions of the TD-DFT calculations. The pattern
of the visible region spectrum of [1]+ is almost identical with
that of the dppe analogue [3]+, except that the bands are blue-
shifted by ca. 1000 cm−1 in the bpy complex. As the chain
length is increased to the hexatriynyl complexes [5]n+, the key
features observed in the visible region of [1]n+ are retained,
including twin absorptions for the cation [5]+ (16 625, 18 900
cm−1), which are assigned to LMCT/LLCT processes from the
C6 chain to the metal center or bpy ligand.

EPR Investigations. As reported previously, 17-electron
radical cations of the type [MoX(L2)(η-C7H7)]

+ (L2 = bpy,
dppe) exhibit isotropic X-band EPR solution spectra with well-
resolved hyperfine couplings to 95/97Mo, 14N/31P, and 1H of the
cycloheptatrienyl ring.16,17 DFT electronic structure calcula-
tions on the alkynyl radicals [Mo(CCR)(dppe)(η-C7H7)]

+

reveal that spin density is located principally at the metal center
in a molecular orbital with significant metal dz2 character.7

However, some spin density does extend onto the alkynyl
ligand, as demonstrated experimentally by the observation of
hyperfine coupling to 19F in the 17-electron radical [Mo(C
CC6H4-4-F)(dppe)(η-C7H7)]

+.18 Therefore, in the current
work, direct experimental evidence for delocalization of spin
density onto the diynyl or triynyl chain was investigated by
exploiting the advantageous EPR characteristics of the Mo-
(L2)(η-C7H7) system.
Samples of the 17-electron radicals [1]+−[6]+ were

generated by in situ oxidation with [FeCp2]PF6 in CH2Cl2
followed by immediate cooling to 243 K (the optimum
temperature for resolution of isotropic hyperfine couplings in
complexes of this type).16 Although the radical [Mo(CCC
CH)(dppe)(η-C7H7)]

+ ([4]+) was difficult to observe in the
ambient-temperature spectroelectrochemical work, its stability
was enhanced by the low-temperature conditions employed for
the EPR studies. A full analysis of the EPR spectral parameters
for [Mo{(CC)nCCR}(L2)(η-C7H7)]

+ (confirmed by
simulation) is presented in Table 7, and representative EPR
spectra of [1]+, [3]+, and [4]+ (as second derivatives) are
illustrated in parts a−c, respectively, of Figure 6.

The spectra obtained are typical of those previously reported
for radicals of the type [MoX(L2)(η-C7H7)]

z+ (L2 = bpy, dppe),
with the main difference between the spectral patterns of the
bpy complexes [1]+, [2]+, and [5]+ and those of the dppe
complexes [3]+, [4]+, and [6]+ attributable to the much smaller
hyperfine coupling to 14N than to 31P. In fact, only in the case
of [1]+ was the hyperfine coupling sufficiently well resolved to
extract the aiso(

14N) parameter. To probe the delocalization of
spin density onto the carbon chain ligand, two strategies were
investigated. First, the effect of chain elongation on hyperfine
couplings to 95/97Mo, 14N/31P, and 1H was examined, with the
expectation that increased delocalization of spin density onto
the carbon chain would correlate with a reduction in hyperfine
coupling to 95/97Mo and possibly to 14N/31P and 1H of the
C7H7 ring. However, any effect of chain length on aiso values is
very small, with data for [6]+ very similar to those of the alkynyl
complex [Mo(CCPh)(dppe)(η-C7H7)]

+ (aiso(Mo) = 31 G;
aiso(

31P) = 22.6 G; aiso(
1H) = 4.3 G; CH2Cl2 solution spectrum,

243 K). The second approach was to observe directly hyperfine
coupling to the terminal H of the diynyl chain of [4]+.

Figure 5. UV−visible spectra obtained in a spectroelectrochemical cell
(CH2Cl2/0.1 M nNBu4PF6) of (a) [Mo(CCCCSiMe3)(dppe)(η-
C7H7)]

z+ ([3]z+), (b) [Mo{(CC)2CCSiMe3}(dppe)(η-C7H7)]
z+

([6]z+), and (c) [Mo{(CC)2CCSiMe3}(bpy)(η-C7H7)]
z+ ([5]z+)

(z = 0, 1).

Table 7. EPR Data for the 17-Electron Radicals [Mo{(C
C)nCCR}(L2)(η-C7H7)]

+a

aiso(Mo) aiso(
31P)/aiso(

14N) aiso(
1H) giso

[1]+ 38 2.1 4.6 (C7H7) 1.975
[2]+ 39 not obsd not obsd 1.972
[3]+ 32 22.8 4.3 (C7H7) 1.996
[4]+ 32 23.0 4.3 (C7H7), 1.9 (C4H) 1.996
[5]+ 38 not obsd not obsd 1.974
[6]+ 31 22.6 4.1 (C7H7) 1.995

aX-band solution spectra in CH2Cl2 at 243 K; hyperfine couplings in
gauss.
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Comparison of parts b and c of Figure 6 confirms the presence
of an additional coupling of 1.9 G resulting from the
substitution of SiMe3 in [3]+ with H in [4]+. The observation
of hyperfine coupling to the terminal H of the butadiynyl chain
in [4]+, which was repeatable with independently prepared
samples recorded on separate occasions, provides specific
experimental evidence for the delocalization of unpaired spin
density along the full length of the butadiynyl chain.
Synthetic Redox Chemistry. The spectroelectrochemical

investigations on the bipyridine complexes 1, 2, and 5 indicated
that the 17-electron radical cations might be stable species, and
therefore their isolation was attempted. Reaction of the
butadiynyl complex 1 or 2 with 1 equiv of [FeCp2]PF6 or
AgPF6 in CH2Cl2 at −40 °C resulted in a rapid change from
purple to orange and subsequent isolation of the products
[1]PF6 and [2]PF6 as orange solids following addition of
diethyl ether. Similarly, reaction of the hexatriynyl analogue 5
with 1 equiv of [FeCp2]PF6 in CH2Cl2 at low temperature
resulted in a rapid color change from purple to brown and the
17-electron radical [5]PF6 was isolated following precipitation

with diethyl ether. The identity of complexes [1]PF6, [2]PF6,
and [5]PF6, as examples of isolable, metal-stabilized butadiynyl
and hexatriynyl radicals, was confirmed by cyclic voltammetry
complementary to that of the relevant 18-electron precursor
and IR and EPR spectra identical with those obtained by
spectroelectrochemistry or by in situ chemical oxidation. In
addition to spectroscopic characterization, the structure of the
butadiynyl radical [1]PF6 has been verified by a single-crystal X-
ray study (see Table 3 for key bond lengths and angles).8

However, although complexes 1 and [1]PF6 comprise a
structurally characterized redox pair, the relatively low precision
of the data for [1]PF6 prevent a meaningful discussion of
redox-induced modifications in molecular geometry.
In contrast to the 2,2′-bipyridine systems, the 17-electron

radicals resulting from one-electron oxidation of the dppe
complexes 3 and 6 were not stable over extended time scales,
even with the SiMe3 protecting group at the carbon chain
terminus. As reported previously,8 reaction of 3 with [FeCp2]-
PF6 proceeds via Cβ−Cβ′ coupling of the 17-electron radical
intermediate [3]+ to give the C4-bridged, dimeric complex
[{Mo(dppe)(η-C7H7)}2{μ -CC(CCSiMe3)C(C
CSiMe3)C}][PF6]2 (Figure 7a). The Cβ−Cβ′ regiospecificity

of butadiynyl coupling observed for [3]+ contrasts with the
reaction between [Ru(CCCCSiMe3)Cl(dppe)2] and
[FeCp2]PF6, which leads to the formation of a bridged product
(Figure 7b) via a [2 + 2] coupling process centered at Cγ−Cδ.

19

Electronic Structure Calculations. The experimental
investigations described above demonstrate that the reactivity
of the 17-electron radicals [Mo{(CC)nCCR}(L2)(η-
C7H7)]

+ is consistent with some delocalization of spin density
onto the carbon chain ligand but is moderated by the identity
of R and L2. To rationalize the enhanced stability afforded by
the bpy supporting ligand and the specificity of carbon chain
centered reactivity shown by [Mo(CCCCSiMe3)(dppe)-
(η-C7H7)] ([3]

+), a DFT computational study was conducted
using the B3LYP functional with the LANL2DZ basis set for
Mo and 6-31g* for all other atoms. Four extended chain
complexes [Mo{(CC)nCCH}(L2)(η-C7H7)]

z+, 1-H, 4-H,
5-H, and 6-H, were investigated (Table 8) together with the
corresponding 17-electron radicals [1-H]+, [4-H]+, [5-H]+, and
[6-H]+. The computational systems are marked “-H” to
differentiate them from the experimental complexes and to
signify the H substituent at the carbon chain terminus. The

Figure 6. Fluid solution (CH2Cl2, 243 K), second-derivative X-band
EPR spectra of (a) [Mo(CCCCSiMe3)(bpy)(η-C7H7)]

+ ([1]+),
(b) [Mo(CCCCSiMe3)(dppe)(η-C7H7)]

+ ([3]+) and (c)
[Mo(CCCCH)(dppe)(η-C7H7)]

+ ([4]+) (expansion).

Figure 7. Products of redox-induced butadiynyl chain coupling: (a) 3
and [FeCp2]PF6; (b) [Ru(CCCCSiMe3)Cl(dppe)2] and
[FeCp2]PF6.
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known alkynyl complex [Mo(CCH)(dppe)(η-C7H7)]
20 was

also examined in the theoretical treatment as [7-H]z+ to
facilitate an extended comparison of the effect of increasing the
length of the carbon chain ligand. These calculations comple-
ment existing computational work carried out on [Fe(C
CCCH)(CO)2Cp] and [Ru{(CC)nCCR}(PH3)2Cp]

z+

(z = 0, 1),6 with the distinction that the complexes [Mo{(C
C)nCCR}(L2)(η-C7H7)]

z+ represent a discrete category of
electronic structure featuring an electron-rich metal center with
an attenuated interaction between the metal and carbon chain
ligand.
(i). Closed-Shell Systems [Mo{(CC)nCCH}(L2)(η-C7H7)].

Key metrical parameters from the DFT optimized geometries
of complexes 1-H, 4-H, 5-H, 6-H, and 7-H are summarized in
Table 9. The data for 4-H, 1-H, 5-H, and 6-H are in good
agreement with the crystallographically determined structures
for 4 and the SiMe3-substituted derivatives 1, 5, and 6,
respectively (see Table 3); in particular, the decrease in Mo−Cα
along the dppe series 7-H, 4-H, and 6-H accurately reflects the
trend observed experimentally for the But/SiMe3 analogues in
the sequence [Mo(CCBut)(dppe)(η-C7H7)], 3, and 6. The
energies and composition of the key orbitals (LUMO, HOMO,
and HOMO-1) are set out in Table 10, and Figure 8 illustrates
the plots of these frontier orbitals for 4-H and 5-H.
Before the specific effects of chain length and supporting

ligand L2 are discussed in detail, the general features common
to all of the systems investigated should be noted. The results
of the electronic structure calculations for [Mo{(CC)nC
CH}(L2)(η-C7H7)] are consistent with the previous DFT
treatment of the alkynyl complex [Mo(CCPh)(dppe)(η-
C7H7)], where the electronic structure is dominated by metal−
ring, π, and δ interactions, which in turn control the energy
ordering of the metal d orbital manifold.7 For the complexes
[Mo{(CC)nCCH}(L2)(η-C7H7)] the principal character
of the LUMO, HOMO, and HOMO-1 is unchanged
throughout the series. Thus, the LUMO is mostly centered
on the L2 support ligand, dppe or bpy, and, with the exception
of 6-H, possesses negligible carbon chain character. The
HOMO is strongly metal centered, based on the dz2 orbital,
which exhibits an antibonding interaction with the filled CC
π orbital of the carbon chain ligand (the z axis in these

complexes is directed along the axis connecting Mo with the
centroid of the C7H7 ring). In contrast, HOMO-1 features
significant ring and carbon chain contributions with the
combination of a strong metal−ring δ bond and a filled−filled
interaction between dxy and the CC π bond orthogonal to
that involved in the HOMO. The importance of the metal−ring
δ bond is highlighted by the substantial C7H7 ring contribution
(30−40%) to the composition of HOMO-1. This basic
description is then fine tuned by altering the carbon chain
length and L2 support ligand.
Considering first the effect of chain elongation, the members

of the dppe series 7-H (n = 0), 4-H (n = 1), and 6-H (n = 2)
provide a good basis for comparison. The key effect of
increasing chain length is to enhance the contribution of carbon
chain character to the HOMO and HOMO-1 with an
accompanying decrease in the metal and C7H7 character. For
example, comparison of the composition of the HOMO of 7-H
(n = 0) and 6-H (n = 2) reveals a shift in Mo(η-C7H7)/carbon
chain contribution from 78%/17% (7-H) to 61%/36% (6-H).
The composition of the LUMO is also modified with some
increase in carbon chain and Mo(η-C7H7) contribution at the
expense of the dppe ligand. Substitution of dppe by the bpy
support ligand primarily results in enhancement of the L2 ligand
character of the LUMO and HOMO. The LUMO of the
bipyridine complexes 1-H and 5-H is stabilized by ca. 1 eV by
comparison with the dppe analogues 4-H and 6-H, and its
composition is dominated by bpy character (83% (1-H), 84%
(5-H)) independent of carbon chain length. In the HOMO, in
contrast to the dppe complexes, significant L2 character is
retained; this increase in L2 composition is mainly derived from
a decrease in metal character.

(ii). 17-Electron Radicals [Mo{(CC)nCCH}(L2)(η-C7H7)]
+.

Key bond lengths from the DFT optimized geometries of the
17-electron radicals [1-H]+, [4-H]+, [5-H]+, [6-H]+, and [7-
H]+ are presented in parentheses in Table 9; the principal
effects of one-electron oxidation of these systems are a decrease
in Mo−Cα and a small increase in Mo−P or Mo−N consistent
with a decrease in Mo to L2 back-donation accompanying
reduction in electron density at the metal center. The energies
and composition of the key frontier orbitals (α-LUSO, β-
LUSO, β-HOSO, and α-HOSO) together with plots of these
orbitals for [4-H]+ and [5-H]+ are presented as Supporting
Information. To provide the best correlation between theory
and the experimental reactivity of the radicals [Mo{(C
C)nCCH}(L2)(η-C7H7)]

+, spin densities were determined as
summarized in Table 11; plots of unpaired spin density
distribution are shown in Figure 9.
As illustrated in Figure 9, in all of the systems examined, spin

density along the carbon chain follows an alternating pattern of
α and β spin. The coefficient of spin density decreases markedly

Table 8. Numbering System for the Calculated Model
Complexes [Mo{(CC)nCCH}(L2)(η-C7H7)]

z+

complex n L2
1-H 1 bpy
4-H 1 dppe
5-H 2 bpy
6-H 2 dppe
7-H 0 dppe

Table 9. Selected Bond Lengths (Å) for the Calculated Systems [Mo{(CC)nCCH}(L2)(η-C7H7)]
z+ (z = 1 Shown in

Parentheses)

complex 1-H ([1-H]+) 4-H ([4-H]+) 5-H ([5-H]+) 6-H ([6-H]+) 7-H ([7-H]+)

Mo−Cα 2.112 (2.059) 2.118 (2.063) 2.105 (2.049) 2.105 (2.050) 2.118 (2.063)
Cα−Cβ 1.236 (1.239) 1.240 (1.241) 1.241 (1.245) 1.245 (1.248) 1.240 (1.241)
Cβ−Cγ 1.365 (1.359) 1.364 (1.358) 1.352 (1.345) 1.350 (1.344)
Cγ−Cδ 1.218 (1.217) 1.219 (1.218) 1.230 (1.231) 1.231 (1.232)
Cδ−Cε 1.358 (1.353) 1.357 (1.353)
Cε−Cζ 1.218 (1.217) 1.218 (1.217)
Mo−N/Mo−P 2.178, 2.180 (2.238, 2.238) 2.517, 2.525 (2.580, 2.583) 2.182, 2.182 (2.236, 2.236) 2.521, 2.528 (2.580, 2.581) 2.517, 2.525 (2.580, 2.583)
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along the chain, with remoteness from the metal center such
that spin coefficients at Cε and Cζ in the triynyl complexes [5-
H]+ and [6-H]+ are relatively small. As discussed above, the
complexes [Mo{(CC)nCCH}(L2)(η-C7H7)]

z+ exhibit a
correlation between an increase in carbon chain length and
enhanced chain character of the HOMO (z = 0) or β-HOSO (z
= 1). However, the analysis presented in Table 11 indicates that
a related correlation does not extend to spin density
distribution. In the bpy complexes [1-H]+ and [5-H]+, the
partition of spin density between the Mo(L2)(η-C7H7) and
(CC)nCCR fragments is almost independent of chain
length, whereas in the dppe series [7-H]+, [4-H]+, and [6-H]+,

the peak in spin delocalization onto the carbon chain ligand is
observed for the butadiynyl complex [4-H]+. The significant
coefficient of spin density at Cδ (0.234) is consistent with the
observation of hyperfine coupling to the terminal H in the EPR
spectrum of the experimental system [4]+.
A key objective of the electronic structure calculations was to

rationalize the results of the synthetic redox chemistry of the
butadiynyl radicals [Mo(CCCCSiMe3)(L2)(η-C7H7)]

+

(L2 = bpy, [1]+; L2 = dppe, [3]+). The comparison of
experimental systems [1]+ and [3]+ with the calculated models
([1-H]+ and [4-H]+, respectively) represents an approximation,
because the SiMe3 protecting group of the experimental

Table 10. Energy and Composition of Frontier Orbitals in the Model Complexes [Mo{(CC)nCCH}(L2)(η-C7H7)]

complex orbital energy % Mo % C7H7 % L2 % Cα % Cβ % Cγ % Cδ % Cε % Cζ

7-H LUMO −0.73 11 22 66 0 1
HOMO −3.96 72 6 5 3 14
HOMO-1 −4.53 28 40 7 6 18

4-H LUMO −0.86 15 24 56 1 2 0 2
HOMO −4.05 62 6 4 4 13 1 10
HOMO-1 −4.54 20 33 6 10 16 2 13

6-H LUMO −1.09 18 26 29 5 5 3 6 1 6
HOMO −4.16 56 5 4 4 13 1 10 1 7
HOMO-1 −4.58 15 28 6 10 14 4 12 1 10

1-H LUMO −2.00 12 4 83 0 0 0 0
HOMO −4.15 50 4 18 5 13 1 10
HOMO-1 −4.63 16 33 3 13 16 3 15

5-H LUMO −2.12 11 4 84 0 0 0 0 0 0
HOMO −4.25 46 4 16 5 12 2 9 1 6
HOMO-1 −4.68 13 28 2 12 14 5 13 1 11

Figure 8. LUMO, HOMO, and HOMO-1 of 4-H and 5-H plotted as an isosurface of 0.04 au.
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systems is replaced by H in the calculated models. Nevertheless,
the spin density distribution calculated for [1-H]+ and [4-H]+

should act as a guide to the properties of [1]+ and [3]+.
Considering first the exceptional stability of the 17-electron bpy
radical [1]+, it is clear that the coefficients of spin density along
the carbon chain in the H-terminated bpy complex [1-H]+ are
relatively small by comparison with the dppe analogue [4-H]+.
This finding is consistent with experimental EPR hyperfine
coupling parameters (Table 7; [1]+, aiso(Mo) = 38 G, aiso(

1H)

(C7H7) = 4.6 G; [3]+, aiso(Mo) = 32 G, aiso(
1H) (C7H7) = 4.3

G) which indicate greater localization of spin density at the
MoL2(η-C7H7) center for the bpy derivative. The localization
of spin density at the metal center in [1-H]+ with a reduced
component on the butadiynyl chain provides some ration-
alization for the remarkable stability of the radical [1]+. The
second challenge is to explain the Cβ specificity of the
dimerization of [3]+ to afford a C4-bridged bis-
(alkynylvinylidene) complex (see Figure 7a). Inspection of
spin density along the butadiynyl chain of [4-H]+ reveals the
largest coefficient at Cβ (0.314). Although the spin density
coefficient at Cγ (0.234) is also substantial, in the experimental
system [3]+, this position is protected by the SiMe3 substituent
which may impede Cδ−Cδ′ radical−radical coupling. Moreover,
the preference for a vertical orientation of vinylidene
substituents in Mo(η-C7H7) complexes21 reduces steric
constraints to Cβ−Cβ′ coupling, whereas the more usual
horizontal arrangement of vinylidene substituents appears to
obstruct Cβ−Cβ′ coupling at sterically crowded metal centers.22

The specificity of Cβ−Cβ′ coupling of [3]
+ is therefore probably

a result of the complementary effects of a higher coefficient of
spin density at Cβ, steric protection of the Cδ site, and the
potential to accommodate sterically demanding substituents at
Cβ in the dimeric divinylidene product.23

Table 11. Spin Density Distribution in the Model Complexes
[Mo{(CC)nCCH}(L2)(η-C7H7)]

+

[7-H]+ [4-H]+ [6-H]+ [1-H]+ [5-H]+

Mo 1.166 0.988 1.015 1.023 0.999
Cα −0.128 −0.172 −0.124 −0.135 −0.120
Cβ 0.288 0.314 0.221 0.247 0.219
Cγ −0.134 −0.088 −0.095 −0.089
Cδ 0.234 0.135 0.166 0.143
Cε −0.034 −0.036
Cζ 0.047 0.051
∑ spin density
(carbon chain)a

0.16 0.24 0.16 0.18 0.17

C7H7 −0.256 −0.223 −0.192 −0.251 −0.240
P (dppe), N
(bpy)

−0.030,
−0.032

−0.024,
−0.024

−0.020,
−0.023

−0.019,
−0.019

−0.023,
−0.023

aSum of spin density on all carbons along C2 (Cα−Cβ), C4 (Cα−Cδ)
and C6 (Cα−Cζ) ligands.

Figure 9. Plots of spin densities for the model complexes [Mo{(CC)nCCH}(L2)(η-C7H7)]
+ shown as an isosurface of 0.04 au.
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■ CONCLUSIONS
The butadiynyl (n = 1) and hexatriynyl (n = 2) complexes
[Mo{(CC)nCCSiMe3}(bpy)(η-C7H7)] (n = 1, 2; bpy =
2,2′-bipyridine) and [Mo{(CC)nCCR}(dppe)(η-C7H7)]
(n = 1, R = H, SiMe3; n = 2, R = SiMe3; dppe =
Ph2PCH2CH2PPh2) have been prepared by a reaction sequence
starting from [MoBr(bpy)(η-C7H7)] and Li{(CC)nC
CSiMe3}. X-ray structural characterization of selected examples
experimentally establishes a decrease in the metal−Cα distance
as the chain length is increased. Each of the complexes
described exhibits a chemically and electrochemically reversible
one-electron-oxidation process (by cyclic voltammetry), and
the 17-electron radicals [Mo{(CC)nCCR}(L2)(η-C7H7)]

+

are sufficiently stable to observe by spectroelectrochemical (IR,
UV−visible) and EPR techniques. The unique electronic and
frontier orbital characteristics of the Mo(L2)(η-C7H7) auxiliary
permit fine tuning of the degree of interaction between the
metal center and carbon chain ligand. Moderation of spin
density located on the carbon chain in the 17-electron radicals
[Mo{(CC)nCCR}(L2)(η-C7H7)]

+ confers controlled re-
activity, thus facilitating spectroscopic characterization and
investigations on the further reaction chemistry of these
systems.

■ EXPERIMENTAL SECTION
General Procedures. The preparation, purification, and reactions

of the complexes described were carried out under dry nitrogen using
standard Schlenk techniques. The complexes [MoBr(bpy)(η-C7H7)]
and [MoBr(tBu2-bpy)(η-C7H7)] were prepared by published
procedures.17 The diyne Me3SiCCCCSiMe3 was purchased
from commercial sources, while the triyne Me3SiCCCCC
CSiMe3 was prepared by a published procedure.24 NMR spectra were
recorded from CD2Cl2 solutions unless otherwise stated, containing
trace amounts of CoCp2 to prevent accumulation of MoI species by
aerial oxidation, on Varian Inova 400 and Bruker Avance 400
spectrometers at room temperature and referenced against solvent
resonances (1H, 13C) or external H3PO4 (

31P). Infrared spectra were
obtained on Perkin-Elmer FT RX1 and Nicolet Avatar spectrometers.
Mass spectra were recorded using Thermo Quest Finnigan Trace GC/
MS and Thermo Electron Finnigan LTQ FT mass spectrometers.
MALDI mass spectra were recorded using a Micromass/Waters TOF
Spec 2E instrument. Microanalyses were conducted by the staff of the
Microanalytical Services of the School of Chemistry, University of
Manchester. Cyclic voltammograms were recorded (v = 100 mV s−1)
from 0.1 M nNBu4PF6/CH2Cl2 solutions ca. 1 × 10−4 M in analyte
using a three-electrode cell equipped with a Pt working electrode, Pt-
wire counter electrode, and Pt-wire pseudo reference electrode. All
redox potentials are reported with reference to an internal standard of
the ferrocene/ferrocenium couple (FeCp2/[FeCp2]

+ = 0.00 V). UV−
visible and IR spectroelectrochemical experiments were performed at
room temperature with an airtight OTTLE cell of Hartl design25

equipped with Pt-minigrid working and counter electrodes, a Ag-wire
reference electrode, and CaF2 windows using either a Nicolet Avatar
spectrometer or a Perkin-Elmer Lambda 900 spectrophotometer. EPR
experiments were conducted on a Bruker BioSPin EMX micro-
spectrometer at X-band (9 GHz); spectra were recorded at 243 K and
are the average of 16 scans. Spectral analysis and simulation was
carried out using Bruker WinEPR software (Bruker Biospin Ltd.).
Preparations. Preparation of [Mo(CCCCSiMe3)(

tBu2-bpy)(η-
C7H7)] (2). A solution of Me3SiCCCSiMe3 (1.04 g, 3.57 mmol) in
stirred, cooled (−78 °C) thf (25 cm3) was treated with MeLi−LiBr
(3.6 cm3 of a 1.5 M solution in diethyl ether), and the reaction mixture
was then warmed to room temperature over a period of 2 h. The
solution of LiCCCCSiMe3 so prepared was transferred to a
stirred solution of [MoBr(tBu2-bpy)(η-C7H7)] (2.00 g, 3.74 mmol) in
thf (30 cm3) at −78 °C. The solution was stirred at −78 °C for 30 min
and then warmed to room temperature, and the reaction was

continued for a further 2 h to give a red-purple solution. The entire
reaction mixture was then transferred to an alumina/n-hexane
chromatography column, and the product was eluted as a purple
band with n-hexane/CH2Cl2 (1/1). The band was collected, the
solvent was removed in vacuo, and the residue was recrystallized from
CH2Cl2/n-hexane to give 2 as a dark purple solid. Yield: 1.12 g (52%).
1H NMR: δ 0.00 (s, 9H, SiMe3), 1.40 (s, 18H, tBu, bpy), 4.85 (s, 7H,
C7H7), 7.17 (d, 2H, HB, bpy), 8.03 (s, 2H, HD, bpy), 9.03 (d, 2H, HA,
bpy). MALDI-MS (m/z): 578, [M]+. Anal. Calcd for C32H40MoN2Si:
C, 66.7; H, 6.9; N, 4.9. Found, C, 66.7; H, 7.1; N, 4.6.

Preparation of [Mo{(CC)2CCSiMe3}(bpy)(η-C7H7) (5). A
solution of Me3SiCCCCCSiMe3 (0.35 g, 1.82 mmol) in
stirred, cooled (−78 °C) thf (20 cm3) was treated with MeLi−LiBr
(1.2 cm3 of a 1.5 M solution in diethyl ether), and the reaction mixture
was then warmed to room temperature over a period of 2 h. The
solution of Li{(CC)2CCSiMe3} so prepared was transferred to a
stirred solution of [MoBr(bpy)(η-C7H7)] (0.70 g, 1.65 mmol) in thf
(30 cm3) at −78 °C. The reaction mixture was warmed to room
temperature (30 min), and the reaction continued for a further 4 h at
room temperature to give a red-purple solution. The entire reaction
mixture was then transferred to an alumina/n-hexane chromatography
column, and the product was eluted as a purple band with n-hexane/
CH2Cl2 (1/1). The band was collected, the solvent was removed in
vacuo, and the residue was recrystallized from CH2Cl2/n-hexane to
give 5 as a dark-purple solid. Yield: 0.20 g (25%). 1H NMR (CDCl3):
δ 0.01 (s, 9H, SiMe3), 4.82 (s, 7H, C7H7), 7.01 (m, 2H, HB, bpy), 7.36
(m, 2H, HC, bpy), 7.93 (d, 2H, HD, bpy), 9.05 (d, 2H, HA, bpy).
MALDI-MS (m/z): 490, [M]+. ES(+)-MS (m/z): calcd for
C26H24MoN2Si 490.0778; found 490.0768.

Preparation of [Mo{(CC)2CCSiMe3}(dppe)(η-C7H7)] (6). A
mixture of [Mo{(CC)2CCSiMe3}(bpy)(η-C7H7)] (0.47 g, 0.97
mmol) and dppe (0.58 g, 1.45 mmol) was refluxed in toluene (40
cm3). The initial purple reaction mixture became green-brown, and
after 3 h the solvent was removed. The residue was dissolved in
CH2Cl2 and transferred to a n-hexane/Celite chromatography column.
Elution with n-hexane/CH2Cl2 (10/1) gave a green-brown band,
which was collected and evaporated to dryness. The residue was
extracted with pentane and the extract filtered through Celite and then
evaporated to dryness to give 6 as a deep green solid. Yield: 0.39 g
(55%). 1H NMR: δ 0.00 (s, 9H, SiMe3), 1.91 (m, 2H, CH2), 2.32 (m,
2H, CH2), 4.66 (s, C7H7), 7.60, 7.30, 7.25, 7.15 (m, 20H, Ph).

31P{1H}
NMR: δ 62.2 (s, dppe). HR ES(+)-MS (m/z): calcd for
C42H40MoP2Si 732.1423; found 732.1437. Anal. Calcd for
C42H40MoP2Si: C, 68.9; H, 5.5. Found, C, 68.7; H, 5.6.

Preparation of [Mo(CCCCSiMe3)(bpy)(η-C7H7)]PF6 ([1]PF6). A
purple solution of [Mo(CCCCSiMe3)(bpy)(η-C7H7)] (1; 0.494
g, 1.06 mmol) in dichloromethane (20 cm3) was cooled to −40 °C
and treated with [FeCp2]PF6 (0.352 g, 1.06 mmol). After the mixture
was stirred for 1 h at −40 °C, the resulting orange-red solution was
warmed to room temperature and then filtered and reduced in volume
to 5 cm3 in vacuo. Addition of diethyl ether resulted in precipitation of
[1]PF6 as an orange-red solid. The crude product was washed with
toluene (2 × 10 cm3) and diethyl ether (1 × 10 cm3) and then
recrystallized from CH2Cl2/diethyl ether. Yield: 0.384 g (59%). HR
ES(+)-MS (m/z): calcd for C24H24MoN2Si 466.0767; found 466.0754.
Anal. Calcd for C24H24MoN2SiPF6: C, 47.3; H, 3.9; N, 4.6. Found: C,
46.1; H, 3.7; N, 4.3.

Preparation of [Mo(CCCCSiMe3)(
tBu2-bpy)(η-C7H7)]PF6

([2]PF6). A purple solution of [Mo(CCCCSiMe3)(
tBu2-bpy)(η-

C7H7)] (2; 0.340 g, 0.59 mmol) in dichloromethane (20 cm3) was
treated with AgPF6 (0.150 g, 0.59 mmol), resulting in a rapid color
change to orange-red. After it was stirred for 30 min, the solution was
filtered and reduced in volume to 5 cm3 in vacuo and diethyl ether was
added, resulting in the precipitation of [2]PF6 as an orange-red solid.
The crude product was washed with toluene (2 × 10 cm3) and diethyl
ether (1 × 10 cm3) and then recrystallized from CH2Cl2/diethyl ether.
Yield: 0.262 g (62%). MALDI-MS (m/z): 578, [M]+. Anal. Calcd for
C32H40MoN2SiPF6: C, 53.3; H, 5.5; N, 3.9. Found: C, 53.2; H, 5.7; N,
3.8.
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Preparation of [Mo{(CC)2CCSiMe3}(bpy)(η-C7H7)]PF6 ([5]PF6).
A purple solution of [Mo{(CC)2CCSiMe3}(bpy)(η-C7H7)] (5;
0.45 g, 0.91 mmol) in CH2Cl2 (10 cm3) was cooled to −40 °C and
treated with [FeCp2]PF6 (0.30 g, 0.91 mmol). After the mixture was
stirred for 1 h at −40 °C, the resulting brown solution was warmed to
room temperature and reduced in volume to 5 cm3 in vacuo. Addition
of diethyl ether resulted in precipitation of [5]PF6 as a brown solid.
Yield: 0.41 g (76%). IR (CH2Cl2): ν(CC) 2146 (m), 1965 (vw)
cm−1. MALDI-MS (m/z): 490, [M]+. HR ES+-MS (m/z): calcd for
C26H24N2SiMo 490.0758; found 490.0768.
Electronic Structure Calculations. All calculations were carried

out using the Gaussian 03 package.26 The model geometries discussed
were optimized using B3LYP,27 with no symmetry constraints. A
mixed basis set containing the pseudopotential LANL2DZ28 was used
for the Mo atom and the 6-31g* basis set29 for all other atoms.
Frequency calculations were carried out on the optimized geometries
at the corresponding levels and shown to have no imaginary
frequencies. Molecular orbital and TD-DFT computations were
carried out on optimized geometries at the appropriate level of
theory, and orbital contributions were generated with the aid of
GaussSum.30

X-ray Crystal Structures of [Mo(CCCCSiMe3)(dppe)(η-
C7H7)]·0.5(toluene) (3), [Mo{(CC)2CCSiMe3}(bpy)(η-C7H7)]
(5), and [Mo{(CC)2CCSiMe3}(dppe)(η-C7H7)]·0.5CH2Cl2 (6).
The majority of details of the structure analyses carried out on the

complexes 3·0.5(toluene), 5, and 6·0.5CH2Cl2, are given in Table 12.
Single crystals of the complexes were obtained as follows: 3, vapor
diffusion of pentane into a toluene solution of the complex to give
green blocks; 5, vapor diffusion of diethyl ether into a CH2Cl2 solution
of the complex to give brown plates; 6, vapor diffusion of pentane into
a CH2Cl2 solution of the complex to give green blocks. In all cases the
X-ray data were collected on an Oxford Diffraction XCalibur 2
diffractometer using graphite-monochromated Mo Kα (λ = 0.710 73
Å) radiation. Data collection, cell refinement, and data reduction were
carried out with Oxford Diffraction Ltd. CrysAlis CCD and CrysAlis
RED software; SHELXS-9731 was employed for computing the
structure solution and SHELXL-9732 for computing the structure
refinement. An empirical absorption “multiscan” correction was
applied. All structures were solved by direct methods with refinement
by full-matrix least squares based on F2 against all reflections. All non-
hydrogen atoms were refined anisotropically, and hydrogen atoms
were included in calculated positions. The asymmetric unit of 3
incorporates half a disordered molecule of toluene, with the other half

generated by inversion. H atoms of the toluene molecule were not
included. The anisotropic displacement parameters of the atoms C3S
and C5S of the toluene molecule were disordered and restrained, since
they tended to become unrealistic. Data for complex 5 were collected
at 220(2) K to avoid crystal fracture which occurred at lower
temperatures. The C6 chain and SiMe3 group of 5 were split and
constrained due to disorder of SiMe3; H atoms of the SiMe3 group
were not included in the refinement due to overlapping groups. In 6,
the asymmetric unit contains 0.5 CH2Cl2 solvent of crystallization and
the Cl atom was split into parts due to disorder. The H atoms of the
CH2Cl2 molecule have been omitted due to disorder.
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a b s t r a c t

Reaction of RuHCl(CO)(PPh3)3 with aryl alkynes HC^CC6H4R-4 [1: R¼ N(C6H4Me-4)2 (a), OMe (b), Me (c),
CO2Me (d), NO2 (e)] gives the five-coordinate vinyl complexes Ru(CH]CHC6H4R-4)Cl(CO)(PPh3)2 (2aee).
Reaction of 2awith excess PMe3 gives crystallographically characterised Ru{CH]CHC6H4N(C6H4Me-4)2-4}
Cl(CO)(PMe3)3 (3a), whilst reaction of 2aee with KTp affords Ru(CH]CHC6H4R-4)(CO)(PPh3)Tp (4aee)
bearing the facially capping Tp" ligand. Electrochemical and spectroelectochemical properties of 4aee
are consistent with substantial redox activity associated with the vinyl ligand, and these properties have
been satisfactorily modelled by DFT based calculations of electronic structure.

! 2012 Elsevier B.V. All rights reserved.

1. Introduction

The redox chemistry of Werner-style transition metal coordina-
tion complexes, [MLn], is usually governed by changes in the formal
metal oxidation state and occupation of frontier orbitals with
considerable metal d-orbital character. However, systems in which
redox character is more closely associated with changes in pop-
ulation of ligand-based orbitals have long been recognised, and
activity in the area has expanded from simple O2/O2#

"/O2
2" andNOþ/

NO#/NO" series through redox related families based on dithiolenes,
diimines, ortho-quinones to anexpansive rangeof largerheterocyclic
and macrocyclic ligands. The combination of redox active metals
with redox active ligands leads to considerable scope for ambiguity
in oxidation state assignments [1], giving rise to descriptions of
‘innocent’ (those that allow unambiguous assignment of metal
oxidation state) and ‘suspect’ ligands coined by Jorgensen [2]. In
more recent times, the description of ligands as ‘suspect’, has often
given way to descriptions in terms of ‘non-innocent’ behaviour,
although this term should be reserved for systems in which the
ligand has established redox activity, rather than the suspect

character noted in Jorgensen’s review. It is also implicit in these
descriptions that thebehaviourof the ligand is strongly influencedby
the nature of the metal fragment (metal and supporting ligands) to
which it is coordinated, and the same ligand may display redox
innocentornon-innocent behaviourdependingon the relative redox
potentials of the ligand and the supporting metal fragment, other
potentially redox active ligands and the synergistics- andp-forward
and back-bonding interactions [3e5]. Keeping the judicial parlance,
spectroscopic evidence is required to establish the redox guilt or
innocence of a ligand, often supported by quantum mechanical
calculations [6]. Nevertheless, the capacity for both ligand andmetal
to adjust their redox state has considerable implications for the
design of catalytic systems, with ligands used as electron reservoirs
or sinks to help shuttle electrons to a substrate [7e9].

Within the span of complexes in which redox activity can be well
described in terms of changes in metal (e.g. [Co(NH3)6]2þ/3þ) [10] or
ligand (e.g. [Cr(tBu2-bpy)3]3þ/2þ/1þ/0) [11] oxidation state lie
complexes of intermediate character inwhich the redoxactiveorbitals
have extensively mixed metal and ligand character. For this latter
group there exists considerable ambiguity in terms of the precise
oxidation states of either component [4]. However, the extensive
mixing of metaleligand character which complicates the assignment
of accurate integer oxidation states to a particular atomic centre in
a strongly delocalised molecular framework underpins many of the
fascinating optoelectronic properties of this class of metal complex
[12]. It has now been firmly established that ruthenium alkynyl
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complexes Ru(ChCR)(PP)Cp0 (P ¼ phosphine, PP ¼ bis(phosphine);
Cp0 ¼ Cp, Cp*) [13e15] and Ru(X)(ChCR)(PP)2 (X ¼ Cl, ChCR) [16]
feature such extensive mixing of the metal d and alkynyl ligand p-
orbitals. Vinyl complexes Ru(CH]CHR)Cl(CO)(PR03)2L (R¼Me, iPr, Ph;
L¼ vacant coordination site, PR03, pyridine donor ligand, CO, NCR, etc)
[17] also fall in this latter ‘delocalised’ category for R¼ H, But, Ph, and
exhibit increasing degrees of ligand redox character as the alkynyl or
vinyl ligand substituent R is made progressively lower and lower in
energy (e.g.1-naphthyl, 9-anthryl, ethynylphenyl) [18e20], andwhen
incorporated into bridging ligands spanning two strongly electron-
donating ruthenium fragments [21e28].

The complexes Ru(CH]CHR)Cl(CO)(PR03)2L, which are readily
prepared by insertion of an alkyne into the RueH bond in
RuHCl(CO)(PR03)n (n¼ 2, 3) [29] offer anentry point to awide rangeof
vinyl complexes through facile substitution reactions of the sup-
portingphosphineandchloride ligandsbyawiderangeofneutral and
anionic mono and bidentate ligands (Scheme 1) [30,31]. The binding
of the ligand trans to the vinyl ligand is weakened by the strong trans
influenceof thevinyl ligand, and in thecaseof bulkyphosphines, PR03,
the complexes are often isolated as the five-coordinate species
(L ¼ vacant site) [32e35], or exist as a mixture of the five- and six-
coordinate complexes (Scheme 1) [36]. The five-coordinate species
are convenient precursors to a range of derivatives through ligand
substitution reactions [37e44], giving considerable scope to tune the
metaleligand coordination sphere.

This considerable flexibility in the coordination sphere presents
awide range of interesting possibilities for fine-tuning the degree of
metal vs vinyl ligand redox character [5]; however, to date the vast
majority of investigations of the redox chemistry of rutheniumvinyl
complexes have been restricted to five-coordinate Ru(CH]CHR)
Cl(CO)(PiPr3)2 systems [17,18,21e23,45] or six-coordinate complexes
Ru(CH]CHR)Cl(CO)(PPh3)2L (L¼ 4-ethyl-isonicotinate) [18], Ru(CH]
CHR)(CO)(O2CR)(PiPr3)2 [18] and Ru(CH]CHR)Cl(CO)(PMe3)3
[28,46].

In this report, we describe efforts to further tune the electronic
character of the RueCH]CHR fragment through the preparation and
studyof the tris(pyrazolyl)borate (Tp") derivatives Ru(CH]CHC6H4R-
4)(CO)(PPh3)Tp. The tridentate tris(pyrazolyl)borate ligand occupies
a facially capping position on the octahedral (six-coordinate) metal
centre [43],whilst the retentionof theCO ligandprovidesaconvenient
n(CO) spectroscopic probe through which to assess the electron
densityat themetalcentre [17]. Thedetails of the syntheses, structures
and electrochemical properties of the complexes Ru(CH]CHC6H4R-
4)(CO)(PPh3)Tp (R ¼ N(C6H4Me-4)2, OMe, Me, CO2Me, NO2) are re-
ported together with UVeviseNIR and IR spectroelectrochemical
studies of [Ru(CH]CHC6H4R-4)(CO)(PPh3)Tp]nþ (n ¼ 0, 1). The
resulting descriptions of the redox character of the vinyl ligand are
supported by DFT calculations.

2. Results and discussion

2.1. Syntheses

The reaction of terminal aryl alkynes, HC^CC6H4R-4 [1:
R ¼ N(C6H4Me-4)2 (a), OMe (b), Me (c), CO2Me (d), NO2 (e)], with
RuHCl(CO)(PPh3)3 in CH2Cl2 proceeded smoothly to give the five-
coordinate complexes Ru(CH]CHC6H4R-4)Cl(CO)(PPh3)2 (2aee),
evidenced by the developing red colouration of the reaction
mixture (Scheme 2). Complex 2a was isolated as a red solid,
following a series of precipitations, and characterised by way of
example. The IR spectrum of 2a in CH2Cl2 solution features
a strong n(CO) band at 1932 cm"1, which compares with other
five-coordinate species Ru(CH]CHPh)Cl(CO)(PR03)2 (R0 ¼ Ph,
1927 cm"1; iPr,1911 cm"1) and reflects the relative sensitivity of the
n(CO) frequency to the electron-donating character of the PiPr3 and
PPh3 ligands, and relative insensitivity to the nature of the vinyl
ligand substituent [18]. In addition, the vinyl protons were identi-
fied from coupled resonances at 5.54 (d, JHH ¼ 13 Hz, RueCH]CH)
and 8.22 (dt, JHH ¼ 13 Hz, JHP ¼ 2 Hz, RueCH]CH), the latter being
additionally coupled to the two 31P nuclei of the phosphine ligands.
The trans-disposition of the phosphine ligands was evidenced
by the observation of a singlet in the 31P{1H} NMR spectrum at
d 29.5 ppm.

Reaction of red 2awith excess PMe3 gave the white complex Ru
{CH]CHC6H4N(C6H4Me-4)2-4}Cl(CO)(PMe3)3 (3a) (Scheme 2),
which is a further example of the mer-Ru(CH]CHR)Cl(CO)(PMe3)3
system [28,46e48]. The vinyl proton resonances at 6.53 and
7.90 ppm displayed additional couplings to the three phosphine
ligands, giving rise to a ddt pattern in each case, whilst in turn the
31P{1H} NMR spectrum was characterised by a AM2 pattern. The
observation of the n(CO) band at 1919 cm"1 is consistent with the
electronic trends of the supporting ligands. Further reaction of 2ae
e with the potassium salt of tris(pyrazolyl)borate (KTp) gave
complexes Ru(CH]CHC6H4R-4)(CO)(PPh3)Tp (4aee) bearing the
facially capping Tp" ligand [43,49] (Scheme 2). With the exception
of the orange-coloured NO2 substituted derivative 4e, these Tp
complexes were isolated as pale yellow or green coloured solids.
The choice of the Tp" ligand was inspired by the analogy with the
anionic cyclopentadienyl ligand that has been used to support
many half-sandwich ruthenium complexes [50]. The Cp" and Tp"

ligands are isoelectronic, six-electron donors, which usually coor-
dinate in a tridentate manner, and lead to similar chemistry [51e
54]. As KTp is a commercially available, air-stable solid, [Ru(CR]
CHR)(CO)(PPh3)Tp] complexes are somewhat more readily avail-
able than the isoelectronic Cp analogues [43], and were chosen for
studies of the electrochemical properties and electronic structure
of ruthenium vinyl complexes.

Scheme 1. A representative array of ligand substitution reactions associated with five-coordinate vinyl complexes Ru(CH]CHR)Cl(CO)(PR03)2.
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The presence of the Tp! ligand in the metal coordination
sphere was readily apparent from the usual series of multiplets
between 5.8 and 7.5 ppm arising from the pyrazoyl protons and
the BeH resonance in the 1H{11B} spectrum at 4.64 ppm. In the 13C
NMR spectrum, the carbonyl carbon was observed as a doublet
(JCP ¼ 15e17 Hz) near 207 ppm. The vinyl Ca carbon also gave rise
to a characteristic doublet (JCP w 14 Hz), the chemical shift of
which was rather more sensitive to the nature of the vinyl
substituent, and falling near d 160 ppm for 4a, 4b and 4c bearing
the more electron-donating groups, and at 171.3 (4d) and 179.2
(4e) for those with strongly electron-withdrawing substituents,
clearly demonstrating the effectiveness of conjugation through the
vinyl ligand. The IR spectra of 4aee were characterised in each
case by a n(CO) band which fell in the narrow range 1940e
1946 cm!1, whilst the n(BeH) band was observed between 2481
and 2485 cm!1. The 31P NMR spectra exhibited singlets between
49.4 and 51.3 ppm arising from the PPh3 ligand. The complexes
were further characterised by Atmospheric Solids Analysis Probe
(ASAP) ionisation mass spectrometry [54], which gave clean
spectra containing either the molecular ion, [M]þ, or the proton-
ated form, [M þ H]þ, and the structures confirmed by single
crystal X-ray diffraction studies.

Reaction of RuHCl(CO)(PPh3)3 with HC^CC6H4CN-4 (1f) typi-
cally proceeds to give a yellow solution, likely containing a poly-
meric species {Ru(CH]CHC6H4CN)(CO)(PPh3)2}n. Whilst we were
unable to conclusively characterise this species, on one occasion
addition of KTp gave small quantities of Ru(CH]CHC6H4CN-
4)(CO)(PPh3)Tp (4f), which was identified crystallographically and
found to be isostructural with 4c and 4e. In the absence of full
spectroscopic characterisation, and the capricious nature of the
synthesis, the results of the structure determination have been
included in the Supporting information but no further study of this
compound has been undertaken.

2.2. Molecular structures

Single crystals of 3a and 4beewere grown from CH2Cl2/hexane
(3a, 4b, 4c) or CH2Cl2/MeOH (4d, 4e). Plots of these molecules are
shown in Figs. 1e5, and crystallographic data and important bond
lengths and bond angles are summarised in the caption of Fig.1 and
Tables 1e3.

The metal centre in 3a exhibits a distorted octahedral geometry,
consistent with previous examples [28,46]. The vinyl ligand is co-
planar with the CO moiety (C(23)eRu(1)eC(1)eC(2) 9.7$),

Scheme 2. The preparation of 2aee, 3a and 4aee.

Fig. 1. A plot of a molecule of 3a, showing the atom-labelling scheme. Thermal ellipsoids in this and all subsequent figures are plotted at the 50% probability level. Selected bond
lengths (!A) and angles ($): Ru(1)eP(1) 2.3539(5); Ru(1)eP(2) 2.3919(4); Ru(1)eP(3) 2.3657(5); Ru(1)eCl(1) 2.4617(5); Ru(1)eC(23) 1.8602(19); Ru(1)eC(1) 2.1165(15); C(1)eC(2)
1.339(2); C(2)eC(3) 1.480(2); N(1)eC(6) 1.422(2); N(1)eC(9) 1.408(2); N(1)eC(16) 1.433(2); P(1)eRu(1)eP(2) 95.73(2); P(1)eRu(1)eCl(1) 86.11(2); P(1)eRu(1)eC(23) 94.16(5);
P(1)eRu(1)eC(1) 82.37(4); P(1)eRu(1)eP(3) 164.31(2).
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a feature common to the vinyl complexes described here and
elsewhere, and commented upon in more detail below. The
nitrogen centre is essentially planar, with the sum of angles at N(1)
360!, confirming the sp2 nature of this atom. The planes of vinyl
and phenyl (C3eC8) groups are not parallel (torsion angle C1eC2e
C3eC4 is 24.1!) and aromatic rings around N1 atom adopt the usual
“propeller” configuration.

Compounds 4bee crystallize in centrosymmetrical space groups
and therefore are racemic mixtures of two enantiomers. The Tp"

anion acts as a facial tridentate ligand occupying three coordination
sites, and hence the ruthenium metal centre exhibits a distorted
octahedral geometry. Within the series 4bee, the RueCO
[1.8273(19)e1.833(3) !A], RueP [2.3193(5)e2.3360(8) !A] and Rue
C(1) [2.038(3)e2.0582(19) !A] bond lengths are comparable with
those of related hydroruthenated compounds such as [Ru(CH]
CHC3H7)Cl(CO)(PPh3)2(Me2Hpz)] [RueCO; 1.79(1) !A, RueP;
2.319(3) !A, and RueCa; 2.05(1) !A] [55] and [{RuCl(CO)(PPh3)2(Py)
CH]CH}3C6H3-1,3,5] [RueCO; 1.809(10) !A, RueP; 2.397(2) !A, and
RueCa; 2.050(8)!A] [56]. There is little or no evidence for significant
quinoidal character within the phenylene portion of the molecule.

The strong trans influence of the s-vinyl ligand noted above also
causes an elongation of the RueN(5) distance. The vinyl ligand is
essentially planar, with the C(1)eC(2)eC(3)eC(4)/C(8) torsion angle
in the range 2.3e19.6!, although there are no obvious close inter-
molecular contacts that might account for the variation between

individual structures. The co-planar arrangement of the vinyl and
carbonyl ligands has been noted previously [43], and arises to maxi-
mise back-bonding interactions between the metal d-orbitals with
the vinyl and carbonyl p* systems [57]. This preferential bonding
situation that arises from a coplanar orientation of the carbonyl and
vinyl ligands results in a significant energy barrier to rotation about
the metal alkenyl bond, up to 10 kcal mol"1, which is significantly
higher than values found in simple organic alkene molecules, where
rotation is often less than 2 kcal mol"1 [58,59]. Although a simple
schematic MO description does not distinguish a preference for the
vinyl ligand cis or trans to the CO ligand, detailed NBO analysis on
related model systems suggests that the cis geometry is marginally
(<2 kcalmol"1) more stable [58]; steric effectsmay also play a role. It
is also possible to speculate that intra-molecular C(2)eH/p
(carbonyl) interactions may augment the preference of coplanar cis-
orientation of vinyl and carbonyl ligands (the corresponding
distances H/middle of CO are in range 2.49e2.82!A).

2.3. Electrochemistry

Despite the close relationships between Tp" and Cp" [60], and
the interest in the redox chemistry of both half-sandwich

Fig. 2. A plot of a molecule of 4b, showing the atom-labelling scheme.

Fig. 3. Plot of a molecule of 4c, showing the atom-labelling scheme.

Fig. 4. Plot of a molecule of 4d, showing the atom-labelling scheme.

Fig. 5. A plot of a molecule of 4e, showing the atom-labelling scheme.
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complexes bearing unsaturated ligands [20] and five and six-
coordinate vinyl complexes [17], the redox chemistry of Ru(CH]
CHC6H4R-4)(CO)(PPh3)Tp systems seems to have been barely
explored. The six-coordinate Tp! capped ruthenium vinyl
complexes 4aee all show one or two (4a) oxidation waves at
platinumworking electrodes in CH2Cl2/0.1 M NBu4BF4 at potentials
that reflect the electronic properties of the aryl substituent
(Table 4), but with some signs of slow electron transfer and
chemical decomposition of the cations. Similar complications have
been noted previously for Ru(CH]CHR)Cl(CO)(PMe3)3 derivatives
[28]. Complex 4e also has a reduction wave, reversible in CH2Cl2,
which can be readily assigned to the reduction of the nitrophenyl
moiety. The significant influence of the aryl ring substituent on the
electrochemical potentials in the series of complexes 4aee indi-
cates that the aryl group is likely closely associated with the redox-
active orbitals. At a glassy carbonworking electrode in NCMe/0.1 M
NBu4BF4 the electrochemical response was fully electrochemically
reversible at n ¼ 100 mV/s, with linear dependence of peak current
on n1/2, peak-to-peak separation comparable with that of the
internal ferrocene reference, and peak current ratios of unity.
However, for consistency with the spectroelectrochemical experi-
ments, which employ a cell with a Pt micromeshworking electrode,
voltammetric data from a Pt working electrode is reported here;
potential variations between the Pt and C electrodes are negligible.

2.4. IR spectroelectrochemistry

The n(CO) and n(BeH) bands provide convenient tools through
which to assess the structural and electronic changes that

accompany the variation in redox state using spectroelec-
trochemical methods [61]. Metal-based oxidations usually result in
a shift in n(C^O) of wþ100 cm!1, due to the substantial decrease in
metal-carbonyl back-bonding [62]. On oxidation of the complexes
4aee there is a shift in n(C^O) of ca.þ30e50 cm!1 (Table 5), which
compares with the ca.þ20e65 cm!1 that results from the oxidation
of closely related systems [Ru(CH]CHAr)Cl(CO)(PiPr3)2(L)]
(Ar ¼ Ph, pyrenyl; L ¼ 4-ethyl-isonicotinate, vacant coordination
site) and interpreted in terms of redox non-innocent vinyl ligands
[18]. In the present examples, the concept of a substantial degree of
ligand involvement in the redox process is supported by the small
shift in the n(BeH) of wþ15 cm!1, which indicates that the Tp!

ligand is hardly affected by the oxidation process. In addition, for 4d
the ester carbonyl also exhibited a small shift (ca. þ11 cm!1, n(CO)
1708e1719 cm!1) which compares with theþ3e5 cm!1 shift in the
isonicotinate ester bands upon oxidation of the five-coordinate
complexes [Ru(CH]CHR0)Cl(CO)(PiPr3)2(py)] (R0 ¼ But, Ph, 1-
pyrene, py ¼ 4-ethyl-isonicotinate) in which the ester reporting
group is connected via a pyridine ligand to the metal centre [18].
Consistent with the voltammetric data in CH2Cl2, a degree of
decomposition of the radical cations was evident in most
complexes, with a persistent band at ca. 1973 cm!1 being formed
with a concomitant decrease in the intensity of the parent
spectrum on back-reduction. Attempts to probe the dication
[4a]2þ were compromised by rapid decomposition of the sample
at the platinum mini-grid working electrode of the spectroelec-
trochemical cell.

Table 1
Crystal data and structure refinement for compounds 3a, 4be4f.

Complex 3a 4b 4c 4d 4e 4f

Empirical formula C32H47ClNOP3Ru C37H34BN6O2PRu C37H34BN6OPRu C39H36BCl2N6O3PRu C36H31BN7O3PRu C37H31BN7OPRu
Formula weight (g mol!1) 691.14 737.55 721.55 850.49 752.53 732.54
Crystal system Triclinic Orthorhombic Monoclinic Orthorhombic Monoclinic Monoclinic
Space group P ! 1 Pbca P 21/n Pca21 P21/n P21/n
a (!A) 11.5356(3) 15.1780(3) 12.3553(4) 17.9655(9) 12.2388(2) 12.3271(4)
b (!A) 12.9757(4) 18.1705(3) 17.5258(6) 13.7346(7) 17.7482(3) 17.7540(5)
c (!A) 13.3499(4) 24.3305(5) 15.5575(5) 15.5579(9) 15.5664(3) 15.5549(4)
a ($) 64.04(1) 90.00 90.00 90.00 90.00 90
b ($) 70.43(1) 90.00 90.66(1) 90.00 90.36(10) 90.19(1)
g ($) 78.61(1) 90.00 90.00 90.00 90.00 90.0
Volume (!A3) 1689.77(8) 6710.2(2) 3368.54(19) 3838.9(4) 3381.21(10) 3404.3(2)
Z 2 8 4 4 4 4
rcalc (mg/m3) 1.358 1.460 1.423 1.472 1.478 1.429
m (mm!1) 0.710 0.559 0.553 0.635 0.559 0.549
F(000) 720 3024 1480 1736 1536 1496
Reflections collected 30,109 98,899 44,956 30,441 42,882 38,474
Independent reflections/Rint 9862 8512/0.0626 9799/0.0607 10,183/0.0273 8573/0.0727 8972/0.0898
Data/restraints/parameters 9862/0/540 8512/0/569 9799/0/560 10,183/1/483 8573/0/450 8972/0/437
Goodness-of-fit on F2 1.064 1.069 1.026 1.047 0.986 0.976
Final R1 indices [I > 2s(I)] 0.0286 0.0361 0.0324 0.0380 0.0334 0.0409
wR2 indices (all data) 0.0344 0.0990 0.0820 0.1069 0.0847 0.0809

Table 2
Selected bond lengths for 4bee.

R OMe Me CO2Me NO2

Complex 4b 4c 4d 4e

Ru(1)eC(1) 2.049(3) 2.0582(19) 2.038(3) 2.044(2)
Ru(1)eP(1) 2.3249(6) 2.3193(5) 2.3360(8) 2.3315(6)
Ru(1)eN(1) 2.125(2) 2.1407(16) 2.121(2) 2.1368(19)
Ru(1)eN(3) 2.143(2) 2.1555(16) 2.167(3) 2.1504(19)
Ru(1)eN(5) 2.190(2) 2.1952(5) 2.179(2) 2.1879(18)
C(1)eC(2) 1.329(4) 1.342(3) 1.352(4) 1.338(3)
C(2)eC(3) 1.470(4) 1.474(3) 1.472(4) 1.466(3)
Ru(1)eCO 1.836(3) 1.8273(19) 1.833(3) 1.829(2)
CeO(1) 1.149(3) 1.153(2) 1.154(4) 1.154(3)

Table 3
Selected bond angles and dihedral angles for 4bee.

R OMe Me CO2Me NO2

Complex 4b 4c 4d 4e

C(9)eRu(1)eC(1) 91.03(11) 86.52(8) 88.72(12) 87.42(10)
C(9)eRu(1)eN(3) 174.77(9) 172.72(7) 174.54(12) 173.36(9)
C(1)eRu(1)eN(5) 169.78(9) 171.96(7) 171.04(10) 171.91(8)
C(9)eRu(1)eP(1) 92.61(8) 92.75(6) 93.37(10) 92.32(8)
C(1)eRu(1)eP(1) 94.11(7) 91.92(5) 92.78(8) 92.46(6)
N(1)eRu(1)eP(1) 175.47(6) 177.27(4) 174.19(7) 176.85(5)
C(2)eC(1)eRu(1) 134.0(2) 132.10(15) 134.3(2) 131.89(19)
C(1)eC(2)eC(3) 127.0(3) 127.02(19) 125.2(3) 126.9(2)
C(9)eRu(1)eC(1)eC(2) !8.53 !7.83 !5.52 7.89
Ru(1)eC(1)eC(2)eC(3) !173.40 173.57 !176.29 176.61
C(1)eC(2)eC(3)eC(8) 1.0 19.6 !2.5 18.3
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2.5. Electronic structure calculations

The use of DFT based calculations in support of electrochemical
and spectroscopic data to determine details of molecular electronic
structure is now firmly established [6,64], although correlation
problems continue to provide challenges for the design of appro-
priate functionals [65,66]. The computational models 4a0ee0 were
constructed using the same ligands as in the real complexes with
no symmetry constraints. The ‘prime’ nomenclature is used to
distinguish the computational and experimental systems. We have
found on previous occasions that B3LYP/3-21G* generally gives
computational results which are in good agreement with experi-
mentally determined structural and spectroscopic properties for
both ruthenium acetylide [20] and vinyl [28] complexes. However,
in the case of [4a0]n (n ¼ 0, þ1, þ2), [4b0]n (n ¼ 0, þ1), [4c0]n

(n ¼ 0, þ1), [4d0]n (n ¼ 0, þ1) and [4e0]n (n ¼ #1, 0, þ1), it proved
necessary to use the LANL2DZ basis set on Ru (3-21G* on all other
atoms) to obtain optimised structures free of imaginary frequen-
cies. There is very good agreement between the available crystal-
lographically determined structures of 4be4e and the DFT
optimised geometries, denoted 4a0e4e0 (Table 6), and also between
spectroelectrochemically observed and calculated n(C^O) and
n(BeH) frequencies (Table 5), although the n(BeH) values were
consistently over-estimated in the calculations.

The computed structures 4a0ee0 are remarkably consistent, with
little variation in response to the electronic character of the vinyl
ligand substituent despite the high degree of conjugation between
the metal and aryl moiety suggested by the almost coplanar
arrangement of the vinyl ligand, phenylene ring and substituent

(torsion angles: q¼ COeRueCaeCb; f¼ CaeCbeCipsoeCortho, Fig. 6).
For example, the Ca]Cb bond lengths in 4a0ee0 fall between 1.3504
and 1.3554!A, whilst the RueP bond length, which has been used as
a relatively sensitive structural probe of electron density at the
metal centre [67], falls in the small range 2.1423e2.1435 !A. This
structural invariance in the RueP bond length likely reflects the
stronger back-bonding character of the vinyl p* system which
competes with the phosphine for electron-density from the same
metal d-orbital. The computed and observed n(CO) frequencies also
display little variation across the series 4a0e4e0 and together these
structural and spectroscopic data suggest that there is little elec-
tronic influence of the ligand on the local electronic environment at
the metal centre.

In general, the HOMO is delocalised over the metal, vinyl moiety
and substituent. However, in the case of 4a0 the HOMO is rather
more heavily weighted on the triarylamine fragment, which is
consistent with the low oxidation potentials of triarylamines [68],
and it is the HOMOe1 which offers character similar to the HOMO
in the other members of the series. Plots of the HOMO, LUMO and
LUMOþ1 for 4b0 which are representative of the key molecular
orbitals across the series are given in Fig. 7, whilst orbital energies
and composition of selected important frontier orbitals are sum-
marised in Table 7, with more complete lists given in the
Supporting information. In the neutral systems 4b0ee0, the metallic
contribution to the HOMO and HOMOe1 is modestly sensitive to
the nature of the substituent, with vinyl ligand contribution and
HOMO energy greater for those systems bearing electron-donating
substituents (4b, 4c). Similarly significant contributions (67e84%)
of the vinyl ligand to the HOMOs in complexes [Ru(CH]CHAr)
Cl(CO)(PMe3)2] (Ar ¼ Ph, Py) have been computed by Winter and
his team [18]. Thus, in each case, the HOMO is predominately
comprised of a RueCH]CHeAr p-type system and can be termed
a “metaleligand” (ML) orbital (Fig. 7, Table 7). The corresponding
vinyl ligand p* system features an appreciably smaller metal
contribution (Fig. 7, Table 7) and can be designated a “ligand” (L)
orbital. The energy of this p* orbital is also sensitive to the elec-
tronic nature of the aryl substituent, and comprises the LUMO for
4d0 and 4e0, LUMOþ4 for 4a0 and LUMOþ8 for 4b0 and 4c0. For 4a0,
4b0 and 4c0 the LUMO is essentially a phosphine s*-orbital, with
contributions from the metal centre.

This description of the electronic structure is further supported
by the UVeviseNIR spectra of 4aee. The UVeviseNIR spectrum of
each complex 4aee is characterised by an intense absorption
envelope which decreases in energy 4b > 4a > 4c [ 4d [ 4e
(Fig. 8, Table 8) and assigned to the vinyl ligand pep* transition,
which may perhaps be better described as dpep* given the nature

Table 4
Electrochemical data for 4aee.a

Complex R E1/2/V

4ab N(C6H4CH3#4)2 0.00
4bc OMe 0.14
4c Me 0.24
4d CO2Me 0.40
4ed NO2 0.51

a Data acquired in 0.1 M NBu4BF4 in CH2Cl2 using a platinum working electrode,
platinum counter and reference electrodes at a scan rate of 100 mV s#1 and refer-
enced to FcH/[FcH]þ ¼ 0 V reported for comparison with spectroelectrochemical
experiments conducted under similar conditions.

b A reversible oxidation was observed at E1/2 0.39 V attributed to the oxidation of
the amine moiety.

c An irreversible oxidation was observed at Epa 0.64 V attributed to the oxidation
of the anisole moiety.

d A reversible reduction was observed at E1/2 #1.72 V for the nitro moiety.

Table 5
IR spectroelectrochemical data for [4aee]nþ (n ¼ 0, 1) in 0.1 M NBu4BF4 in CH2Cl2, and calculated frequencies from [4a0ee0]nþ (n ¼ 0, 1).a

R Neutral Cation

n(C^O)/cm#1 n(BeH)/cm#1 n(C^O) /cm#1 n(BeH) /cm#1 Dn(C^O)/cm#1 Dn(BeH)/cm#1

4a N(C6H4CH3-4)2 1940 2482 1973 2490 33 8
4a0b 1939 2550 1961 2573 22 23
4b OMe 1940 2481 1992 2497 52 16
4b0 1938 2550 1974 2581 36 32
4c Me 1942 2484 1995 2496 53 12
4c0 1939 2551 1980 2583 42 33
4dc CO2Me 1944 2482 1995 2496 51 14
4d0 1940 2552 1984 2446 45 34
4e NO2 1946 2485 1996 2500 50 15
4e0d 1942 2555 1990 2589 49 35

a A scaling factor of 0.98 applied to all calculated frequencies [63].
b LS-[4a0]2þ n(CO) 1988; n(BeH) 2596 cm#1; HS-[4a0]2þ n(CO) 1998; n(BeH) 2598 cm#1.
c Also n(COester): 4d 1708, [4d]þ 1719 cm#1; [4d0] 1696; [4d0]D 1698 cm#1.
d [4e0]# n(CO) 1927; n(BeH) 2531 cm#1.
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of the molecular orbitals. In addition, 4a features a characteristic
N(p)eAr(p*) transition envelope near 31,850 cm!1 [69]. These
suggestions are in agreement with the results of TD DFT calcula-
tions, the results of which are summarised in Table 8.

The orbital characteristics described for the neutral systems are
largely retained upon oxidation (Fig. 9, Table 9), although the a-
LUSO is essentially comprised of the vinyl ligand p* system
admixed with some metal character in each case, evidencing
a degree of electronic and structural relaxation on oxidation. The b-
HOSO is rather more metal in character (Table 9). In addition, the
metallic contribution to the b-LUSO is generally somewhat greater
than in the HOMO of the corresponding neutral system, although in
the case of [4a0]þ there is a substantial contribution from the tri-
arylamine moiety to this orbital and the amine group clearly is
important in stabilising the charge in this rather delocalised
system. The structural differences between the neutral complexes
4a0ee0 and the radical cations [4a0ee0]þ reflect the composition and
nodal properties of the HOMO (Fig. 7, Table 7) in 4a0ee0 and b-LUSO
in [4a0ee0]þ (Fig. 9, Table 9).

The calculated n(C^O) frequencies are in good agreement with
those observed from the spectroelectrochemical experiments, and
the small increase in frequency of the n(C^O) band upon oxidation
is consistent with small metal contribution to the b-LUSO. Spin
density calculations on the optimised geometries of [4a0ee0]þ

support these general conclusions, with the vinyl ligand support-
ing progressively more of the electron spin as the donating prop-
erties of the vinyl substituent increase (Fig. 10). As noted above

regarding the composition of the b-LUSO, the spin density distri-
bution in [4a0]þ reinforces the concept that the triarylamine moiety
plays an important role in stabilising the charge generated after
oxidation.

The computational methods also allow clarification of the
nature of the electrochemically observed species [4a]2þ and [4e]!.
The low-spin (singlet) dication [4a0]2þ, is calculated to lie some
0.16 eV lower in energy than the high-spin (triplet) state. The
optimised geometries of LS- and HS-[4a0]2þ (Table 6) are conve-
niently represented by the limiting valence bond descriptions given

Table 6
Selection of critical bond lengths from the crystallographically determined structures of 4b, 4c, 4d and 4e, and the corresponding bond lengths from the optimised geometries
of the model systems [4a0]n (n ¼ 0, þ1, þ2), [4b0]n (n ¼ 0, þ1), [4c0]n (n ¼ 0, þ1), [4d0]n (n ¼ 0, þ1) and [4e0]n (n ¼ !1, 0, þ1).

RueCa Ca ¼ Cb CbeCipso RueP RueN1 (trans phosphine) RueN3 (trans CO) RueN5 (trans vinyl)

4a0 2.0696 1.3513 1.4767 2.3742 2.1435 2.1814 2.2319
[4a0]þ 2.0090 1.3828 1.4361 2.4175 2.1490 2.1631 2.2142
LS-[4a0]2þ 1.9579 1.4180 1.4021 2.4564 2.1471 2.1470 2.1902
HS-[4a0]2þ 2.0526 1.3621 1.4694 2.4703 2.1431 2.1413 2.1642
4b 2.049(3) 1.329(4) 1.470(4) 2.3249(6) 2.125(2) 2.143(2) 2.190(2)
4b0 2.0717 1.3504 1.4786 2.3769 2.1423 2.1807 2.2338
[4b0]þ 1.9953 1.3871 1.4375 2.4377 2.1475 2.1577 2.2094
4c 2.0582(19) 1.342(3) 1.474(3) 2.3193(5) 2.1407(16) 2.1555(16) 2.1952(15)
4c0 2.0705 1.3505 1.4788 2.3773 2.1423 2.1799 2.2335
[4c0]þ 1.9944 1.3850 1.4439 2.4459 2.1540 2.1540 2.2068
4d 2.038(3) 1.352(4) 1.472(4) 2.3360(8) 2.121(2) 2.167(3) 2.179(2)
4d0 2.0655 1.3529 1.4736 2.3795 2.1428 2.1778 2.2312
[4d0]þ 1.9979 1.3824 1.4490 2.4526 2.1455 2.1488 2.2022
4e 2.044(2) 1.338(3) 1.466(3) 2.3315(6) 2.1368(19) 2.1504(19) 2.1879(18)
4e0 2.0601 1.3554 1.4686 2.3835 2.1432 2.1768 2.2277
[4e0]þ 2.0045 1.3775 1.4549 2.4597 2.1448 2.1474 2.1955
[4e0]! 2.0718 1.3596 1.4620 2.3774 2.1422 2.1797 2.2566

Fig. 6. A schematic representation of the torsion angles ($) q and f from the optimised
geometries 4a0ee0 .

Fig. 7. Plots of the HOMO, LUMO and LUMOþ8 for 4b0 . In this and the subsequent
figures, orbitals are plotted with contour values at %0.04 (e/bohr3)1/2.
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in Fig. 11. These simple descriptions are supported further by the
spin density distribution in the case of the open-shell system HS-
[4a0]2þ (Fig. 10). Thus, whilst the HS state is well described in terms
of localised Ru(III) and triarylamininum cations, the lower energy
LS state has a more delocalised electronic structurewhich would be
more in keeping with the description of the redox product in terms
of a doubly oxidised styrene, supported by the strongly electron-
donating {Ru(CO)(PPh3)Tp} and {N(C6H4Me-4)2} moieties. There
is little difference in the structures of 4e0 and [4e0]" (Table 6) and
analysis of the LUMO composition of 4e and spin density distri-
bution in [4e0]" suggests that electrochemical reduction of 4e can
be described entirely satisfactorily in terms of a NO2 based redox
event.

In the UVeviseNIR spectroelectrochemical studies, oxidation of
4bee to [4bee]þ causes a shift of the dpep* (or ML-LCT) transition
to lower energy by 5000e10,000 cm"1, with a new transition in the
NIR region near 10,000 cm"1 (1160e760 nm) (Fig. 8). These new,
low energy bands can largely be assigned to excitations from the
b-HOSO to the b-LUSO and therefore have more MLCT character.

With the exception of [4e]þ, the visible band corresponds to the
a-HOSO to a-LUSO excitation, admixed with excitations involving
a lower lying b-spin orbital and b-LUSO of similar composition
(Tables 8 and 9). The absorption band therefore arises from exci-
tations with essentially the same dpep* (ML-LCT) character as the
UV band in the neutral species. For [4e]þ, which carries the most
electronwithdrawing substituent, the visible band ismuch lower in
energy, weak, and hasmuchmore significantMLCTcharacter. In the
case of oxidation of 4a to [4a]þ both ML-LCT and N(p)eAr(p*)
transitions collapsed, reflecting the mixed metal/nitrogen char-
acter of the HOMO in 4a0 and the a- and b-HOSO and LUSO in [4a0]þ.

Table 7
Energy (eV) and composition (%) of selected frontier orbitals 4a0ee0 .

3(eV) %Tp %PPh3 %CO %Ru %CHCH %C6H4 %R

4a0 LUMOþ9 þ0.13 2 0 0 0 0 10 88
LUMOþ5 "0.19 55 21 15 7 1 1 0
LUMOþ4 "0.20 7 38 0 2 13 31 9
LUMOþ3 "0.39 11 64 4 6 5 8 2
LUMO "0.76 4 85 1 8 1 1 0
HOMO "4.31 1 1 0 9 17 25 47
HOMO"1 "5.10 5 2 0 30 19 9 36

4b0 LUMOþ10 þ0.63 3 1 3 2 0 91 0
LUMOþ8 þ0.38 21 12 5 6 18 36 2
LUMO "0.71 4 85 1 8 1 0 0
HOMO "4.47 3 2 0 22 33 33 8

4c0 LUMOþ8 þ0.28 32 15 1 4 13 33 1
LUMO "0.73 4 85 1 8 1 0 0
HOMO "4.64 4 2 0 28 35 30 1

4d0 LUMOþ1 "0.80 5 63 1 9 3 13 7
LUMO "0.91 2 24 1 3 13 38 19
HOMO "4.92 5 2 0 33 34 24 3

4e0 LUMOþ1 "0.98 5 82 2 10 1 0 0
LUMO "2.03 0 0 0 1 7 28 64
HOMO "5.21 6 2 0 37 32 20 3

Fig. 8. The UVeviseNIR spectra of 4b and [4b]þ obtained by spectroelectrochemical
methods (CH2Cl2/0.1 M NBu4BF4).

Table 8
Principal UVevis absorption bands [nmax/cm"1 ( 3/M"1 cm"1)] observed from 0.1 M
TBABF4 in CH2Cl2 solutions of [4aee]nþ (n ¼ 0, 1) and results of TD DFT calculations.

Complex R Wavenumber/cm"1,
[ 3/M"1 cm"1]

TD DFT excitations/cm"1

(oscillator strength) and
principal character

4a N(C6H4CH3"4)2 31,850 [27,530] 31,675 (f ¼ 0.2326)
HOMO / LUMOþ9

29,500 [32,300] 29,545 (f ¼ 0.3834)
HOMO / LUMOþ4
28,835 (f ¼ 0.2331)
HOMO / LUMOþ5
27,609 (f ¼ 0.1860)
HOMO / LUMOþ3

[4a]þ 20,530 [18,250] 23,580 (f ¼ 0.2276)
a-HOSO / a-LUSO
b-HOSO-17 / b-LUSO

8640 [20,350] 9875 (f ¼ 0.5151)
b-HOSO / b-LUSO

4b OMe 33,560 [20,270] 35,644 (f ¼ 0.1791)
HOMO / LUMOþ8
HOMO / LUMOþ10

[4b]þ 23,420 [13,200] 27,226 (f ¼ 0.4696)
a-HOSO / a-LUSO
b-HOSO-17 / b-HOSO

12,220 [6240] 13,496 (f ¼ 0.1233)
b-HOSO-5 / b-LUSO
b-HOSO / b-LUSO
11,302(f ¼ 0.1397)
b-HOSO / b-LUSO

4c CH3 32,900 [18,570] 36,144(f ¼ 0.2991)
HOMO / LUMOþ8

[4c]þ 24,390 [3270] 27,771 (f ¼ 0.3614)
a-HOSO / a-LUSO
b-HOSO-17 / b-LUSO

13,040 [1070] 13,198 (f ¼ 0.1311)
b-HOSO / b-LUSO

4d CO2Me 27,930 [31,960] 29,606 (f ¼ 0.5414)
HOMO / LUMO
HOMO / LUMOþ1

[4d]þ 22,320 [2190] 25,500 (f ¼ 0.0537)
a-HOSO / a-LUSO
b-HOSO-19 / b-LUSO

13,120 [700] 12,744 (f ¼ 0.1267)
b-HOSO / b-LUSO

4e NO2 22,830 [28,750] 23,757 (f ¼ 0.4830)
HOMO/LUMO

[4e]þ 16,050 [4020] 14,085 (f ¼ 0.0940)
b-HOSO-3 / b-LUSO

12,800 [1070] 12,230 (f ¼ 0.0695)
b-HOSO / b-LUSO
b-HOSO-1 / b-LUSO
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3. Conclusions

The studies described above have shown that the vinyl ligand in
the complexes [Ru(CH]CHC6H4R-4)(CO)(PPh3)Tp]nþ (n ¼ 0, 1) is
significantly involved in both the HOMO of the neutral complexes
and the b-LUSO of the monocations. Thus, the suspicions con-
cerning the nature of redox products derived from five- and six-
coordinate vinyl ligands raised by Winter are confirmed here for

Tp# supported complexes. The involvement of the vinyl ligand in
the redox-active orbitals is reflected in the sensitivity of the
oxidation potential E1/2 to the electronic character of the vinyl
ligand substituent, and the relatively small positive shift of the
n(C^O) frequencies that accompany oxidation of 4aee, which is
also reproduced in frequency calculations. UVeviseNIR spec-
troelectrochemistry, spin density calculations and analysis of the
frontier molecular and spin orbitals are also consistent with this
description in terms of a significant contribution of the vinyl ligand
to the oxidation event. The relative contribution of metal atom and
vinyl ligand to the frontier orbitals is sensitive to the vinyl ligand
substituent, permitting a degree of tuning of the electronic
structure.

4. Experimental

4.1. General conditions

All reactions were carried out under an atmosphere of nitrogen,
using standard Schlenk techniques. Reaction solvents were purified
and dried using an Inovative Technology SPS-400, and degassed
before use. No special precautions were taken to exclude air during
the workup. Compounds RuHCl(CO)(PPh3)3 [70], 1d and 1e [71]
were prepared by literature methods. 1a was prepared by desily-
lation of Me3SiC^CC6H4N(C6H4Me-4)2 [72]. Other reagents were
purchased (SigmaeAldrich) and used as received.

The NMR spectra were recorded on a 400 MHz Bruker Avance
spectrometer from deuterated chloroform solutions and referenced
against residual protio solvent resonances (CHCl3: 1H 7.26 ppm; 13C
77.0 ppm) or external phosphoric acid. In 13C NMR assignments, the
carbons on the aromatic ring are labelled C1eC4 from the ethynyl
substituent, and C5eC8 for the tolyl ring carbons in 2a, 3a and 4a
fromtheN centre. The carbons on thephosphine ligands are labelled
Ci, Co, Cm, Cp relative to the P centre. IR spectra were recorded using
a Thermo 6700 spectrometer from CH2Cl2 solutions in a cell fitted
with CaF2 windows. MALDI-mass spectra of organometallic
complexes were recorded using Autoflex II TOF/TOF mass spec-
trometer (Bruker Daltonik, GmbH) equipped with a 337 nm laser.
Samples in CH2Cl2 (1 mg/ml) were mixed with a matrix solution of

Fig. 9. Plots of the (a) a-HOSO (b) a-LUSO (c) b-HOSO and (d) b-LUSO for [4d0]þ.

Table 9
Energy (eV) and composition (%) of selected spin orbitals [4a0e4e0]þ.

3(eV) %Tp %PPh3 %CO %Ru %CH]CH %C6H4 %R

[4a0]þ a-LUSO #3.45 2 3 1 4 29 50 12
b-LUSO #6.05 2 1 0 18 23 29 26
a-HOSO #7.35 3 1 0 13 19 29 36
b-HOSO #7.70 10 1 0 29 8 13 39
b-HOSO-17 #9.59 45 11 1 7 5 10 21

[4b0]þ a-LUSO #3.70 2 7 1 5 39 42 4
b-LUSO #6.49 4 2 0 31 30 27 6
a-HOSO #8.08 4 2 0 16 26 40 12
b-HOSO #8.58 28 3 1 27 8 24 10
b-HOSO-5 #9.29 22 37 3 28 3 5 3
b-HOSO-17 #10.64 33 3 2 21 31 7 4

[4c0]þ a-LUSO #3.81 3 8 2 5 39 42 1
b-LUSO #6.65 5 2 0 37 30 24 1
a-HOSO #8.39 6 2 0 17 29 43 3
b-HOSO #8.84 35 5 1 22 11 24 2
b-HOSO-17 #10.87 24 11 2 18 30 13 2

[4d0]þ a-LUSO #4.19 2 2 1 4 31 48 12
b-LUSO #6.84 6 2 0 41 28 20 2
a-HOSO #8.64 7 2 0 17 30 39 4
b-HOSO #9.02 38 7 1 19 13 21 2
b-HOSO-19 #11.01 22 14 2 17 28 14 3

[4e0]þ a-LUSO #4.92 1 0 0 2 13 34 49
b-LUSO #7.13 8 2 0 46 25 16 3
a-HOSO #9.00 10 3 0 18 31 35 3
b-HOSO #9.28 46 9 1 19 11 12 1
b-HOSO-1 #9.32 55 14 3 20 4 4 0
b-HOSO-3 #9.50 12 74 1 6 3 4 0
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trans-2-[3-(40-tert-butylphenyl)-2-methyl-2-propenylidene]malo-
nonitrile (DCTB) in a 1:9 ratio, with 1 ml of mixture spotted onto
a metal target prior to exposure to the MALDI ionization source.
Accuratemassmeasurementswere recordedwith a Xevo QToFmass
spectrometer (Waters Ltd, UK) equipped with an Agilent 7890 GC
(Agilent Technologies UK Ltd, UK). Exact mass measurements uti-
lised a lock-mass correction to provide <3 mDa precision. Exact
mass measurement used Elemental Composition version 4.0
embedded within MassLynx 4.1 (Waters Ltd, UK).

Electrochemical analyses were carried out using an EcoChemie
Autolab PG-STAT 30 potentiostat, with platinumworking, platinum
counter and platinum pseudo reference electrodes, from solutions
in CH2Cl2 containing 0.1 NBu4BF4, n ¼ 100e800 mV s"1. All redox
potentials are reportedwith reference to an internal standard of the
ferrocene/ferrocenium couple (FcH/FcHþ ¼ 0.0 V) [73]. Spec-
troelectrochemical measurements were made in an OTTLE cell of

Hartl design [74], from CH2Cl2 solutions containing 0.1 M NBu4BF4
electrolyte. The cell was fitted into the sample compartment of the
Nicolet Avatar, Thermo 6700, Thermo Array UVeVis or Perkine
Elmer Lambda 900 spectrophotometer and electrolysis in the cell
was performed with a PGSTAT-30 potentiostat.

The single-crystal X-ray data were collected at 120.0(2)K on
a Bruker SMART-CCD 1K (compound 4f) and Bruker SMART CCD
6000 (all other compounds) diffractometers (lMo-Ka, l¼ 0.71073!A,
u-scan, 0.3$/frame) equipped with Cryostream (OxfordCryosys-
tems) open-flow nitrogen cryostat. The data for 4be4e were cor-
rected for absorption using SADABS (4b and 4d) and face-indexed
numerical absorption correction procedures. The structures were
solved by direct method and refined by full-matrix least squares on
F2 for all data using SHELXTL [75] and OLEX2 [76] software. All non-
hydrogen atoms were refined with anisotropic displacement
parameters, H-atoms were located on the difference map and
refined isotropically in structures 3a, 4b and 4c, while in the rest of
the structures the hydrogen atoms were placed in calculated posi-
tions and refined in riding mode. The crystallographic and refine-
ment parameters are given in Supporting information.

4.2. Syntheses

4.2.1. Preparation of Ru{CH]CHC6H4N(C6H4Me-4)2-4}Cl(CO)(PPh3)2
(2a)

To a suspension of RuHCl(CO)(PPh3)3 (0.20 g, 0.210mmol) in dry
CH2Cl2 (8 ml) was added (MeC6H4)2N(C6H4C^CH) (0.08 g,
0.250 mmol). The reaction was stirred for 40 min after which the
solvent was removed. Addition of hexane (6 ml) to the red residue
dissolved in CH2Cl2 (1 ml) led to the formation of a pink powder. A
red powder was produced from CH2Cl2 (2 ml) andmethanol (10ml)
and dried under vacuum (0.16 g, 79%). Precipitation by CH2Cl2 and
diethylether gave the analytically pure sample (67 mg, 22%). 1H
NMR: d 2.30 (s, 6H, CH3), 5.54 (d, 3JHH ¼ 13 Hz, RuCH]CH), 6.62 (d,
3JHH ¼ 8 Hz, Ar), 6.80 (d, 3JHH ¼ 8 Hz, Ar), 6.96 (d, 3JHH ¼ 8 Hz, 4H,
AreMe), 7.04 (d, 3JHH ¼ 8 Hz, 4H, AreCH3), 7.35e7.58 (m, 30H,
PPh3), 8.22 (dt, 3JHH ¼ 13 and 4JHP ¼ 2 Hz, 1H, RuCH]CH). 13C NMR:
d 20.9 (s, Me), 123.2 (C2/3), 124.3 (C6/7), 125.2 (C2/3), 128.5 (t,
3JCP¼ 5 Hz, Cm/m0), 129.9 (C6/7), 130.3 (s, Cp/p0), 132.0 (d, 1JCP¼ 16 Hz,
Ci/i0), 132.2 (s, C8), 133.4 (s, C4), 134.4 (t, 2JCP ¼ 5 Hz, Co/o0), 135.4 (t,
4JCP ¼ 3 Hz, Rub), 144.2 (t, 3JCP ¼ 12 Hz, Rua), 144.9 (s, C1), 145.7 (s,
C5), 201.8 (unresolved, CO). 31P NMR: d 29.5. IR (CH2Cl2): n(CO)
1932 cm"1. MALDI(þ)-MS: 987.2 [M]þ.

4.2.2. Preparation of Ru{CH]CHC6H4N(C6H4Me-4)2-4}Cl(CO)(PMe3)3
(3a)

To a suspension of RuHCl(CO)(PPh3)3 (0.10 g, 0.105 mmol) in dry
CH2Cl2 was added (MeC6H4)2N(C6H4C^CH) (0.03 g, 0.105 mmol).
The reaction was stirred for 30 min and then PMe3 was added

Fig. 10. A summary of the spin density distribution in [4a0ee0]þ and HS-[4a0]2þ.

Fig. 11. Valence bond descriptions of LS- and HS-[4a0]2þ.
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(0.07 ml, 0.630 mmol) and the reaction stirred for a further 12 h.
The solvent was removed via Schlenk techniques and the resultant
oil triturated with hexane to produce a light yellow powder. Puri-
fication by preparative TLC using hexane and acetone (70:30)
produced a white powder (0.05 g, 67%). Crystallisation from CH2Cl2
layered with hexane by slow diffusion gave crystals suitable for X-
ray diffraction. 1H NMR: d 1.40 (t, 4JHH ¼ 4 Hz, 18H, PMe3), 1.47 (d,
4JHH ¼ 8 Hz, 9H, PMe3), 2.29 (s, 6H, Me), 6.47e6.53 (unresolved ddt,
1H RuCH]CH), 6.93 (d, 3JCP ¼ 8 Hz, 2H, Ar), 6.98 (d, 3JCP ¼ 8 Hz, 4H,
Ar), 7.03 (d, 3JCP ¼ 8 Hz, 4H, Ar), 7.17 (d, 3JCP ¼ 8 Hz, 2H, Ar), 7.87e
7.94 (ddt, 3JHH ¼ 20 Hz, 3JH"P(trans) ¼ 8 Hz, 3JHP ¼ 4 Hz, 1H, RuCH]
CH). 13C NMR: d 17.0 (td, 1JCP ¼ 15 and 3JCP ¼ 3 Hz, PMe3), 20.5 (dt,
1JCP ¼ 20 Hz, 3JCP ¼ 3 Hz, PMe3), 21.1 (s, Me), 124.1 (s, C6/7), 124.2 (s,
C2/3), 125.3 (s, C2/3), 130.0 (s, C6/7), 131.8 (s, C8), 134.6 (t, 3JCP ¼ 4 Hz,
Cb), 136.8 (dt, 4JCP (trans)¼ 8 and 4JCP¼ 3 Hz, C1),144.7 (s, C4),146.1 (s,
C5), 163.3 (dt, 2JCP (trans) ¼ 77 Hz, 2JCP ¼ 18 Hz, Ca), 202.8 (q,
2JCP ¼ 12 Hz, CO). 31P NMR: d "6.82 (d, J ¼ 23 Hz, PMe3), "18.63 (t,
J¼ 23 Hz, PMe3). IR (CH2Cl2): n(CO) 1919 cm"1. MALDI(þ)-MS: 615.1
[M " PMe3]þ, 587.1 [M " PMe3 " CO]þ.

4.2.3. Preparation of [{Ru(CO)(PPh3)Tp}(CH]CHC6H4N(C6H4Me)2)]
(4a)

To a suspension of RuHCl(CO)(PPh3)3 (0.30 g, 0.315 mmol) in dry
CH2Cl2 (10 ml) was added (MeC6H4)2N(C6H4C^CH) (0.11 g,
0.377 mmol). The reaction was allowed to stir for 30 min and then
KTp (0.16 g, 0.631 mmol) was added. After 18 h, the yellow green
solution was filtered through Celite, and the solvent removed. The
residue was redissolved in the minimum amount of CH2Cl2 (1 ml)
and methanol (8 ml) was added to produce a yellow precipitate.
Purification by preparative TLC using CH2Cl2 and hexane (35:65)
gave a light yellow powder (0.60 g, 21%). 1H NMR: d 2.31 (s, 6H, Me),
5.92 (t, 3JHH ¼ 2 Hz, Tp), 5.91 (t, 3JHH ¼ 2 Hz, Tp), 6.09 (unresolved t,
1H, Tp), 6.36 (d,1H, 3JHH¼ 16 Hz, RuCH]CH), 6.80 (dd, 3JHH¼ 8 and
4JHP ¼ 4 Hz, 2H, 2$ Tp), 6.94 (d, 3JHH ¼ 8 Hz, 2H, Ar), 6.99 (m, 10H,
2H Ar and 8H Ar0), 7.10e7.15 (m, 6H, PPh3), 7.21e7.26 (m, 6H, PPh3),
7.34e7.38 (m, 3H, PPh3), 7.58 (unresolved triplet, 1H, Tp), 7.70 (dd,
3JHH ¼ 17 and 4JHP ¼ 2 Hz, 2H, 2$ Tp), 7.34 (m, 1H, Tp), 8.08 (dd,
3JHH ¼ 16 and 3JHP ¼ 4 Hz, 1H, RuCH]CH). 13C NMR: d 21.1 (s, Me),
105.2 (d, J¼ 2 Hz, Tp), 105.3 (s, Tp),105.3 (s, Tp),123.7 (s, C6/7), 124.5
(s, C2/3), 125.1 (s, C2/3), 128.0 (d, 3JCP ¼ 9 Hz, Cm/m0), 129.7 (s, C6/7),
129.8 (d, 4JCP ¼ 3 Hz, Cp/p0), 131.4 (s, C8), 133.1 (d, 1JCP ¼ 44 Hz, Ci/i0),
134.2 (d, 2JCP¼ 9 Hz, Co/o0), 134.5 (d, J¼ 3 Hz, Tp), 135.0 (s, Tp), 135.3
(s, Tp), 136.2 (s, Cb), 137.0 (s, C1), 142.8 (s, Tp), 142.9 (s, Tp), 144.0 (s,
Tp), 144.1 (s, C4), 146.1 (s, C5), 160.5 (d, 2JCP ¼ 12 Hz, Ca), 206.9 (d,
2JCP ¼ 17 Hz, CO). 31P NMR: d 49.4. IR (CH2Cl2): n(CO) 1940, n(BH)
2482 cm"1. MALDI(þ)-MS: 903.2 [M]þ. HR ASAP MS (m/z):
897.2664 C50H46BN7OPRu requires 897.2707.

4.2.4. Preparation of [{Ru(CO)(PPh3)(Tp)}(CH]CHC6H4OMe-4)]
(4b)

To a suspension of RuHCl(CO)(PPh3)3 (0.100 g, 0.105 mmol) in
CH2Cl2 (6 ml) was added 1-ethynyl-4-methoxybenzene (0.07 ml,
0.524 mmol). The solution turned red and was stirred for 30 min.
KTp (0.080 g, 0.315mmol) was added and the solution turned green
over the course of an hour. The solution was then filtered through
Celite and the solvent removed. The residual solid was re-dissolved
in CH2Cl2 (2 ml), hexane was added (4 ml) and some solvent
removed. A light green powder was collected by filtration and dried
under vacuum (0.036 g, 43%). Crystals suitable for X-ray diffraction
were obtained from the slow diffusion of hexane into a solution of
CH2Cl2. 1H NMR: d 3.78 (s, 3H, OCH3), 5.89 (t, 3JHH ¼ 2 Hz, 1H, Tp),
5.91 (t, 3JHH ¼ 2 Hz, 1H, Tp), 6.05 (unresolved t, 1H, Tp), 6.31 (d,
3JHH ¼ 17 Hz, 1H, RueCH]CH), 6.78e6.80 (m, 4H, 2H Tp and 2H
C6H4), 7.08e7.14 (m, 8H, 6H PPh3 and 2H C6H4), 7.20e7.23 (m, 6H,
PPh3), 7.33e7.36 (m, 3H, PPh3), 7.56 (unresolved triplet, 1H, Tp),

7.68e7.71 (m, 3H, 3$ Tp), 7.97 (dd, 3JHH¼ 17 Hz and 3JHP¼ 4 Hz, 1H,
RuCH]CH). 13C NMR: d 55.7 (s, OMe), 105.4 (d, J ¼ 3 Hz, Tp), 105.5
(s, 2$ Tp), 113.9 (s, C3), 125.5 (s, C2), 128.2 (d, 3JCP ¼ 9 Hz, Cm/m0),
130.0 (d, 4JCP ¼ 2 Hz, Cp/p0), 133.4 (d, 1JCP ¼ 42 Hz, Ci/i0), 134.4 (d,
2JCP ¼ 10 Hz, Co/o0), 134.7 (d, J ¼ 2 Hz, Tp), 135.2 (s, Tp), 135.5 (s, Tp),
135.8 (s, Cb), 136.1 (s, C1), 143.0 (s, Tp), 143.1 (s, Tp), 144.3 (s, Tp),
156.8 (s, C4),158.4 (d, 2JCP¼ 14 Hz, Ca), 207.1 (d, 2JCP¼ 17 Hz, CO). 31P
NMR: d 51.3. MALDI(þ)-MS 738.2 [M þ H]þ. IR (CH2Cl2): n(C^O)
1940, n(BeH) 2479 cm"1. HR ASAP MS (m/z): 732.1760 [M þ H]þ

C37H35BN6O2PRu requires 732.1764.

4.2.5. Preparation of [{Ru(CO)(PPh3)Tp}(CH]CHC6H4Me-4)] (4c)
The synthesis and workup are similar to 2, with 1-ethynyl-4-

methoxybenzene replaced by p-tolylacetylene. A pale yellow
powder was collected by filtration and dried under vacuum
(0.051 g, 64%). Crystals suitable for X-ray diffraction were obtained
from the slow diffusion of hexane into a CH2Cl2 solution. 1H NMR:
d 2.30 (s, 3H, CH3), 5.90 (t, 3JHH ¼ 2 Hz, 1H, Tp), 5.92 (t, 3JHH ¼ 2 Hz,
1H, Tp), 6.05 (t, 3JHH ¼ 2 Hz, 1H, Tp), 6.36 (d, 3JHH ¼ 17 Hz, 1H, Rue
CH]CH), 6.78 (dd, 3JHH ¼ 12 and 3JHP ¼ 2 Hz, 2H, 2$ Tp), 7.01e7.13
(m, 10H, 6H PPh3, 4H C6H4), 7.19e7.24 (m, 6H, PPh3), 7.33e7.37 (m,
3H, PPh3), 7.55 (unresolved t, 1H, Tp), 7.67e7.70 (m, 3H, 3$ Tp), 8.14
(dd, 3JHH¼ 17 Hz and 3JHP¼ 4 Hz,1H, RuCH]CH). 13C NMR: d 21.3 (s,
CH3), 105.0 (d, J ¼ 3 Hz, Tp), 105.1 (s, 2$ Tp), 124.3 (s, C2), 127.9 (d,
2JCP ¼ 9 Hz, Cm/m0), 128.7 (s, C3), 129.6 (d, 4JCP ¼ 2 Hz, Cp/p0), 132.9 (s,
C4), 133.0 (d, 1JCP ¼ 42 Hz, Ci/i0), 134.0 (d, 3JCP ¼ 9 Hz, Co/o0), 134.4 (d,
J ¼ 3 Hz, Tp), 134.8 (s, Tp), 135.1 (s, Tp), 136.5 (s, Cb), 139.1 (s, C1),
142.6 (s, Tp), 142.7 (s, Tp), 143.9 (s, Tp), 160.0 (d, 2JCP ¼ 14 Hz, Ca),
206.7 (d, 2JCP ¼ 15 Hz, CO). 31P NMR: d 50.6. MALDI(þ)-MS (m/z):
722.2 [M þ H]þ. IR (CH2Cl2): n(C^O) 1942, n(BeH) 2481 cm"1. HR
ASAP MS (m/z) 715.1735 [M] C37H34BN6OPRu requires 715.1737.

4.2.6. Preparation of [{Ru(CO)(PPh3)Tp}(CH]CHC6H4CO2Me-4)]
(4d)

The synthesis and workup are similar to 2, with 1-ethynyl-4-
methoxybenzene replaced by methyl 4-ethynylbenzoate. A light
green powder was produced (0.134 g, 56%). Crystals suitable for X-
ray diffraction were obtained from the slow diffusion of methanol
into a CH2Cl2 solution. 1H NMR: d 3.88 (s, 3H, OCH3), 5.91 (t,
3JHH ¼ 2 Hz, 1H, Tp), 5.94 (t, 3JHH ¼ 2 Hz, 1H, Tp), 6.07 (unresolved t,
1H, Tp), 6.48 (d, 3JHH ¼ 17 Hz, 1H, RuCH]CH), 6.80 (dd, 3JHH ¼ 8 Hz
and 3JHP ¼ 2 Hz, 2H, 2$ Tp), 7.04e7.09 (m, 6H, PPh3), 7.13 (d,
J¼ 8 Hz, 2H, C6H4), 7.18e7.23 (m, 6H, PPh3), 7.31e7.35 (m, 3H, PPh3),
7.52 (unresolved t, 1H, Tp), 7.60 (d, 3JHH ¼ 2 Hz, 1H, Tp), 7.71 (d.o.d,
3JHH ¼ 8 Hz and 3JHP ¼ 2 Hz, 2H, 2$ Tp), 7.87 (d, 3JHH ¼ 8 Hz, 2H,
C6H4), 8.68 (dd, 3JHH ¼ 17 Hz and 3JHP ¼ 4 Hz, 1H, RuCH]CH). 13C
NMR: d 52.0 (s, OMe), 105.5 (d, J ¼ 2 Hz, Tp), 105.6 (s, Tp), 105.7 (s,
Tp), 124.2 (s, C2), 125.0 (s, C4), 128.3 (d, 2JCP ¼ 10 Hz, Cm/m0), 130.1 (s,
C3), 130.2 (d, 4JCP ¼ 2 Hz, Cp/p0), 133.0 (d, 1JCP ¼ 43 Hz, Ci/i0), 134.3 (d,
3JCP ¼ 10 Hz, Co/o0), 134.9 (d, J ¼ 2 Hz, Tp), 135.3 (s, Tp), 135.6 (s, Tp),
136.7 (s, Cb), 142.9 (s, Tp), 143.0 (s, Tp), 144.3 (s, Tp), 145.5 (s, C1),
168.0 (s, CO of ligand), 171.3 (d, 2JCP ¼ 13 Hz, Ca), 206.8 (d,
2JCP ¼ 16 Hz, CO). 31P NMR: d 50.9. MALDI(þ)-MS (m/z): 766.2
[M þ H]þ. IR (CH2Cl2): n(C^O) 1940, n(BeH) 2483 cm"1. HR ASAP
MS (m/z): 760.1742 [M þ H]þ C38H34BN6O3PRu requires 760.1714.

4.2.7. Preparation of [{Ru(CO)(PPh3)Tp}(CH]CHC6H4NO2-4)] (4e)
The synthesis and workup are similar to 2, with 1-ethynyl-4-

methoxybenzene replaced by 1-ethynyl-4-nitrobenzene. An
orange powder was produced (0.152 g, 64%). Crystals suitable for X-
ray diffraction were obtained from the slow diffusion of methanol
into a CH2Cl2 solution. 1H NMR: d 5.93 (t, 3JHH ¼ 2 Hz, 1H, Tp), 5.96
(t, 3JHH ¼ 2 Hz, 1H, Tp), 6.08 (unresolved t, 1H, Tp), 6.54 (d,
3JHH ¼ 17 Hz, 1H, RueCH]CH), 6.81 (dd, 3JHH ¼ 16 Hz and
3JHP¼ 2 Hz, 2H, 2$ Tp), 7.03e7.07 (m, 6H, PPh3), 7.13 (d, 3JHH¼ 9 Hz,
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2H, C6H4), 7.19e7.24 (m, 6H, PPh3), 7.34e7.38 (m, 3H, PPh3), 7.59
(unresolved m, 2H, Tp), 7.72 (dd, 3JHH ¼ 12 Hz and 3JHP ¼ 2 Hz, 2H,
2" Tp), 8.06 (d, 3JHH ¼ 12 Hz, 2H, C6H4), 9.04 (dd, 3JHH ¼ 17 Hz and
3JHP¼ 4 Hz, 1H, RuCH]CH). 13C NMR: d 105.6 (d, J¼ 3 Hz, Tp), 105.7
(s, Tp), 105.8 (s, Tp), 124.3 (s, C2), 124.5 (s, C3), 128.4 (d, 2JCP ¼ 10 Hz,
Cm/m0), 130.0 (d, 4JCP ¼ 2 Hz, Cp/p0), 132.7 (d, 1JCP ¼ 44 Hz, Ci/i0), 134.2
(d, 3JCP¼ 10 Hz, Co/o0), 135.1 (d, 3JCP¼ 2 Hz, Tp),135.5 (s, Tp),135.7 (s,
Tp), 136.0 (s, Cb), 142.9 (d, J ¼ 3 Hz, Tp), 144.0 (s, Tp), 144.4 (s, Tp),
146.6 (s, C1), 179.2 (d, 2JCP ¼ 12 Hz, Ca), 206.5 (d, 2JCP ¼ 16 Hz, CO).
*C1 not observed. 31P NMR: d 50.7. MALDI(þ)-MS 753.10 [M þ H]þ.
IR (CH2Cl2): n(C^O) 1945, n(BeH) 2485 cm$1. HR ASAP MS (m/z):
747.1533 [M þ H]þ C36H32BN7O3PRu requires 747.1510.

4.3. Computations

All optimisations were carried out with the Gaussian 09 package
[77] using the B3LYP [78] hybrid functional and the pseudopoten-
tial LANL2DZ [79] for Ru and the 3-21G* basis set [80] for all other
atoms. These geometries were found to be trueminima based on no
imaginary frequencies found. Electronic structure and TD-DFT
calculations were also carried out on the optimized geometries at
the B3LYP/LANL2DZ:3-21G* level of theory. The MO diagrams and
orbital contributions were generated with the aid of GaussView 5.0
[81] and GaussSum [82] packages, respectively.
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Simplifying the conductance profiles of molecular
junctions: the use of the trimethylsilylethynyl moiety
as a molecule–gold contact†‡
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Conductance across a metal|molecule|metal junction is strongly
influenced by the molecule–substrate contacts, and for a given
molecular structure, multiple conductance values are frequently
observed and ascribed to distinct binding modes of the contact at
each of the molecular termini. Conjugated molecules containing a
trimethylsilylethynyl terminus, –CuCSiMe3 give exclusively a
single conductance value in I(s) measurements on gold substrates,
the value of which is similar to that observed for the same mole-
cular backbone with thiol and amine based contacting groups
when bound to under-coordinated surface sites.

Single molecule electronics science has advanced rapidly
through the introduction of reliable methods for the measure-
ment of trans-molecule conductance in various metal|mole-
cule|metal configurations, such as mechanically controlled
break junction (MCBJ), STM-break-junction (STM-BJ), conduct-
ing probe AFM (CP-AFM), nano-pore devices, and STM-based
matrix isolation, I(s) and I(t) methods.1 Data from a statistically

significant number of individual measurements on a junction
typically reveal a range of conductance values arising from not
only the number of molecules trapped within the junction,2

but also from variations in the nature of the molecule-sub-
strate contact, the tilt-angle of the molecule to the surface,3

and the site of binding on flat terraces or step edges4 and adja-
cent neighbouring adatoms.5 The measured conductance of
an individual molecular junction is therefore influenced by
both the chemical composition of the contacting group and
the structure of the local, accessible binding sites on the elec-
trode surfaces. Given the different degrees of surface rough-
ness, and hence range of accessible molecule–surface binding
sites, associated with the different measurement platforms
(e.g. break junction methods vs. the use of a pristine STM tip
in I(s) methods), the measurement method can dictate the
range of contact types observed.5 Low conductance type A con-
tacts are due to molecular binding at low coordination surface
sites, whilst the progressively more conductive contacts are
due to molecular binding at higher coordinate defect sites at
one (type B) or both (type C) contact surfaces. Type C contacts
are commonly observed in MCBJ and STM-BJ measurements,
but are generally less often observed in junctions formed
through the softer I(s) and I(t) methods.4 This electrical varia-
bility arising from the site of molecule–surface binding may
limit the use of molecules as active components within device
structures, and contacting groups that permit the assembly of
robust, reproducible and stable molecular junctions are to be
desired.6,7

Trimethylsilylethynyl has emerged as a promising contact-
ing group, able to form stable, and often well-ordered, self-
assembled monolayers on Au(111) surfaces.8 The arrangement
of molecules in the SAM is consistent with the silyl moiety
either being bound to three-fold hollow sites or a top single
metal atoms on the Au(111) surface, whilst the presence of
single atom-step deep etch-pits provides evidence for chemi-
sorption similar to thiol on gold interactions.8 The trimethylsilyl-
ethynyl terminated oligophenylene ethynylene (OPE) 1a
(Fig. 1) forms contacts to gold substrates in both Langmuir–

†Dedicated to Professor David Cole-Hamilton, a gentleman scholar of the
highest calibre, and much respected friend, on the occasion of his retirement
and for his outstanding contribution to transition metal catalysis.
‡Electronic supplementary information (ESI) available: Acknowledgements,
details of synthetic procedures and crystallographic structure determinations for
3a and 3b; experimental details of the I(s) measurements; single molecule con-
ductance for 4 and 1a; and XPS measurements. CCDC 893525 and 893526.
For ESI and crystallographic data in CIF or other electronic format see DOI:
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Blodgett films and in single molecule configurations. Conduc-
tance values obtained from Me3SiCuC/NH2 contacted junc-
tions formed from 1a are of the same order of magnitude as
obtained from thiol–thiol anchored OPEs when measured by
the I(s) method.9 When compared with thiol, –SH, and amine,
–NH2, contacting groups, the additional steric bulk of the
SiMe3 group was thought to be potentially useful in limiting
the range of accessible surface binding sites, which in turn
could be used to give rise to molecular junctions with more
reproducible conductance signatures. To explore the potential
of trimethylsilylethynyl contacting groups in more detail we
have undertaken a study of a series of molecular junctions
formed from OPE and organometallic derivatives featuring
–CuCSiMe3 and –CuCCMe3 contacts using the I(s) method.

The compounds 2a and 3a (Fig. 1 and 2) offer rigid, linear
molecular geometries with estimated Si⋯Si distances of 24.49
(2a)–23.97 (3a) Å.§ 10‡ In contrast to related Pt complexes in
which the metal acts as an insulating fragment,11 these trans-
Ru(CuCR)2(dppe)2-based systems offer a highly delocalised
π–d–π electronic structure which spans the length of the mole-
cular backbone.12 Electrical measurements were performed
using low-coverage of the target molecule on a Au(111) gold
substrate using an STM operating in the I(s) configuration,13‡
with relatively high set point currents (20 nA) although no
special care was taken to record data exclusively from flat
Au(111) terraces to allow formation of both type A and type B
contacts.

Fig. 3 shows typical I(s) curves exhibiting current plateaus
from 2a and 3a. The plateaus are attributed to the formation
of conductive molecular junctions and can be observed in
ca. 14–16% of the scans. Conductance histograms reveal single
conductance values of (2.75 ± 0.56) × 10−5 G0 (2a) and (5.10 ±
0.99) × 10−5 G0 (3a) and the exclusive formation of ‘type A’ con-
tacts (Fig. 3). The higher conductivity of the organometallic
molecular junction from 3a is consistent with the slightly
shorter length of the molecule, and the better alignment of
the molecular HOMO with the Fermi levels of the gold con-
tacts.14 Under the same conditions, the reference compound
4, which contacts to each metallic surface in the junction
through an amine moiety, gave rise to two well-resolved con-
ductance peaks due to type A ((3.20 ± 0.83) × 10−5 G0) and type
B ((14.4 ± 2.78) × 10−5 G0) contacts,‡ the latter in good agree-
ment with data from STM-BJ measurements.15 Conductance
histograms constructed from I(s) measurements with 1a also

revealed two conductance peaks for type A ((2.99 ± 0.43) × 10−5

G0) and B ((7.92 ± 1.33) × 10−5 G0) contacts.‡ The similarity of
the type A conductance values of 2a and 4 indicates the electri-
cal similarity of the trimethylsilyl and amino contacts to gold.
The type B contact from 1a was less conductive than bis-
(amine) contacted 4, but clearly distinguishable from the
type A peak.

Recently, the formation of highly transmissive Au–C con-
tacts from addition of Me3Sn–alkyl bonds to gold surfaces
during STM-BJ measurements has been reported.16 Although
the Si–C bond in trialkylsilyl-ethynyl moieties is sensitive to
cleavage following attack at Si by nucleophiles, compounds
containing this moiety are rather more environmentally stable
than those with trialkyltin functionality and may be less prone

Fig. 1 Complexes used in this work E = Si (a), C (b).

Fig. 2 Molecular structure of 3a. Selected bond lengths (Å) and angles (°):
Ru(1)–P(1, 2) 2.3598(6), 2.3555(7); Ru(1)–C(1) 2.066(3); C(1)–C(2) 1.204(4);
C(2)–C(3) 1.438(4); C(6)–C(9) 1.449(4); C(9)–C(10) 1.197 (4); C(10)–Si(1) 1.836(3);
P(1)–Ru(1)–P(1’) 180.0.

Fig. 3 Typical conductance traces from 2a and 3a using the I(s) method and
conductance histograms derived from I(s) measurements. The curves are shifted
horizontally for clarity. Conductance data are presented in units of the conduc-
tance quantum G0 = 2e2/h = 77.5 μS. I0 = 20 nA and Ut = 0.6 V.
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to rupture in the presence of the substrate surface. Chemisorp-
tion of the –CuCSiMe3 functionalised molecules on gold was
demonstrated by Quartz Crystal Microbalance (QCM) experi-
ments. AT-cut, α-quartz crystals with a resonant frequency of
5 MHz having circular gold electrodes patterned on both sides
were incubated in 0.01 mM solutions of 2a and 3a in CHCl3
for 24 h. Afterwards the substrates were thoroughly rinsed with
CHCl3 and the variation of the resonant frequency of the sub-
strates before and after incubation was determined. High
surface coverage of 7.32 × 10−10 and 3.90 × 10−10 mol cm−2

were obtained for 2a and 3a compounds, respectively. XPS
measurements on 2a and 3a as both powders and SAMs on
Au were also undertaken.‡ The Si 2p3/2,1/2 doublet appears as a
single, asymmetric peak due to the small spin–orbit coupling
in Si with BE of 100.86 (2a) and 101.26 (3a) eV, and 151.94 (2a)
and 152.59 (3a) eV for the 2s peak in the powder samples, con-
sistent with the Me3Si–CuC moiety.8,17

The signal intensity is much lower in the SAMs and resol-
ving the surface bound and free SiMe3 moieties is difficult,
with only a single, broad peak shifted with respect to the
powders (2p, 2s: 2a 102.88, 154.31; 3a 103.19, 154.28 eV). The
shift in the 2s peak may be some indication of a change in
hybridisation at Si.

To further establish the electronic functionality of the silyl
group, molecular junctions featuring –CuCCMe3 terminal
groups 1b, 2b and 3b were examined within an identical I(s)
configuration, but no conductance plateaus could be detected
in any case over 5000 individual measurements per molecule.
The physical and electronic differences between tert-butyl- and
trimethylsilyl-ethynyl groups has also been noted in compari-
sons of the SAM forming behaviour of molecules bearing these
functional groups.8 The molecular structure of 3b displays
little variation from the silyl analogue,‡ but there are substan-
tial differences in physical/electrical behaviour of junctions
formed by trimethylsilylethynyl and tert-butyl ethynyl con-
tacted molecules. It has been proposed that given the propen-
sity for Si(IV) to adopt coordination numbers greater than four,
that the –SiMe3 groups can adopt a five-coordinate, trigonal
bipyramidal geometry with a Au–Si interaction, aided by the
presence of the electron-withdrawing ethynyl substituent.8,18

In this conformation, the steric bulk of the trimethyl groups
may restrict binding at higher coordination surface sites,
resulting in exclusive A-type contacts. In contrast, the tert-butyl
contact can only ‘bind’ to Au via weak and longer-range van
der Waals contacts, leading to ineffective molecule-surface
coupling.

Conclusions

Effective electrical contacts between conjugated molecules and
conducting substrates are important for the continued
development of molecular electronic technology. The tri-
methylsilylethynyl moiety forms contacts to gold substrates
that have similar electrical characteristics to amine (–NH2) con-
tacts. Given the prevalence of trimethylsilyl as a protecting

group in alkynyl chemistry, and the formation of molecular
junctions with unique conductance profiles using this contact,
the trimethylsilylethynyl moiety holds significant promise as a
contacting group. Work is underway to clarify the molecule–
substrate interaction and to confirm the role of the methyl
groups in restricting access to surface defect sites and
adatoms.

Notes and references
§Crystal data: 3a: C78H74Si2P4Ru, M = 1292.50, triclinic, a = 9.4265(4), b =
13.5130(5), c = 14.2919(6) Å, α = 76.253(2), β = 74.292(3), γ = 71.596(2)°, U =
1639.65(12) Å3, T = 120.0 K, space group PN, Z = 1, μ(MoKα) = 0.417, 18 597 reflec-
tions measured, 8224 unique (Rint = 0.0493) which were used in all calculations.
The final R1(F) = 0.0453 for 6129 reflections with I ≥ 2σ, wR(F2) = 0.1119 (all
data), GOF = 0.990; 3b: C84H78Br0.1Cl12P4Ru, M = 1745.80, triclinic, a = 10.8015(4),
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Electrochemical and spectroelectrochemical studies of
C-benzodiazaborolyl-ortho-carboranes†

Lothar Weber,*a Jan Kahlert,a Lena Böhling,a Andreas Brockhinke,a

Hans-Georg Stammler,a Beate Neumann,a Rachel A. Harder,b Paul J. Lowb and
Mark A. Fox*b

Fifteen C-diazaborolyl-ortho-carboranes, 1-R’-2-R’’-1,2-C2B10H10, where R’ represents the groups 2-(1,3-
Et2-1,3,2-N2BC6H4)-, 2-(1,3-Ph2-1,3,2-N2BC6H4)-, 2-(1,3-Ph2-5,6-Me2-1,3,2-N2BC6H2)-, 2-(1,3-

iPr2-1,3,2-N2B-
C6H4)-, and 2-(1,3,2-N2BC6H6)- and where R’’ is H, Me, Ph, tBu or SiMe3, were synthesized. Cyclic
voltammetry studies of the compounds showed irreversible oxidation waves which are caused by the
oxidation of the heterocycle. Those C-diazaborolyl-ortho-carboranes with Ph, tBu and SiMe3 substituents
at the adjacent C-atom of the cage displayed two one-electron reduction waves reflecting the formation
of stable radical monoanions with unusual (2n + 3) skeletal electron counts. The geometries of
these anions were determined by combinations of infrared, UV-visible spectroelectrochemical and com-
putational studies. Additionally the structures of seven new C-diazaborolyl-ortho-carboranes and
one new 2-bromo-1,3,2-benzodiazaborole were determined by X-ray crystallography and compared with
previously obtained structures.

Introduction

Although numerous carborane clusters have been known for
fifty years,1,2 efforts to understand their unique electronic
properties are still continuing. The most widely studied carbor-
ane 1,2-C2B10H12, ortho-carborane, displays a rich chemistry.1

Because of the electron deficient character of this icosahedral
cage its C–H bonds are activated and thus prone to deprotona-
tion and substitution processes.

As a closo-cluster, 1,2-C2B10H12 possesses 26 skeletal elec-
trons, or 2n + 2 skeletal electrons according to Wade’s elec-
tron-counting rules (n = number of cluster atoms).3 This
molecule readily accommodates two additional electrons to
form a dianion with 28 skeletal electrons (2n + 4) and a more
open nido-structure.4 Electrochemical studies on the parent
ortho-carborane revealed an irreversible two-electron reduction

which is rationalized by a facile CH-cleavage and the sub-
sequent reaction of the transient anion C2B10H11

− with a
second molecule of 1,2-C2B10H12 to afford the two-cage anion
[closo-C2B10H11–nido-C2B10H12]−.5,6

Logically, ortho-carboranes with two substituents at the
adjacent C-atoms should be electrochemically more robust.
Cyclovoltammetric investigations on the 1,2-diphenyl-deriva-
tive showed two one-electron reduction waves which are taken
as evidence for the occurrence of a stable radical anion.7 More
recently, the geometry of the radical anion was elucidated by
means of IR- and UV-spectroelectrochemical, ESR and compu-
tational methods (Scheme 1).8

According to computations, the additional electron is
located at the cage atoms giving rise to an elongated C–C dis-
tance of 2.39 Å in comparison to the neutral precursor
(1.76 Å). With regard to the many closo- and nido-carboranes,
carborane-based radical anions featuring a 2n + 3 electron
count are somewhat rare.8–13 In a more recent report on the
photophysics of ortho-carboranes with donating arylcarbazolyl
substituents it was suggested that the species in their excited

Scheme 1 Two one-electron reductions for 1,2-diphenyl-ortho-carborane.

†Electronic supplementary information (ESI) available: Synthetic procedures
and characterisation data for 8, 9, 11–15, 18–21, 27, 30 and 31, figures of NMR
spectra for 8–15, crystallographic data and additional structural data, additional
photophysical data including absorption and emission spectra for 8–15,
additional computed structural data, simulated IR spectra for 3–5. CCDC 894654
(8), 894655 (9), 894656 (10), 894657 (11), 894658 (12), 894659 (13), 894660 (15)
and 894661 (19). For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/c2dt32378h

aFakultät für Chemie der Universität Bielefeld, 33615 Bielefeld, Germany.
E-mail: lothar.weber@uni-bielefeld.de
bDepartment of Chemistry, Durham University, Durham DH1 3LE, UK.
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states consist of carbazolyl radical cations and radical cluster
anions. This assumption was based on absorption spectro-
scopy where a transient band at 415 nm with a similar spectral
profile to the corresponding radical anion was observed
(Scheme 2).13 There are many reports of unusual low-energy
emissions from 1-mono- and 1,2-di-aryl-ortho-carboranes
which are explained by charge-transfer between the electron-
accepting ortho-carborane and the electron-donating aryl
groups.14,15

We recently reported16 on the synthesis and photophysical
behaviour of a number of ortho-carboranes (1–7, Chart 1)
featuring a 1,3-diethyl- or 1,3-diphenyl-1,3,2-benzodiazaborolyl
substituent at one cage carbon atom. Apart from 6, these com-
pounds show remarkable low-energy fluorescence emissions
with Stokes shifts of 15 100–20 260 cm−1 and quantum yields
up to 65% in the solid state. These low-energy emissions are
due to a charge transfer between the electron-accepting cage
and the electron-donating benzodiazaborolyl unit.

Here we describe the syntheses, structural, photophysical
and computational studies for the eight new C-diazaborolyl-
carboranes, 8–15 (Chart 1). More importantly, electrochemical
and spectroelectrochemical studies disclose carborane radical
anions on reductions of some diazaborolyl-ortho-carboranes.
This study shows that unusual 2n + 3 carborane radical anions

were formed with bulky tert-butyl and trimethylsilyl substitu-
ents in addition to aryl groups at the adjacent cage carbon.

Syntheses

In our group the 2-bromo-1,3,2-benzodiazaborole 2-Br-1,3-Et2-
1,3,2-N2BC6H4

17 has been frequently used as a precursor for
many fluorescent benzodiazaboroles18–22 including carboranes
1–5 (Chart 1). Analogously, 2-Br-1,3-Ph2-1,3,2-N2BC6H4 (16)19

(Scheme 3) was utilized as a starting material for benzodiaz-
aborole dyes such as 6 and 7.16 The protocol for 16 was
extended for the preparation of the novel compounds 17–19
having phenyl or mesityl rings at the N-atoms and hydrogen or
methyl substituents at the six-membered ring (Scheme 3).

Surprisingly the corresponding reaction of 28, featuring two
N-tert-butyl groups, with BBr3 failed. The 11B{1H} NMR
spectrum of the reaction mixture was characterized by a broad
hump at 25 ppm and a less intense signal at 22 ppm which

Chart 1

Scheme 2 Excited state geometries for ortho-carboranes proposed to explain
low-energy emissions observed experimentally. D represents a donor group.

Scheme 3 Syntheses of bromodiazaboroles from 1,2-dibromobenzenes (yields of new compounds in parentheses).
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were presumably due to oligomeric triaminoboranes and
2-bromobenzodiazaboroles (including 20), respectively. The
known cyclic B3N3 trimer (C6H4NHBN)3 23 was identified in the
reaction mixture by mass spectroscopy.

The synthesis of 2-bromo-1,3-di-iso-propylbenzodiazaborole
(21)24 required the N,N′-di-iso-propylphenylene diamine (30),
which, deviating from the literature, was obtained by a facile
multigram procedure from 1,2-phenylene diamine (29) and
2-iodopropane in the presence of K2CO3 (79% yield,
Scheme 4).

The standard protocol for C-monodiazaborolyl carboranes
is based on the treatment of the lithiated carborane with
bromodiazaboroles as depicted in Scheme 5. Thus, the reac-
tions of bromodiazaboroles 16, 17 and 21 with the correspond-
ing lithiated carborane afforded the carboranes 8–13.

Attempts to form C-diazaborolylcarboranes with the bromo-
diazaboroles 18 and 19 containing bulky mesityl groups were
not successful. The trimethylsilylcarborane 14 was obtained
from lithiation of 13 followed by addition of Me3SiCl.

Due to the failure of the synthesis of 2-bromobenzodiaza-
borole 20 a protocol according to Scheme 5 for a C-diazaboro-
lyl carborane with two bulky tert-butyl groups at the N-atoms
had to be discarded. Thus an alternative route via a base
assisted cyclocondensation of phenylene diamine 28 with
1-dibromo-2-methyl-ortho-carborane 31 was envisaged. Com-
pound 31 resulted from the metalation of 1-methyl-ortho-
carborane by n-butyllithium in toluene and the subsequent
addition of BBr3 to the lithio-carborane at −90 °C. The low
temperature during the addition of BBr3 was crucial to avoid
an intractable product mixture. Short path distillation afforded
pure 31 as a colourless oil in 67% yield. For further transform-
ations this material was, however, employed in situ. Thus, the
reaction with 28 afforded diazaborolyl carborane 15 in 25%
isolated yield. Obviously the tert-butyl groups were liberated

during the cyclocondensation. In keeping with this the yield of
15 can be improved to 46% by reacting 31 with 1,2-phenylene
diamine 29 (Scheme 6).

1H, 11B and 13C NMR spectra for all new carboranes 8–15
are depicted in Fig. S1–S24.† Of interest are the two distinct
methyl group resonances observed in the 1H and 13C NMR
spectra of compound 14, pointing to a restricted rotation
of the iPr groups due to the silyl group. Similarly, two sets
of 1H and 13C NMR signals for the ortho-positions in the
N-phenyl rings in 8, 9, 11 and 12 are indicative of the hindered
rotations of the diazaborolyl group and the phenyl groups.

X-ray crystallography

Molecular structures were determined for the 1-diazaborolyl-
ortho-carboranes, 8–13 and 15 (Fig. 1). Table 1 lists selected
bonding parameters for these compounds in comparison to
the data previously reported16 for 1–7 including the torsion
angles C2–C1–B2–N3 (ψ) and the aryl–borolyl interplanar
angles (ω) as shown in Fig. 2. The carborane C1–C2 bond
length increases with more steric bulk of the substituent at C2,
in the series 1–13 going from 1.656(1)–1.670(1) Å for H, 1.684
(2)–1.686(2) Å for Me, 1.707(2)–1.719(2) Å for SiMe3 and 1.701
(2)–1.730(2) Å for Ph to 1.738(3)–1.756(1) Å for tBu. Compound
15 with a methyl substituent at C2 has a shorter C1–C2 bond
(1.669(1) Å) than the similar carboranes 2 and 7 due to the

Scheme 5 General route to C-monodiazaborolyl-ortho-carboranes, 1–13.

Fig. 1 Molecular structures of compounds 8–13, 15 and 19. All hydrogen
atoms are omitted for clarity.

Scheme 4 Synthesis of bromoborole 21.

Scheme 6 Synthesis of carborane 15 via the dibromoboryl-ortho-carborane
31.
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lack of substituents at the nitrogen atoms of the diazaborolyl
group.

Each of the four compounds 1, 6, 10 and 13 has a hydrogen
atom attached to C2, which may cause cage disorders in the
crystal in the absence of C–H⋯X interactions.25 Indeed, there
are such C–H⋯π interactions in 1, 6 and 10 but not in the
di-iso-propyl derivative 13. The latter compound contains two
independent molecules in the asymmetric unit, one of which
has a disordered cage. The data of the ordered molecule of 13
are listed in Table 1.

In the crystal of compound 4, the tert-butyl group is dis-
ordered over two positions with torsion angles C1–C2–C22–C23
(θ, Fig. 2) of 8.9° (conformer 4A with one methyl group almost
co-planar with the C1–C2 bond) and 43.0° (conformer 4B) with
77 : 23 occupancies.16 The tert-butyl groups in 8 and 11 are not

disordered and show torsion angles θ of 17.3° and 21.1°,
respectively.

The four independent molecules in the unit cell of bromo-
benzodiazaborole 19 show mesityl groups which are nearly
orthogonally oriented to the plane of the heterocycle with
interplanar angles (ω) between 75.2 and 87.5° (Table S1†).
These values are similar to the interplanar angles ω observed
in the molecular structures for compounds 6–12 as shown in
Table 1. The B–Br bond lengths of 1.909(2)–1.915(2) Å in 19
are slightly shorter than the B–Br distance of 1.925(5) Å in the
only other structurally characterized bromobenzodiazaborole,
1,4-[1′-(2′-Br-3′-iPr-1′,3′,2′-N2BC6H4)]2C6H4.20

The bonding parameters within the benzodiazaborole
units were similar to those of other previously reported
structures.16,18–21 The carborane C1–borolyl B bond lengths
increase from 1.580(1) Å in 15 with NH groups via 1.586(2)–
1.597(3) Å with NPh substituents to 1.594(2)–1.609(2) Å
with N-alkyl groups reflecting the increased bulk of the
substituents.

Photophysics

Absorption data for the 1-benzodiazaborolyl-ortho-carboranes
8–15 in cyclohexane, toluene, chloroform and dichloro-
methane solutions and also as solids are listed in Table S3†
and shown in Fig. S25–S32.† Like for 1–7,16 all highest energy
absorption maxima were observed in the 288–303 nm region.
These absorptions are assigned to local π to π* transitions at
the diazaborolyl groups.

Table 2 lists the emission data for 8–15 in cyclohexane and
dichloromethane solutions and as solids along with data for
1–7 for comparison. Additional emission data for 8–15 in
other solvents are listed in Tables S4–S7† and the respective
spectra are shown in Fig. S25–S32.† In cyclohexane solutions,
low-energy emissions with maxima between 534 nm (for 7)
and 620 nm (for 14) were observed for all carboranes except
for 6 and 10. These emissions are assigned to a charge-transfer
(CT) from the cluster to the benzodiazaborolyl group. Notably,
the emission maxima of 1,3-diphenylbenzodiazaboroles 8 and
9 are blue-shifted by 36–45 nm compared to their 1,3-diethyl-
and 5,6-dimethyl-1,3-diphenyl analogues 4, 5, 11 and 12. This
underlines that the CT state is better stabilized by the more
electron-rich benzodiazaborolyl groups. High-energy emissions
between 302 nm and 346 nm were present for 1, 6, 7 and 10
and are attributed to local π* to π transitions at the diazaboro-
lyl groups. The quantum yields of the low energy emission (ΦF)
depend on the substituent R1 (Scheme 5) at carbon C2 of 1–14
with values of 1% or less for R1 = H, up to 8% for Me, 6%
for Ph, 14–45% for SiMe3 and 32–38% for tBu. Thus, the new
C-diazaborolyl-carboranes confirm the idea that bulky substi-
tuents at C2 increase the quantum yields by restriction of
intramolecular rotations.

In the more polar solvent dichloromethane, low-energy
emissions were detected for all carboranes except 6, 10 and 15.
The emission maxima in dichloromethane were red-shifted

Table 1 Selected bond lengths and angles of 1-benzodiazaborolyl-ortho-car-
boranes 1–13 and 15

Substituentsa Bond lengths [Å] Angles [°]

R1 R2 R3 C1–B2 C1–C2 ψ ω

1 H Et H 1.594(2) 1.670(1) 92.4 —
2 Me Et H 1.605(3) 1.684(2) 88.8 —

1.600(3) 1.687(2) 89.8
3 Ph Et H 1.600(2) 1.730(2) 89.3 —

1.600(2) 1.720(2) 86.6
1.609(2) 1.701(2) 67.5

4 tBu Et H 1.606(1) 1.756(1) 89.6 —
5 SiMe3 Et H 1.605(1) 1.710(1) 83.7 —
6 H Ph H 1.586(2) 1.670(2) 16.6 75.8/76.4
7 Me Ph H 1.591(2) 1.686(2) 80.0 72.2/76.5
8 tBu Ph H 1.595(2) 1.750(2) 82.9 77.2/89.0
9 SiMe3 Ph H 1.595(2) 1.707(2) 79.6 84.0/83.2
10 H Ph Me 1.585(2) 1.656(1) 12.2 67.8/80.2
11 tBu Ph Me 1.597(3) 1.743(3) 87.3 83.2/83.8

1.595(3) 1.738(3) 85.9 84.1/76.1
12 SiMe3 Ph Me 1.594(2) 1.719(2) 79.2 64.5/77.8
13 H iPr H 1.604(2) 1.664(1) 12.2 —
15 Me H H 1.580(1) 1.669(1) 77.7 —

a See Scheme 5.

Fig. 2 Atom labelling of 1-(1’,3’-diphenylbenzodiazaborolyl)-2-tert-butyl-
ortho-carborane (8) with pertinent torsion angles (ψ, θ) and interplanar angle ω.
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with respect to those observed in cyclohexane. The transition
dipole moments estimated by use of the Lippert–Mataga
method with an Onsager radius of 3.52 Å range from 6.9 to
10.9 D reflecting the CT nature of these emissions. The
quantum yields were generally much lower in dichloro-
methane solutions, with the highest value of ΦF = 6% for 8,
when compared with those in cyclohexane solutions.

Coloured emission can be seen with the naked eye, when
crystals of 8, 9, 11, 12, 14 and 15 are irradiated by UV-light
(Fig. 3). Compound 13 gives a faint yellow emission under UV
irradiation which was not bright enough to be photographed.
The solid state emission data are listed in Table 2 whereby the
quantum yields reflect the brightness of the colours in Fig. 3.
The relationship between the borolyl orientation described by
ψ in the crystals and the low-energy CT emissions previously
postulated for 1–7 is reinforced for the new carboranes 8–13
and 15. The two compounds 6 and 10 which do not emit in
the solid state contain the borolyl units in near co-planar

orientation with the C1–C2 bond featuring small ψ angles of
16.6° and 12.2°, respectively. Increased ψ angles between 67.5°
and 92.4° were found for 1–5, 7–9, 11–13 and 15 with ΦF

values between 25 and 70%.
Carborane 13 has one molecule in the asymmetric unit

with ψ = 12.2° so it would not be expected to emit in the solid
state but the second molecule probably contains conformers
with higher ψ angles as the cluster in the latter molecule is dis-
ordered. These conformers are presumably responsible for the
relatively weak low energy emission with ΦF = 5% observed in
the solid state.

Electrochemistry

Cyclic voltammetry (CV) data on 1–15 with a platinum working
electrode in dichloromethane are summarised in Table 3. CV
traces for the reduction waves of the disubstituted carboranes
3, 4 and 5 are depicted in Fig. 4. These poorly resolved CV
waves are typical for disubstituted carboranes as shown else-
where15,26 including diaryl-ortho-carboranes.8,10–13 CV traces
for the phenyl (3) and trimethylsilyl (5) derivatives show catho-
dic waves indicating a two-electron reduction and anodic
waves corresponding to two one-electron oxidations after
reduction. The CV trace for the tert-butyl derivative 4, however,
subtly reveals two one-electron waves on reduction rather
than one two-electron reduction. The electron transfer rate
for the second one-electron reduction is faster than the first
one-electron reduction. The slow electron transfer with the
first reduction may be related to a considerable geometric
rearrangement taking place. Similar CV traces as for 4 and 5
are observed for the other tert-butyl and trimethylsilyl deriva-
tives, 8, 9, 11, 12 and 14, with data listed in Table 3.

Compounds 1, 2, 6, 7, 10, 13 and 15 with hydrogen or
methyl groups at C2 do not show reduction waves within the

Table 2 Emission data of 1–15

R1 R2 R3

Emission
λmax [nm] in
cyclohexane

Stokes shift
[cm−1] in
cyclohexane

ΦF [%] in
cyclohexane

Emission
λmax [nm] in
DCM

Stokes-
shift
[cm−1]
in DCM

ΦF[%]
in DCM

Emission
λmax [nm] in
solid state

Stokes shift
[cm−1] in
solid state

ΦF[%] in
solid statea

Transition
dipole
momentb

[D]

1 H Et H 311, 596 1960, 15 660 <1 720 19 030 <1 561 16 060 51 8.4
2 Me Et H 574 16 480 8 692 19 800 3 573 16 520 65 8.1
3 Ph Et H 615 18 050 6 757 21 340 1 613 15 100 30 8.3
4 tBu Et H 587 17 420 32 713 20 330 3 611 16 160 42 7.6
5 Me3Si Et H 602 18 090 18 726 20 870 2 631 20 260 30 7.4
6 H Ph H 302, 346 1850, 6600 1 417 11 170 <1 —c — — —
7 Me Ph H 345, 534 5540, 15 880 <1 646 19 200 <1 523 15 340 25 8.0
8 tBu Ph H 548 16 510 38 665 19 560 6 557 17 030 70 7.7
9 Me3Si Ph H 557 16 920 40 669 19 890 3 573 15 620 58 7.6
10 H Ph Me 314 1840 <1 317 2010 <1 —c — — —
11 tBu Ph Me 584 16 420 33 720 19 680 2 606 16 550 55 8.4
12 Me3Si Ph Me 598 14 120 45 733 20 150 1 621 14 590 27 10.9
13 H iPr H 616 18 560 1 744 21 030 <1 654 17 270 5 6.9
14 Me3Si iPr H 620 18 320 14 739 20 740 1 627 16 200 58 6.9
15 Me H H 551 17 300 <1 —d — — 595 16 460 33 —e

aMeasured by using an integrating sphere method. b From low energy emission data. cNot emissive in the solid state. dDecomposes in DCM.
eNot enough data for a Lippert–Mataga plot.

Fig. 3 Left columns: crystals of compounds 8–15 without UV irradiation. Right
columns: under UV irradiation at 350 nm.

Paper Dalton Transactions

2270 | Dalton Trans., 2013, 42, 2266–2281 This journal is © The Royal Society of Chemistry 2013

Pu
bl

is
he

d 
on

 1
3 

N
ov

em
be

r 2
01

2.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f W
es

te
rn

 A
us

tra
lia

 o
n 

04
/1

0/
20

17
 0

7:
10

:5
3.

 
View Article Online

http://dx.doi.org/10.1039/c2dt32378h


solvent window of dichloromethane. These derivatives are
thus more difficult to reduce than the phenyl, tert-butyl and
silyl derivatives which may be related to the differences in the
C1–C2 bond lengths with 1.656(1)–1.687(2) Å for R1 = H or
Me and 1.701–1.756 Å for R1 = Ph, tBu or SiMe3 from X-ray
studies (Table 1).

All the benzodiazaborolyl-ortho-carboranes here exhibit irre-
versible oxidation waves with multiple electron oxidations as
may be deduced from the peak current of the waves relative to
the reduction waves. These irreversible oxidations take place at
the electron-donating diazaborolyl group in agreement with
other benzodiazaboroles.21,27 The anodic wave values Ea(Ox)
should be regarded as approximate as these waves are ill-
defined.

More defined cyclic voltammetry waves were obtained using
a glassy carbon working electrode in acetonitrile as shown in
Fig. 4 for 3, 4 and 5. The CV of the phenyl derivative 3 shows

two one-electron cathodic waves on reduction rather than the
one two-electron wave found in dichloromethane. The tert-
butyl compound 4 shows in CH3CN clearly defined two one-
electron waves whereas the CV of the silyl derivative 5 still
displays one two-electron cathodic wave. However, in all com-
pounds the peak–peak separations Ea–Ec are smaller in aceto-
nitrile than in dichloromethane. As the peak–peak separations
for the internal ferrocenium–ferrocene couples in both
solvents are similar it is obvious that the reduction waves of
these carboranes are influenced considerably by the solvent
used. CV traces like those for 4 and 5 were observed for
the other tert-butyl and trimethylsilyl derivatives 8, 9 and 14
(Table 4). Unfortunately, compounds 11 and 12 were insoluble
in acetonitrile.

Reduction waves were also observed in acetonitrile solu-
tions for 1, 2, 6, 7, 10, 13 and 15 with hydrogen or methyl
groups at C2 i.e. R1 = H or Me (Scheme 5). The cathodic waves
occur at reduction potentials Ec of −2.35 to −2.96 V (vs. the
internal FcH+–FcH couple), which are more negative than
−1.69 to −2.09 V found for the phenyl, butyl and silyl deriva-
tives here. The anodic waves after reductions are at much
lower potentials Ea and of lower intensities than the corres-
ponding cathodic waves for compounds with R1 = H or Me.
Similar CV traces have been reported for 1-methyl-ortho-carbor-
ane and 1,2-dimethyl-ortho-carborane where protonation of the
formed dianions was postulated.7 The dianions generated
from diazaborolyl-ortho-carboranes with R1 = H or Me are not
stable under these electrochemical conditions. The CV traces
of the carboranes are thus better defined in acetonitrile than
in dichloromethane, but the compounds slowly decompose in
acetonitrile.

Differences of 330 and 300 mV between the two one-
electron reduction waves for the butyl derivatives 4 and 8 in
acetonitrile indicate the radical monoanions to be stable with
respect to disproportionation (Kc ∼ 1.2–3.8 × 105). The phenyl
and silyl derivatives have smaller differences of 120 (3),

Table 3 Cyclic voltammetry (CV) data for 1–15 with a platinum working electrode in dichloromethane and a scan rate of 100 mV s−1

R1 R2 R3
Ea

(Ox)a V
Ec

(Red1)b V
Ea

(Red1) V
E1/2
(Red1) V

Ea–Ec

(Red1) mV
Ec

(Red2) V
Ea

(Red2) V
E1/2
(Red2) V

Ea–Ec

(Red2) mV
ΔE1/2 (Red1–Red2)
mV

1 H Et H 0.92
2 Me Et H 1.2
3 Ph Et H 0.97 −1.92 −1.54 −1.73 380 −1.92 −1.77 −1.85 150 120
4 tBu Et H 1.04 −2.03 −1.57 −1.80 460 −2.03 −1.92 −1.98 110 180
5 Me3Si Et H 1.09 −2.06 −1.50 −1.78 560 −2.06 −1.80 −1.93 260 150
6 H Ph H 1.11
7 Me Ph H 1.2
8 tBu Ph H 1.24 −2.26 −1.52 −1.89 740 −2.26 −1.94 −2.10 320 210
9 Me3Si Ph H 1.19 −2.56 −1.51 −2.04 1050 −2.56 −1.91 −2.24 650 200
10 H Ph Me 0.89
11 tBu Ph Me 0.98 −2.27 −1.56 −1.92 710 −2.27 −1.97 −2.12 300 200
12 Me3Si Ph Me 1.13 −2.62 −1.49 −2.06 1130 −2.62 −1.89 −2.26 730 200
13 H iPr H 0.96
14 Me3Si

iPr H 1.31 −2.29 −1.30 −1.76 990 −2.29 −1.76 −2.03 530 270
15 Me H H 1.13

a Irreversible wave, values in italics are from ill-defined waves. bNo observed reduction waves within the solvent window for 1, 2, 6, 7, 10, 13
and 15.

Fig. 4 Cyclic voltammetry traces for reductions of 3, 4 and 5 in dichloro-
methane (left) and in acetonitrile (right) solutions.
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170 (5), 160 (9) and 220 (14) mV. The reported value for diphe-
nyl-ortho-carborane in acetonitrile is 170 mV (Kc ∼ 750)8 so the
radical anion for the phenyl derivative 3 is less stable but the
radical anions for the butyl derivatives are more stable with
respect to diphenyl-ortho-carborane and to the disproportiona-
tion into the dianion and neutral species. It is interesting to
note that the electron-donating tert-butyl group facilitates
radical anion stability more than the more electron-withdraw-
ing phenyl group. It is presumed here that steric effects on the
C1–C2 bond length of the carborane are more important for
the stabilities of radical anions derived from diazaborolyl-
ortho-carboranes than electronic effects.

Spectroelectrochemistry

In view of our cyclic voltammetry data, compounds 3, 4 and 5
were selected for the identification of their stable monoanions
and dianions using spectroelectrochemical (and compu-
tational) methods. Fig. 5 shows the IR spectra in the region
between 1400 and 2800 cm−1 and Table 5 lists the band
maxima of the ν(BH)-vibrations of the monoanions and di-
anions on electrochemical reductions of 3, 4 and 5. Given the
similarities between the IR spectra for the monoanions and
the reported IR spectrum of the diphenyl-ortho-carborane
radical monoanion,8 these species have closely related cluster
geometries with ‘free electrons’ located in the cages.

The strong bands of the B–H stretching modes are shifted
from 2675–2577 cm−1 for the neutral species to
2541–2528 cm−1 for the monoanions. Further reductions to
the dianions led to ν(BH)-bands of 2451–2441 cm−1 which are
shifted from the B–H bands for the monoanions by
80–100 cm−1. In the case of the phenyl derivative 3, the band
assigned to the aromatic C–C stretch of the phenyl group is
not significantly shifted on reduction with values between
1579 and 1589 cm−1 but its band intensity increases on going
from the neutral species via the radical anion to the dianion as
shown in Fig. 5.

UV-visible spectra of the colourless compounds 3, 4 and 5
display bands at 293–298 nm corresponding to local π–π*
transitions at the borolyl groups (Fig. 6 and Table 6). Electro-
chemical reductions of these neutral species gave spectral pro-
files with several bands observed corresponding to the radical
monoanions. Weak lowest-energy bands are found at
433–442 nm along with more intense bands at 345–377 nm.
Further reductions gave spectra with broad bands between 300
and 400 nm corresponding to the dianions. The ill-defined
spectra of the anions were deconvoluted by Gaussian curve
analyses with the lowest energy bands estimated at
382–400 nm.

Geometry and MO computations
Neutral species

The optimised geometries of the neutral species 8–13 and 15
at B3LYP/6-31G* are in good agreement with geometries deter-
mined experimentally. Comparison with computed and exper-
imental data reported for 1–7 revealed one unusual difference
as shown in Table 7. The reported optimised geometry for 4
has a C1–C2 bond length of 1.820 Å whereas in the optimised
geometry for 8 a C1–C2 bond length of 1.765 Å was calculated.
The experimentally determined C1–C2 bonds for 4 and 8 are
similar at 1.756(1) Å and 1.750(2) Å, respectively (Table 1).
Compounds 4 and 8 differ only in the Et and Ph substituents
attached to the nitrogens of the borolyl group.

The torsion angles C1–C2–C22–C23 (θ, Fig. 2) were con-
sidered to study the influence of the tert-butyl group rotation
on the geometries for 4 and 8. Fig. S33† shows the total ener-
gies and the C1–C2 bond length with the angle θ constrained
at 5 degree intervals for 4 and 8. Two minima were found for 4
and such conformers i.e. 4A and 4B were indeed observed in
the crystal of 4. Only one minimum was located for 8 and this
conformer was determined by X-ray crystallography. The effect
of the tert-butyl group on both geometries is intriguing with
C1–C2 bond lengths varying from 1.76 to 1.83 Å for 4 and from

Table 4 Cyclic voltammetry (CV) data for 1–10 and 13–15 with a glassy carbon working electrode in acetonitrile and a scan rate of 100 mV s−1

R1 R2 R3
Ea (Ox)
Va

Ec

(Red1) V
Ea

(Red1) Vb
E1/2
(Red1) V

Ea–Ec

(Red1) mV
Ec

(Red2) V
Ea

(Red2) Vb
E1/2
(Red2) V

Ea–Ec

(Red2) mV
ΔE1/2 (Red1–Red2)
mV

1 H Et H 0.87 −2.81 −1.50 −2.81 −1.80
2 Me Et H 1.04 −2.35 −1.50 −2.35 −1.76
3 Ph Et H 0.97 −1.76 −1.39 −1.58 370 −1.76 −1.64 −1.70 120 120
4 tBu Et H 0.98 −1.69 −1.44 −1.56 260 −1.99 −1.79 −1.89 200 330
5 Me3Si Et H 1.02 −1.89 −1.41 −1.65 480 −1.89 −1.75 −1.82 140 170
6 H Ph H 1.09 −2.79 −1.16
7 Me Ph H 1.12 −2.38 −1.61 −2.38 −1.83
8 tBu Ph H 1.15 −1.75 −1.45 −1.60 300 −1.99 −1.82 −1.90 170 300
9 Me3Si Ph H 1.25 −2.09 −1.58 −1.84 510 −2.09 −1.91 −2.00 180 160
10 H Ph Me 0.70 −2.88 −1.67
13 H iPr H 0.75 −2.89 −1.48
14 Me3Si iPr H 1.11 −1.96 −1.30 −1.63 670 −1.96 −1.73 −1.85 230 220
15 Me H H 0.96 −2.96 −1.64 −2.96 −1.86
a Irreversible wave. b Values in italics correspond to the anodic wave of the species formed on rearrangement, reaction or decomposition of the
initial reduced species.
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1.76 to 1.80 Å for 8 and with low rotation barriers of 0.6 kcal
mol−1 for 4 and 1.0 kcal mol−1 for 8. These C1–C2 bond length
variations of 0.07 and 0.04 Å are larger than those of
0.01–0.03 Å computed for the rotations of a borolyl,16 phenyl28

or tert-butyl29 group in C-monosubstituted carboranes.
The combined steric congestion and mutual orientations
of the tert-butyl and diazaborolyl groups influence the C1–C2
distance considerably.

Comparison of the bond lengths for the optimised geome-
tries 4A, 4B and the experimental geometry of 4 listed in
Table 8 reveals very good agreement between 4B and 4 for all
bonds whereas the agreement between 4A and 4 is good apart
from a significant difference of 0.06 Å found for the C1–C2
bond. Apart from the sensitive C1–C2 bond lengths listed in
Table 7, similar bond lengths in the optimised geometry of 4B
are observed in the optimised geometries of the neutral
compounds 1–3 and 5–15.

While C-diazaborolyl-ortho-carboranes can be derived from
benzodiazaborolyl groups with R2 = H, Et, iPr or Ph
(Scheme 5), carboranes with N-mesityl or N-tert-butyl substitu-
ents are still elusive. Optimized geometries on these molecules
revealed a highly distorted borolyl group for R2 = tBu and a
borolyl group with little distortion for R2 = Mes. This suggests
severe steric hindrance in the case of tert-butyl groups at nitro-
gens preventing formation of the C-diazaborolyl-ortho-
carborane and indeed notable distortions are present in the
optimised geometry of the hypothetical bromoborole precursor
20. The ortho-methyl groups in the mesityl groups may
obstruct bond formation between the carborane anion and
the boron atom of the fused ring system thus inhibiting the
synthesis of the C-diazaborolyl-ortho-carborane with mesityl
groups at nitrogens.

The optimised geometry of the carborane 31 with the BBr2
group at a cage carbon, which was not structurally character-
ised, gave calculated 11B GIAO-NMR data in good agreement
with observed 11B NMR data where the peak for the three-
coordinate boron is at 56.8 ppm. Comparison of the optimised
geometry 31 with the optimised geometry for the closely
related benzodiazaborolyl carborane 15 reveals very similar
C1–C2 and B2–C1 bond lengths for 31 (1.587; 1.679 Å) and 15
(1.581; 1.685 Å). Thus, both Br2B- and C6H4(NH)2B-groups
exert similar structural effects on the carborane cluster.

Fig. 5 IR spectra for 3, 4 and 5 and their mono- and dianions in the region
1400–2800 cm−1 in an OTTLE cell (DCM, 0.1 M nBu4NPF6).

Table 5 IR data for [3]n−, [4]n− and [5]n− (n = 0, −1, −2) in 0.1 M nBu4NPF6
DCM solutions

n B–H stretch/cm−1 Phenyl ring CC stretch/cm−1

[3]n− 0 2675 (w), 2598 (m), 2580 (m) 1589 (w)
1 2536 (s) 1579 (m)
2 2451 (s) 1587 (s)

[4]n− 0 2536 (s), 2602 (m), 2577 (m)
1 2541 (s)
2 2525 (sh), 2441 (s)

[5]n− 0 2645 (w), 2595 (m), 2577 (m)
1 2528 (s)
2 2448 (s)
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As previously reported16 for compounds 1–7, the HOMO is
the π(borolyl) orbital whereas the LUMO may be the π*B or a
π*(phenyl) orbital. HOMO and LUMO of 4B are depicted in
Fig. 7. Table 7 lists the calculated LUMO and HOMO energies

for 1–15 and compares them with the oxidation and reduction
potentials obtained from CV data. Strictly speaking, observed
half-wave oxidation and reduction potentials should be used
for comparison but such values are not available for most com-
pounds here. Therefore anodic oxidation and cathodic
reduction potentials are used here for comparison. The agree-
ment between the experimental oxidation potentials and the
HOMO energies is reasonable. The observed reduction poten-
tials, on the other hand, are in poor agreement with the calcu-
lated LUMO energies in the sense that there is no obvious
trend between the two sets of values. For example, the com-
puted LUMO energies for 2 and 5 are identical but the
observed reduction potentials differ by 0.46 V. Here the pre-
dicted LUMO energies are thus poor guides for the estimation
of the reduction potentials of disubstituted-ortho-carboranes.
A better correlation between measured reduction potentials
and C1–C2 bond lengths (experimental or computed) is shown
in Table 7.

The LUMO energy for 4 depends on the two conformers
(minima) with −1.12 eV for 4A and −0.82 eV for 4B. The cage
contributions to the LUMOs are 67% for 4A and 51% for 4B
and suggest that an increase in the C1–C2 bond results in an
increase of the cage contribution to the LUMO. This, in turn,
could facilitate the one-electron reduction of the cluster.

Monoanions

The optimised geometry of the monoanion [4]− is shown here
as a representative example for stable monoanion radical
anions from 3, 4, 5, 8, 9, 11, 12 and 14 based on their CV data.
The C1–C2 bond distances for the eight monoanions range
from 2.425 Å [3]− to 2.445 Å for [4]− as shown in Table S8.†
Selected bond lengths for the monoanion [4]− are listed in
Table 8 using the atom numbering given in Fig. 2. The cluster
geometry for [4]− is clearly more distorted with a C1–C2 bond
elongated in comparison to its neutral species 4 whereas the
borolyl group in [4]− resembles the borolyl group in 4. The
‘free electron’ is thus located in the cage and the anion [4]−

has a 2n + 3 skeletal electron count.
Comparison of selected bond lengths between the mono-

anion [4]− and the excited state 4S1(CT) geometries shows

Table 6 UV-visible data for [3]n−, [4]n− and [5]n− (n = 0, −1, −2) in 0.1 M
nBu4NPF6 DCM solutions

n Wavelength/nm (extinction coefficient ε/M−1 cm−1)

[3]n
−

0 297 (13 500)
1 441 (2600), 377 (7700), 362 (9100), 347 (10 200), 295 (10 500)
2 400 (1200), 375 (3200), 355 (4300), 336 (4700), 318 (6500),

304 (9600), 291 (11 000)
[4]n
−

0 298 (11 000), 296 (11 300)
1 433 (400), 372 (1900), 358 (1900), 345 (2000), 297 (8300), 292

(8100)
2 382 (400), 364 (1000), 345 (1600), 329 (2400), 313 (4000), 298

(7000)
[5]n
−

0 297 (11 700), 293 (11 800)
1 442 (1300), 375 (6000), 361 (5300), 297 (7900), 292 (8100)
2 400 (800), 370 (1200), 350 (2000), 331 (4200), 314 (6500), 300

(8400), 288 (7700)

Fig. 6 UV spectra for 3, 4 and 5 and their mono- and dianion species in an
OTTLE cell (DCM, 0.1 M nBu4NPF6).
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similarities in the cluster geometries (Table 8). The C1–C2 dis-
tances are similar at 2.45 Å for [4]− and 2.42 Å for the excited
state 4S1(CT). The borolyl group inevitably acts as a ‘donor’ in
the monoanion and as an ‘acceptor’ in the excited state thus
closer examination of the clusters reveals essentially identical
geometries whereby the ‘donor’ group at the carbon atom
lengthens the B3/6-C bond i.e. B3/6-C1 of 1.76 Å for [4]− and
B3/6-C2 of 1.76 Å for 4S1(CT). Thus data on carborane mono-
anion radicals could be related to the excited state geometries
of such carboranes which are responsible for the low-energy
emissions observed here and elsewhere.

The ‘free’ electron in the monoanion radical is located in
the cage based on open-shell electronic structure calculations
where the highest singly occupied orbital SOMO (the highest
occupied spin orbital α-HOSO) represents the ‘free’ electron
for the monoanion [4]− in Fig. 7. The α-HOSO, which is con-
sidered as the singly occupied molecular orbital SOMO, for
[4]− has 87% cage character and thus 36% more than the
LUMO of the neutral species 4B. It seems likely that addition
of an electron to the neutral species goes initially to the π*B
orbital and the C1–C2 bond then elongates to accommodate
the ‘free’ electron into the cage. This geometrical rearrange-
ment may be the cause of the slow electron transfer process
observed in the CV data for 4. This process also applies to

Table 7 Selected calculated geometric parameters and comparison between computed and observed MO energies for 1–15

R1
C1–C2
(calc)

LUMO energy
obs (V)a

LUMO energy
calc (eV)

LUMO
type

HOMO energy
obs (V)b

HOMO energy
calc (eV)

1 H ψ = 13.9 1.656 −1.99 −0.66 π*B −5.67 −5.87
ψ = 91.8 1.676 −0.71 π*B −5.89

2 Me 1.714 −2.45 −0.85 π*B −5.84 −5.89
3 Ph 1.764 −3.04 −1.31 π*(phenyl) −5.77 −5.78
4 tBu 4A θ = 11.4 1.820 −3.11 −1.12 π*B −5.78 −5.79

4B θ = 58.0 1.764 −0.82 π*B −5.84
5 Me3Si 1.750 −2.91 −0.85 π*B −5.82 −5.82
6 H ψ = 5.5 1.659 −2.01 −0.74 π*(phenyl) −5.89 −5.93

ψ = 90.1 1.664 −0.63 π*B −5.96
7 Me 1.692 −2.42 −0.68 π*B −5.92 −5.95
8 tBu θ = 26.1 1.765 −3.05 −0.77 π*B −5.95 −5.87
9 Me3Si 1.729 −2.71 −0.70 π*B −6.05 −5.91
10 H ψ = 1.8 1.657 −1.92 −0.70 π*(phenyl) −5.50 −5.66

ψ = 89.6 1.665 −0.55 π*B −5.50 −5.69
11 tBu θ = 29.4 1.766 −2.53c −0.71 π*B −5.78c −5.61
12 Me3Si 1.730 −2.18c −0.63 π*B −5.93c −5.64
13 H ψ = 14.3 1.664 −1.91 −0.66 π*B −5.55 −5.83

ψ = 88.8 1.686 −0.73 π*B −5.85
14 Me3Si 1.761 −2.84 −0.89 π*B −5.91 −5.78
15 Me 1.685 −1.84 −0.72 π*B −5.76 −6.03
aData from Table 4 using E(MO) = −Ec(Red1) − 4.8 V with the FcH+/FcH couple at −4.8 V. bData from Table 4 using E(MO) = −Ea(Ox) − 4.8 V.
cData from Table 3.

Table 8 Comparison of selected bond lengths (Å) in the experimental geome-
try for 4 and the optimised geometries 4A, 4B, [4]–, 4 S1(CT) and [4]2−

Bond 4 4A 4B [4]− 4 S1 (CT) [4]2−

C1–C2 1.7564(12) 1.820 1.764 2.445 2.420 2.991
C1–B3 1.7318(13) 1.729 1.730 1.759 1.693 2.686
C1–B6 1.7255(13) 1.724 1.726 1.761 1.689 1.555
C1–B4 1.7136(14) 1.699 1.719 1.635 1.636 1.618
C1–B5 1.7155(13) 1.699 1.719 1.635 1.637 1.617
C2–B3 1.7214(14) 1.713 1.729 1.707 1.759 1.527
C2–B6 1.7249(14) 1.720 1.729 1.705 1.762 2.640
C2–B7 1.7224(14) 1.709 1.719 1.641 1.616 1.617
C2–B11 1.7231(14) 1.717 1.721 1.642 1.615 1.616
C1–B2 1.6058(13) 1.610 1.615 1.548 1.589 1.517
C2–C22 1.5726(13) 1.581 1.585 1.550 1.540 1.540
N1–B2 1.4411(12) 1.446 1.450 1.462 1.470 1.481
N3–B2 1.4387(12) 1.448 1.447 1.462 1.474 1.476
N1–C9 1.3992(11) 1.401 1.401 1.391 1.374 1.382
N3–C8 1.3985(11) 1.400 1.401 1.391 1.371 1.395
C8–C9 1.4013(13) 1.408 1.408 1.418 1.442 1.428
C4–C9 1.3929(12) 1.396 1.396 1.394 1.402 1.394
C7–C8 1.3951(13) 1.396 1.396 1.394 1.399 1.395
C4–C5 1.3963(14) 1.397 1.397 1.402 1.388 1.407
C6–C7 1.3956(14) 1.397 1.397 1.402 1.390 1.407
C5–C6 1.3916(15) 1.399 1.399 1.396 1.419 1.394

Fig. 7 Selected molecular orbitals for 4, [4]− and [4]2−.
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other carboranes, 5, 8, 9, 11, 12 and 14, with tBu or Me3Si
groups. A different situation is given for 3 where the LUMO is
located at the phenyl group. In this case, the electron initially
goes to the π*(phenyl) orbital on reduction followed by
rearrangement of the cage. This route is also likely in diphe-
nyl-ortho-carborane (Fig. 1) where slow electron transfer is also
evident for the first reduction wave by detailed CV studies.8

Dianion species

At least six different geometries for the nido-12-vertex carbo-
ranes are described.30 According to quantum chemical calcu-
lations, the most stable geometries of the dianions 3, 4, 5, 8, 9,
11, 12 and 14 have C–C separations ranging from 2.944 Å [9]2−

to 2.991 Å for [4]2− (Table S8†). They are similar to experimen-
tally determined C–C distances in nido-12-vertex carboranes
(Table S9†).31 Moreover calculated distances C1⋯B3 and
C2⋯B6 (2.582–2.686 Å) are well comparable to experimentally
obtained data (2.485–2.743 Å). Pertinent computed bond
lengths for [4]2−, which was selected as a representative for the
dianions here, are collected in Table 8. The bonding para-
meters within the diazaborolyl fragments of [4]− and [4]2− are
similar, whereas changes in the cluster are obvious. Thus, dis-
tances C1–B3 and C2–B6 are elongated by 0.93 Å and the bond
length C1–C2 increased by 0.55 Å. Obviously the second elec-
tron upon reduction of [4]− to [4]2− is accommodated in the
cluster. The HOMO of dianion [4]2− has 90% cage character,
whereas the LUMO is located at the C6H4-part of the benzodi-
azaborolyl substituent (Fig. 7). From the similar geometries of
[4]2− and [4]− and the natures of the HOMO in [4]2− and the
SOMO in [4]− one might expect a rapid electron transfer
between the two species, which is underlined by the CV data
presented earlier.

Infrared and UV-visible computations

Selected data obtained by TD-DFT calculations for 3, 4 and 5
and their anions and the corresponding experimental infrared-

and UV-visible-data are listed in Table 9. In all cases excellent
agreement between observed and computed IR-frequencies
reflects the substantial shifts of the B–H stretching modes on
sequential one-electron reduction (for simulated IR spectra of
3–5 and their anions see Fig. S35†).

TD-DFT data on the nine species are also in broad agree-
ment with the observed low-energy bands. The relevant orbi-
tals discussed here are shown in Fig. 7 for [4]n− (n = 0, −1, −2)
where similar orbitals are found for [3]n− and [5]n− analogues.
In the neutral species, the strong bands observed at 4.19 eV
correspond to HOMO > LUMO transitions (π(borolyl) > πB*) as
reported elsewhere for 3–5.16 The weak lowest energy bands
observed for the three monoanionic radicals are assigned to
α-HOSO > α-LUSO transitions which are largely cage to π*
(borolyl) and thus charge-transfer in nature. Higher energy
bands at 3.0–3.3 eV in the UV spectra of the monoanions are
assigned to π(borolyl) > cage* transitions (β-HOSO > β-LUSO).
The lowest energy bands observed for the dianions are
assigned to HOMO > LUMO transitions (cage > π*(borolyl)).

Given the excellent agreements between observed and com-
puted spectroscopic data for the monoanions and dianions of
3–5, the optimised geometries for these anions are likely to be
found experimentally. These anion geometries are also present
for reduced carboranes 8, 9, 11, 12 and 14 as these compounds
gave CV data similar to 4 and 5.

Conclusions

The family of C-benzodiazaborolyl-ortho-carboranes has been
expanded by three new benzodiazaborolyl groups. While most
derivatives were synthesized using the standard bromoborole–
lithiocarborane synthetic route, two alternative protocols to
new C-benzodiazaborolyl-ortho-carboranes were developed.
Low-energy fluorescence emissions were observed in the solu-
tion- and solid-state for seven of the eight new compounds
with Stokes shifts between 14 100 and 21 000 cm−1 and
quantum yields up to 70%.

Table 9 Comparison of observed IR and UV-visible data with calculated frequency and TD-DFT data for [3]n−, [4]n− and [5]n− (n = 0, −1, −2)

Obs (cm−1) Calc (cm−1) Vibration type Obs (eV) Calc (eV) Osc. str.a Major orbital contributions (%) Transition type

3 2580 2580 B–H stretch 4.19 4.68 0.2099 HOMO > LUMO + 2 (68) π(borolyl) > πB*
1589 1572 CC ring stretch

[3]− 2536 2525 B–H stretch 2.81 2.74 0.0434 α-HOSO > α-LUSO (87) Cage > π *(borolyl)
1579 1573 CC ring stretch 3.29 2.99 0.0794 β-HOSO > β-LUSO (84) π(borolyl) > cage*

[3]2− 2451 2420 B–H stretch 3.10 3.08 0.0892 HOMO > LUMO (70) Cage > π*(borolyl)
1587 1564 CC ring stretch

4A 2577 2580 B–H stretch 4.19 4.15 0.2586 HOMO > LUMO (70) π(borolyl) > πB*
4B 2577 2580 B–H stretch 4.19 4.49 0.3009 HOMO > LUMO (67) π(borolyl) > πB*
[4]− 2541 2508 B–H stretch 2.87 2.82 0.0453 α-HOSO > α-LUSO (97) Cage > π*(borolyl)

3.34 3.21 0.1488 β-HOSO > β-LUSO (95) π (borolyl) > cage*
[4]2− 2441 2412 B–H stretch 3.25 3.00 0.0809 HOMO > LUMO (70) Cage > π*(borolyl)
5 2580 2580 B–H stretch 4.19 4.44 0.2726 HOMO > LUMO (69) π(borolyl) > πB*
[5]− 2528 2509 B–H stretch 2.81 2.86 0.0338 α-HOSO > α-LUSO (95) Cage > π*(borolyl)

3.31 3.16 0.1602 β-HOSO > β-LUSO (95) π(borolyl) > cage*
[5]2− 2448 2412 B–H stretch 3.10 3.12 0.0871 HOMO > LUMO (70) Cage > π*(borolyl)
aOscillation strength.
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All fifteen C-diazaborolyl-carboranes examined by CV
studies reveal oxidation and reduction waves in acetonitrile
solutions. While oxidations are centered at the electron-donat-
ing benzodiazaborolyl groups, the reductions occur at the elec-
tron-withdrawing carborane clusters. For the C-diazaborolyl-
ortho-carboranes with a phenyl, tert-butyl or trimethylsilyl sub-
stituent at the second carbon (R1 in Fig. 8), the reduction
waves showed evidence of stable monoanionic radicals and
dianions. The stabilities of these anions were supported by
infrared and UV-visible spectroelectrochemical methods. The
anions were cleanly transferred to their neutral precursors by
oxidation.

The geometries of the radical anions with 2n + 3 skeletal
electron counts and the dianions (nido, 2n + 4 skeletal electron
count) were determined by computations (Fig. 8). The com-
puted frequencies of the B–H stretching vibrations and
TD-DFT data from these optimised geometries were in very
good agreement with the spectroelectrochemical data indicat-
ing that such geometries may also be formed experimentally.

Based on the electronic structure calculations of the three
geometries in Fig. 8, the first reduction process involves
adding an electron to the boron atom with the empty p-orbital
followed by rearrangement of the cluster which allows the for-
mation of the stable radical anion. The cluster rearrangement
is likely to be responsible for the slow electron transfer
reflected by the CV traces for the first reduction process. This
slow electron transfer process is strongly dependent on the
solvent which is perhaps not surprising given that negative
charge is transferred from the borolyl group to the cage during
the rearrangement process. The second reduction step is
a straightforward addition of the second electron to the
carborane radical anion resulting in a fast electron transfer as
inferred from the CV studies.

For C-diazaborolyl-ortho-carboranes with hydrogen or
methyl groups at the adjacent cage carbon, the measured
reduction potentials here demonstrate that they are consider-
ably more difficult to reduce in comparison to those with
phenyl, tert-butyl and trimethylsilyl groups. This is strongly
related to the C1–C2 bond distances where experimental
values are 1.656(1)–1.686(2) Å for R1 = H, Me and 1.701(2)–
1.756(1) Å for R1 = Ph, tBu, SiMe3. The C1–C2 separations in
neutral ortho-carboranes are thus important parameters for
the stabilization of 12-vertex geometries with 2n + 3 skeletal
electron counts.

The similarities in the optimised cluster geometries of the
monoanions here and the charge transfer (CT) singlet excited
states of their neutral species suggest a close relationship
between the monoanion and the S1(CT) state in these diaza-
borolylcarboranes. Low-energy emissions were observed for
C-benzodiazaborolyl-ortho-carboranes with R1 = Ph, tBu, SiMe3
which are also those with long C1–C2 bond distances and with
the stable 2n + 3 monoanions.

Experimental
General

All manipulations were performed under an atmosphere of dry
oxygen-free argon using Schlenk techniques. All solvents
were dried by standard methods and freshly distilled prior to
use. The compounds 2-bromo-1,3-diethyl-1,3,2-benzodiaza-
borole,17 2-bromo-1,3-diphenyl-1,3,2-benzodiazaborole (16),19

4,5-dimethyl-N,N′-diphenyl-ortho-phenylenediamine (25),32 N,N′-
dimesityl-ortho-phenylenediamine (26),33 N,N′-di-tert-butyl-
ortho-phenylenediamine(28),34 1-tert-butyl-1,2-dicarbadodeca-
borane35 and 1-trimethylsilyl-1,2-dicarbadodecaborane35 were
prepared as described in the literature. Compounds 22, 23, 29,
1,2-dicarbadodecaborane and 1-methyl-1,2-dicarbadodecabor-
ane were purchased commercially. NMR spectra were recorded
from solutions at room temperature on a Bruker Avance III
300, a Bruker AM Avance DRX500 (1H, 11B, 13C), a Bruker
Avance III 500 and a Bruker Avance 400 spectrometer (1H{11B})
with SiMe4 (1H, 13C) and BF3·OEt2 (11B) as external standards.
1H- and 13C{1H} NMR spectra were calibrated on the solvent
signal [CDCl3: 7.24 (1H), 77.16 (13C); C6D6: 7.15 (1H), 128.06
(13C)]. The expected broad 13C peaks corresponding to the
carbon atoms attached to the borole-boron atoms were not
detected above the noise levels. Mass spectra were recorded
with a VG Autospec sector field mass spectrometer (Micro-
mass). See ESI† for further spectroscopic data, 1H, 13C{1H} and
11B{1H} NMR spectra of carboranes 8–15 and detailed synthetic
procedures. Typical procedures for the syntheses of C-benzo-
diazaborolyl-ortho-carboranes and 2-bromo-1,3,2-benzodiaza-
boroles are described below.

SYNTHESIS OF 2-(1′,2′-DICARBADODECABORAN-1′-YL)-1,3-DIPHENYL-
5,6-DIMETHYL-1,3,2-BENZODIAZABOROLE (10). n-Butyllithium (1.6 M
in n-hexane, 4.00 mL, 6.40 mmol) was added to a chilled (0 °C)
solution of ortho-carborane (0.87 g, 6.03 mmol) in diethyl
ether (10 mL). After stirring for 1.5 h at room temperature a
solution of 2-bromo-1,3-diphenyl-5,6-dimethyl-1,3,2-benzodi-
azaborole 17, (2.28 g, 6.05 mmol) in toluene (11 mL) was added
dropwise at 0 °C. After stirring for 19 h at room temperature
the solvent was removed in vacuo. The residue was extracted
with hot toluene (5 × 10 mL) and the combined extracts were
evaporated to dryness. The remaining solid was crystallized
from dichloromethane (27 mL) and washed with n-hexane
(8 mL). Product 10 was obtained as a colourless solid. Yield:
1.87 g (70%). Found: C, 59.77; H, 6.63; N, 6.33%; C22H29B11N2

requires C, 60.00; H, 6.64; N, 6.36%; 1H-NMR (CDCl3): δ [ppm]
= 0.9–3.0 (m, br, 10 H, BH), 2.15 (s, 6 H, CCH3), 2.99 (s, br,

Fig. 8 Postulated geometries of the anions obtained by reduction of carbo-
ranes with R1 = Ph, tBu and SiMe3.
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1 H, cage CH), 6.30 (s, 2 H, H4,7), 7.30 (m, 4 H, Hortho), 7.51
(m, 6 H, Hmeta, Hpara); 13C{1H}-NMR (CDCl3): δ [ppm] = 19.9 (s,
CCH3), 58.3 (s, cageCH), 111.8 (s, C4,7), 128.6 (s, Cpara), 129.5
(s, Cortho), 129.6 (s, C5,6), 129.9 (s, Cmeta), 136.1 (s, C8,9), 139.0
(s, Cipso); 11B{1H}-NMR (CDCl3): δ [ppm] = –12.8 (s), −11.0 (s),
−7.9 (s), −2.2 (s), 0.2 (s) (polyhedral boron atoms), 23.2 (s, exo-
polyhedral boron atom); MS (EI): m/z = 440.4 (M+, 100%), 425.3
(M+ − Me, 10%).

SYNTHESIS OF 2-BROMO-1,3-DIPHENYL-5,6-DIMETHYL-1,3,2-BENZODIAZA-
BOROLE (17). A solution of 4,5-dimethyl-N,N′-diphenyl-o-pheny-
lenediamine (25) (5.58 g, 19.35 mmol) in chloroform (60 mL)
was dripped to a mixture of calcium hydride (3.26 g,
77.45 mmol), boron tribromide (2.20 mL, 5.81 g, 23.21 mmol)
and chloroform (60 mL). After stirring for 21 h at ambient
temperature the mixture was filtered and the filter-cake was
washed with chloroform (30 mL). The combined filtrates were
freed from volatiles and the residue was purified by short-path
distillation (5 × 10−2 mbar) using a flame. Product 17 was
obtained as a colourless solid. Yield: 6.68 g (92%). 1H-NMR
(CDCl3): δ [ppm] = 2.26 (s, 6 H, C6H2(CH3)2), 6.89 (s, 2 H,
H4,7), 7.39 (tt, 3JHH = 7.3 Hz, 4JHH = 1.2 Hz, 2 H, Hpara), 7.45
(dd, 3JHH = 8.4 Hz, 4JHH = 1.2 Hz, 4 H, Hortho), 7.52 (m, 4 H,
Hmeta); 13C{1H}-NMR (CDCl3): δ [ppm] = 20.0 (s, C6H2(CH3)2),
111.6 (s, C4,7), 126.7 (s, Cpara), 127.3 (s, Cortho), 128.9 (s, C5,6),
129.4 (s, Cmeta), 135.2 (s, C8,9), 139.3 (s, Cipso); 11B{1H}-NMR
(CDCl3): δ [ppm] = 23.6 (s); MS (EI): m/z = 375.9 (M+, 100%),
360.9 (M+ − Me, 38%).

Photophysics

All experiments in solution were performed in quartz cuvettes
of 10 × 10 mm (Hellma type 111-QS, suprasil, optical pre-
cision). Cyclohexane was used as received from commercial
sources (p. a. quality), the other solvents were dried by stan-
dard methods prior to use. Sample concentrations varied from
20 to 70 μM according to their optical density. Solid samples
were prepared by vacuum sublimation on quartz plates (35 ×
10 × 1 mm) using standard Schlenk equipment and
conditions.

Absorption spectra were taken with a UV/VIS double-beam
spectrometer (Shimadzu UV-2550), using the solvent as a refer-
ence. The setup used to acquire excitation–emission spectra
(EES) was similar to that employed in commercial static fluori-
meters. The output of a continuous Xe-lamp (75 W, LOT Oriel)
was wavelength-separated by a first monochromator (Spectra
Pro ARC-175, 1800 l·mm−1 grating, Blaze 250 nm) and then
used to irradiate a sample. The fluorescence was collected by
mirror optics at right angles and imaged on the entrance slit
of a second spectrometer while compensating astigmatism at
the same time. The signal was detected by a back-thinned
CCD camera (RoperScientific, 1024\256 pixels) in the exit
plane of the spectrometer. The resulting images were spatially
and spectrally resolved. As the next step, one averaged fluor-
escence spectrum was calculated from the raw images and
stored in the computer. This process was repeated for different
excitation wavelengths. The result is a two-dimensional fluor-
escence pattern with the y-axis corresponding to the excitation,

and the x-axis to the emission wavelength. The time to acquire
a complete EES is typically less than 15 min. Post-processing
of the EES includes subtraction of the dark current back-
ground, conversion of pixel to wavelength scales, and multipli-
cation with a reference file to take the varying lamp intensity
as well as grating and detection efficiency into account. The
quantum yields were determined against POPOP (p-bis-5-
phenyl-oxazolyl(2)-benzene) (Φ = 0.93) as the standard.

The solid-state fluorescence was measured by addition of
an integrating sphere (Labsphere, coated with Spectralon, Ø
12.5 cm) to the existing experimental setup. At the exit slit of
the first monochromator the exciting light was transferred into
a quartz fiber (LOT Oriel, LLB592). It passed a condenser lens
and illuminated a 1 cm2 area on the sample in the centre of
the sphere. The emission and exciting light was imaged by
a second quartz fiber on the entrance slit of the detection
monochromator. The optics for correction of astigmatism was
passed by the light on this way.

Post-processing of the spectra was done as described above.
The experimental determination and calculation of quantum
yields was performed according to the method described by de
Mello et al.36 Stokes shifts were calculated from excitation and
emission maxima, which were extracted from spectra that were
converted from wavelength to wavenumbers beforehand.

X-ray crystallography

Single crystals were coated with a layer of hydrocarbon oil and
attached to a glass fiber. Crystallographic data were collected
with Nonius Kappa CCD and Bruker KAPPA APEX II diffracto-
meters with Mo-Kα radiation (graphite monochromator, λ =
0.71073 Å) and a Bruker AXS X8 Prospector Ultra with APEX II
with Cu-Kα radiation (graphite monochromator, λ = 1.54178 Å)
at 100 K. Crystallographic programs used for structure solution
and refinement were from SHELX-97.37 The structures were
solved by direct methods and were refined by using full-matrix
least squares on F2 of all unique reflections with anisotropic
thermal parameters for all non-hydrogen atoms. All hydrogen
atoms, except those of a disordered methyl group, were refined
isotropically for 15. For 8–13 only the hydrogen atoms bonded
to (non-disordered) carborane units were refined isotropically,
the other hydrogen atoms were refined using a riding model
with U(H) = 1.5 Ueq for CH3 groups and U(H) = 1.2 Ueq for all
others. For 19 all hydrogen atoms were refined using this
riding model. Crystallographic data for the compounds are
listed in Table S2.† CCDC-894654 (8), CCDC-894655 (9), CCDC-
894656 (10), CCDC-894657 (11), CCDC-894658 (12), CCDC-
894659 (13), CCDC-894660 (15) and CCDC-894661 (19) contain
the supplementary crystallographic data for this paper.

Cyclic voltammetry

Electrochemical measurements (Autolab PG-STAT 30) were
carried out using dry dichloromethane or acetonitrile solu-
tions containing 0.1 M NBu4PF6 electrolyte in a standard
three-electrode cell using platinum (1 mm diameter disc) or
glassy carbon (2 mm) working electrodes with platinum wires
as counter and reference electrodes. Potentials are reported
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using an internal ferrocenium–ferrocene couple (FcH+/FcH =
0.0 V) as a reference. All electrochemical experiments were
carried out in a glove box at ambient temperature.

Spectroelectrochemistry

Spectroelectrochemical experiments were performed at room
temperature in an airtight optically transparent thin-layer elec-
trochemical (OTTLE) cell equipped with Pt minigrid working
and counter electrodes (32 wires cm−1), an Ag wire pseudo-
reference electrode and CaF2 windows for a 200 μm path-
length solvent compartment.38 The cell was positioned in the
sample compartment of a Nicolet Avatar 6700 FT-IR spec-
trometer or a Perkin-Elmer Lambda-900 spectrophotometer.
An initial potential was applied such that no electrochemical
work was done. The applied potential was then increased in a
small (50–100 mV) step and the system allowed to reach equili-
brium, as determined by both the decrease in current flowing
through the cell and the reproducibility of spectra vs. time,
before further increase in applied potential. When complete
electrolysis had been achieved (as determined by the relative
changes in the spectroscopic profile), the chemical reversibility
was determined by back oxidation using a similar sequence of
controlled potential steps. The controlled-potential electrolyses
were carried out using an Autolab PG-STAT 30 potentiostat.

Computations

DFT calculations were performed with the Gaussian03 and 09
programs,39 at the B3LYP/6-31G* level40 of theory. Geometry
optimizations were performed without any symmetry con-
straints, and frequency calculations on the resulting optimized
geometries showed no imaginary frequencies. The computed
frequencies were scaled by 0.95 for comparison with observed
IR data.41 Electronic transitions were calculated by the time-
dependent DFT (TD-DFT42) method. The MO contributions
were generated using the GaussSum package43 and plotted
using the GabEdit44 package. Calculated 11B chemical shifts
for 31 were carried out on the optimised geometry of 31 using
the GIAO45-NMR method and referenced to BF3·OEt2 with
δ(11B) = 111.7 − σ(11B). Calculated GIAO 11B-NMR for 31:
δ [ppm] = –11.7 (B4,5), −11.4 (B3,6), −10.7 (B7,11), −9.5
(B8,10), −5.7 (B9), 1.5 (B12), 68.7 (exopolyhedral boron atom).
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Modification of Electrode Surfaces by Self-Assembled
Monolayers of Thiol-Terminated
Oligo(Phenyleneethynylene)s
Inderpreet Kaur,[b] Xiaotao Zhao,[a] Martin R. Bryce,[a] Phil A. Schauer,[a] Paul J. Low,[a] and
Ritu Kataky*[a]

1. Introduction

Self-assembled monolayers (SAMs) have received much atten-
tion due to their potential applications in nanotechnology, for
molecular recognition and fabrication of various nanodevices,
such as sensors,[1–7] biosensors,[8–13] actuators,[14–15] molecular
motors[16] and photochromic devices. Other important applica-
tions of SAMs include use in the fabrication of corrosion resis-
tive coatings,[17–19] as active or passive elements in electronic
devices,[20–22] and as inks in dip-pen lithography.[23–26] Addition-
ally, SAMs can serve as models to study the properties of mem-
branes in cell organelles, and can be used as building blocks
for biomimetic systems. Self-assembly of organic molecules on
a solid surface provides an interface which connects two
worlds of entirely different physical and chemical properties,
for example, a metal on one side and an organic domain on
other side. SAMs of alkanethiols and alkanedithiols on
gold[27–43] are the most extensively studied due to the forma-
tion of well packed structures with relatively high stability,
which can suppress electrochemical processes directly at the

metal–solution interface. SAMs have, additionally, been pre-
pared by chemisorption of organic molecules containing vari-
ous functional groups, such as !SH,[28] !COOH,[29] !NH2,[30, 31]

and so forth, and are also known on a variety of electrode sur-
faces other than gold, such as platinum,[31, 44–46] copper,[47–48]

silver[49] and silicon.[50–51]

Although well-ordered and defect-free SAMs are often an
idealised target structure, they may contain pinholes or defects
which restrict use in many applications. Although, Porter
et al.[52] reported SAMs of long-chain alkanethiols to be pin-
hole-free on the basis of cyclic voltammetric (CV) studies. On
the other hand, Finklea[53] and Sabatani[54] suggested that gold
electrodes modified by long alkyl SAMs exhibit electron trans-
fer at pinholes and electron tunnelling at defects, which was
demonstrated using impedance studies. Different research
groups have emphasized that the quality, stability and com-
pactness of SAMs predominantly depend not only on the
physical and chemical structure of the constituent molecules
and the nature of the molecule–surface interaction, but also
on the cleanliness of the electrode surface and mode of prepa-
ration. However, SAMs of thiols on gold hold a privileged posi-
tion within the field of single-molecule electronics. Studies of
the electrical behaviour of thiol-based SAMs on gold have
been of immeasurable importance in assessing the wire-like
properties of various molecular backbones in metal/molecule/
metal junctions.[55]

The wire-like properties of four S-(4-{2-[4-(2-phenylethynyl)phe-
nyl]ethynyl}phenyl) thioacetate derivatives, PhC"CC6H4C"
CC6H4SAc (1), H2NC6H4C"CC6H4C"CC6H4SAc (2), PhC"CC6H2-
(OMe)2C"CC6H4SAc (3) and AcSC6H4C"CC6H4C"CC6H4SAc (4)
(Figure 1), all of which possess a high degree of conjugation
along the oligo(phenyleneethynylene) (OPE) backbone, were
investigated as self-assembled monolayers (SAMs) on gold and
platinum electrodes by cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS). The redox probe
[Fe(CN)6]4

! was used in both the CV and impedance experi-
ments. The results indicate that the thiolates derived from thio-
acetate-protected precursor molecules 1 and 2 form well-or-
dered monolayers on a gold electrode, whereas SAMs derived
from 3 and 4 exhibit randomly distributed pinholes. The elec-
tron tunnelling resistance and fractional coverage of SAMs of

all four compounds were examined using electron tunnelling
theory. The analysis of the results reveal that the well-ordered
SAMs of 1 and 2 exhibit higher charge-transfer resistance in
comparison to the defect-ridden SAMs of 3 and 4. The addi-
tional steric bulk offered by the methoxy groups in 3 is likely
to prevent efficient packing within the SAM, leading to a micro-
electrode behaviour, when assembled on a gold electrode sur-
face. The protected dithiol derivative 4 probably binds to the
surface through both terminal groups which prevents dense
packing and leads to the formation of a monolayer with ran-
domly distributed pinholes. Atomic force microscopy (AFM)
was used to examine the morphology of the monolayers, and
height images gave root-mean-square (RMS) roughness’s
which are in agreement with the proposed SAM structures.
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Each molecule used in the fabrication of SAMs in this work,
consists of three parts: 1) a head group which can bond with
the metal electrodes of choice, namely gold and platinum, 2) a
conjugated hydrocarbon backbone which stabilizes the SAM
through intermolecular van der Waals interactions and 3) a
functional tail group that provides interaction to the second
interface and which can in principle be tailored by further
chemical modification.[41] This work explores the self-assembly
properties of four wire-like S-(4-{2-[4-(2- phenylethynyl)phenyl]-
ethynyl}phenyl) thioacetate derivatives 1, 2, 3 and 4 (Figure 1)

on gold and platinum electrodes and offers and analysis of the
homogeneity and structure of the resulting monolayers using
CV and electrochemical impedance spectroscopy (EIS) data.

These linear p-conjugated molecular wires are length-persis-
tent rigid rod-like molecules, although low energy rotation can
occur around the phenyl–ethynyl bonds in the backbone, in
fluid media and the gas phase,[56, 57] but cannot fold or undergo
cis–trans isomerism which complicates the study of oligo(phe-
nylenevinylene) (OPV) analogues. The thioacetate-terminated
molecules 1–4 studied herein bind to the gold surface through
the thiolate units which are formed during deposition.[43] The
structural variants were chosen to probe the effects of differ-
ent end groups (!H, !NH2 and !SR) and the steric effect of di-
methoxy substitution in the central ring (derivative 3) while re-
taining the same backbone structure.[57] Rigid linear molecules,
such as 1–4 bearing two terminal end groups that are both ca-
pable of coordination with a metal surface can align approxi-
mately normal to the surface through coordination of one or
the other of the surface binding groups, or lie closer to parral-
lel to the surface with both groups binding to the surface.[59]

Thiol-amine and thiol-thiol competition for the binding to the
gold surface may be expected in SAMs formed from mole-
cules 2 and 4, and it is not possible from simple inspection of
the molecular structure to predict the formation of a homoge-

neously ordered SAM. While Rosario-Castro performed electro-
chemical and surface characterization of SAMs of 4-aminothio-
phenol (4-ATP) at platinum electrodes and reported that the
molecules of 4-ATP are sulfur-bonded to the platinum surfaces,
which leads to the formation of an amino-terminated electrode
surface,[31] on gold this molecule tends to give more complex
heterogeneously structured films.[59] Langmuir–Blodgett (LB)
methods provide an alternative route to the formation of well-
ordered molecular films. LB films of 2 on gold in both Au-S
and Au-N orientations and the electronic characteristics were
described recently.[58] The present work highlights the self-as-
sembly of four bifunctional molecular wire candidates, 1–4, on
Au and Pt surfaces.

CV was applied to investigate the degree of order and com-
pactness of the SAMs formed from 1–4 under conditions
known to result in the removal of the protecting group.[43] The
results of CV and impedance studies show that the thioace-
tate-protected precursors 1 and 2 form well-behaved monolay-
ers on a gold electrode in comparison to SAMs formed from 3
and 4, which exhibit randomly distributed pinholes and de-
fects.

The SAMs formed from each compound were imaged using
atomic force microscopy (AFM) to examine the topographic
surface, and a section analysis of height images gave the root-
mean-square (RMS) roughness. In addition, the SAMs of all four
compounds were also investigated on a platinum electrode
surface, and the rates of electron transfer through the films on
both substrates were evaluated. The results show that 1–4
have a high affinity towards self-assembly on gold, less so on
platinum, with 1 and 2 giving the most densely packed and
well-ordered films.

2. Results and Discussion

2.1. Electrochemical Studies

Cyclic Voltammetry

CV was used to investigate the degree and compactness of
the SAMs of the four molecular wires 1, 2, 3 and 4 (Figure 2).
In this work, [Fe(CN)6]3! which shows a well-behaved electro-
chemically reversible, one-electron, outer-sphere redox couple,
was used as a redox probe molecule. CV experiments with
modified electrodes were carried out in an aqueous 1 mm
K4Fe(CN)6 solution in 0.1 m KNO3 for potential sweeps from
!0.2 to + 0.6 V with a scan rate of 50 mV s!1. In Figure 2 A–D
and A’–D’, d displays a typical CV response from the bare
gold or platinum electrodes, as indicated by the shape of the
voltammogram, showing the electron transfer across the inter-
face to be controlled by mass transfer. c represent CV re-
sponses for the gold and platinum electrodes covered with
a monolayer of 1, 2, 3 or 4, whereas g show the responses
from the electrodes with mixed monolayers of 3 and 4 with
dodecane thiol (DDT).

Figure 1. Structures of S-(4-{2-[4-(2-phenylethynyl)phenyl]ethynyl}phenyl] thi-
oacetate molecular wires 1, 2, 3 and 4 and their calculated molecular
lengths S…C (1 and 3), S…N (2). And S…S (4) and S…Me (5, oligo(arylene-
ethylene), ref. [42]).
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2.2. Monolayers on Gold Electrodes

It can be seen from Figure 2 A and B that there is a significant
difference in the CV responses of the bare gold electrodes and
the gold electrodes covered with SAMs derived from 1 and 2.
The current is significantly reduced for 1 SAM and 2 SAM and

the complete absence of peaks in the voltammograms indicate
that the redox reaction is almost completely suppressed, albeit
small residual tunnelling currents can be observed. In previous
work,[42] we have shown that SAMs of DDT (17.6 !) on Au elec-
trodes are fully blocking (see Table 1 for further comparison

Figure 2. CVs obtained for the potential sweep from !0.2 to + 0.6 V in 1 mm K4Fe(CN)6 + 0.1 m KNO3 solutions for 1, 2, 3 and 4 SAMs on Au and Pt electrodes.
Scan rate: 50 mV s!1.
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with a range of other alkanethiols). These data imply the for-
mation of well-organized and virtually pinhole-free monolayers
of molecules 1 and 2 in a manner similar to that of pure SAMs
of DDT. In support of this conclusion, similar profiles were ob-
tained for the voltammograms for both 1 SAM and 2 SAM at
different scan rates, that is, 5, 10, 20, 50 and 100 mV s!1. Well-
formed monolayers of 2 contacted to gold by the thiol moiety
and by the amino functionality prepared by using LB tech-
niques reported previously[58] show variable passivation of the
electrode surface as a function of the surface pressure used in
the deposition step.

The CV response for 3 SAM (Figure 2 C), shows a distinct vol-
tammetric response, with waves similar to those observed in
the voltammograms obtained for the bare gold electrode, but
with the peak potential shifted to 0.27 V and the currents de-
pressed by 1.39 mA. This suggests a macroelectrode behaviour,
implying linear diffusion of the redox-active species and sug-
gesting that 3 SAM has large pinholes in the monolayer. These
large defects may be due to the presence of the methoxy side
groups which hinder a close packing in the monolayer. 3 SAM
was also investigated at lower scan rates, that is at 10 and
5 mV s!1, and it was observed that there is a small shift in the
potential peak (i.e. 0.011 and 0.001 V) with a significant depres-
sion in the peak current, that is, 0.54 and 0.41 mA, compared to
the voltammogram at a scan rate of 50 mV s!1. , DDT is well
known as a candidate for self-assembly on gold.[38] Thereofe,
mixed SAMs of 3 and DDT were prepared by dipping the gold
substrate in a solution containing equal quantities of 3 and
DDT (1:1 molar ratio) according to previously published proce-
dures,[39] and the CV response was investigated (Figure 2 C,
g). The mixed 3 + DDT SAM is comparatively pinhole free.
However, CV measurements on their own cannot confirm the
existence of mixed SAMs, therefore, our observations are quan-
titatively supported by further studies using impedance spec-
troscopy and AFM (Table 2 shows that the mixed SAMs of 3 +
DDT and 4 + DDT have apparent electron-transfer-rate con-
stants K o

app [cm s!1] of 4.02E-08 and 4.66E-06 compared to
1.08E-06 for DDT SAMs). The voltammogram of 4 SAM (Fig-
ure 2 D) reveals that the redox reaction is not completely sup-
pressed, exhibiting a sigmoidal shape that is indicative of a mi-
croelectrode array behaviour. The voltammogram at a scan
rate of 50 mV s!1 shows a reduction in current by 2.19 mA with

no shift in the potential peaks. When 4 SAM was investigated
at lower scan rates of 10 and 5 mV s!1 the current was reduced
by a smaller extent, 0.49 and 0.25 mA, respectively. As noted
above, this behaviour suggests the presence of pinholes and
defects in the SAM which are responsible for the diffusion of
electroactive species to the gold surface. The strong affinity of
both thiol groups for gold resulting in a tendency for align-
ment of the molecular wires 4 parallel to the electrode surface
may be the cause of the pinhole-type behaviour observed
here. The binding of both thiol moieties to the surface results
in the collapse of the alignment of the molecular wires, leading
to the formation of a monolayer with randomly distributed
pinholes and defects, consistent with the alignment for 4 pro-
posed by Valkenier et al.[43] Further, the CV response of mixed
SAMs of 4 and DDT (1:1 molar ratio) was investigated and it
was found that although the current was reduced, a clear vol-
tammetric response was still observed, indicating that 4
cannot form a well-organized SAMs even when mixed with
DDT.

2.3. SAMs on Pt Electrodes

The self-assembly of 1, 2, 3 and 4 was further investigated on
Pt electrodes. CVs of aqueous solutions of 1 mm K4Fe(CN)6 in
0.1 m KNO3 in the potential range from !0.2 to + 0.6 V with
a scan rate of 50 mV s!1 are shown in Figure 2 A’–D’ for bare
and Pt working electrodes modified by SAMs of 1–4. The CV of
2 SAM on Pt shows a sigmoidal scan with a minor shift in the
potential peaks with a current drop by 2.8 mA in comparison to
the typical voltammogram of a bare Pt electrode at a scan rate
of 50 mV s!1.

Further, it was observed that at lower scan rates of 10 and
5 mV s!1, the current drops by only 0.7 mA and 0.3 mA, respec-
tively. Similar CVs were obtained with 3 SAM on a Pt electrode.
The CVs at different scan rates lead to the conclusion that
SAMs of 2 and 3 are not of good quality and consist of pin-
holes and deep defects. However, 1 SAM and 4 SAM on Pt
electrode show distinct voltammetric waves with marginal sup-

Table 1. Comparison studies of experimental rate constant of SAMs pre-
viously reported in the literature.

Molecule Experimental Reference
K 0

app [cm s!1]

1 6.66E-07 Present work
2 4.21E-07 Present work
1-Heptanethiol 2.59E-03 [42]
Nonanethiol 9.21E-05 [64]
Dodecanethiol 1.08E-06 [64]
Hexadecanethiol 1.44E-07 [64]
Octadecanethiol 3.28E-08 [64]
Octadecanethiol 2.90E-07 [28]
Oligo(aryleneethylene) 6.61E-05 [42]

Table 2. Experimental and theoretical rate constants of bare electrodes
and electrodes coated with thioacetate molecular wires 1, 2, 3 and 4 in
1 mm K3/4Fe(CN)6 + 0.1 m KNO3 solutions at equilibrium potential. Rct de-
notes charge transfer resistance.

Molecule Theoretical Rct ocp Experimental
K 0

th [cm s!1] [KW] K 0
app [cm s!1]

Gold SAMs
1 2.525E-07 1.46E06 6.66E-07
2 2.030E-07 3.05E06 4.21E-07
3 2.525E-07 1.78E04 7.44E-05
3 + DDT - 3.31E07 4.02E-08
4 1.641E-07 6.03E04 2.20E-05
4 + DDT - 2.85E05 4.66E-06
Platinum SAMs
1 2.525E-07 7.57E03 1.12E-04
2 2.030E-07 7.51E04 1.13E-05
3 2.525E-07 1.39E04 60.08E-05
4 1.641E-07 2.66E03 3.18E-04
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pression of current in comparison to the bare Pt electrode, in-
dicating a significantly lower coverage of the Pt electrode sur-
face by adsorption of 1 and 4.

The comparative analysis of the CV study of SAMs of molec-
ular wires 1, 2, 3 and 4 on both metal electrodes leads to the
conclusions that the thiol/thioacetate (and amine in the case
of 2) groups do not display a strong affinity for self-assembly
on platinum. However, the amine-functionalised molecule 2
shows marginally better affinity for forming SAMs on Pt which
may suggest that the competition between amines and thiols
for binding to gold is also present in the case of 2 on plati-
num. Furthermore, among the four molecular wires, only
1 and 2 can form well-organised pinhole-free SAMs on gold
and are excellent candidates for the self-assembly on gold. Ad-
ditionally, monothiols (e.g. 1) are better candidates for self-as-
sembly than dithiols (e.g. 4) which is in good agreement with
the results reported by Valkenier et al.[43]

2.4. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful
technique for analysing the quality of SAMs on metal electro-
des, as it provides quantitative information about the structur-
al integrity of the monolayers. In order to study SAMs derived
from 1–4 on gold and platinum electrodes, EIS measurements
were carried out using an AC signal of 10 mV amplitude at the
equilibrium potential of the redox couple Fe(CN)6

3!/4! over
a wide frequency range from 100 KHz to 1 Hz. The electrolyte
solution used was a 1 mm mixture of Fe(CN)6

3!/4 in 0.1 m KNO3.

EIS measurements were carried out in two parts: 1) At open
circuit potentials, where there is no overpotential at the SAM-
coated gold electrodes, so that the electron-charge transfer
due to the defects within the monolayers can be investigated.
2) The DC potential was applied over a range of !0.2 to
+ 0.6 V (vs. Ag/AgCl) on a SAM coated gold electrode. A semi-
circle at the high-frequency region can be described by a resist-
ance in parallel with the constant phase-angle capacitor which
indicates a kinetically controlled redox reaction, and the
straight line is described by a Warburg region indicating elec-
tron transfer controlled by mass transfer. The Nyquist plots ob-
tained were fitted using equivalent Randles circuit models in
the Zplot software supplied with Solartron 1260.

The apparent electron-transfer-rate constant K 0
app can be ob-

tained by Equation (1):[42]

K 0
app ¼

RT
n2F2cRclA

ð1Þ

where R is the gas constant, T is temperature, F is the Faraday
constant, c is the concentration of the K3Fe(CN)6 solution, Rct is
the charge-transfer resistance and A is the geometric area of
the electrode. Rct represents the resistance of the monolayer to
the redox species moving through it and was obtained from
the fit to the equivalent circuit.

Under equilibrium conditions, the theoretical standard tun-
nelling rate constant K 0

th can be calculated using Equa-
tion (2):[42]

K 0
th ¼ K 0

b expð!bdÞ ð2Þ

where, K 0
b is the standard electron-transfer-rate constant at

bare electrode and its value used in this work is
0.031 cm s!1.[61] The parameter b is the exponential-decay con-
stant for tunnelling and measures the magnitude of current
lost per unit length of the molecular wire, which can vary from
approximately 0 (metal) to 3.5 !!1 (close to vacuum).[62, 63] The
b value used in the present work is 0.6033 !!1 and was calcu-
lated using 0.57 !!1 for each !Ar!C%C repeat unit and
0.67 !!1 per phenylene group.[29] The molecular lengths d were
calculated using Chem 3D software with MM2 energy minimi-
zation potential function. Bond lengths were calculated as the
distance of S…C (1 and 3), S…N (2) and S…S (4), bonds.

The fractional coverage of a well-assembled monolayer, qa,
estimates the presence of defects in the monolayers and can
be calculated using Equation (3):

qa ¼
K0

app

K0
b
! expð!bd0Þ

expð!bdaÞ ! expð!bd0Þ
ð3Þ

where, da represents the average thickness of the whole mono-
layer (ATWM). An ATWM value close to d0 implies a well-assem-
bled monolayer free from defects.

Nyquist plots of 1–4 SAMs on gold electrodes in the pres-
ence of an Fe(CN)6

3!/4! solution at both open circuit and differ-
ent potentials versus the Ag/AgCl reference electrode were ob-
tained (Figure 3). The experimental and theoretical rate con-
stants of bare electrodes and electrodes coated with 1–4 in
1.0 mm Fe(CN)6

3!/4!+ 0.1 m KNO3 solutions at equilibrium po-
tential were evaluated and the data is summarized in Table 1.
For the EIS measurements at zero overpotential, the currents
predominantly arise from electron-tunnelling at defects. Thus,
the EIS measurements at zero overpotential give information
about the defects and pinholes present in the monolayer. The
Nyquist plots of 1 and 2 at zero overpotential showed a large
semicircle over the entire range of frequency indicating com-
plete blockage of the redox reaction on the electrode surface,
characteristic of well-organised and pinhole- and defect-free
monolayers. The Nyquist plots of 1 and 2 SAMs were fitted
with equivalent circuits comprised of a solution resistance (R1)
in series with a parallel membrane-capacitance-related con-
stant phase element (CPE) and a Faradaic resistance (R2). The
Rct values obtained were used to calculate K 0

th and K 0
app(Table 2).

It is apparent from the data that K 0
th and K 0

appvalues for 1 SAM
and 2 SAM on gold surfaces are in good agreement with theo-
retical values, indicating the formation of well-organised and
pinhole-free SAMs.

The marginal difference in theoretical and experimental elec-
tron-transfer-rate constants can be attributed to minor defects
and small tunnelling currents in the monolayers of 1 and 2.
The Nyquist curves at various potentials versus the Ag/AgCl
reference electrode show evidence of mass-charge transport
with an increase in positive potentials.

The Nyquist plots of 3 and 4 SAMs of on gold electrode
show a semicircle at the high-frequency region and a straight
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line at the low-frequency region, indicating the presence of
a kinetically controlled charge transport characteristic of facile
charge transfer and consequently of uneven qualitative poor
SAMs on the electrode surface. Furthermore, the difference on
the order of 102 between the values of K 0

th and K 0
app for both

SAMs of 3 and 4 corroborate the CV studies, which also indi-
cate the poor blocking behaviour of these SAMs.

EIS measurements were carried out, in a similar manner, on
1, 2, 3 and 4 SAMs on a platinum electrode using an AC signal
of 10 mV amplitude at the equilibrium potential of the redox

Figure 3. Nyquist plots for Au-SAM electrodes based on molecular wires 1, 2, 3 and 4 in 1 mm equimolar K3/4Fe(CN)6 + 0.1 m KNO3 solutions at various poten-
tials. Frequency range: 1 Hz to 100 KHz
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couple Fe(CN)6
3!/4! over a wide frequency range from 100 KHz

to 1 Hz. The electrolyte solution used was a 1 mm Fe(CN)6
3!/4!

solution in 0.1 m KNO3. The Nyquist plots at zero overpotential
(Figure 4) indicate that only 2 and 3 partially self-assemble on
the platinum electrode, in contrast to the molecules 1 and 4.
This is further confirmed by analysing the differences in the
values of the theoretical and experimental electron-transfer-
rate constants. The influence of K 0

app (Table 2) on the nature of
the blocking properties of SAM molecules 1–4 can be obtained
by using Equation (3) (Figure 5), and by plotting the values of
qa versus da for SAMs of molecular wires 1–4 on both gold and
platinum electrodes. Both, 1 and 2 form qualitative good
SAMs on gold with an average thickness of 18 and 18.6 !, re-
spectively. On the other hand, for 3 and 4, the ATWM values
are 10 and 12.1 !, which suggests the presence of pinholes
and defects in their respective monolayers on gold. In compar-
ison to the SAMs on gold electrodes, the maximum average
thickness of 1, 2, 3 and 4 on the platinum electrode are 9.4,
13.2, 10.4 and 7.6 !, respectively, which suggest that all the
SAMs have deep defects and are far from the ideal ATWM
values.

The results of the EIS study agree well with those obtained
from the CV study, confirming that 1 and 2 are excellent candi-
dates for self-assembly on gold, in comparison to 3 and 4.
However, none of the four molecules forms a qualitative good
SAM on Pt electrodes.

Finally, the apparent electron-transfer-rate constants through
the SAMs of 1 and 2 on gold electrodes were analysed and
compared to the electron-transfer rates through SAMs of

a range of alkanethiols, previously reported in the literature
(Table 1). It can be seen that the SAMs of 1 and 2 have better
blocking capacities in comparison to short alkanethiols, such
as heptanethiol and nonanethiol as well as dodecanethiol
which is one of the best candidates for self-assembly on gold.
The rate constants of SAMs of 1 and 2 are in good agreement
with those reported for long-chain hexadecanethiol.

2.5. Morphology and Structural Studies

Atomic Force Microscopy (AFM)

Atomic force spectroscopy (AFM) was used to analyse the
structural features of the SAMs. SAMs derived from 1–4 on
gold were imaged using AFM in tapping mode. Figure 6 shows
the 3D images and AFM section analyses of four SAMs. The
section analysis of the height images gave root-mean-square
(RMS) roughness values of 0.607 nm for the bare gold and
2.671, 2.825, 1.017 and 1.414 nm for SAMs of 1, 2, 3 and 4, re-
spectively. It can be seen (Figure 6) that 1 and 2 form dense,
well-packed monolayers with maximum surface coverage. The
surface roughness of 3 SAM is approximately 0.4 nm higher
than that of the bare gold surface, which suggests minimal
and partial surface coverage of SAM formed by this molecule.
The roughness factor for the SAM of 4 is more than that of
bare gold, which suggests formation of a layer. However, in
comparison to the SAMs of 1 and 2, the RMS value for 4 is
much less, which suggests that molecules of 4 may be col-
lapsed on the surface due to binding from both ends of the

Figure 4. Nyquist plots for Pt-SAM electrodes based on molecular wires 1, 2, 3 and 4 in 1 mm K3Fe(CN)6 + 0.1 m KNO3 solutions in open circuit measurements.
Frequency range: 1 Hz to 100 KHz.
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molecule. The AFM data are, therefore, entirely consistent with
the results obtained from CV and EIS studies.

No AFM imaging was performed for SAMs on platinum,
since based on the CV and EIS studies none of the four mole-
cules forms well-organised monolayers on the platinum elec-
trode surface.

3. Conclusions

SAMs derived from four bifunctional molecules 1, 2, 3 and 4
on gold electrodes have been thoroughly studied using CV, EIS
and AFM techniques. It has been shown that 1 and 2 behave
as rigid rod molecular wires suitable for self-assembly on
a gold surface and form well-ordered, dense monolayers with
S!Au bonds. SAMs of 3 show pinhole behaviour even in mixed
monolayers with dodecanethiol (DDT), due to the steric hin-
drance of the methoxy side chains. SAMs of dithioacetate 4 in-
dicate binding from both ends to the gold surface, which does
not allow for dense packing and leads to the formation of
monolayers with randomly distributed pinholes. Further, it can
be concluded that none of the four molecular wires studied
can act as a suitable candidate for the self-assembly on a plati-
num electrode. This work should provide further impetus to

explore SAMs of newOPEs as key structural elements for
a range of nanotechnology applications.

Experimental Section

Materials : Compounds 1, 4, potassium ferrocyanide and 1-dodeca-
nethiol (DDT) were purchased from Sigma–Aldrich and were used
as received. Potassium nitrate was purchased from Lancaster. Tetra-
hydrofuran (THF), hydrogen peroxide and sulfuric acid were pur-
chased from Acros Organics and Fluka, respectively. All solvents
were purified by suitable methods and all aqueous solutions were
prepared using deionized water obtained from a Sartorius
Arium 611 ultrapure water system (conductivity = 0.055 mS cm!1).
Polycrystalline gold and platinum disc electrodes with diameters of
1.6 and 2.0 mm, respectively, were used for the preparation of
SAMs. Thioacetates 2[58] and 3[60] were synthesized as reported pre-
viously.

Preparation of SAMs: Prior to use of the electrodes for SAM deposi-
tion, the electrodes were thoroughly cleaned by polishing for
2 min in a figure-eight pattern on Buhler Microcloth, sequentially
with diamond polish slurries of 15, 6, 3 and 1 mm, followed by soni-
cation in ethanol and water.[65, 66] Cyclic voltammetry in 1 m H2SO4

solution from 0 to 1.5 V (vs. Ag/AgCl/KCl, 3.5 m) was employed as
a measure of cleanliness of the gold electrode surface. If required,
the gold electrodes were also cleaned by soaking in a Piranha solu-
tion for a few minutes, followed by rinsing with water. The typical
shape of the voltammogram and charge under the stripping wave
larger than 1.4 mC cm!2 served as a another measure of cleanliness
of the electrode. After sonication in water and ethanol, the gold
electrodes were dried under a stream of argon, being then ready
for the deposition of SAMs. The Pt electrodes were cleaned similar-
ly and the cleanliness of the surface was verified by CV in 0.5 m
H2SO4 in the potential range from !0.2 to 1.2 V. SAMs were depos-
ited on the Au and Pt electrodes by immersing the clean electro-
des in 1.0 mm THF solutions of 1, 2, 3 and 4 for 24 h at room tem-
perature. Loosely bound molecules were removed by rinsing with
THF and the electrodes were then dried with a slow stream of
argon.

Instruments: A Potentiostat–Galvanostat Model 283 (Princeton Ap-
plied Research) was used for cyclic voltammetric studies and CVs
were run by sweeping the potentials from !0.2 to + 0.6 V. The
electrochemical impedance spectroscopy (EIS) measurements were
carried out using a Solarton 1260 Impedance/Gain-Phase Analyser
connected with a PAR model 283 potentiostat interfaced with a per-
sonal computer. In the EIS, sinusoidal potential sweeps with the
frequencies varying from 0.1 Hz to 100 KHz are applied to the Au
or Pt electrode. The Zplot software supplied Solartron 1260, which
was used to collect, plot and interpret the raw impedance data. A
three-electrode cell was employed in all experiments. The refer-
ence electrode used was Ag/AgCl (3.5 mol dm!3 KCl). A Pt foil (A =
1 cm2) was used as counter electrode. Bare Au/Pt electrode or elec-
trodes covered with SAMs acted as working electrodes. The cell
was placed in a Faraday cage to isolate the system from any exter-
nal inference. All potentials are reported with respect to Ag/AgCl
(3.5 mol dm!3 KCl). All measurements were carried out at room
temperature in solutions purged of oxygen by bubbling argon for
10 min. The Nyquist plots were fitted using equivalent Randles cir-
cuit models. Atomic force microscopy (AFM) was applied to exam-
ine the roughness of surface of the monolayers. AFM height
images were obtained using a Nanoscope 4 multimode Digital
AFM (Veeco Instruments, Inc.) in tapping mode. Gold substrates
were prepared on glass by evaporation of an adhesion layer of

Figure 5. qa versus da plots of SAMs of 1, 2, 3 and 4 on gold and platinum
electrodes.
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10 nm chromium and 200 nm gold, respectively. Subsequently, the
substrate was immersed into a 1 mm adsorbate solution in THF.
AFM investigations confirmed the flatness of the surface. The gold
substrates bearing SAMs were glued to the steel disk on top of the
XYZ translator. The AFM tip was positioned close to the surface
and samples were scanned in the tapping mode.
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The preparation, characterisation and electronic
structures of 2,4-pentadiynylnitrile (cyanobutadiynyl)
complexes†

Sören Bock,a Samantha G. Eaves,a Matthias Parthey,b Martin Kaupp,*b

Boris Le Guennic,c Jean-François Halet,*c Dmitry S. Yufit,a Judith A. K. Howarda

and Paul J. Low*a

Convenient preparative routes to mononuclear ruthenium com-
plexes containing the 2,4-pentadiynylnitrile, or cyanobutadiynyl,
ligand are described. The electronic properties of the [C5N]−

ligand are closely related to those of not only the cyanide ([CN]−)
and 2-propynylnitrile or cyanoacetylide ([CuCCuN]−) ligands, but
also those of the isoelectronic polyynyl ([{CuC}nR]−) ligands.

The unsaturated cyanocarbon 2,4-pentadiynenitrile (cyano-
butadiyne, HCuCCuCCuN, 1) and other similarly structured
cyanocarbons are thought to occur within interstellar clouds,
the circumstellar environment of carbon-rich stars and within
the atmosphere of Titan.1 Although recent synthetic develop-
ments have permitted the isolation of tens of milligram quan-
tities of pure 1,2 sufficient for improved spectroscopic
investigations,3 the use of 1 directly in subsequent synthetic
work is still extremely limited.4 Nevertheless, the 2,4-penta-
diynylnitrile anion [CuCCuCCuN]− is an attractive formal
synthetic target that would extend the homologous series of
cyanide ([CN]−)5 and cyanoacetylide ([CuCCuN]−)6 ligands,
and complement the larger and isoelectronic families of poly-
ynyl ([{CuC}nR]−) and polyynediyl ([{CuC}n]2−) ligands.7

We have recently described convenient methods for the syn-
thesis of metal complexes M(CuCCuN)Ln (MLn = Fe(dppe)-
Cp,8 Ru(PPh3)2Cp,9 Ru(dppe)Cp*10) containing the 2-propynyl-
nitrile (cyanoacetylide) ligand from reactions of phenylcyanate, PhOCN, with a metal alkynyl anion8,9,10a or 1-cyano-4-dimethyl-

amino pyridinium tetrafluoroborate ([CAP]BF4) with an alkynyl
complex, the latter proceeding through an intermediate cyano-
vinylidene.10b In a useful refinement to these published pro-
cedures, we have found that Ru(CuCCuN)(PPh3)2Cp (3a) and
Ru(CuCCuN)(dppe)Cp* (3b) can be prepared in one-pot reac-
tions from the very easily obtained vinylidenes [Ru(CvCH2)-
(L2)Cp′]PF6 with KOtBu and [CAP]BF4.†

The synthesis of complexes featuring the cyanoacetylide
ligand has prompted us to consider compounds containing
the next member of this family of unsaturated cyanocarbon
ligands, 2,4-pentadiynylnitrile. Reaction of Ru-
(CuCCuCSiMe3)(PPh3)2Cp11 with [CAP]BF412 in CH2Cl2 at
room temperature gave the desired 2,4-pentadiynylnitrile

Fig. 1 A plot of a molecule of 4a. Selected bond lengths (Å) and angles (°):
Ru1–C1 1.958(3); C1–C2 1.230(4); C2–C3 1.346(5); C3–C4 1.215(5); C4–C5
1.362(5); C5–N1 1.148(5); Ru1–P1 2.2947(8); Ru1–P2 2.3050(9); Ru1–C1–C2
171.9(3); C1–C2–C3 178.9(4); C2–C3–C4 178.7(4); C3–C4–C5 176.6(4); C4–C5–
N1 179.8(5).

†Electronic supplementary information (ESI) available: Full synthetic details,
spectroscopic characterisation, electrochemical data and computational details.
Plots of 4a and 4b and tables of crystallographic details, bond lengths and
angles. Plots of selected frontier orbitals, tables of orbital energies, Mulliken
population analyses and Cartesian coordinates from [2a′–4a′]n+ (n = 0, 1). CCDC
916018 and 916019. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/c3dt33052d
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complex Ru(CuCCuCCuN)(PPh3)2Cp (4a) in 44% isolated
yield after chromatographic purification and crystallisation.†

The isomeric 2-ethynyl-cyanovinylidene, [Ru{=CvC(CuCR)-
(CN)}(PPh3)2Cp]+, which could be formed by addition of cyano-
gen to the Cβ carbon of the diynyl reagent, was not observed.
The ligand structure was established by resonances in the 13C
NMR spectrum at 145.5 (t, JCP = 26 Hz, Cα), 93.4 (br, Cβ), 72.4
(Cγ), 53.4 (Cδ) and 108.4 (Cε), and ν(CuCCuCCuN) bands at
1977w, 2112m, 2192w cm−1 in the IR spectrum, and a single
crystal X-ray diffraction study (Fig. 1).‡ The closely related
complex Ru(CuCCuCCuN)(dppe)Cp* (4b) was prepared in
an entirely analogous fashion, albeit in substantially lower
yield (10%) after crystallisation.‡

The homologous series Ru(CuN)(L2)Cp′ (2),10,13 Ru-
(CuCCuN)(L2)Cp′ (3)9,10 and Ru(CuCCuCCuN)(L2)Cp′ (4)
[a: (L2)Cp′ = (PPh3)2Cp; b: (L2)Cp′ = (dppe)Cp*] permits a
detailed investigation of the characteristics of these cyano-
carbon ligands.14 The key metric parameters of the Ru–
CuCCuCCuN chain in 4a and 4b are essentially independent
of the nature of the auxiliary ligands within the limits of pre-
cision. Nevertheless, the alternation in the bond lengths along
the chain clearly supports description of the C5N ligand in
terms of a 2,4-pentadiynylnitrile moiety. Structural compari-
sons across the series 2, 3 and 4 are most readily made within
the Ru(dppe)Cp* series, with the structures of 2b and 3b
having been reported earlier.10a The Ru–C(1) bond lengths in
3b and 4b are shorter than in the cyano derivative 2b, and also
shorter than in alkynyl and diynyl complexes Ru(CuCH)-
(dppe)Cp* (2.015(2) Å)15 and Ru(CuCCuCH)(dppe)Cp* (2.015
(4) Å).11 The elongation of the average Ru–P bond length on
moving from 3b to 4b is consistent with trends observed in
related polyynyl series and reflects decreasing C → Ru
σ-donation, rather than any pronounced increase in the
Ru → CnN π-back-bonding.10b,14,16 The seven atom
RuCuCCuCCuN chain in 4a is linear, with individual angles
along the chain varying between 176.6–179.8°. In contrast the
RuC5N chain in 4b is substantially bowed, likely a consequence
of packing effects,‡ with individual angles falling between
166.1–178.1°.17

There has been considerable interest in the development of
synthetic routes to metal complexes containing polyynyl
({CuC}nR]−) ligands, and in the molecular and electronic
structures of these long carbon-strings.7,14,17 The cyanocarbon
ligands contained in 2–4 are isoelectronic with ethynyl
([CuCH]−), 1,3-butadiynyl ([CuCCuCH]−) and 1,3,5-hexatri-
ynyl ([CuCCuCCuCH]−) moieties. When this isoelectronic
analogy is considered alongside the simple synthetic routes
available for 2–4, and the almost ubiquitous nature of the
cyanide ligand in inorganic chemistry,5 the cyanocarbon com-
plexes make a clear case for further investigation.

Electronic structure calculations (BLYP35/def2-SVP/
COSMO)† have been undertaken on the representative series
2a′–4a′ (the prime notation being used to indicate the compu-
tational systems), which complement earlier DFT studies.14

The optimised structures were in good agreement with the
available crystallographic data, with Ru–C(1) bond lengths

decreasing with increasing chain length, and bond length
alternation clearly apparent in the cyanocarbon ligand. The
calculated ν(CnN) vibrational frequencies are in fairly good
agreement with experimental values in condensed phases (2a′
2131 cm−1, 2a 2070 cm−1; 3a′ 2039, 2248 cm−1, 3a 2000,
2180 cm−1; 4a′ 1998, 2144, 2259 cm−1, 4a 1977, 2112,
2192 cm−1).

The character and distribution of the frontier orbitals over
the RuCnN chain is sensitive to the nature of the cyanocarbon
fragment. In the case of the parent cyano complex 2a′ the
HOMO is essentially metal centred (55%), with only a small
contribution from the cyano ligand (4%), whilst the HOMO−1,
which lies only 0.1 eV lower in energy, has modestly more
mixed Ru d-/CN π-character (52/14%; Fig. S1†). The LUMO also
has appreciable metal character, and is of δ-symmetry with
respect to the CN π-systems.

The general characteristics of these orbitals are preserved
in 3a′ although the ordering of the metal d- and dπ-orbitals are
reversed, with the HOMO now being extensively delocalised
over the five atom RuCuCCuN chain (Ru/C3N: 42/32%)
(Fig. 2). In the case of the 2,4-pentadiynylnitrile complex 4a′,
the HOMO (Ru/C5N: 35/43%) and HOMO−1 (Ru/C5N: 47/40%)
are essentially derived from the anti-bonding combination of
the orthogonal ligand π-systems with metal d-orbitals and are
hence delocalised over the seven atom RuCuCCuCCuN
chain (Fig. 3), whilst the LUMO has appreciable cyanocarbon
π*-character (Ru/C5N: 8/64%). These general descriptions are
very similar to those derived for closely related polyynyl com-
plexes,14,16 and highlight the electronic similarity in these
ligand families.

Given this close electronic relationship between metal poly-
ynyl complexes Ru({CuC}nH)(PR3)2Cp and Ru({CuC}nCuN)
(PR3)2Cp, it is somewhat surprising that calculations with the
model radical cations [2a′]+ (ν(CuN) 2180 cm−1), [3a′]+

(ν(CuCCuN) 2091, 2288 cm−1) and [4a′]+ (ν(CuCCuCCuN)
2055, 2183, 2288 cm−1) reveal a significant degree of electronic
and orbital relaxation in both [3a′]+ and [4a′]+ leading to
heavily metal localised spin densities (SDs) in all cases (Fig. 4,
see also Mulliken atomic SDs in Table S5†). The localised SDs
contrast with the appreciable delocalisation of the α-SOMO

Fig. 2 Isosurface plot (±0.04 (e bohr−3)1/2) of the HOMO of 3a’.
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over the C3N- and C5N-ligands, respectively. Such a localisation
of the SD due to spin polarisation of the doubly occupied
valence MO manifold is not uncommon for situations in
which the SOMO is metal–ligand anti-bonding (cf. Fig. S3†).18

The spin density and orbital composition, together with the
calculated vibrational frequencies and key bond parameters,
support the description of [2a′–4a′]+ in terms of a formal RuIII

oxidation state. This observation contrasts the more ligand-
based oxidation associated with polyynyl chain complexes
based on the same metal auxiliary.16

Conclusions

A simple synthetic route to the first examples of complexes
bearing the 2,4-pentadiynylnitrile ligand is reported. It

appears that despite the electronic similarities of closed shell/
18-electron polyynyl and cyanocarbon complexes, the cyano-
carbon ligands in these ruthenium complexes are less able to
support the unpaired electron than their all-carbon cousins.
These electronic characteristics provide further opportunities
to fine-tune the electronic properties of bimetallic ruthenium
‘mixed-valence’ complexes in a manner not available to the
better known redox non-innocent all-carbon and carbon-rich
systems.

Notes and references
‡Crystal data for 4a. C46H35NP2Ru × (1.5CH2Cl2) × (0.125C6H14), M = 902.92, tri-
clinic, a = 8.8477(3), b = 13.5114(5), c = 18.6418(7) Å, α = 87.912(10), β = 81.897
(10), γ = 72.388(10)°, V = 2102.82(13) Å3, T = 120 K, space group P1̄ (no. 2), Z = 2,
μ(MoKα) = 0.675, 25 093 reflections measured, 10 610 unique (Rint = 0.0467)
which were used in all calculations. The final wR2 was 0.1293 (all data) and R1

was 0.0473 (7910 > 2σ(I)). Crystal data for 4b. C41H39NP2Ru, M = 708.74, monocli-
nic, a = 10.2903(2), b = 22.7951(5), c = 14.8498(3) Å, β = 108.363(10)°, V = 3305.92
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Controlling the Structural and Electrical Properties of Diacid
OligoACHTUNGTRENNUNG(Phenyl ACHTUNGTRENNUNGene Ethynylene) Langmuir–Blodgett Films

Luz Marina Ballesteros ,[a, b] Santiago Mart!n ,[c, d] Javier Cort"s ,[a, b]

Santiago Marqu"s-Gonz#lez,[e] Simon J. Higgins,[f] Richard J. Nichols,[f]

Paul J. Low,[e] and Pilar Cea *[a, b, d]

Introduction

The development of smaller and more efficient electronic
devices has been a perennial concern for researchers and
companies in the electronics industry. Since the seminal
publication of Aviram and Ratner[1] molecular electronics
has been a much discussed future alternative to present-day
silicon-based technologies. However, a confounding number
of significant challenges need to be addressed before this
technology reaches fruition, and practical molecular elec-
tronic devices still remain a concept rather than a nascent
technology. However, the impact of molecular electronics
on understanding charge transport in molecules has been
more immediate. In particular, over the last decade it has
become clear that the contact between metal and molecule
plays a much more determining role in electronic transmis-
sion than was previously envisaged. In this regard, much at-
tention has shifted in recent years to understanding and con-
trolling metal–molecule contacts and developing new sur-
face-contacting paradigms.[2–26] For the development of new
devices based on molecular electronics,[27,28] it is of crucial
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Abstract: The preparation, character-ACHTUNGTRENNUNGization and electrical properties of
Langmuir–Blodgett (LB) films com-
posed of a symmetrically substituted
oligomeric phenylene ethynylene deriv-
ative, namely, 4,4’-[1,4-phenylene-ACHTUNGTRENNUNGbis(ethyne-2,1-diyl)]dibenzoic acid
(OPE2A), are described. Analysis of
the surface pressure versus area per
molecule isotherms and Brewster angle
microscopy reveal that good-quality
Langmuir (L) films can be formed both
on pure water and a basic subphase.
Monolayer L films were transferred
onto solid substrates with a transfer
ratio of unity to obtain LB films. Both
L and LB films prepared on or from a
pure water subphase show a red shift
in the UV/Vis spectrum of about
14 nm, in contrast to L and LB films

prepared from a basic subphase, which
show a hypsochromic shift of 15 nm.
This result, together with X-ray photo-
electron spectroscopic and quartz crys-
tal microbalance experiments, conclu-
sively demonstrate formation of one-
layer LB films in which OPE2A mole-
cules are chemisorbed onto gold sub-
strates and consequently !COO!Au
junctions are formed. In LB films pre-
pared on a basic subphase the other
terminal acid group is also deprotonat-
ed and associates with an Na+ counter-

ion. In contrast, LB films prepared
from a pure water subphase preserve
the protonated acid group, and lateral
H-bonds with neighbouring molecules
give rise to a supramolecular structure.
STM-based conductance studies re-
vealed that films prepared from a basic
subphase are more conductive than the
analogous films prepared from pure
water, and the electrical conductance
of the deprotonated films also coin-
cides more closely with single-molecule
conductance measurements. This result
was interpreted not only in terms of
better electron transmission in !COO!
Au molecular junctions, but also in
terms of the presence of lateral H-
bonds in the films formed from pure
water, which lead to reduced conduc-
tance of the molecular junctions.

Keywords: carboxylic acids · con-
ducting materials · Langmuir–
Blodgett films · oligo(phenylene
ethynylene)s · scanning probe
microscopy
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importance to understand the chemical nature and structural
properties of metal|molecule|metal junctions, since the
nature of the metal molecule interface strongly influences
the transport properties in molecular devices.[29] A number
of factors, including geometry of contacts,[30–32] bonding,[33–35]

molecule–electrode distance[36–38] and molecular orienta-
tion,[39,40] have also been found to affect the transport pro-ACHTUNGTRENNUNGcess. Even more, it still remains a challenge to determine ex-
perimentally the role of the molecule metal interface in the
transport process, and correlations between experimental
observation and theoretical models remain challenging
given the size of the computational problem and the varia-
bility of individual measurements.[15, 21,32, 41–43] In addition, the
electron-transfer process across the molecule|electrode junc-
tion is poorly understood,[45,46] and problems related to this
topic, such as the structure of the molecule–surface contact,
dynamics of electron transfer and the transfer mechanism
are topics of ongoing interest. In seeking to address some of
these issues, the study of oligo(phenylene ethynylene)
(OPE) derivatives, which have shown promising characteris-
tics for use in molecular electronics, has been proven in-
structive.[2,47–57] Thus, OPEs have been of particular interest
in molecular electronics due to their effective p conjugation
and rod-like structure.

Whilst many of these recent studies have been based on
single-molecule measurements, more closely packed self-as-
sembled monolayer (SAM) and Langmuir–Blodgett (LB)
films have provided important data concerning the electrical
properties of monomolecular films of active molecular com-
ponents more likely to find application in device architec-
tures. The two main advantages of the LB method over
SAM films are 1) the compatibility of the LB technique
with a wide variety of metal jorganic interfaces through the
large number of different polar functional groups that can
be physically or chemically adsorbed onto an equally wide
array of substrates, and 2) the fabrication of directionally
oriented films containing two different groups that can be
chemisorbed onto metal substrates.[58]

This paper provides new data concerning the electrical
properties of metal jacid molecular junctions. For a better
understanding of the role played by ionic interactions and
the influence of the pH on the electrical properties of the
films, 4,4’-[1,4-phenylenebis(ethyne-2,1-diyl)]dibenzoic acid
(OPE2A, Figure 1) was synthesized and assembled in LB
films, and the quality of the films was compared to that of
SA films. In addition, the electrical properties of the films
prepared under different experimental conditions were de-
termined and compared with the single-molecule conduc-
tance.

Results and Discussion

The compound OPE2A is characterized by a rigid molecular
structure with a highly conjugated p-electron system. In a
manner entirely analogous to other amphiphilic molecules
containing large polyaromatic moieties, OPE2A has a pro-
nounced tendency to aggregate due to strong p–p interac-
tions,[12, 59, 60] as well as to the facility of acids to aggregate in
organic solvents. Thus, the Lambert–Beer law is only fol-
lowed at concentrations lower than 2.5 ! 10!5 m (Figure 2) in

chloroform/ethanol (4/1), with higher concentrations leading
to deviations from linearity in the absorbance versus con-
centration plot. Consequently, highly dilute solutions are re-
quired to fabricate true monolayers at the air–water inter-
face. The UV/Vis spectrum of OPE2A in solution features
one peak at 328 nm with two shoulders at 359 and 380 nm
attributable to p–p* electronic transitions.[6,62]

A preliminary investigation of the formation of Langmuir
films of OPE2A involving both the concentration and the
volume of the spreading solution concluded that only solu-
tions of concentration 1 !10!5 m or lower yield reproducible
isotherms. Figure 3 shows representative surface pressure
versus area per molecule (p–A) isotherms of OPE2A on
water (pH 5.9) and basic subphases (NaOH, pH 11.4). In
contrast to other OPE acid derivatives, for which a basic

Figure 1. Molecular structure of 4,4’-[1,4-phenylenebis(ethyne-2,1-diyl)]-
dibenzoic acid (OPE2A).

Figure 2. UV/Vis spectra of OPE2A in CHCl3/EtOH (4/1) solution at the
indicated concentrations. Molar absorptivity at 328 nm is
42700 L mol!1 cm!1.

Figure 3. Surface pressure versus area per molecule isotherm of OPE2A
on a water subphase and an aqueous NaOH subphase at 20 8C.
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subphase was necessary to avoid aggregation,[19,26,63] Lang-
muir films of OPE2A were homogeneous (see BAM images
in Figure 4) and did not show any evidence of 3D aggregates
when a water subphase was used. The p–A isotherms of
OPE2A on pure water are characterized by zero surface
pressure, that is, gas phase, until an area of
0.8 nm2 molecule!1 is reached with a transition from gas to
expanded liquid phase taking place for the monolayer fabri-
cated on a water subphase. As the pH increases, the lift-off
area per molecule decreases, with a value of
0.6 nm2 molecule!1 for the monolayers obtained on a basic
subphase. The lift-off in the isotherms is followed by a mo-
notonous increase of the surface pressure upon compres-
sion.

Reflection spectroscopy is a useful method for in situ
characterization of the monolayer at the air–water inter-
face[64,65] that provides relevant information about orienta-
tion of the molecules in the film, formation and types of ag-
gregates, changes in the aggregation state during the com-
pression process and so on. However, it is well-known that
the normalized reflection spectra DRnorm =DRA of the films
provide more direct information about the orientation of
the molecules in the compression process, since the influ-
ence of the surface density is eliminated.[65, 66] Normalized re-
flection UV/Vis spectra DRnorm recorded at different surface
pressures for OPE2A Langmuir films are shown in Fig-
ure 5 a. In addition, quantitative analysis of the DRnorm spec-
tra allowed us to calculate the tilt angle f of the transition
dipole moment of the molecule with respect to the liquid
surface (Figure 5 b). This angle was determined by compar-
ing the reflection spectra at the air–water interface and the
UV/Vis absorption spectrum of OPE2A in solution, as has
been comprehensively detailed elsewhere.[12,65] The tilt angle
of the OPE moieties with respect to the water subphase is
largely unchanged upon compression when the monolayers
are prepared on a water subphase, and only a small varia-
tion in DRnorm values is produced in the basic subphase. The
tilt angle of the molecules is around 608 for films on pure

water subphase and slightly higher (ca. 678) in the con-
densed phase of a monolayer on the basic subphase, which
is in agreement with the more expanded isotherm observed
in pure water (Figure 5 b).

Interestingly, the reflection band is shifted with respect to
the solution depending on the subphase on which the mono-
layers were prepared. In the last few years a systematic
study in which different polar terminal groups have been
added to the OPE skeleton as well as alkyl chains of differ-
ent length or other hydrophobic terminal groups has been
carried out. In all previously studied cases,[12,14, 19,20, 26,58,63, 67–70]

hypsochromic shifts of the main absorption band with re-
spect to the solution were observed both in L and LB films,
and this blue shift of the films was attributed to formation
of H-aggregates. To our knowledge this is the first example
of an OPE derivative which, when arranged in a Langmuir
film, shows a bathochromic shift (monolayers on pure
water) relative to the solution spectrum. However, the ob-
servation of a hypsochromic shift is maintained for monolay-
ers on a basic subphase. It is also noteworthy that monosub-

Figure 4. BAM images recorded at the indicated surface pressures for a
pure water subphase (pH 5.9) and a basic subphase (pH 11.4). The field
of view along the x axes for the BAM images is 1650 mm.

Figure 5. a) Normalized reflection spectra upon compression at the indi-
cated surface pressures for OPE2A monolayers prepared on the indicat-
ed subphases. b) Tilt angle f of OPE2A with respect to the liquid surface
in the compression process for monolayers prepared on the indicated
subphases.
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stituted carboxyl OPE derivatives incorporated in L and LB
films showed a significant hypsochromic shift (36–60 nm)
compared to the solution spectrum,[19,26, 63] independent of
the pH of the subphase, which leads to the conclusion that
the effect observed in OPE2A is a unique feature of this di-
carboxyl-substituted compound. The red shift of OPE2A in
L films prepared on water could be due to several factors:

1) Solvatochromic effect: To understand the influence of
polarity on aggregation, OPE2A was dissolved in sol-
vents ranging from CHCl3 to EtOH/water (this com-
pound is not soluble in apolar solvents). A significant
hypsochromic shift was observed, from 325 (CHCl3) to
315 (EtOH) and 302 nm (EtOH/H2O 2/1). This indicates
that the observed red shift is not attributable to an in-
crease in the polarity of the environment, as might be ex-
pected at the air–water interface, especially at low sur-
face pressures. However, due to the insolubility of this
compound in apolar solvents it is not fully clear whether
a less polar environment, which could be achieved in
compact monolayers, might result in a red shift of the ab-
sorption profile.

2) Conjugation length:[72] It has been experimentally ob-
served that OPE derivatives exhibit a red shift when the
number of phenylene ethynylene groups increases. As
will be demonstrated later, the OPE2A compound gener-
ates a supramolecular structure in monolayers through
lateral H-bonding interactions when monolayers are fab-
ricated on a water subphase (see below). These H-bonds
could constrain the phenylene rings to adopt more pla-
narized orientations, resulting in more extended p-elec-
tron delocalization.[73,74]

3) Formation of J-aggregates: For some compounds that
tend to form mainly H-aggregates, for example, merocya-
nines[75,76] and azo compounds,[77,78] incorporation of cer-
tain functional groups capable of forming H-bonds leads
to the formation of J-aggregates, which exhibit absorp-
tion spectrum which are red-shifted with respect to the
solution spectrum. However, taking into account the
angle of OPE2A monolayers with respect to the surface
(ca. 608 for monolayers spread onto pure water) and the
angle needed, according to the theoretical calculations,[79]

to exhibit a red shift (<548), we believe that, although
this effect could somehow contribute to the bathochro-
mic shift, it may not be the main cause of the red shift
observed for OPE2A Langmuir films.

Transfer of these Langmuir films onto solid supports gives
Langmuir–Blodgett films, which can be investigated by a
wider range of spectroscopic, microscopic and electrochemi-
cal methods to provide further insight into the arrangement
of OPE2A molecules in monolayers on different supports.

The transfer ratio calculated by the trough software
during deposition of the monolayer was approximately unity
at a surface pressure of 20 mN m!1 for both pure water and
aqueous NaOH subphases. This uniform transfer was also
estimated by using a quartz crystal microbalance (QCM).

Thus, the frequency change Df for a QCM quartz resonator
before and after the deposition process was determined
using the Sauerbrey equation (1),[80]

Df ¼ ! 2f 2
0 Dm

A11=2
q m1=2

q
ð1Þ

where f0 is the fundamental resonant frequency of 5 MHz,
Dm the mass change [g], A the electrode area [cm2], 1q the
density of quartz (2.65 g cm!3) and mq the shear modulus
(2.95 !1011 dyn cm!2). Considering these values and the mo-
lecular weight of OPE2A (366 g mol!1), the surface cover-ACHTUNGTRENNUNGages G obtained from Equation (1) are 5.60 ! 10!10 and 6.5 !
10!10 mol cm!2 for the water and basic subphases, respec-
tively. These values correspond to transfer ratios of 0.96 for
the monolayer on pure water and 0.98 for the monolayer
onto a basic subphase. The slightly higher transfer ratio for
monolayers prepared onto a basic subphase may indicate
better interaction between the gold substrate and the car-
boxylate group in the monolayer as opposed to the carboxyl
groups present in the pure water subphase. This suggestion
is consistent with the presence of H-bonds between the car-
boxyl head groups in the L films prepared on the pure
water subphase; transference of these films onto gold sub-
strates requires rupture of this H-bond network prior to
chemisorption of the monolayer onto the gold substrate (see
below).

Electrochemical electron-transfer currents at electrodes
under controlled potential provide an indirect measure of
defect densities in thin films and can be conveniently stud-
ied by cyclic voltammetry for film-coated electrodes.[81,82]

Cyclic voltammograms (CVs) obtained from aqueous solu-
tions containing 1 mm [Ru ACHTUNGTRENNUNG(NH3)6]Cl3 and 0.1 m KCl for a
bare gold electrode (see details in the Experimental Sec-
tion) and for a gold working electrode modified by a one-
layer LB film deposited at 5, 10, 15 and 20 mN m!1 from a
monolayer prepared on a pure water subphase are shown in
Figure 6 a. (The same sort of sequence was obtained for
monolayers prepared on a basic subphase, but not shown
here for the sake of brevity.) The electrochemical response
of a bare gold electrode exhibits a clear voltammetric wave
characteristic of the ruthenium complex. There is a signifi-
cant decrease in current density for the voltammograms re-
corded with gold electrodes covered by LB films, and this
decrease in current density becomes more significant with
increasing surface pressure of transference. When the sur-
face pressure of transference was 20 mN m!1, a drastic de-
crease of the reduction and oxidation peaks of the redox
probe for the modified electrode indicates effective blocking
of the electrode surface and therefore a low density of holes
or defects in the monolayer. In addition, LB films fabricated
from a basic solution block the electrode slightly better than
those prepared in pure water (see Figure 6 b), in agreement
with the results obtained by other techniques (e.g., a less ex-
panded isotherm, higher surface coverage, higher tilt
angles).
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Self-assembly is a commonly used method to fabricate
films incorporating functionalized OPEs. It is well-known
that the LB method is not the most appropriate to assemble
doubly polar functionalized molecules in which strong com-
petition of the polar groups to be anchored at the air–water
interface could take place. However, in this particular case,
the LB technique proved to be a good method to incorpo-
rate OPE2A molecules into well-ordered monolayers. This
behaviour is probably due to the presence of a very rigid
OPE backbone that prevents bending of the molecule and
thus contact of both polar groups with the water surface. In
addition, the very hydrophobic OPE core tends to be situat-
ed away from the water surface, and this leads to surface be-
haviour similar to that of amphiphilic materials containing
just one polar group. To compare the efficiency of the LB
method with that of self-assembly in the arrangement of
OPE2A molecules in terms of surface coverage, self-assem-
bled monolayer (SAM) films of OPE2A were fabricated.
Gold substrates were immersed for 48 h in a 10!5 m solution
of OPE2A in ethanol. Poor blocking of the gold electrode
(Figure 6 b) and a low coverage of OPE2A on gold surfaces
was determined by QCM experiments (surface coverage of
3.8 ! 10!10 mol cm!2 for SAMs versus 5.53 !10!10 mol cm!2

for LB films prepared on a water subphase). The use of
more concentrated solutions of OPE2A (up to 10!3 m) to
produce SA films also did not result in better surface cover-
age.

Optical properties of the transferred films offer additional
insight into the molecular arrangement and degree of order
within the film. Langmuir films of OPE2A were transferred
onto quartz substrates at 20 mN m!1 and the UV/Vis absorp-
tion spectra were recorded. Figure 7 shows the electronic
spectra of OPE2A LB films prepared from water and basic

subphases together with the spectrum of OPE2A in solution
and at the water–liquid interface for comparison. The molar
(e) and apparent molar absorptivities (eapp, where apparent
denotes the orientational effect of the molecules in the L or
LB films) for solution and monolayer were obtained accord-
ing to Equations (2) and (3) for the solution and the air–
water interface[83] , respectively, and Equation (4) for LB
films,

e ¼ Ab

Cl
ð2Þ

eapp ¼
DR

2:303% 103G
ffiffiffiffiffiffi
Rw

p ð3Þ

eapp ¼
Ab

1000G
ð4Þ

where G [mol cm!2] is the surface density, Rw the reflectivity
of water (0.02), Ab the absorbance, C the solution concentra-
tion and l the cell width.

The spectra of LB films transferred from a water sub-
phase are again red-shifted by about 17 nm compared to the
solution spectra (see Figure 7), and they practically overlap
with the spectra of the monolayers at the air–water interface
(result not shown for clarity). In the case of films transferred
from a basic substrate the spectrum is blue-shifted by 14 nm
with respect to the solution, and again the LB film spectrum

Figure 6. Cyclic voltammograms (CVs) of a) a one-layer LB film of
OPE2A (water subphase) deposited on a gold electrode at the indicated
transference surface pressures. b) Comparison of the blocking effect on
the gold electrode of an LB film transferred at a surface pressure of
20 mN m!1 and a self-assembled film prepared by incubation of a gold
substrate in a 10!5 m solution for 48 h. CVs were recorded by immersing
the gold substrate in a 1 mm [Ru ACHTUNGTRENNUNG(NH3)6]Cl3 and 0.1m KCl aqueous solu-
tion at a scan rate of 0.1 V s!1 at 20 8C. An Ag|AgCl saturated reference
electrode was employed and the counterelectrode was a Pt sheet.

Figure 7. Apparent molar absorptivity versus wavelength for a monomo-
lecular LB film of OPE2A transferred at 20 mN m!1 from water and
basic subphases and comparison with the molar absorptivity of a solution
in CHCl3/EtOH (4/1).
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overlaps the reflection spectrum obtained on a basic sub-
phase. These results indicate that the molecular arrange-
ment at the air–liquid interface is retained when the films
are transferred onto the solid support. Additionally, the dif-
ference in apparent molar absorptivity of the molecules in
solution and in the films provides quantitative information
on the orientation of the dipole moment of transition and
the normal to the surface, as stated above. The results ob-
tained here clearly indicate that OPE2A molecules are in a
more vertical orientation with respect to the substrate when
they are fabricated from a basic subphase compared to
those fabricated from a water subphase. The LB films that
were prepared by using a water subphase were incubated
for 48 h in NaOH solution (pH 11.4) and then thoroughly
rinsed with water and dried. The maximum wavelength was
then shifted to 324 nm, that is, the initial red shift with re-
spect to the solution disappears. This result is consistent
with the red shift in films prepared on pure water being due
to the presence of lateral H-bonds between neighbouring
molecules that disappear after exposure of the film to a
basic medium. The fact that, after incubation of these films
in a water subphase, the peak is not shifted to 313 nm (posi-
tion of the maximum wavelength for films prepared on a
basic subphase) may be attributable to different orientations
of the molecules in the two films.

Table 1 shows additional evidence for the formation of a
supramolecular structure in the L and LB films. While the

absorption maxima of L and
LB films formed on an aqueous
subphase (pH 5.9), where the
carboxyl groups are expected to
be protonated, is red-shifted
with respect to the solution
spectrum in chloroform, the
peaks of L and LB films pre-
pared on a basic subphase
(NaOH) are slightly blue-shift-
ed. In basic subphases the car-
boxyl groups are deprotonated,
and therefore no H-bonds be-
tween adjacent molecules are
formed. In addition, the red
shift observed for the LB films
on the water subphase may be
favoured by the spatial organi-
zation of the film, since the
maximum absorption for cast

films of this compound prepared from a chloroform solution
appears at 317 nm, that is, again blue-shifted with respect to
the solution (328 nm). An LB film fabricated by using pure
water as subphase was redissolved in chloroform. A signifi-
cant blue shift (peak at 300 nm) of the solution of the redis-
solved film compared to the spectrum of the original solu-
tion was observed. After sonication of the solution of the re-
dissolved film in chloroform for 10 min the original spec-
trum of this compound in a chloroform solution was ob-
tained. This indicates that no chemical reaction has taken
place but significant aggregation effects definitely occur in
the monolayer. The initial blue shift of the spectrum after
redissolving the film prepared from a water subphase might
be due to the rupture of H-bonds between neighbouring
molecules, and the preservation of lateral p–p interactions
that may lead to H-aggregates. These interactions are lost
after sonication. The electrical properties of the LB films
also seem to point towards a different structure for films
transferred from water and a basic subphase (see below).

Carboxylic acids readily form head-to-head dimers in so-ACHTUNGTRENNUNGluACHTUNGTRENNUNGtion and solid state through mutual H-bonding, which pro-
vides an avenue through which to explore the nature of the
carboxyl groups in films of OPE2A, and to gather further
support for the notion of a supramolecular network linking
the exposed CO2H moieties in LB films of this compound.
Monolayers of OPE2A prepared on the two subphases were
transferred onto QCM substrates by withdrawal of sub-
strates that were initially immersed in the subphase. The
modified substrates were introduced into a behenic acid so-ACHTUNGTRENNUNGluACHTUNGTRENNUNGtion (see Figure 8) and the frequency change Df of the
QCM quartz resonator before and after exposure of mono-
molecular OPE2A films to solution of behenic acid (10!2 m
CH3 ACHTUNGTRENNUNG(CH2)20COOH in CHCl3) was determined. No frequen-
cy change was observed after 24 h incubation of the films
transferred from a water subphase in the behenic acid so ACHTUNGTRENNUNGlu-

Table 1. Position of the main absorption peak [nm] for the indicated so-ACHTUNGTRENNUNGlu ACHTUNGTRENNUNGtion and films.

Solution Cast LB filmACHTUNGTRENNUNG(CHCl3) film Basic
subphase[a]

Water
subphase[b]

328 317 313 345

[a] pH 11.4. [b] pH 5.9.

Figure 8. Schematic of monomolecular LB films deposited onto gold substrates and transferred from a water
subphase a) and a basic subphase b) before and after incubation in a behenic acid solution according to the
QCM experiments described in the text.
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ACHTUNGTRENNUNGtion. In contrast, after 4 h of incubation of OPE2A films
transferred from a basic subphase, a frequency change of
!27 Hz was recorded, which indicates, through application
of the Sauerbrey equation, that one molecule of behenic
acid was deposited per molecule of OPE2A in the film. This
result suggests that when OPE2A molecules are transferred
from a water subphase the carboxylic acid remains protonat-
ed and lateral H-bonds are formed, which renders the
CO2H group insensitive to further H-bonding interactions.
These H-bonds are strong enough to prevent surface binding
of behenic acid to the OPE2A monolayer through H-
bonded carboxylic acid dimers. However, when OPE2A
molecules are transferred from a basic subphase the carbox-
yl groups are deproton ACHTUNGTRENNUNGated, and consequently they are free
to form face-to-face H-bonds with behenic acid molecules
(see Figure 8). Although this QCM experiment clearly
shows different states of the terminal carboxyl groups de-
pending on the subphase used, it does not provide informa-
tion about the dissociation state of the carboxyl groups di-
rectly attached to the gold substrate.

Figure 9 shows XPS spectra in the C 1s spectral region of
OPE2A powder and OPE2A LB films transferred onto gold
substrates from the two different subphases. The powder

spectrum shows a peak at 288.8 eV corresponding to the
carbon atom in the carboxyl moiety.[84–90] Films of OPE2A
molecules on gold substrates prepared from a basic sub-
phase show a peak attributable to the carboxylate carbon
atom at 287.1 eV.[91,92] This clearly indicates that OPE2A is
entirely deprotonated when transferred from a basic sub-
phase. In contrast, the peak at 288.8 eV is preserved in LB
films transferred from a water subphase, and a peak at
287.1 eV is also observed. This indicates that OPE2A con-
tains both carboxylate and carboxyl groups when transferred
from a water subphase, which, in combination with the data
provided by the QCM experiments described above, sug-
gests that the group attached to the gold substrate is depro-
tonated and chemisorbed as carboxylate, independent of the

subphase used. In contrast, the other terminal carboxyl
group remains protonated when the Langmuir film is pre-
pared on a pure water subphase and is deprotonated when a
basic subphase is used. Further confirmation of these con-
clusions was provided by angle-resolved (AR) XPS. Repre-
sentative C 1s XPS spectra measured at take-off angles of
90 and 608 with respect to the surface are shown in
Figure 10 for an OPE2A LB film prepared from pure water.

From the AR-XPS spectra, it is clear that the intensity of
the peak corresponding to the protonated carboxyl group
(CCOOH) is larger, while a decrease in the take-off angle re-
sults in a more prominent CCOO! peak. This result is consis-
tent with the model presented in Figure 8, in which the ad-
sorbate group contacting the gold surface is likely to be the
deprotonated carboxyl group, while the terminal carboxylic
acid remains protonated.

The LB films of OPE2A transferred from a pure water
subphase and a basic subphase showed very significant dif-
ferences in electrical behaviour that may also be explained
by the different protonation states of their carboxyl groups.
To determine the electrical characteristics of a monomolecu-
lar LB film transferred onto gold substrates at 20 mN m!1 by
using pure water as subphase, I–V curves were recorded by
STM and averaged from multiple (ca. 420) scans at different
locations on the substrate and by using different samples to
ensure the reproducibility and reliability of the measure-
ments. Moreover, before recording the I–V curves, both the
thickness of the monolayer and the tip-to-substrate distance
(s) should be estimated in order to position the STM tip just
above the LB film and thus avoid penetration of the STM
tip into the film or the existence of a substantial gap be-
tween the STM tip and the monolayer. By using the attenu-
ation of the Au 4f signal of the substrate (see Experimental
Section), the thickness of the LB films on the gold electrode
was estimated to be (1.81"0.05) nm, in good agreement
with the determination of the tilt angle obtained from the

Figure 9. C 1s XPS spectra of OPE2A in powder and in LB films deposit-
ed onto gold substrates from water and a basic aqueous subphase.

Figure 10. Angle-resolved XPS spectra of a monomolecular LB film de-
posited onto a gold substrate from a pure water subphase at take-off
angles of 90 and 608.
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UV/Vis reflection spectra at the air–water interface. Once
the thickness of the LB film is known, the tip–substrate dis-
tance must be calibrated so that the STM tip can be placed
at a known distance above the LB film. This is achieved by
converting the set-point parameters of the STM (I0!“set-
point current” and Ut!“tip bias”) to an absolute gap sepa-
ration, as has been reported previously and is described
below.[93–95] Depending on these parameters, the STM tip
can be located above the monolayer, in contact with the top
of the monolayer or embedded within the monolayer film.
In order to most accurately measure the trans-film conduc-
tance, it is necessary to first determine the set-point condi-
tions under which the tip is just touching the top of the LB
film. A quantitative estimation of the current decay d ln I=ds
in the LB film is required to evaluate this separation at
which the tip just touches the top of the film. Firstly, cur-
rent–distance scans were recorded with the tip fully embed-
ded in the film at sufficiently high set-point currents (I0 =
20 nA and Ut =0.6 V) to ensure that the tip was embedded
within the film, and only current–distance traces which dis-
played a monotonic exponential decrease of the tunnelling
current were selected for this quantification of d ln I=ds.
These d ln I=ds data were recorded at different substrate lo-
cations and at regular intervals during the measurements.
Any curves showing current plateaux synonymous with mo-
lecular-wire formation were rejected, since they are unsuited
for quantification of d ln I=ds. The monotonic exponential
decay curves were then plotted as ln I versus s. Averaging
the slope of the collected d ln I=ds plots gave d ln I=ds values
typically in the range of (6.91"1.37) nm#1. This value is in
good agreement with those reported for similar highly con-
jugated compounds incorporated in molecular films[20,26, 58]

and for single molecules.[21,93] With Ut = 0.6 V and I0 =
0.15 nA as the set-point parameters, the initial tip-to-sub-
strate distance is estimated as 1.82 nm according to Equa-
tion (5), in which I0 and Ut are the set-point parameters of
the STM, in good agreement with the thickness of the
mono ACHTUNGTRENNUNGlayer.

s ¼ lnðG0Ut=I0Þ
d lnðIÞ=ds

ð5Þ

Therefore, these set-point parameters were used to posi-
tion the tip just above the monolayer. For higher set-point
currents (e.g., 0.6 nA, s= 1.63 nm) the tip would be embed-
ded within the monolayer, and for lower set-point currents,
the tip would not be in contact with the monolayer and, in
this case, the tunnelling current measured represents tunnel-
ling through both the monolayer and the gap between the
top of the monolayer and the tip. Figure 11 a shows a repre-
sentative I–V curve obtained for a one-layer LB film from
water as subphase at Ut =0.6 V and I0 = 0.15 nA. The profile
of the I–V curve is clearly symmetrical and exhibits an ap-
proximately sigmoidal profile over the full voltage region.
Nevertheless, the I–V curve becomes linear in the low-volt-
age region (from #0.6 to +0.6 V), that is, the ohmic region,
where the conductance is 0.26 ! 10#5 G0. This conductance is

significantly lower than that exhibited by other OPE deriva-
tives assembled by the LB technique, even when these OPE
derivatives have different end groups.[20,26] This low conduc-
tance for the OPE2A monolayer fabricated on a water sub-
phase could be attributed to the “supramolecular structure”
promoted by the carboxyl group that is used as linker to
make contact with the STM tip. This supramolecular struc-
ture is formed through the lateral H-bonding interactions
between the carboxyl groups, which may also be synergistic
with lateral p–p stacking. The lower conductivity of OPE2A
monolayers fabricated on a pure water subphase would then
arise from the less effective contact of this H-bonded car-
boxylate group to the gold STM tip compared with the
chemisorption bond formed between the carboxylate group
and gold contacts.

Figure 11. a) I–V curve of a one-layer LB film of OPE2A transferred
onto Au ACHTUNGTRENNUNG(111) at 20 mN m#1 from water as subphase (solid line) and fit-
ting according to the Simmons equation (F= 1.1 eV, a=0.41; dashed
line). Note that the experimental data and Simmons model nearly over-
lap, and this may interfere in visualization of the experimental curve. The
inset shows a magnification of the y axis to observe in more detail the
sigmoidal shape of the I–V plot. A representative STM image of the
monolayer is also shown in the inset. b) I–V curve of a one-layer LB film
of OPE2A transferred onto Au ACHTUNGTRENNUNG(111) at 20 mN m#1 by using a basic sub-
phase (solid line), from single-molecule conductance values obtained by
using the I(s) method (circles) and fitting according to the Simmons
equation (F=0.73 eV, a =0.34; dashed line). The error bars represent
the standard deviation. Ut =0.6 V.
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A basic subphase (pH 11.4) was used to retain the lower
contacting group in its deprotonated carboxylate state. The
thickness of the monolayer determined by using the attenua-
tion of the Au 4f signal from the substrate was (1.95!
0.05) nm. Taking into account that the average slope of the
corresponding d ln I=ds curves used to calculate the tip-to-
substrate distance was (5.48!0.89) nm"1 when the set-point
parameters Ut =0.6 V and I0 = 1 nA were used, the initial
tip-to-substrate distance was 1.95 nm, which is in agreement
with the thickness of the monolayer and indicates that the
tip is positioned just above the monolayer when these set-
point parameters are used. Figure 11 b shows a representa-
tive I–V curve obtained for a one-layer LB film from a basic
subphase at Ut = 0.6 V and I0 =1 nA. The profile of the I–V
curve is clearly symmetrical and exhibits an approximately
sigmoidal profile over the full voltage region, although the
I–V curve becomes linear in the low-voltage region (from
"0.6 to + 0.6 V), the ohmic region, where the conductance
is 1.75 !10"5 G0. This conductance is similar to, or even
larger than, that obtained for other OPE derivatives assem-
bled by using the LB technique[20,58] or for single mole-
cules.[21, 93] In addition, Figure 11 b also shows an I–V curve
constructed from single-molecule conductance (SMC)
values for OPE2A obtained by using the I(s) method at
eight different bias voltages. This I(s) method, developed by
Haiss et al. ,[15,21,96] has been used to determine the SMC of
molecular junctions. The SMC curve coincides with the I–V
curve obtained for the LB film at 1 nA and 0.6 V, and this
indicates that with these parameters the STM tip is located
directly above the LB film and electronically coupled to a
single molecule. The two I–V curves show similarity, despite
the different molecular surroundings in the two cases: in the
LB film the molecules are packed together with neighbour-
ing OPE2A molecules, whereas no such neighbours exist for
the SMC determinations. The higher conductance for the
COO–Au molecular junctions than COOH–Au junctions
supports the notion that the former are more effective in
both their surface binding ability and in promoting electrical
transmission of the junctions, which is in agreement with
previous work.[38]

The sigmoidal shape of both I–V curves (for water or
basic subphase) is indicative of a non-resonant tunnelling
mechanism of transport through these metal–molecule–
metal junctions. The Simmons model[97] is one of the sim-
plest tunnelling barrier models which has been widely used
for describing charge transport through metal jSAM or
metal jLB film junctions.[20,56, 58,98] In this model, the current
I is defined as Equation (6),

I ¼ Ae
4p2!hs2 F" eV

2

! "
exp " 2 2mð Þ1=2

!h a F" eV
2

! "1=2

s
# $

" Fþ eV
2

! "
exp " 2 2mð Þ1=2

!h a Fþ eV
2

! "1=2

s
# $% &

ð6Þ

in which V is the applied potential, A the contact area of
the molecule with the gold surface (0.31 nm2 and 0.25 nm2

for a water subphase or basic subphase, respectively in con-

cordance with the isotherms shown in Figure 3 at a surface
pressure of 20 mN m"1), s the width of the tunnelling barrier,
which was assumed to be the geometric distance between
the end groups in the OPE molecular wire as calculated
with a molecular modelling program (2.07 nm), F the effec-
tive barrier height of the tunnelling junction (relative to the
Fermi level of Au), a is related to the effective mass of the
tunnelling electron and m and e represent the mass and the
charge of an electron. The F and a parameters are then
used to best fit the I–V data in Figure 11. Good agreement
between the data and the model were obtained for F=
1.1 eV and a=0.41 when water is used as subphase, and for
F= 0.73 eV and a =0.34 when a basic subphase is used.
Firstly, we emphasize that Equation (6), which is based on a
very simple model of non-resonant tunnelling, gives a rea-
sonable description of our experimental I–V data, and it is
therefore reasonable to assume that the mechanism of trans-
port through these metal jmolecule jmetal junctions is non-
resonant tunnelling. Secondly, the F value depends on the
subphase used. Thus, for a basic subphase, F= 0.73 eV,
which is in good agreement with those obtained for similar
OPE derivatives assembled by self-assembly[44, 56] or by the
LB technique.[14,19,20, 26,58] Meanwhile, when the subphase is
water, the effective barrier height is F =1.1 eV, which is
higher than those obtained for a basic subphase and for
other OPE derivatives.[15, 20, 56,58] Therefore, these results
seem to indicate that the presence of protonated surface
groups (COOH) and consequent lateral H-bonds within the
monolayer decreases the conductance. This is attributed to a
more compromised electrical contact between the STM tip
and the carboxyl-terminated surface.

Conclusion

A symmetrical acid-terminated OPE derivative has been
synthesized and assembled into well-packed monolayer
films by means of the Langmuir–Blodgett technique, which
has proved to be a suitable method for obtaining homoge-ACHTUNGTRENNUNGneous films with high surface coverage, superior to those
achieved by self-assembly techniques for this material.
Langmuir films were prepared at the air–water interface by
using a pure water subphase and a basic subphase and char-
acterized by surface pressure versus area per molecule iso-
therms and Brewster angle microscopy, which revealed that
OPE2A can form true monomolecular films at the air–water
interface on both subphases, in contrast to singly acid substi-
tuted OPEs, which only form three-dimensional defect-free

monolayers on
basic subphases.
These monomo-
lecular films were
transferred undis-
turbed onto solid

substrates with a transfer ratio close to unity. Both L and
LB films of OPE2A fabricated on a pure water subphase
show a red shift of the main absorption band with respect to
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the solution, whilst films prepared on a basic subphase ex-
hibit a blue shift. A combination of QCM, XPS and UV/Vis
spectra experiments demonstrated that OPE2A was linked
through a deprotonated carboxyl group to the gold substrate
when the LB films were prepared from either a pure water
or a basic subphase. Monolayers fabricated on a pure water
subphase feature a supramolecular structure due to lateral
H-bonding interactions through
the terminal carboxyl groups. In
contrast, these lateral H-bonds
are not present in monolayers
fabricated on basic subphases.

Electrical characteristics of
the LB films on gold substrates
were obtained by recording I–V
curves with a gold STM tip
positioned just above the monolayer (as determined from
calibration of the tip-to-substrate distance and knowledge of
the thickness of the LB film determined from XPS measure-
ments). These I–V curves and good fits to the Simmons
model indicate that charge flow through the metal jmole-
cule jmetal junction occurs by a non-resonant tunnelling
mechanism. Importantly, the conductance in films prepared
on basic subphases is quite similar to the SMC values. How-
ever, LB films fabricated on a pure water subphase exhibit
conductances around seven times lower. This result has
been attributed to the more effective electrical junctions
formed between carboxylate
groups and gold surfaces, as op-
posed to carboxyl groups, which
also form lateral H-bonding in-
teractions that decrease the
conductance. Thus, modulation
of conductance by pH and mo-
lecular structure control is ach-
ieved.

Experimental Section

General synthetic conditions : Syntheses were carried out under an
oxygen free nitrogen atmosphere by using standard Schlenk techniques.
All reaction vessels were flame-dried before use. Triethylamine was puri-
fied by distillation over CaSO4. Other reagents were purchased commer-
cially and used as received. Hexyl 4-ethynylbenzoate was prepared ac-
cording to literature procedures.[26] NMR spectra were recorded on solu-
tions in deuterated solvents on Bruker DRX-400 and Varian 500 spec-
trometers and referenced against solvent resonances (1H, 13C). ESI mass
spectra were recorded on a TQD mass spectrometer (Waters Ltd, UK).
Samples were 0.1 mg mL!1 soloutions in analytical-grade methanol. Ther-
mal analyses were performed with a PerkinElmer Pyris thermogravimet-
ric analyser (heating rate 10 8C min!1).

Preparation of dihexyl 4,4’-[1,4-phenylenebis(ethyne-2,1-diyl)]diben-
zoate : Hexyl-4-(ethynyl)benzoate (0.34 g, 1.5 mmol), 1,4-diiodobenzene
(0.25 g, 0.76 mmol), [Pd ACHTUNGTRENNUNG(PPh3)4] (0.045 g, 0.040 mmol) and CuI (0.007 g,
0.037 mmol) were added to NEt3 (15 mL), and the resulting white sus-
pension stirred at room temperature overnight. The precipitate was col-
lected by filtration and washed thoroughly with hexane. The solids were
dissolved in CH2Cl2 and the solution filtered through silica gel. Solvent
removal from the yellowish filtrate yielded the pure product as an off-

white solid. Yield: 0.30 g, 0.56 mmol, 75%. 1H NMR (400 MHz, CDCl3):
d=8.04 (d, J=9 Hz, 4H, g), 7.59 (d, J= 9 Hz, 4 H, f), 7.54 (s, 4 H, a), 4.33
(t, J =7 Hz, 2 H, j), 1.82–1.72 (m, 4 H, k), 1.49–1.40 (m, 4H, l), 1.39–1.29
(m, 8H, m/n), 0.92 ppm (t, J=7 Hz, 6H, o); 13C{1H} NMR (101 MHz,
CDCl3): d=166.2 (i), 131.9, 131.6 (f/g), 130.3 (h), 129.7 (a), 127.6, 123.2
(b/e), 91.9, 90.9 (c/d), 65.5 (j), 31.6 (k), 28.8 (l), 25.8 (m), 22.7 (n),
14.1 ppm (o); ASAP-MS(+): m/z (%): 451.19 [M+H!C6H13]+ (100),
534.28 [M]+ (53).

Preparation of 4,4’-(1,4-phenylenebis(ethyne-2,1-diyl))dibenzoic acid
(OPE2A): NBu4OH·30H2O (0.30 g, 0.38 mmol) dissolved in THF (3 mL)
was added to a solution of dihexyl 4,4’-[1,4-phenylenebis(ethyne-2,1-
diyl)]dibenzoate (0.05 g, 0.09 mmol) in THF (3 mL). The resulting brown
solution was stirred at room temperature for 30 min, taken to dryness
and redissolved in CHCl3 (2 mL). White solids precipitated upon addition
of concentrated HCl and sonication of the two phases. The precipitate
was collected by filtration and washed with water (2 ! 5 mL), acetone
(2 mL) and Et2O (5 mL) and dried in air. Yield: 0.03 g, 0.08 mmol, 89 %.
1H NMR (500 MHz, [D6]DMSO): d =13.21 (br s, 2 H, j), 7.97 (d, J =8 Hz,
4H, g), 7.67 (d, J =8 Hz, 4H, f), 7.64 ppm (s, 4H, a); 13C NMR {1H}
(126 MHz, [D6]DMSO, 50 8C): d=166.4 (i), 131.6, 131.4 (f/g), 130.8 (h),
129.3 (a), 126.0, 122.2 (b/e), 91.1, 90.6 ppm (c/d); ESI-MS(!): m/z (%):
183.3 [M!2H]2! (100), 365.5 [M!H]! (34); TGA: incomplete combus-
tion (91 %) at 1000 8C.

Film fabrication and characterization : The films were prepared on a
Nima Teflon trough with dimensions 720 ! 100 mm, which was housed in
a constant temperature (20"1 8C) clean room. A Wilhelmy paper-plate
pressure sensor was used to measure the surface pressure p of the mono-
layers. The subphase was either pure water (Millipore Milli-Q purifica-
tion system, resistivity 18.2 MW cm) or a solution of NaOH or HCl pre-
pared with Milli-Q water as solvent and with pH as indicated in the
paper. To fabricate the Langmuir films a 1! 10!5 m solution of OPE2A in
chloroform/ethanol (4/1, HPLC grade purchased from LabScan (99.8 %)
and Panreac (99.5 %), respectively) was spread by using a Hamilton sy-
ringe held very close to the surface and allowing the surface pressure to
return to a value close to zero between each addition. The use of ethanol
in the spreading solvent limits the formation of hydrogen-bonded carbox-
ylic acid dimers and aggregates in solution prior to deposition.[63] After
waiting about 15 min to allow the solvent to evaporate, slow compression
of the film began at a speed of 0.022 nm2 molecule!1 min!1. Under these
experimental conditions the isotherms were highly reproducible. Direct
visualization of monolayer formation at the air–water interface was stud-
ied with a commercial micro-Brewster angle microscope (micro-BAM)
from KSV-NIMA having a lateral resolution better than 12 mm. A UV/
Vis reflection spectrophotometer with FiberLight DTM 6/50 light source,
an absolute wavelength accuracy of <0.3 nm and a resolution (Rayleigh
criterion) of >3 nm was used to obtain the reflection spectra of the
Langmuir films during the compression process.[65]

The monolayers at the air–water interface were transferred onto solid
supports at a constant surface pressure by the vertical dipping method
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(dipping speed 3 mm min!1) onto gold or quartz substrates, which were
carefully cleaned as described previously.[61, 71] QCM measurements were
carried out by using a Stanford Research Systems instrument with AT-cut
a-quartz crystals with a resonant frequency of 5 MHz and circular gold
electrodes patterned on both sides. UV/Vis spectra of the LB films were
acquired on a Varian Cary 50 spectrophotometer and recorded at a
normal incident angle with respect to the film plane.

Cyclic voltammetry (CV) experiments were carried out in an electro-
chemical cell containing three electrodes. The working electrode was
made of either a gold substrate or a gold substrate modified by the de-
posited LB film. Gold substrates were purchased from Arrandee, Germa-
ny. These were flame-annealed at approximately 800–1000 8C with a
Bunsen burner immediately prior to use. This procedure is known to
result in atomically flat Au ACHTUNGTRENNUNG(111) terraces. The counterelectrode was a
platinum sheet, and the reference electrode was Ag jAgCl j saturated
KCl.

X-ray photoelectron spectra were acquired on a Kratos AXIS ultra DLD
spectrometer with a monochromatic AlKa X-ray source (1486.6 eV) by
using a pass energy of 20 eV. To provide precise energy calibration, the
XPS binding energies were referenced to the C 1s peak at 284.6 eV. The
thickness of LB films on gold substrates was estimated using the attenua-
tion of the Au 4f signal from the substrate according to
ILB film ¼ Isubstrate exp !d=l sin qð Þ, where d is the film thickness, ILB film and
Isubstrate are the average of the intensities of the Au 4f5/2 and Au 4f7/2

peaks attenuated by the LB film and bare gold, respectively, q is the pho-
toelectron take-off angle and l is the effective attenuation length of the
photoelectron ((4.2%0.1) nm).[44]

An Agilent STM running Picoscan 4.19 Software was used for character-ACHTUNGTRENNUNGization of the electrical properties of the LB films with tip potential Ut.
STM tips were freshly prepared for each experiment by etching of a
0.25 mm Au wire (99.99 %) in a mixture of HCl (50 %) and ethanol
(50 %) at + 2.4 V. Gold films were treated as described above to obtain
atomically flat Au ACHTUNGTRENNUNG(111) terraces.
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ABSTRACT: 2,5-Diferrocenyl-1-phenyl-1H-phosphole (3) has
successfully been prepared by a cyclization reaction of phenyl-
phosphine with 1,4-diferrocenyl butadiyne. Subsequent reaction
with elemental sulfur and selenium, respectively, leads to the
formation of the appropriate phosphole sulfide (4) or selenide (5).
Molecules 4 and 5 have structurally been characterized by single-
crystal X-ray diffraction. Despite the tetrahedral environment at the
phosphorus atom, the cC4P ring itself is planar and coplanar with
the cyclopentadienyl rings of the ferrocenyl termini. Electrochemical
measurements revealed that the two ferrocenyl groups could be
oxidized at discrete potentials, with separation of the individual
redox waves of 280 (3), 240 (4), and 235 mV (5), respectively. These values agree with other examples of heterocyclic-bridged
diferrocenyl compounds such as diferrocenylthiophene (260 mV) and diferrocenylfuran (290 mV). Compounds [3]+−[5]+
exhibit IVCT absorptions of weak to moderate strength, which conforms well to the predictions of the Hush two-state model for
weakly coupled mixed-valence systems. These conclusions are supported by DFT and TD-DFT results, which satisfactorily
model the observed structural and spectroscopic parameters. The computational work assists in assigning the various low-energy
(LF, IVCT) electronic transitions and also highlights the key role of the unsaturated cis-diene-like C4H2 building block of the
heterocycle in promoting the Fc → Fc+ electron-transfer transition.

■ INTRODUCTION

Compounds with two redox-active transition-metal fragments
connected via a π-conjugated spacer unit are of considerable
interest, as they can be regarded as model compounds for
molecular wires.1−14 In the last years huge efforts in the
development of molecules in which the two redox-active metal
centers exhibit a pronounced electronic communication across
the spacer unit have been made. During the course of these
investigations, a wide variety of π-conjugated spacers have been
explored, including systems based on all-carbon chains,
vinylogous moieties, aromatic hydrocarbons, metallacycles,
and heteroatom-containing groups.15−24 An equally wide
variety of metal fragments have been used as redox-active
termini, including half-sandwich, five- and six-coordinate metal
centers, metallocenyl groups, bimetallic complexes, and clusters,
with the degree of electronic interaction between them in the
mixed-valence state assessed by drawing on electrochemical and
spectroscopic (UV−vis/near-IR, IR, EPR) data, often sup-
ported by quantum chemical calculations.2,11,12,25 While it is
well-known that the electronic structure of such linear arrays,
and hence the “intermetallic communication” or coupling in the
mixed-valence state, depends on the nature of both the metal
termini and the spacer unit, predicting these a priori is not
always a simple task.

Within recent studies of our research group it could be
demonstrated by the example of di-, tri-, and tetraferrocenyl
heterocycles (thiophenes, furans, and pyrroles)22,24 and metal-
lacycles featuring a Cp*2M (M = Ti, Zr)17,18 moiety that the
electronic characteristics (conjugation and distribution of
electron density) greatly influence the intermetallic communi-
cation between the mixed-valent termini. In continuation of this
work we herein present the synthesis and characterization of
diferrocenyl phosphole as well as its chalcogenides. While
neglected for decades, phospholes have gained increasing levels
of interest during the last few years.26−31 Their successful
application in metal-containing organic light-emitting devices
(OLEDs) accelerated the research on this topic.32,33 The
phosphole ring shows a degree of aromaticity depending on the
substituents in 1-, 2-, and 5-positions, as bulky substituents
force the phosphorus to adopt a planar environment. However,
blocking the phosphorus lone pair by coordination or oxidation
reactions, for example, prevents the extended conjugation
around the ring system and removes the aromaticity. Hence,
the phosphole motif may offer a tool to fine tune the electronic
nature of the π-conjugated connector unit and hence the
electronic effects that may be transmitted across it. This
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potential electronic flexibility prompted us to study the mixed-
valence behavior of diferrocenyl phospholes as a function of the
chemical nature of the phosphorus atom.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. 2,5-Diferrocenyl-1-phe-

nyl-1H-phosphole (3) was synthesized by cyclization of
phenylphosphine with diferrocenyl butadiyne according to a
reaction procedure first described by Mar̈kl and Potthast.34

Phenylphosphine (1) was reacted with 0.8 equiv of n-
butyllithium, and the resulting solution was added slowly to
1,4-diferrocenyl butadiyne (2), giving 2,5-diferrocenyl-1-
phenyl-1H-phosphole (3) (Scheme 1). Treatment of 3 with
elemental sulfur or selenium resulted in the formation of the
corresponding phosphole chalcogenides 4 and 5 (Scheme 1).
Compounds 3−5 are stable toward air and moisture both in

the solid state and in solution. They have been characterized by
elemental analysis, IR and NMR (1H, 13C{1H}, 31P{1H})
spectroscopy, and ESI-TOF mass spectrometry. The electro-
chemical and spectroelectrochemical behavior was investigated
by cyclic voltammetry (CV) and square wave voltammetry
(SWV) as well as in situ UV−vis/near-IR and IR spectroelec-
trochemistry.
For the 1H NMR spectra of all three diferrocenyl phospholes

3−5 one singlet for the C5H5 rings and four multiplets for the
C5H4 protons of the ferrocenyl substituents appear as the α-
and β-protons are diastereotopic, which is due to the prochiral
nature of the phosphorus atom. The signals of the CH
phosphole protons appear almost at the same chemical shift (3,
6.87 ppm; 4, 6.87 ppm; 5, 6.90 ppm) as doublets with 3JPH =
11.4 Hz (3), 3JPH = 36.5 Hz (4), and 3JPH = 35.9 Hz (5). The
respective carbon atoms in the 13C{1H} NMR spectra of these
species are observed at ca. 130.5 ppm, which indicates that the
electronic character of the carbons (and attached protons) in 3-
and 4-positions of the heterocycle remain unchanged upon
oxidation of the phosphorus atom, while the JPH coupling
constants change upon oxidation (JPIIIH < JPVH). The signals of
the meta and para protons of the phenyl group in 3 appear as
an unresolved multiplet at 7.4 ppm (Experimental Section). For
the respective ortho protons a multiplet at 7.6 ppm could be
observed. In contrast, the ortho protons in 4 and 5 appear as
doublet of doublets of doublets at 8.02 ppm (4) and 8.04 ppm
(5) with 4JHH = 1.6 Hz, 3JHH = 7.9 Hz, and 3JHP = 14.0 Hz for 4
and 4JHH = 1.7 Hz, 3JHH = 7.8 Hz, and 3JHP = 14.3 Hz for 5.
After oxidation of P(III) in 3 to P(V) in 4 and 5 the signals of
the ferrocenyl and phenyl protons in 4 and 5 are shifted to
lower field. In the 31P{1H} NMR spectrum of phosphole 3 a
singlet at 5.1 ppm is characteristic. After oxidation with sulfur
and selenium, respectively, a shift to lower field (46.6 ppm (4),
33.2 ppm (5)) occurred.
For selenide 5 the characteristic selenium satellites with a

1J31P77Se coupling constant of 745 Hz could be found. Typically,

the 1J31P77Se values allow a quantification of the donor abilities of
phosphines PR3.

35−38 An electron-withdrawing group results in
increased values for the coupling constants, indicating an
increased s character for the phosphorus orbital involved in the
phosphorus−selenium bond. 31P{1H} NMR data and 1J31P77Se
coupling constants for several phosphine selenides are
summarized in Table 1. A comparison with other P(III)
species showed that phosphole 3 can be characterized as a weak
donor.36−38

The molecular structures of 4 and 5 in the solid state have
been determined by single-crystal X-ray diffraction analysis.
Suitable crystals were obtained by diffusion of n-hexane into a
dichloromethane solution of either 4 or 5 at ambient
temperature. The ORTEP diagrams with selected bond lengths,
bond angles, and torsion angles are shown in Figures 1 and 2.
Compounds 4 and 5 both crystallize in the orthorhombic

space group P212121. The ferrocenyl groups are antiparallel
oriented and are almost coplanar with the heterocyclic core
(torsion of the plane of the C5H4 unit to the plane of the
phosphole core: 4, −4.4(18)° for Fe1, 3.0(19)° for Fe2; 5,
3.3(12)° for Fe1, −1.7(11)° for Fe2). The conformation of the
cyclopentadienyl ligands in individual ferrocenyl units is almost
eclipsed (4, −8.73(81)° for Fe1, 5.33(75)° for Fe2; 5,
2.79(53)° for Fe1, −4.00(47)° for Fe2). The P1−C1−C2−
C3−C4 arrangement is planar (4, rms deviation 0.0025 Å,
highest deviation from planarity observed for P1 with
−0.0302(158) Å; 5, rms deviation 0.0078 Å, highest deviation
from planarity observed for P1 with 0.0280(101) Å). The
phosphorus atom possesses, as expected, a tetrahedral environ-
ment (Figure 1). The structural features found in phosphole
chalcogenides 4 and 5 resemble those typically found in other
examples of this family of molecules.41,42

Electrochemistry and Spectroelectrochemistry. The
redox properties of heterocycles 3−5 were investigated by
cyclic voltammetry, square wave voltammetry, and spectroelec-
trochemistry (UV−vis/near-IR, IR). As supporting electrolyte a
dry dichloromethane solution containing 0.1 mol L−1 of
[NnBu4][B(C6F5)4] or [N

nBu4][PF6] was used, allowing effects
of ion pairing on the stability of the redox products to be
assessed in a qualitative fashion.43−45 The cyclic voltammetry
measurements were performed at 20 °C at a scan rate of 100

Scheme 1. Synthesis of Phospholes 3−5a

aLegend: (i) benzene/thf (1/1, v/v), 0 °C, 1 h; (ii) thf, 25 °C, 12 h; Fc = Fe(η5-C5H5)(η
5-C5H4).

Table 1. 31P NMR Chemical Shifts and 31P−77Se Coupling
Constants for 5 and Several Phosphine Selenides

compd δ (ppm) 1J31P−77
Se (Hz)

5 33.2 745
SePPh3

35 35.9 732
SeP(4-Cl-C6H4)3

39 2.2 753
SeP(2,4,6-(MeO)3-C6H2)3

35 −16.8 703
SeP(4-NMe2-C6H4)3

40 41.6 683
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mV s−1. All potentials are referenced to the FcH/FcH+ redox
couple.46 The data of the cyclic voltammetry experiments are
summarized in Table 2. The voltammograms of 3−5 measured
in the presence of [NnBu4][B(C6F5)4] are shown in Figure 3,
and those measured using [NnBu4][PF6] as supporting
electrolyte are depicted in Figure SI1 (Supporting Informa-
tion).
The ferrocenyl groups of compounds 3−5 could be oxidized

separately, showing two reversible redox events in each
electrolyte system with differences between the cathodic peak

potential and the anodic peak potential (ΔEp) falling between
68 and 80 mV (Table 2), and peak currents proportional to ν1/2

being observed confirming the essentially reversible character of
these ferrocenyl-based oxidation events. The electron-with-
drawing character of the P(V) center in 4 and 5 leads to a shift
of the E°1′ values to more positive potentials relative to the
P(III) species 3. The more electron-rich P(III) center also leads
to an enhanced thermodynamic stability of the mono-oxidized
complex [3]+, evidenced by the greater comproportionation
constant (KC) (Table 2). Due to the higher ion-pairing

Figure 1. ORTEP diagram (50% probability level) of the molecular structure of 4 with the atom-numbering scheme. All hydrogen atoms have been
omitted for clarity. Selected bond distances (Å), angles (deg), and torsion angles (deg): D1−Fe1 = 1.6417(15), D2−Fe1 = 1.6542(15), D3−Fe2 =
1.6487(16), D4−Fe2 = 1.6504(16), P1−C1 = 1.815(12), C1−C2 = 1.363(15), C2−C3 = 1.450(14), C3−C4 = 1.337(14), C4−P1 = 1.851(10),
C1−C5 = 1.431(15), C4−C15 = 1.411(15), P1−C25 = 1.834(11), P1−S1 = 1.951(4); C2−C1−P1 = 106.6(8), C1−P1−C4 = 93.8(5), C3−C4−P1
= 105.6(8), C2−C1−C5 = 128.0(11), C3−C4−C15 = 130.2(9), D1−Fe1−D2 = 177.88(11), D3−Fe2−D4 = 179.78(12), C1−P1−C25 = 104.1(5),
C25−P1−C4 = 106.2(5), C1−P1−S1 = 116.9(4), C25−P1−S1 = 114.7(4), C4−P1−S1 = 118.4(4); C3−C4−C15−C16 = 3.0(19), C2−C1−C5−
C9 = −4.4(18), C2−C3−C4−P1 = 1.5(11), P1−C1−C2−C3 = −0.5(12), C5−D1−D2−C10 = −8.73(81), C15−D3−D4−C20 = 5.33(75). D
denotes the centroid of C5H4 or C5H5.

Figure 2. ORTEP diagram (50% probability level) of the molecular structure of 5 with the atom-numbering scheme. All hydrogen atoms have been
omitted for clarity. Selected bond distances (Å), angles (deg), and torsion angles (deg): D1−Fe1 = 1.6420(10), D2−Fe1 = 1.6496(10), D3−Fe2 =
1.6406(10), D4−Fe2 = 1.6411(10), P1−C1 = 1.827(7), C1−C2 = 1.349(9), C2−C3 = 1.443(9), C3−C4 = 1.358(9), C4−P1 = 1.819(8), C1−C5 =
1.415(10), C4−C15 = 1.439(10), P1−C25 = 1.807(7), P1−Se1 = 2.1047(15); C2−C1−P1 = 106.4(6), C4−P1−C1 = 93.8(4), C3−C4−P1 =
106.3(6), C2−C1−C5 = 128.2(7), C3−C4−C15 = 127.8(7), D1−Fe1−D2 = 177.45(8), D3−Fe2−D4 = 179.97(10), C25−P1−C1 = 104.5(3),
C25−P1−C4 = 106.8(3), C1−P1−Se1 = 116.3(2), C25−P1−Se1 = 115.0(2), C4−P1−Se1 = 117.8(2); C3−C4−C15−C16 = −1.7(11), C2−C1−
C5−C9 = 3.3(12), C2−C3−C4−P1 = −2.5(7), P1−C1−C2−C3 = −0.6(8), C5−D1−D2−C10 = 2.79(53), C15−D3−D4−C20 = −4.00(47). D
denotes the centroid of C5H4 or C5H5.
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capability (spherical diameter [PF6]
−, 3.3 Å; [B(C6F5)4]

−, 10
Å), the use of dichloromethane and [NnBu4][PF6] as solvent/
supporting electrolyte results in a lower redox splitting (ΔE°′)
(Table 2).47 The difference between ΔE°′[PF6]− to ΔE°′[B(C6F5)4]

−

of about 75−100 mV mostly reflects the electrostatic
contribution to the stability of mixed-valent monocationic
molecules [3]+−[5]+. A comparison of phospholes 3−5 with
analogous bis(ferrocenes) featuring thiophene-, furan-, and
pyrrole-derived bridges reveals similar trends in the first
oxidation potential, E°1′, and ΔE°′ under identical conditions,
with the more readily oxidized complexes bearing the more
electron donating heteroatoms giving rise to the larger ΔE°′
values and hence larger KC values. For example, ΔE°′ for 3−5
and other 2,5-diferrocenyl-substituted heterocycles fall in the
sequence NPh (450 mV) > NMe (410 mV) > O (290 mV) ≈ 3
(280 mV) > S (260 mV) > 4 (240 mV) = 5 (235 mV).22 The
ΔE°′ values (Table 2) indicate sufficient stability of the
monocations with respect to disproportionation to the neutral
and dicationic forms. Assuming that the oxidation processes are
ferrocene-based, which seems reasonable given the chemical
composition, and given the robustness of the ferrocene/
ferrocenium redox couple, the mixed-valence species [3]+−[5]+
could be characterized by in situ spectroelectrochemical
methods to address the underlying electronic structures and
influence of the bridging ligand on the electronic properties.
The UV−vis/near-IR spectroelectrochemical measurements

of dichloromethane solutions containing 3−5 (2.0 mmol L−1)
and [NnBu4][B(C6F5)4] (0.1 mol L−1) as supporting electrolyte

were performed in an OTTLE (optically transparent thin-layer
electrochemical) cell.48 The compounds were oxidized by
stepwise increase in the applied potential (step width 25, 50, or
100 mV). During the measurements, oxidation of the neutral
compounds to mixed-valence monocationic [3]+−[5]+ and
finally to the dicationic species [3]2+−[5]2+ could be observed.
To prove the reversibility after full oxidation, each compound
was reduced and the resulting UV−vis/near-IR spectra are
identical with those of the starting compound. The UV−vis/
near-IR spectra of phospholes 3−5 measured in dichloro-
methane are depicted in Figures 4 (3), SI2 (4), and SI3 (5),
and the spectra measured in acetonitrile are shown in Figures
SI4 (3), SI5 (4) and SI6 (5) (Figure SI2-SI6 are given in the
Supporting Information). Phospholes 3−5 show, as expected,
no absorptions in the near-IR region (1000−3000 nm). Upon
oxidation of these molecules mixed-valence [3]+−[5]+ are
formed, resulting in the appearance of a broad band enveloping
between 1500 and 2500 nm (Figure 4 and Figure SI2)). A
further potential increase above 500 mV vs Ag/AgCl leads to
the disappearance of these absorptions, a behavior typically
observed for intervalence charge transfer (IVCT) excitations.
The observed spectra can be deconvoluted into three Gaussian-
shaped bands, which are assumed to represent the IVCT
transition, a LF (ligand field) transition associated with the
ferrocenium moiety, and a third band simulating the edge to
the higher energy absorptions. The sum of these three Gaussian
functions allows an almost exact overlay with the experimental
spectra. Therefore, the intensity εmax, the full width at half-
height Δν1/2, and the νmax values associated with the IVCT
component could be determined.
The data derived from deconvoluted IVCT absorption bands

from [3]+−[5]+ are summarized in Table 3, although the
assignment and interpretation of absorption profiles taken from
deconvolution should always be treated with caution, as the
underlying band shapes are sensitive to the degree of coupling.
To help confirm the IVCT assignment, the spectroelectro-
chemical UV−vis/near-IR experiments were also carried out in
acetonitrile as a solvent, as the IVCT band of a class II
compound should display solvatochromic behavior.3,13,50

Changing the polarity of the solvent from P = 3.1 (dichloro-
methane) to P = 5.8 (acetonitrile) resulted in hypsochromic
shifts of 1500 cm−1 (3+) and 2000 cm−1 (4+, 5+) (Table 3).51

This solvatochromic behavior is entirely consistent with the
IVCT assignment.

Table 2. Cyclic Voltammetry Data of Compounds 3−5a

compd (electrolyte)
E°1′, mV (ΔEp,

mV)
E°2′, mV (ΔEp,

mV)
ΔE°′,
mV

KC/
104

3 ([NnBu4][PF6]) −135 (76) 50 (62) 185 0.14
4 ([NnBu4][PF6]) −65 (76) 100 (76) 165 0.05
5 ([NnBu4][PF6]) −60 (80) 100 (78) 160 0.05
3 ([NnBu4]
[B(C6F5)4])

−110 (72) 170 (80) 280 5.4

4 ([NnBu4]
[B(C6F5)4])

−15 (68) 225 (74) 240 1.1

5 ([NnBu4]
[B(C6F5)4])

−15 (74) 220 (80) 235 0.9

aPotentials vs FcH/FcH+, scan rate 100 mV s−1 at glassy-carbon
electrode of 1.0 mmol L−1 solutions of 3−5 in dry dichloromethane;
0.1 mol L−1 [NnBu4][B(C6F5)4] or [NnBu4][PF6] as supporting
electrolyte at 20 °C.

Figure 3. (left) Cyclic voltammograms of 3−5; scan rate 100 mV s−1. (right) Square wave voltammograms of 3−5 in dichloromethane solutions (1.0
mmol L−1) at 20 °C; supporting electrolyte 0.1 mol L−1 [NnBu4][B(C6F5)4], glassy carbon working electrode (surface area 0.031 cm2).
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Analysis of the IVCT absorption allows classification of 3 as a
moderately coupled class II system within the scheme proposed
by Robin and Day.5 A comparison of the IVCT absorption of
phosphole 3 (εmax = 1750 L mol−1 cm−1, Δν1/2 = 3050 cm−1)
with those of analogous 2,5-diferrocenyl substituted hetero-
cycles shows that the molar extinction coefficient can be placed
between those of 2,5-diferrocenyl furan (εmax = 1496 L mol−1

cm−1) and 2,5-diferrocenyl-1-methyl-1H-pyrrole (εmax = 3145 L
mol−1 cm−1).22 Nevertheless, the full width at half height of the
IVCT band in 3 exceeds those found in all other molecules of
the thus mentioned series, indicating a weaker interaction. It
should be noted that the Hush two-state model is only valid in
the weak class II regime, while stronger coupling includes
partial delocalization and therefore a more narrow bandwidth is
observed.49,52 Brunschwig, Creutz, and Sutin stated that the
quotient between the observed bandwidth and the theoretical
bandwidth according to Hush can be taken as a measure for the
strength of this coupling.50 Nevertheless, solvent broadening as
observed for [4]+ and [5]+ in dichloromethane (Table 3) also
contributes to the bandwidth and therefore hinders the direct
comparability. A good comparison to other diferrocenyl
heterocycles is complicated, because phosphole 3 possesses a
somewhat different geometry at the cC4P backbone, as in
contrast to other heterocycles the phosphorus lone pair is only
involved to some extent in the delocalization of the cC4E
ring.53,54 Thus, the phosphole behaves similarly to a cis-diene
system rather than an aromatic five-membered heterocycle. The

IVCT absorptions of sulfide 4 and selenide 5 show smaller
intensities (4, 1300 L mol−1 cm−1; 5, 1100 L mol−1 cm−1)
(Table 3). This indicates that the involvement of the
phosphorus lone pair in bonding to the chalcogenide element
slightly decreases the interaction among the cC4P ring and
characterizes those two molecules as weak class II compounds.
In general, the characteristics of the IVCT absorptions resemble
those found for 1,4-diferrocenyl butadiene (νmax 5290 cm−1,
εmax = 2280 L mol−1 cm−1, Δν1/2 = 3900 cm−1).55 One may
conclude that the C4 backbone mainly promotes the electron
transfer between the ferrocenyl termini.

Computational Studies. To help characterize the redox
products and better understand the nature of the electronic
transitions, electronic structure calculations were carried out.
The computational systems are designated [3′]n+, [4′]n+, and
[5′]n+ (n = 0−2) to distinguish them from the experimental
complexes. All geometry optimizations and TD-DFT calcu-
lations were undertaken using the B3LYP functional and 3-
21G* basis set combination. In the case of the dications, the
triplet states were found to be considerably more stable than
the analogous singlet states (ΔET‑S = −134.27 kJ/mol ([3′]2+),
−81.21 kJ/mol ([4′]2+), −76.74 kJ/mol ([5′]2+)), and the
latter were not considered further. Selected bond lengths (Å)
and angles (deg) (Table SI1), orbital energy and composition
(Table SI2), calculated and spectroelectrochemically observed
IR data (Table 4) and TD-DFT results (Table SI3) are given in
the indicated tables (Tables SI1−SI3 are given in the
Supporting Information).
The optimized geometries are in excellent agreement with

the available experimentally determined structures of 4 and 5,
with individual bond lengths being overestimated by less than
0.03 Å. Within the neutral members of the series 3′−5′
oxidation of the PPh center from P(III) to P(V) leads to a
modest increase in the localization of the double bonds in the
heterocyclic ring and a small contraction of the Fc−C4H2 bond
lengths, probably due to increased electrostatic attraction.
However, these variations are small and in all cases the
phosphole ring system presents a clear alternation in bond
lengths consistent with a description in terms of a cyclic diene.
This description is entirely consistent with the distribution and
nodal properties of the HOMOs, which are derived from the
cis-butadiene-like π system of the C4H2 fragment mixed with
the ferrocenyl moieties, with vanishingly small contributions

Figure 4. (left) UV−vis/near-IR spectra of 3 at 20 °C in dichloromethane (2.0 mmol L−1) at rising potentials (bottom, −200 to 560 mV; top, 560 to
800 mV vs Ag/AgCl); supporting electrolyte [NnBu4][B(C6F5)4]. (right) Deconvolution of the near-IR absorptions of [3]+ using three Gaussian-
shaped bands determined by spectroelectrochemistry in an OTTLE cell.

Table 3. Near-IR Data of the IVCT Absorptions of
Phospholes [3]+−[5]+a

solvent compd
νmax, cm

−1 (εmax,
L mol−1 cm−1)

Δν1/2,
cm−1

(Δν1/2)theor,b
cm−1

dichloromethane [3]+ 5000 (1750) 3050 3400
[4]+ 4900 (1300) 4200 3360
[5]+ 4850 (1100) 4200 3350

acetonitrile [3]+ 6500 (1600) 3200 3870
[4]+ 6900c 3100 3990
[5]+ 6900c 3400 3990

aIn dry dichloromethane or acetonitrile containing 0.1 mol L−1 of
[NnBu4][B(C6F5)4] as supporting electrolyte at 20 °C. bValues
calculated as (Δν1/2)theor = (2310νmax)

1/2 according to the Hush
relationships for weakly coupled systems.49 cDue to the lack of
solubility of compounds 4 and 5 in acetonitrile, the extinction
coefficients were not determined.
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from the phosphorus atom and its substituents (Figure SI9 and
Table SI2, Supporting Information).
The optimized structures of the radical cations [3′]+−[5′]+

reflect the depopulation of the parent HOMO, with a subtle
(≤0.03 Å) contraction of the Fc-C4H2 and C(3)−C(4) bond
lengths and concomitant elongation in the C(3)−C(4) bond
(Table SI2, Scheme 2). Interestingly, while the C(1)−C(2) and

C(5)−C(6) bond lengths are arguably different in [3′]+
(C(1)−C(2) = 1.4315; C(5)−C(6) = 1.4199 Å), and there is
little difference in the C(2)−P and C(5)−P bond lengths
(1.8337, 1.8255 Å), the opposite is true of the P(V) complexes
[4′]+ and [5′]+ (Table SI2). However, while only small
structural distortions in the phosphole ring fragment hint at a
localized electronic structure, plots of the critical frontier
molecular orbitals (Figure 5, Table SI2) and the spin density
distributions (Figure 6) are more compelling. Again, the
phosphorus group makes little if any contribution to the
electronic description, and [3′]+−[5′]+ can each be accurately
described in terms of a localized oxidation on the ferrocenyl
moiety anti to the phosphole phenyl ring.
The triplet dications [3′]2+−[5′]2+ are also well described in

terms of ferrocene-based oxidation processes, and interestingly
the structural parameters of the phosphole ring are almost
indistinguishable from those of the parent neutral analogues.
The β-LUMO and β-LUMO+1 are each largely localized on a
ferrocenyl moiety, with the β-LUMO+1 in [4′]2+ and [5′]2+
also containing a small contribution from the C4H2 fragment
(Figure SI10, Supporting Information).
IR spectroscopy and calculated molecular vibrational

frequencies provide a useful link between experimentally
observable and calculated parameters, allowing the accuracy
of the optimized geometries to be assessed. IR spectroelec-

trochemical methods were employed to obtain experimental IR
data, with measurements carried out on solutions of 3−5 in
dichloromethane (10 mmol L−1) containing 0.1 mol L−1

[NnBu4][PF6] as supporting electrolyte in an OTTLE cell
with CaF2 windows (Figure 7 and Figures SI7 and SI8
(Supporting Information)). The IR spectra of the neutral
complexes 3−5 are each characterized by a weak band near
1590 cm−1, which is replicated by calculated frequencies
between 1550 and 1600 cm−1 for the computational models
3′−5′ (Table 4). Analysis of the atomic displacements confirms
this feature to be an asymmetric ν(CC−CC) stretch
associated with the cis-butadiene fragment of the phosphole
moiety.
The cation radicals [3]+−[5]+ generated by one-electron

oxidation in the spectroelectrochemical cell display new
vibrational band envelopes between 1400 and 1500 cm−1. In
addition, a degree of decomposition of [3]+ is also evident by
appearance of a new feature near 1700 cm−1 in the spectrum
that is not sensitive to further changes in redox state (vide

Table 4. Selected Calculated (and Observed) IR-Active
ν(CC) Vibrations (cm−1) for [3′]n+, [4′]n+, and [5′]n+ (n =
0−2)a

n = 0 n = 1 n = 2

[3′]n+ ([3]n+) 1595 w (−)b 1421 s (1471 m) 1505 m (1556 w)
1398 m (1413 m) 1430 m (1455 w)
1363 s (1407 m) 1403 s (1415 w)

[4′]n+ ([4]n+) 1548 m (1587 w) 1423 s (1486 m) 1543 m (−)b

1404 m (1434 m) 1455 m (1434 w)
1378 s (1421 m) 1409 s (1419 w)

[5′]n+ ([5]n+) 1546 m (1585 w) 1423 s (1481 m) 1541 m (−)b

1402 m (1434 m) 1452 m (1463 w)
1376 m (1419 m) 1409 s (1434 w)
1374 m (−)b 1390 s (1417)

aCorrection factor of 0.95 applied to all calculated frequencies. bSignal
to noise ratio too low.

Scheme 2. Numbering Scheme for the Calculation of
Phospholes 3−5

Figure 5. Plots of the β-LUMO (top) and β-HOMO (bottom) of
[3′]+ (isosurface ±0.04 (e bohr−3)1/2).

Figure 6. Plot of the spin density for the cation radical [3′]+
(isosurface ±0.04 (e bohr−3)1/2).
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infra). The lower frequency feature ([3]+, 1407 cm−1; [4]+,
1421 cm−1; [5]+, 1419 cm−1) can be assigned to the butadiene-
like ν(CC−CC) stretch ([3′]+, 1363 cm−1; [4′]+, 1378
cm−1; [5′]+, 1376, 1374 cm−1). The shift of this band to lower
frequency in the cation radicals in comparison with the neutral
species is consistent with the structure of the HOMO (3′−5′)
and β-LUMO ([3′]+,−[5′]+). The calculations also reveal a
relatively strong ν(C−C) stretch for the Fc+-C4H2 moiety
([3′]+, 1421 cm−1; [4′]+, 1423 cm−1; [5′]+, 1423 cm−1) and a
weaker ν(C−C) stretch for the Fc-C4H2 fragment ([3′]+, 1398
cm−1; [4′]+, 1404 cm−1; [5′]+, 1402 cm−1). These calculated
bands are consistent with the observed features at 1471, 1413
cm−1 ([3]+); 1486, 1434 cm−1 ([4]+), and 1481, 1434 cm−1

([5]+).
The IR spectra of the dications [3]2+−[5]2+ are characterized

by a complicated series of bands between 1415 and 1556 cm−1.
These complicated band patterns are consistent with the
calculated vibrational frequencies (Table 4); the strongest IR-
active modes have ν(CC−CC) and ν(C−C) Fc+-C4H2
character similar to that noted for the monocations, admixed
with additional aromatic ν(C−C) modes from both the
ferrocenium moieties and the phosphole phenyl ring.
TD-DFT calculations can provide a very useful link between

the calculated electronic structure and experimentally observ-
able electronic absorption spectra. While pure DFT functionals
perform poorly for excitations with considerable charge transfer
character, hybrid functionals with increasingly sophisticated
treatments of direct exchange can result in a much better
match, especially when calculations are augmented by a suitable
solvent model. In the present case, TD-DFT calculations with
even the relatively simple B3LYP functional and small basis set
(3-21G*) performed surprisingly well. The UV−vis/near-IR
spectra of 3−5 feature two absorption bands near 500 and 400
nm (20000 and 25000 cm−1). TD-DFT calculations with 3′
contain two excitations with significant oscillator strength at
18975 cm−1, which has largely ferrocene-based LF character
admixed with ferrocene to C4H2 charge transfer character, and
25445 cm−1, which has more clearly defined Fc → C4H2
character. For both 4′ and 5′ TD-DFT calculations reveal
two excitations of similar energy and character that are likely
responsible for the lower energy absorption band observed in
the experimental spectra (4′, 17921, 18050 cm−1; 5′, 17986,
18166 cm−1) and a higher energy transition with Fc → C4H2
character (4′, 23255 cm−1; 5′, 23584 cm−1). TD-DFT

calculations with the cation radicals [3′]+−[5′]+ reveal two
low-energy (near-IR) excitations arising from the β-HOMO →
β-LUMO transition (i.e., IVCT character; Figure 5 and Table
SI3 (Supporting Information)) and a lower lying filled
ferrocenium orbital transition (β-HOMO-11, [3′]+ ; β-
HOMO-12, [4′]+ and [5′]+) to the β-LUMO, hence offering
more intraligand ferrocenium character. It is noteworthy that
the calculated oscillator strength of the transition with IVCT
character for [3′]+ is higher in comparison with that of [4′]+
and [5′]+, consistent with the trends in absorptivity observed in
the experimental spectra (Table SI3), which may be taken as an
indication of increased electronic interaction in the nonoxidized
phosphole. Although the relative energies of the IVCT and
ferrocenium-based LF transitions in the model cation radicals
[3′]+−[5′]+ are reversed relative to experiment, the results
support the general conclusions drawn from initial inspection of
the UV−vis/near-IR spectroelectrochemical results. The TD-
DFT calculations of [3′]+−[5′]+ also contain two higher energy
excitations near 11000 and 12000 cm−1, with FcC4H2 → Fc+

and Fc → C4H2Fc
+ charge transfer character, which together

account for the absorption features observed in the
experimental spectra of the radical cations between 1000 and
650 nm (10000−15380 cm−1). In the case of the triplet
dications test calculations with [3′]2+ confirm the absence of
transitions with any oscillator strength below 16500 cm−1. The
most significant excitation is calculated at 19493 cm−1 with
considerable C4H2 → Fc+ character, consistent with the intense
absorption feature near 500 nm in the experimental spectra.

■ CONCLUSION
2,5-Diferrocenyl-1-phenyl-1H-phosphole (3) and its chalcoge-
nides 4 (PS) and 5 (PSe) have been successfully prepared
by a cyclization reaction of phenylphosphine with 1,4-
diferrocenyl butadiyne and subsequent reaction with sulfur
and selenium, respectively. NMR spectroscopic studies revealed
a tetrahedral environment at phosphorus in 3−5. Therefore,
the interaction of the phosphorus’ lone pair with the dienic π
system is hindered. Oxidation to P(V) with sulfur or selenium
blocks any involvement in the delocalization of the C4
backbone. Nevertheless, the electronic character at the carbon
atoms at the 3- and 4-positions seems to remain unchanged.
Molecules 4 and 5 have been structurally characterized by
single-crystal X-ray diffraction, showing that they exhibit, as
expected, a planar geometry of the heterocyclic core. The

Figure 7. IR spectra of 4 at 20 °C in dichloromethane (10 mmol L−1) at rising potentials: (left) −200 to 600 mV (4 → [4]+); (right) 600 to 1300
mV ([4]+ → [4]2+). All potentials vs Ag/AgCl; supporting electrolyte [NnBu4][PF6].

Organometallics Article

dx.doi.org/10.1021/om400201b | Organometallics 2013, 32, 2993−30022999

http://pubs.acs.org/action/showImage?doi=10.1021/om400201b&iName=master.img-009.jpg&w=370&h=162


ferrocenyl groups are antiparallel oriented and are almost
coplanar with the cC4P group. Electrochemical measurements
revealed that the two ferrocenyl groups in 3−5 undergo two
sequential one-electron-oxidation processes, with a significant
separation of the two waves (280 mV (3), 240 mV (4), and 235
mV (5)), due to a combination of environmental and inherent
electronic effects. As observed in spectroelectrochemical
investigations, all three compounds 3−5 exhibit IVCT
absorptions of weak to moderate strength. Upon oxidation of
phosphorus the intensity of the IVCT absorption decreases
from εmax = 1750 L mol−1 cm−1 (3) to εmax = 1300 L mol−1

cm−1 (4) and εmax = 1100 L mol−1 cm−1 (5), while the band
broadens (Δν1/2 = 3050 cm−1 (3), Δν1/2 = 4200 cm−1 (4, 5)).
This indicates that the occupation of the lone pair slightly
decreases the interaction among the cC4P ring. However, the
electronic characteristics of this series of molecules resemble
those of a cis-diene structure more than those of an aromatic
system and the changes upon oxidation of the phosphorus are
therefore small. DFT and TD-DFT calculations in combination
with in situ IR spectroscopy support the general interpretation
of the electrochemical and in situ UV−vis/near-IR data,
allocating the main contribution of the electron transfer to
the C4H2 part of the bridging unit.

■ EXPERIMENTAL SECTION
General Data. All reactions were carried out under an argon or

nitrogen atmosphere using standard Schlenk techniques. Tetrahy-
drofuran and benzene were purified by distillation from sodium/
benzophenone ketyl; dichloromethane was purified by distillation from
calcium hydride. For column chromatography silica was used with a
particle size of 40−60 μm (230−400 mesh (ASTM), Fa. Macherey-
Nagel).
Instruments. FT IR spectra were recorded with a Nicolet IR 200

spectrometer (Fa. Thermo). NMR spectra were recorded with a
Bruker Avance III 500 spectrometer (500.3 MHz for 1H, 125.7 MHz
for 13C{1H}, and 202.5 MHz for 31P{1H} spectra). Chemical shifts are
reported in δ (parts per million) downfield from tetramethylsilane
with the solvent as reference signal (1H NMR, CHCl3 δ 7.26;

13C{1H}
NMR, CDCl3 δ 77.16, CD2Cl2 δ 53.8; 31P{1H} NMR, standard
external relative to 85% H3PO4 δ 0.0, P(OMe)3 δ 139.0). The melting
points were determined using a Gallenkamp MFB 595 010 M melting
point apparatus. Elemental analyses were measured with a Thermo
FlashAE 1112 instrument. High-resolution mass spectra were recorded
on a Bruker Daltonik micrOTOF-QII spectrometer.
Electrochemistry. Electrochemical measurements on 1.0 mmol

L−1 solutions of compounds 3−5 in dichloromethane were performed
in a dried, argon-purged cell at 20 °C with a Radiometer Voltalab PGZ
100 electrochemical workstation interfaced with a personal computer.
[NnBu4][B(C6F5)4] or [NnBu4][PF6] (0.1 mol L−1) was used as
supporting electrolyte. For the measurements a three-electrode cell
containing a Pt auxiliary electrode, a glassy-carbon working electrode
(surface area 0.031 cm2), and an Ag/Ag+ (0.01 mmol L−1 [AgNO3])
reference electrode fixed on a Luggin capillary was used. The working
electrode was pretreated by polishing on a Buehler microcloth first
with 1 μm and then 1/4 μm diamond paste. The reference electrode
was constructed from a silver wire inserted in a 0.01 mmol L−1

[AgNO3] and 0.1 mol L−1 [NnBu4][B(C6F5)4] or [NnBu4][PF6]
acetonitrile solution in a Luggin capillary with a Vycor tip. This Luggin
capillary was inserted in a second Luggin capillary containing a 0.1 mol
L−1 [NnBu4][B(C6F5)4] or [NnBu4][PF6] dichloromethane solution
and a Vycor tip. Experiments under the same conditions showed that
all reduction and oxidation potentials were reproducible within 5 mV.
Experimental potentials were referenced against an Ag/Ag+ reference
electrode, but the presented results are referenced against ferrocene as
an internal standard, as required by IUPAC.46 To achieve this, each
experiment was repeated in the presence of 1 mmol L−1

decamethylferrocene (Fc*). Data were processed on a Microsoft

Excel worksheet to set the formal reduction potentials of the FcH/
FcH+ couple to 0.0 V. Under our conditions the Fc*/Fc*+ couple was
at −619 mV vs FcH/FcH+, ΔEp = 60 mV, while the FcH/FcH+ couple
itself was at 220 mV vs Ag/Ag+, ΔEp = 61 mV.56

Spectroelectrochemistry. Spectroelectrochemical UV−vis/near-
IR measurements of 2.0 mmol L−1 solutions of 3−5 in dry
dichloromethane containing 0.1 mol L−1 of [NnBu4][B(C6F5)4] as
the supporting electrolyte were performed in an OTTLE (optically
transparent thin-layer electrochemical)48 cell with a Varian Cary 5000
spectrophotometer at 20 °C. Spectroelectrochemical IR measurements
of 10 mmol L−1 solutions of 3−5 in dry dichloromethane containing
0.1 mol L−1 [NnBu4][PF6] as supporting electrolyte were performed in
an OTTLE cell with CaF2 windows. The values obtained by
deconvolution could be reproduced within εmax = 100 L mol−1

cm−1: νmax 50 cm−1; Δν1/2 50 cm−1.
Single-Crystal X-ray Diffraction Analysis. Suitable single

crystals of 4 and 5 for X-ray diffraction analysis were obtained by
diffusion of n-hexane into a dichloromethane solution containing 4 or
5 at ambient temperature. Data were collected with an Oxford Gemini
S diffractometer at 100 K with graphite-monochromated Cu Kα
radiation (λ = 1.54184 Å) (4) or Mo Kα radiation (λ = 0.71073 Å)
(5). The structures were solved by direct methods and refined by full-
matrix least-squares procedures on F2.57,58 All non-hydrogen atoms
were refined anisotropically, and a riding model was employed in the
treatment of the hydrogen atom positions.

Reagents. All starting materials were obtained from commercial
suppliers and used without further purification. Phenylphosphine59

and 1,4-diferrocenyl butadiyne60 were prepared according to published
procedures.

Synthesis of 2,5-Diferrocenyl-1-phenyl-1H-phosphole (3).
To 0.25 g (2.3 mmol) of 1 in 30 mL of a 1/1 (v/v) tetrahydrofuran/
benzene mixture at 0 °C 0.7 mL (1.8 mmol) of n-butyllithium was
added dropwise. The resulting yellow solution was stirred for 10 min
at 0 °C and was then added dropwise to a solution of 0.95 g (2.3
mmol) of 1,4-diferrocenyl butadiyne (2) in 20 mL of tetrahydrofuran.
The deep red solution was stirred overnight at ambient temperature,
and then all volatiles were removed under vacuum. The remaining
solid was purified under argon by column chromatography (column
size 4 × 20 cm) on silica using a 5/1 (v/v) n-hexane/dichloromethane
mixture as eluent to give 3 as a red solid. Yield: 0.61 mg (1.2 mmol,
52% based on 1). Anal. Calcd for C30H25Fe2P (528.04 g/mol): C,
68.22; H, 4.77. Found: C, 68.15; H, 4.73. Mp: 207 °C. IR data (KBr,
ν/cm−1): 3086 m, 3037 m, 2954 m, 2920 w, 2847 w, 1714 w, 1635 w,
1562 m, 1477 m, 1433 m, 1408 m. 1H NMR (CDCl3, δ): 3.92 (s, 10H,
C5H5), 4.17 (m, 2H, C5H4), 4.18 (m, 2H, C5H4), 4.25 (m, 2H, C5H4),
4.39 (m, 2H, C5H4), 6.87 (d, 3JHP = 11.4 Hz, 2H, C4H2P), 7.38−7.40
(m, 3H, Hm,Hp/C6H5), 7.58−7.62 (m, 2H, Ho/C6H5).

13C{1H} NMR
(CDCl3, δ): 65.83 (d, JCP = 3.9 Hz, C5H4), 67.18 (d, JCP = 6.8 Hz,
C5H4), 68.64 (d, JCP = 12.0 Hz, C5H4), 69.84 (s, C5H5), 82.39 (d,

2JCP
= 20.0 Hz, Ci/C5H4), 128.92 (d, JCP = 8.7 Hz, C6H5), 130.07 (d,

2JCP =
1.7 Hz, CH/C4H2P), 130.57 (d, JCP = 9.3 Hz, C6H5), 133.05 (d, JCP =
11.7 Hz, Ci/C6H5), 134.98 (d, 4JCP = 21.1 Hz, Co/C6H5), 147.96 (d,
JCP = 1.5 Hz, Ci/C4H2P).

31P{1H} NMR (CDCl3, δ): 5.10 (s). HRMS
(ESI-TOF, m/z): calcd for C30H25Fe2P 528.0388, found 528.0384
[M]+.

Synthesis of 2,5-Diferrocenyl-1-phenyl-1H-phosphole Sul-
fide (4). To 0.10 g (0.19 mmol) of 3 in dichloromethane (20 mL) was
added 0.07 g (0.27 mmol) of elemental sulfur in a single portion. The
deep purple solution was stirred overnight at ambient temperature. All
volatiles were removed under vacuum, and the remaining solid was
purified by column chromatography (column size 3 × 15 cm) on silica
using a 3/1 (v/v) n-hexane/dichloromethane mixture. Compound 4
was obtained as a purple solid. Yield: 0.097 mg (0.17 mmol, 89% based
on 3). Anal. Calcd for C30H25Fe2PS·0.5CH2Cl2 (601.99 g/mol): C,
60.78; H, 4.35. Found: C, 60.57; H, 4.33. Mp: 248 °C. IR data (KBr,
ν/cm−1): 3081 w, 3039 w, 2960 m, 2923 m, 2853 w, 1727 w, 1646 w,
1585 m, 1464 m, 1433 m, 1405 m. 1H NMR (CDCl3, δ): 3.98 (s, 10H,
C5H5), 4.27 (m, 2H, C5H4), 4.29 (m, 2H, C5H4), 4.47 (m, 2H, C5H4),
4.62 (m, 2H, C5H4), 5.30 (s, CH2Cl2), 6.87 (d, 3JHP = 36.5 Hz, 2H,
C4H2P), 7.48−7.52 (m, 3H, Hm,Hp/C6H5), 8.02 (ddd, 3JHH = 7.9 Hz,
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4JHH = 1.6 Hz, 3JHP = 14.0 Hz, 2H, Ho/C6H5).
13C{1H} NMR

(CD2Cl2, δ): 53.52 (s, CH2Cl2), 66.45 (d, JCP = 6.3 Hz, C5H4), 67.53
(d, JCP = 5.8 Hz, C5H4), 69.84 (d, JCP = 12.5 Hz, C5H4), 70.58 (s,
C5H5), 77.65 (d, 2JCP = 22.5 Hz, Ci/C5H4), 129.26 (d, JCP = 12.4 Hz,
C6H5), 129.68 (d,

1JCP = 12.8 Hz, Ci/C6H5), 130.61 (d,
2JCP = 24.1 Hz,

CH/C4H2P), 130.95 (d, 2JCP = 11.6 Hz, Co/C6H5), 132.46 (d, JCP =
3.4 Hz, C6H5), 140.49 (d, 1JCP = 81.3 Hz, Ci/C4H2P).

31P{1H} NMR
(CDCl3, δ): 46.61 (s). HRMS (ESI-TOF, m/z): calcd for
C30H25Fe2PS 560.0109, found 560.0111 [M]+.
Crystal Data for 4: C30H25Fe2PS, Mr = 560.23 g mol−1,

orthorhombic, P212121, λ = 1.54184 Å, a = 7.5138(6) Å, b =
16.1833(17) Å, c = 19.6680(19) Å, V = 2391.6(4) Å3, Z = 4, ρcalcd =
1.556 Mg m−3, μ = 11.300 mm−1, T = 100(2) K, θ range 3.54−62.48°,
4528 reflections collected, 3235 independent reflections (Rint =
0.0616), R1 = 0.0871, wR2 = 0.2106 (I > 2σ(I)), absolute structure
parameter 0.001(12).
Synthesis of 2,5-Diferrocenyl-1-phenyl-1H-phosphole Sele-

nide (5). Using the procedure described above, 0.11 g (0.21 mmol) of
3 was reacted with 0.02 g (0.25 mmol) of selenium to give 5 as a
purple solid. Yield: 0.109 mg (0.18 mmol, 86% based on 3). Anal.
Calcd for C30H25Fe2PSe (607.96 g/mol): C, 59.35; H, 4.15. Found: C,
59.15; H, 4.49. Mp: 263 °C. IR data (KBr, ν/cm−1): 3074 w, 3048 w,
2958 m, 2923 m, 2853 w, 1738 m, 1653 w, 1582 m, 1461 m, 1433 m,
1407 m. 1H NMR (CDCl3, δ): 3.97 (s, 10H, C5H5), 4.27 (m, 2H,
C5H4), 4.29 (m, 2H, C5H4), 4.53 (m, 2H, C5H4), 4.63 (m, 2H, C5H4),
6.90 (d, 3JHP = 35.9 Hz, 2H, C4H2P), 7.47−7.52 (m, 3H, Hm,Hp/
C6H5), 8.04 (ddd, 3JHH = 7.8 Hz, 4JHH = 1.7 Hz, 3JHP = 14.3 Hz, 2H,
Ho/C6H5).

13C{1H} NMR (CD2Cl2, δ): 66.80 (d, JCP = 6.2 Hz, C5H4),
67.42 (d, JCP = 6.0 Hz, C5H4), 69.81 (d, JCP = 9.3 Hz, C5H4), 70.67 (s,
C5H5), 77.71 (d, 2JCP = 16.3 Hz, Ci/C5H4), 129.29 (d, JCP = 12.5 Hz,
C6H5), 129,51 (d,

1JCP = 12.7 Hz, Ci/C6H5), 130.54 (d,
2JCP = 22.5 Hz,

CH/C4H2P), 131.64 (d, 2JCP = 11.9 Hz, Co/C6H5), 132.59 (d, JCP =
3.1 Hz, C6H5), 141.57 (d, 1JCP = 74.4 Hz, Ci/C4H2P).

31P{1H} NMR
(CDCl3, δ): 33.21 (1J31P77Se = 745 Hz). HRMS (ESI-TOF, m/z): calcd
for C30H25Fe2PSe 607.9556, found 607.9562 [M]+.
Crystal data for 5: C30H25Fe2PSe, M = 607.13 g mol−1,

orthorhombic, P212121, λ = 0.71073 Å, a = 7.5250(3) Å, b =
16.0764(13) Å, c = 19.8209(11) Å, V = 2397.8(3) Å3, Z = 4, ρcalcd =
1.682 Mg m−3, μ = 2.813 mm−1, T = 100(2) K, θ range 2.90−25.25°,
9898 reflections collected, 4283 independent reflections (Rint =
0.0880), R1 = 0.0578, wR2 = 0.0839 (I > 2σ(I)), absolute structure
parameter −0.017(16).
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ABSTRACT: The reaction between Ru(CCH)(dppe)Cp*
(1) and oxalyl chloride affords ({Ru(dppe)Cp*}CC)2CO
(2) in 72% yield. Methylation (MeOTf) of 2 occurs first on
the carbonyl oxygen, affording [({Ru(dppe)Cp*}CC)2C-
(OMe)]OTf ([3]OTf). A second methylation of [3]+ on the
alkynyl Cβ proceeds slowly, affording [{Cp*(dppe)Ru}-
CCMeC(OMe)CC{Ru(dppe)Cp*}][OTf]2 ([4][OTf]2),
whereas protonation of [3]+ occurs readily to give crystallo-
graphically characterized [{Cp*(dppe)Ru}CCHC(OMe)CC-
{Ru(dppe)Cp*}][OTf]2 ([5][OTf]2). The molecular struc-
tures of [3]OTf and [5][OTf]2 suggest that polarization by
the CO group results in significant contributions from the
alkynyl-allenylidene or alkynyl-carbyne mesomers, respectively.
Reaction of 2 in refluxing MeOH containing [NH4]PF6 results in partial methanolysis to give Ru{CCC(O)CH
CH(OMe)}(dppe)Cp* (6). Knövenagel condensation of 2 with CH2(CN)2 affords {[Ru(dppe)Cp*]CC}2CC(CN)2 (7).
The related asymmetric complex {Cp*(dppe)Ru}CC[CC(CN)2]CCCC{Ru(dppe)Cp*} (8) was obtained from the
reaction between Ru{CCC(CN)C(CN)2}(dppe)Cp* and lithiated Ru(CCCCH)(dppe)Cp*. Single-crystal structural
determinations of 2, [3]OTf, [5][OTf]2, 6, 7, and 8 are reported, together with a supporting computational study of relevant
electronic structures.

■ INTRODUCTION

The highly unsaturated molecule penta-1,4-diyn-3-one, or
bis(ethynyl)ketone, (HCC)2CO, was first reported in
1933.1 A variety of synthetic routes to this material and
derivatives are now known, with one common approach to
bis(alkynyl) ketones involving reactions of a formic ester with
alkynyllithium reagents, followed by oxidation of the resulting
alcohols, (RCC)2CH(OH). The latter step is often achieved
with K2Cr2O7 or MnO2, exemplified in the syntheses of
(Me3SiCC)2CO

2 and (FcCC)2CO.
3,4 Alternative ap-

proaches include reaction of an alkynoic chloride, RC
CC(O)Cl, with Me3SiCCCCSiMe3 under Friedel−Crafts
conditions to give RCCC(O)CCCCSiMe3, for exam-
ple.3−5 However, to the best of our knowledge, there are only
three derivatives of the “skipped diyne” penta-1,4-diyn-3-one
that contain transition metals, namely, FcCCC(O)C
CSiPri3,

2 (FcCC)2CO,
3,4 and {(Ph3P)AuCC}2CO.

5

The range of complexes in which two metal−ligand
fragments are linked by unsaturated bridges, particularly
−(CC)x− chains,6 has recently been expanded to include
compounds in which other groups, including a third metal−

ligand moiety, such as ferrocene and biferrocene,7,8 Ru-
(dppe)2,

9 Ru2(DMBA)4 (DMBA = N,N′-dimethylbenzamidi-
nate),10 C2Co2(CO)2(dppm),

11 Pd(PEt3)2,
12 and Hg,13 and

also transition metal clusters,14 have been inserted into the π-
conjugated pathway. There is much current interest in the
electronic structures of these complexes, and both experimental
and computational results suggest that the inserted group may
act as an insulator or an amplifier, with respect to the extent of
π-conjugation between the metal end-groups.7−9,13,15−19

We and others have also studied the effect of inserting a
variety of organic groups,15 particularly aromatic hydrocarbon
and heterocyclic systems, into the carbon chain of complexes
{LnM}(CC)x{MLn} on the electronic interactions between
the end-groups.20−25 The metal end-groups are often strongly
electron-donating in character, such as M(dppe)Cp* (M = Fe,
Ru), and the formal insertion of electron-attracting groups,
such as CO, CCH2, and CC(CN)2, into the bridge is a
natural extension of this work, while also allowing further
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exploration of bimetallic complexes featuring cross-conjugated,
carbon-rich ligands.11,15,26 The increasing awareness of the role
that quantum interference (QI) effects may play in determining
the transport of charge through molecules27 and proposals for
QI-driven single-molecule transistors based on cross-conju-
gated scaffolds28 add further interest to development of
methods for the preparation of such cross-conjugated systems
and the chemistry appropriate for tuning the relative lengths of
the various π-channels. This paper describes our work on the
syntheses, characterization, and properties of the dimetalla-
ethynyl ketone ({Cp*(dppe)Ru}CC)2CO and some related
compounds.

■ RESULTS AND DISCUSSION
Metalla-desilylation of trimethylsilyl-alkynes or -polyynes is an
efficient route to alkynyl- or polyynyl-metal complexes.29

However, the attempted metalla-desilylation of (Me3SiC
C)2CO with RuCl(PP)Cp′ [(PP)Cp′ = (PPh3)2Cp, (dppe)Cp,
(dppe)Cp*] using a range of conditions (KF, [NBu4]F, or
NaOMe)29,30 in the presence of salts of large anions
([NH4]PF6, Na[BPh4]) and additional bases (NEt3, dbu) and
in various solvents (MeOH, ButOH, thf) proved unsuccessful,
only recovered starting material or RuH(PP)Cp′ (from
reaction of the chloro complex with alcohols/bases31) having
been obtained. It is likely that the presence of the electron-
withdrawing ketone function deactivates the deprotected
(HCC)2CO (which is also unstable under these reaction
conditions) toward metalation. Transmetalation of
(PPh3AuCC)2CO with RuCl(dppe)Cp was also examined,32

but this led to the formation of an unusual dimetal-substituted
pyrylium complex, [1,3-{Ru(dppe)Cp}2{c-COC(OMe)-
CHCCH}]PF6,

5 rather than the desired bimetallic complex
{[Cp(dppe)Ru]CC}2CO.
Recently, it has been noted that the ethynyl complexes

Ru(CCH)(PP)Cp′ are strong nucleophiles, reacting with
tetracyanoethene, for example, with elimination of HCN and
formation of the corresponding tricyanovinylethynyl com-
plexes, Ru{CCC(CN)C(CN)2}(PP)Cp′,33 rather than
undergoing the usual [2 + 2]-cycloaddition and subsequent
ring-opening reactions to form tetracyanobutadienyl deriva-
tives, Ru{C[C(CN)2]CHC(CN)2}(PP)Cp′.34 Unfortu-
nately, reactions of Ru(CCH)(dppe)Cp* (1) with ketonic
precursors, such as bis(2,4-dinitrophenyl)oxalate,35 diethyl
carbonate, or bis(imidazolyl) ketone, did not afford the desired

compounds, even under relatively harsh conditions (refluxing
thf for 3 d).
Interestingly, reactions of 1 with oxalyl dichloride followed

by treatment with NEt3 were discovered to yield the desired
bis(metalla-ethynyl)ketone, ({Cp*(dppe)Ru}CC)2CO (2).
Scale-up and optimization of the reaction conditions led to
isolation of 2 in 72% yield (Scheme 1). Complex 2 is a yellow
solid, which was initially characterized by elemental analysis and
mass spectrometry, with confirmation of the molecular
structure being achieved with a single-crystal X-ray diffraction
study. In the IR spectrum, ν(CC) and ν(CO) bands were at
1980 and 1714 cm−1, respectively. The usual NMR features for
the Ru(dppe)Cp* groups (Cp* at δH 1.69, δC 10.37, 93.60;
dppe at δH 1.99, 3.00; δC 29.65−30.15; δP 82.6) were found, the
13C NMR spectrum also having signals for Cβ and CO at δC
120.91 and 158.53, respectively; the resonance for Cα was not
observed, probably being obscured by resonances in the
aromatic region. In the ES-MS, ions at m/z 635, 687, and
1347 are assigned to [Ru(dppe)(C5Me5)]

+, [Ru(CCCO)-
(dppe)(C5Me5)]

+, and [M + H]+, respectively.

The crystallographic study (Figure 1, Table 1) showed that 2
is comprised of a CO group bearing two −CC−Ru(dppe)-
Cp* moieties, both Cp* ligands being on the same side of the
molecule and directed away from the CO group. The Ru−
C2C(O)C2−Ru moiety is essentially planar (χ2 = 695, δmax
C(2,2′) 0.0473 Å). Bond parameters of the Ru(dppe)Cp*
group are within the normal ranges [Ru−P 2.2680, 2.2633(6),
Ru−C(cp) (av) 2.251 Å, P−Ru−P 83.21(2), P−Ru−C(1)
78.90°, 89.79(7)°].36 The Ru−C(1) [1.985(2) Å] and C(1)−
C(2) distances [1.220(3) Å] are normal for acetylide

Scheme 1. Possible Mechanism Accounting for the Synthesis of {[Cp*(dppe)Ru]CC}2CO (2) from Oxalyl Dichloride and
NEt3

Figure 1. Plot of a molecule of {[Cp*(dppe)Ru]CC}2CO, 2.
Hydrogen atoms are omitted for clarity.
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complexes of the Ru(dppe)Cp* fragment, there being
apparently little influence of the CO group on these
parameters. Angles at C(1) and C(2) are 174.6(2)° and
173.4(3)°, respectively. For the carbonyl group, C(2)−C(3)
and C(3)−O(3) are 1.437(3) and 1.237(5) Å, with angles
C(2)−C(3)−C(2′) and C(2)−C(3)−O(3) being 116.8(3)°
and 121.6(2)°.
The chemistry leading to 2 underscores the nucleophilicity of

1,33 with a proposed route (Scheme 1) involving attack of 1 on
ClC(O)C(O)Cl to give an intermediate vinylidene, [Ru{
CCHC(O)C(O)Cl}(dppe)Cp*]+. This intermediate
species was not characterized, but treated with NEt3 in situ
to ultimately give 2, likely through deprotonation of the
vinylidene and reaction with a second molecule of 1, followed
by loss of HCl and CO. Attempts to synthesize ({Cp(dppe)-
Ru}CC)2CO by an analogous route from Ru(CCH)-
(dppe)Cp and oxalyl dichloride afforded only [Ru(C
CH2)(dppe)Cp]

+, identified from its 1H and 31P NMR spectra,

after workup.35 These results confirm earlier observations that
Ru(CCH)(dppe)Cp is not as strong a nucleophile as 1.33a,38

Methylation of {[Cp*(dppe)Ru]CC}2CO, 2. The
reactions of the bis(metalla-ethynyl)ketone 2 with electrophiles
were first examined to establish the relative order of addition to
the ketone oxygen and ethynyl Cβ carbon. Addition of 1 equiv
of MeOTf to a solution of 2 in CH2Cl2 resulted in an
instantaneous color change from yellow to deep purple. The
single-crystal X-ray structure determination of the product
isolated by column chromatography and crystallization showed
that methylation has occurred on the carbonyl oxygen to give
[({Ru(dppe)Cp*}CC)2C(OMe)]OTf ([3]OTf) (Scheme 2).
The site of addition is consistent with the Mulliken atomic
charges on these atoms in the model system 2′ (Cβ −0.225,
−0.228; O −0.457 e) (vide infra). The relatively low frequency
ν(CC) band (1920 cm−1) in [3]OTf is consistent with a
degree of allenylidene (RuCCC) character in the
bridging ligand, as is the presence of a strong band ν(C−O)

Table 1. Selected Bond Lengths and Angles for Some Complexesa

2 [3]OTf [5][OTf]2 6 7 8

Bond Lengths (Å)
Ru(1)−P(1) 2.2680(6) 2.2704(5) 2.315(2) 2.2743(2) 2.282(4) 2.293(2) [P(11)]
Ru(1)−P(2) 2.2633(6) 2.2829(5) 2.340(1) 2.2702(2) 2.275(3) 2.312(2) [P(12)]
Ru(2)−P(3) 2.2897(6) 2.302(2) 2.269(3) 2.300(2) [P(21)]
Ru(2)−P(4) 2.3038(5) 2.285(2) 2.256(3) 2.294(2) [P(22)]
Ru(1)−C(cp) 2.231−2.271(2) 2.226−2.275(2) 2.237−2.341(7) 2.2382−2.2754(9) 2.226−2.290(9) 2.255−2.322(6)
(av) 2.251 2.255 2.287 2.258 2.262 2.285
Ru(2)−C(cp) 2.248−2.289(2) 2.236−2.291(7) 2.120−2.370(7) 2.243−2.312(6)
(av) 2.268 2.258 2.240 (disorder) 2.279
Ru(1)−C(1) 1.985(2) 1.957(2) 1.798(6) 1.9870(9) 1.979(8) 1.991(6)
C(1)−C(2) 1.220(3) 1.240(3) 1.344(9) 1.236(1) 1.210(12) 1.230(8)
C(2)−C(3) 1.437(3) 1.383(3) 1.421(9) 1.435(1) 1.426(11) 1.431(9)
C(3)−O(3) 1.237(3) 1.355(2) 1.339(7) 1.238(1)
C(3)−C(4) 1.381(3) 1.351(10) 1.470(1) 1.398(13) 1.418(9)
C(4)−C(5) 1.242(3) 1.249(10) 1.331(2) 1.264(13) 1.228(8)
C(5)−Ru(2) 1.931(2) 1.918(8) 1.955(10) 1.975(6) [C(7)]
C(31)−O(3) 1.451(2) 1.444(9)
Bond Angles (deg)
P(1)−Ru(1)−P(2) 83.21(2) 83.33(2) 82.57(5) 82.692(9) 82.9(1) 82.98(6)

[P(11,12)]
P(1)−Ru(1)−C(1) 78.90(7) 81.38(6) 86.1(2) 87.14(3) 85.4(3) 80.7(2) [P(11)]
P(2)−Ru(1)−C(1) 89.79(7) 88.75(6) 89.0(2) 80.70(2) 89.9(3) 90.1(2) [P(12)]
P(3)−Ru(2)−P(4) 82.69(2) 82.78(6) 84.0(1) 82.23(6)

[P(21,22)]
P(3)−Ru(2)−C(5) 85.43(7) 90.7(2) 84.1(3) 83.1(2) [P(21),

C(7)]
P(4)−Ru(2)−C(5) 90.18(6) 81.3(2) 84.6(3) 90.6(2)

[P(22),C(7)]
Ru(1)−C(1)−C(2) 174.6(2) 178.1(2) 173.4(5) 178.23(8) 173.1(9) 177.7(5)
C(1)−C(2)−C(3) 173.4(3) 171.4(2) 124.8(6) 172.8(1) 174.0(11) 177.0(7)
C(2)−C(3)−C(4) 116.8(3) [C(2’)] 124.8(2) 122.0(6) 119.20(9) 121.0(8) 116.7(6)
C(3)−C(4)−C(5) 173.2(2) 169.7(7) 121.60(9) 174.0(10) 171.3(7)
C(4)−C(5)−Ru(2) 173.8(2) 175.2(6) 176.1(8) 169.0(5) [C(6,7)]
C(2)−C(3)−O(3) 121.6(2) 113.9(2) 113.9(6) 120.93(9)
C(4)−C(3)−O(3) 121.2(2) 124.1(6) 119.87(9)
C(3)−O(3)−C(31) 117.0(2) 116.3(6)
Cp(01)−Ru(1)···Ru(2)−
Cp(02)b

14.2 6.0 56.9 13.5 79.8

aFor 6 (data for one independent molecule, Å, deg): C(5)−O(6) 1.348(1), O(6)−C(7) 1.433(2); C(4)−C(5)−O(6) 128.7(1), C(5)−O(6)−C(7)
116.2(1). For 7 (Å, deg): C(3)−C(31) 1.40(1), C(31)−C(32,33) 1.43(2), 1.42(1); C(2,4)−C(3)−C(31) 119.1(9), 119.9(7), C(3)−C(31)−
C(32,33) 121.7, 121.6(9), C(32)−C(31)−C(33) 116.6(9). For 8 (Å, deg): C(3)−C(31) 1.382(9), C(31)−C(32,33) 1.444, 1.443(9), C(5)−C(6)
1.376(9), C(6)−C(7) 1.232(8); C(2,4)−C(3)−C(31) 122.9(5), 120.3(5), C(32)−C(31)−C(33) 117.2(6), C(4)−C(5)−C(6) 177.3(7), C(5)−
C(6)−C(7) 167.7(7). bCp(01) and Cp(02) are the centroids of the Cp rings.
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at 1434 cm−1. The 1H and 13C NMR spectra contain
resonances for the OMe group at δH 3.10, δC 57.54, while
the resonance of Cα was found at δC 197.16 (JCP = 21 Hz), also
consistent with a significant carbene-like contribution to the
molecular structure. Other signals for the Ru(dppe)Cp* moiety
are found in the usual regions and include a single 31P
resonance at δP 81.2.
In the solid state (Figure 2), the cation [3]+ is not

symmetrical, there being different Ru−C separations [Ru(1)−

C(1) 1.957(2), Ru(2)−C(5) 1.931(2) Å; the two C(1/5)
C(2/4) [av 1.241(3) Å] and C(2/4)−C(3) bonds [1.382(3)
Å] are not significantly different within each pair]. These results
are interpreted in terms of contributions from two alkynyl/
allenylidene resonance forms, one being favored perhaps by
steric interaction of the OMe group (which is not disordered)
with the metal centers within the crystal. The solid-state
structure represents a frozen configuration that is evidently
equilibrating in solution.

Addition of 2 equiv of MeOTf to 2 in CH2Cl2 gave the same
instantaneous color change to deep purple, indicative of the
formation of [3]+, which evolved over 3 weeks to give a red
solution. The 31P NMR of this red solution contained a
resonance characteristic of [3]+ at δP 81.2, together with two
pairs of singlets arising from a mixture of minor ([4][OTf]2: δP
81.4, 72.8) and major ([5][OTf]2: δP 80.0, 69.1) products. On
heating the mixture to 35 °C, unreacted [3]OTf was consumed
to give a solution containing a mixture of [4][OTf]2 and
[5][OTf]2. However, on attempted separation of the reaction
mixture on a silica column, a color change of the adsorbed
material back to purple was observed. Elution (acetone−
hexane, 1/1) gave initially [3]OTf (82%) with further elution
(acetone/MeOH gradient) affording a small amount (10%) of
a red compound, [4][OTf]2. Although [4][OTf]2 has not been
characterized unequivocally, the ES-MS contains the dication of
a doubly methylated complex at m/z 688.190 (calcd 688.178).
The IR spectrum also contains ν(CCC) and ν(CC)
bands at 1948 and 1538 cm−1, respectively, while the 1H and
13C NMR spectra have resonances that are assigned to CMe
(δH 2.18, δC 29.25) and OMe groups (δH 2.64, δC 58.41).
There are two Ru−C signals at δC 352.13 (JCP = 16 Hz,
vinylidene) and 245.35 (JCP = 19 Hz, allenylidene). On the
basis of these spectroscopic features, the minor red compound
is suggested to be [{Cp*(dppe)Ru}CCMeC(OMe)C
C{Ru(dppe)Cp*}][OTf]2 ([4][OTf]2 (Scheme 2).
The major product ([5][OTf]2) is formed only slowly, but as

noted above is rapidly converted to [3]OTf on silica.
Purification of [5][OTf]2 proved difficult, but several
crystallizations (CH2Cl2/Et2O) of the crude reaction mixture
gave a pure sample. The single-crystal structural determination
showed that this complex can be formulated as [{Cp*(dppe)-
Ru}CCHC(OMe)CC{Ru(dppe)Cp*}][OTf]2
([5][OTf]2), the protic analogue of [4][OTf]2 (Figure 3).

Scheme 2. Reactions of ({Cp*(dppe)Ru}CC)2CO (2) with MeOTf

Figure 2. Plot of the major component of the disordered cation in
[{Ru(dppe)Cp*]CC}2C(OMe)]OTf, [3]OTf. Hydrogen atoms on all
atoms except C(31) are omitted for clarity.
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Other spectroscopic data include ν(CCC) and ν(CC)
bands at 1960 and 1548 cm−1, respectively, and Me (δH 2.61,
δC 58.85) and vinyl signals (δH 5.27, δC 148.70) in the 1H and
13C NMR spectra. The two 31P resonances described above and
which are characteristic of [5]2+ attest to the presence of
different Ru(dppe)Cp* groups, also indicated by two sets of
Cp* resonances at δH 1.47, 1.57 and δC 9.88, 9.98 and 98.87,
105.24. The formation of [5]2+ probably occurs by slow
hydrolysis of MeOTf to HOTf during the prolonged reaction
time, which then rapidly protonates Cβ of the CC triple bond
in [3]+. Indeed, NMR-scale test reactions confirmed the
formation of [5]2+ following addition of acids to [3]OTf.
While the formal interpretation of the structure of [5]2+ is

the vinylidene-allenylidene dication shown in Scheme 2, the
short Ru−C bonds [Ru(1)−C(1) 1.798(6), Ru(2)−C(5)
1.918(8) Å] suggest a contribution from a carbyne-like
structure (cf. RuC 1.766(3) Å in [Ru(CCHCPh2)-
(dippe)Cp*]2+) (Figure 4).39 There is considerable unsatura-

tion in the various C−C bonds [C(1)−C(2) 1.344(9), C(3)−
C(4) 1.35(1), and C(4)−C(5) 1.25(1) Å], with angles at C(1,
4, 5) being 173.4(5)°, 169.7(7)°, and 175.2(6)°. As expected,
bending of the C5 chain occurs at C(2) and C(3) [124.8°,
122.0(6)°, respectively].

Reaction of 2 with [NH4]PF6 in refluxing MeOH gave low
yields of yellow crystalline Ru{CCC(O)CHCH(OMe)}-
(dppe)Cp* (6) (Scheme 3), the structure being revealed by a
single-crystal X-ray determination (Figure 5) and conventional
spectroscopic and analytical methods.
Elemental microanalyses, high-resolution ES-MS data, and

spectroscopic properties agreed with the crystallographically
determined structure of 6. The IR spectrum of 6 contains
ν(CC) at 2018, ν(CO) at 1621, and ν(CC) at 1556
cm−1. In the NMR spectra, signals at δH 5.62 and 7.80 [both
with JHH = 12 Hz], δC 110.85 and 162.39 can be assigned to the
trans vinyl group, with the OMe group giving signals at δH 2.95
and δC 56.01. The alkynyl Cα, Cβ, and CO carbon atoms gave
13C NMR resonances at δC 146.07 (JCP = 23 Hz), 115.83, and
174.13, respectively. In the ES-MS, ions at m/z 783, 767, and
745 are assigned to [M + X]+ (X = K, Na, and H, respectively),
their compositions being confirmed by high-resolution
measurements.
It seems plausible that the reaction of 2 in the weakly acidic

[NH4]
+/MeOH medium proceeds via the mechanism outlined

in Scheme 3, which has obvious similarities with that proposed
in Scheme 2. Initial protonation of the keto-oxygen is followed
by methanol attack at Cα (attack at Cγ being disfavored by the
adjacent oxygen), Fischer carbene formation, and deprotona-
tion. Loss of one Ru(dppe)Cp* group (probably as the
solvated cation) occurs by reprotonation.

Knövenagel Condensation. Complex 2 provides an entry
point for the preparation of other complexes in which the C4
chain is interrupted by a functionalized central C atom through
derivative chemistry of the carbonyl moiety. The reaction
between 2 and malononitrile in the presence of basic alumina
occurs much more slowly (3 d) than found in the usual
Knövenagel condensation (ca. 1 h) (Scheme 4).40 The product
from this reaction forms orange crystals, of which a crystal
structure determination showed the expected structure, {[Cp*-
(dppe)Ru]CC}2CC(CN)2 (7). In addition to the usual
resonances for the metal−ligand fragments, the 13C NMR
spectrum contains resonances at δC 46.93 [C(CN)2], 94.11
(JCP = 2.2 Hz, Cβ), 120.13 (CN), and 165.49 (JCP = 22 Hz, Cα).
The 31P NMR contained a broad singlet at δp 83.0 for the dppe
ligands, likely a consequence of slower dynamic motion in this
relatively sterically congested molecule.
Figure 6 shows a plot of a molecule of 7, differences between

the two halves being experimentally insignificant. The structure
can be formulated as a metalated 1,1-dicyano-2,2-bis(ethynyl)-
ethene carrying two Ru(dppe)Cp* groups. Bond parameters
for the Ru(dppe)Cp* moieties are within the usual ranges and
are similar to those found for the ketone 2. Within the C
C(CN)2 group, C(2,4)−C(3) are 1.43, 1.40(1) and C(3)−
C(31) is 1.40(1) Å; the angle C(2)−C(3)−C(4) is 121.0(8)°.
In the crystal, the two Cp* groups are on the same side of the
molecule and opposite the C(CN)2 group. The cyanocarbon
ligand is essentially planar (χ2(Ru2C9N2) = 696).
Of interest here is a similar complex that was obtained from

the reaction between Ru{CCC(CN)C(CN)2}(dppe)Cp*,
which undergoes ready nucleophilic substitution of the CN
group gem to the metal center,34 and the lithiated complex
obtained from Ru(CCCCH)(dppe)Cp* and LiBu
(Scheme 5).38,41 The product from this reaction was obtained
as a magenta solid and identified spectroscopically and by a
single-crystal structure determination (Figure 7) as {Cp*-
(dppe)Ru}CCC{C(CN)2}CCCC{Ru(dppe)Cp*},
8.

Figure 3. Plot of the dication in [{Cp*(dppe)Ru}CCHC-
(OMe)CC{Ru(dppe)Cp*}][OTf]2 ([5][OTf]2). Hydrogen
atoms on all atoms except C(2) and C(31) are omitted for clarity.

Figure 4. Vinylidene and carbyne resonance forms of [5]2+.
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The IR spectrum of 8 contains a weak ν(CN) band at 2209
cm−1 and two ν(CC) bands at 2111 and 1976 cm−1, with the
latter being broader and more intense. The expected signals for
the two similar Ru(dppe)Cp* metal centers are found in the
NMR spectra, with two equally intense signals for dppe (δP
80.8, 81.1) and Cp* ligands (δH 1.56, 1.64, δC 10.25, 10.39 and
94.89, 95.84). Despite several attempts a satisfactory elemental
microanalysis was not obtained, but high-resolution mass
spectrometry of the ions [M + H]+ and [M + Na]+ agreed with
the calculated formulations.
A molecule of 8 is shown in Figure 7, with selected bond

parameters collected in Table 1. The two Ru(dppe)Cp*

moieties have similar bond lengths and angles within the usual
ranges. The two Ru−C bonds are similar at 1.991(6) and
1.975(6) Å, respectively. Within the cyanocarbon ligand, all
three CC triple bonds have essentially the same bond length,
1.23 Å, with C(sp)−C(sp) and C(sp)−C(sp2) separations
C(3)−C(31) 1.376(9) and 1.431(9), 1.418(9) Å, respectively.
The ethynyl and diynyl groups are not strictly linear, with
angles at individual carbon atoms C(1, 2, 5−8) ranging
between 167.7(7)° and 177.7(5)°. The angles C(2)−C(3)−
C(4) and C(32)−C(31)−C(33) are 116.7(6)° and 117.2(6)°,
respectively, while the dihedral angle between C(33)−C(31)−
C(32) and C(2)−C(3)−C(4) about the C(3)−C(31) bond is
5.8(3)°.

UV−Vis Spectroscopy. The range of colors displayed by
complexes 2−8 prompted measurement of their UV−vis
absorption spectra (Figure 8). The bright yellow parent
complex 2 exhibits an absorption at 387 nm (ε 24 900 l
mol−1 cm−1) with a shoulder at 339 nm (ε 15 000 l mol−1

cm−1) (Figure 7), likely due to a combination of MLCT and
intraligand transitions. The substitution of the ketone moiety
for the dicyanomethylene in orange-colored 7 causes a red-shift

Scheme 3. Formation of 6 from 2

Figure 5. Plot of one of the independent molecules of Ru{C
CC(O)CHCH(OMe)}(dppe)Cp*, 6.

Scheme 4. Knövenagel Condensation Reaction between
CH2(CN)2 and 2 to Give 7

Figure 6. Plot of a molecule of ({Cp*(dppe)Ru}CC)2CC(CN)2,
7. Only one component of the disordered atoms at Ru(2) has been
included (see Experimental Section).
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in these transitions, which appear as a broad transition envelope
centered near 477 nm (ε 30 800 l mol−1 cm−1), consistent with
the MLCT assignment. The increased conjugation pathway
offered by the hepta-1,4,7-triyn-3-one-diyl ligand in dark-
maroon-colored 8 results in a further red shift and greater
separation of these absorption features leading to two features
at 499 (ε 27 700) and 533 nm (ε 26 300 l mol−1 cm−1).
The methylated derivative [3]OTf has a striking purple color

that arises from an intense absorption band at 545 nm (ε 51
100 l mol−1 cm−1), consistent with an extensively conjugated
ligand backbone or a strong MLCT transition. Methylation to
give [4][OTf]2 causes a blue shift in the absorption band, as

might be expected from a more localized allenylidene/
vinylidene structure, which now appears as a broad, unresolved
feature with apparent λmax 489 nm, ε 32 100 l mol

−1 cm−1 . The
protonated monomethylated adduct [5]2+ gives a similar
spectrum to [4][OTf]2 with a band λmax at 481 nm. However,
no molar absorption was recorded, as there was partial
deprotonation of [5]2+ to [3]+ (observed from the appearance
of the band at 545 nm), highlighting the acidity of the
vinylidene proton.

Electrochemistry. The electrochemical response of bi- and
polymetallic complexes featuring conjugated bridging ligands
has been a topic of considerable interest for many years.42 It has
become clear from these very many investigations that the
electronic character of even chemically and structurally similar
compounds {LnM}(bridge){MLn} can vary dramatically.
Consequently, this family of compounds can be used to
construct compounds that display metal-localized redox
character, giving rise to well-behaved examples of mixed-
valence complexes that may be weakly24c,e,43 or strongly
coupled;21f significantly carbon-ligand-localized redox proper-
ties and for which mixed-valence descriptions are less
appropriate;15,44 and a growing range of intermediate situations
in which the extensively mixed metal- and carbon-based ligand
orbitals21e,45 and dynamic conformational effects24a create
difficulties in making a clear distinction between the extremes
of metal and ligand redox character. Complex 2 and its
derivatives provide a useful opportunity to extend these studies
to include an assessment of the influence of a cross-conjugated
carbon-rich ligand on the electrochemical response (Table 2)
and electronic nature of the complexes and redox-related
products, complementing recent investigations with complexes
featuring gem-enediyne- and linear polyynediyl-based bridging
ligands.11,15,26

The closely related complexes 2 and 7 each undergo three
sequential one-electron oxidations at moderate potentials, the
third being irreversible in each case. The substantial separation
of the first two redox processes, E1/2(2) − E1/2(1) = 200 mV
(2), 300 mV (7), gives rise to large comproportionation
constants, KC, indicating the significant thermodynamic stability
of the electrochemically generated monocations [2]+ and
[7]+.46 The electrochemical response of the “asymmetric”
complex 8 is essentially identical to that of 7, despite the
additional CC moiety that has been formally inserted into
one “arm” of the bridging ligand. The methylated complex
[3]OTf displays two oxidation events at significantly more
positive potentials than the neutral complexes 2, 7, and 8, no
doubt a consequence of the cationic nature of the organo-
metallic fragment. The third oxidation to give [3]4+ is likely
shifted outside of the accessible solvent window. However, a
reduction wave is now also observed at −1.49 V. Although
correlations between optical and electrochemically determined
band gaps need to be made with caution, there is precise

Scheme 5. Synthesis of {Cp*(dppe)Ru}CCC{C(CN)2}CCCC{Ru(dppe)Cp*, 8

Figure 7. Plot of a molecule of {Cp*(dppe)Ru}CCC{C(CN)2}-
CCCC{Ru(dppe)Cp*}, 8.

Figure 8. UV−vis absorption spectra of 2, [3]OTf, [4][OTf]2, 7, and
8 in CH2Cl2.
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agreement between these two measures in the case of [3]OTf
(E1/2(1) − E1/2(Red) = 2.27 V; λmax = 545 nm = 2.27 eV).
Unsurprisingly, the dicationic vinylidene derivatives exhibit

only one irreversible oxidation wave at even more positive
potentials than E1/2(1) in [3]OTf, together with an irreversible
reduction wave. The cyclic voltammogram of the related
mononuclear complex Ru{CCC(CN)C(CN)2}(dppe)-
Cp* features only a single oxidation wave some +480 mV
relative to E1/2(1) in 7, indicative of the relative electron-
donating and -withdrawing capacities of the Cp*(dppe)RuC
C− and −CN moieties.
When compared with the most closely related linear

polycarbon-bridged bimetallic complexes {Ru(dppe)Cp*}2{μ-
(CC)n} (n = 2, 3, 4), it is readily apparent that the present
complexes are oxidized at much less positive potentials than 2
and its derivatives and analogues, and there is a pronounced
dependence of E1/2(2) − E1/2(1) on the number of alkynyl
moieties in the ligand. Spectroelectrochemical and computa-
tional studies have shown the substantial contribution from the
linear carbon ligand to the redox-active orbitals in the
polyynediyl family based on ruthenium half-sandwich frag-
ments.15,44 Consequently, the radical cations [{Ru(dppe)-
Cp*}2{μ-(CC)n}]

+ are arguably better described as metal-
stabilized carbon radicals than as true mixed-valence species.
However, attempts to investigate many of the complexes
described here by spectroelectrochemical methods were
hampered by the chemical irreversibility of the redox processes.
Therefore, in order to better assess the significance of the
electrochemical results and the “mixed-valence” nature or
otherwise of the electrochemically derived products in the
cross-conjugated examples, we turned to DFT studies, with
computational results correlated with the available spectro-
scopic data.
Electronic Structure Calculations. The presence of a

cross-conjugated bridging ligand between the Ru(dppe)Cp*
fragments in 2, 3, 7, and 8 prompts consideration of the extent
of delocalization within the molecular frameworks and the
sensitivity of the distribution of π-electron density to the nature
of the Cγ substituent.26b Computational models of these
complexes (2′, [3′]+, 7′, 8′), as well as the parent organic gem-
diethynylethene (gem-DEE) and reference ene-diyne complex
9′ (Figure 9), were examined using full ligand sets and no
symmetry restrictions (B3LYP/3-21G* all atoms). A summary
of important bond lengths and angles from the optimized
geometries, tables of orbital energies and composition, and
plots of key molecular orbitals not otherwise shown are given in
the Supporting Information. The gas-phase model geometries
generally reproduce the conformations of the metal fragments

observed in the crystallographically determined structures,
which indicate that the conformations adopted in the solid state
are strongly influenced by intramolecular steric and electronic
factors rather than by crystal packing. The computational
models also reproduce individual bond parameters with an
approximately 1% overestimation of bond lengths.
The parent gem-diethynylethene and derived complex 9′

provide a convenient starting point for discussions and a
benchmark for further comparisons with other members of the
series. The electronic structures of gem-DEE and substituted
derivatives, including bimetallic systems, have been studied at
various levels on previous occasions.26a,b,48 The in- and out-of-
plane π-type orbitals of gem-DEE have been described by Cao
and Ren,26b and a summary of the composition of these π-
orbitals together with contour plots is given in the Supporting
Information, using the same labeling system as in the previous
work. The electronic structure of the Ru(CCR)(PR3)2Cp′
fragment has also been described in detail on many previous
occasions,44,49 and it is sufficient to note here that the HOMO
and HOMO−1 are approximately orthogonal and essentially
derived from out-of-phase mixing of the ethynyl π-system with
dxz and dyz metal orbitals (taking z as collinear with the Ru−
CC σ-bond, y directed at the centroid of the Cp′ ring).
The HOMO of 9′ is derived from the antibonding

combination of the gem-DEE HOMO (ϕ4, out-of-plane ligand
π) and in-phase combination of the metal dxz orbitals and is
therefore delocalized over the eight-atom, cross-conjugated
Ru−CC−C(CH2)−CC−Ru chain with substantial
contributions from both metal atoms (26%) and the carbon-
rich bridge (62%) (Figure 10). The significant weighting of the
carbon-rich fragment in the HOMO is common in ruthenium
complexes of this type.15,44,49,50 There is a reordering of the
HOMO−1 and HOMO−2 orbitals relative to those of the
computational model system {trans-Fe(Me)(dHpe)2}2(μ-DEE)
studied by Cao and Ren,26b but neither of these orbitals feature

Table 2. Electrochemical Responses of 2−[5][OTf]2, 7, 8, and Related Complexesa

compound E1/2(1)
b E1/2(2) ΔE1/2

c Kc
d E1/2(3), E1/2(4) E1/2(Red)

e

{Cp*(dppe)Ru*}2 {μ-(CC)2
44b −0.43 +0.22 0.65 1.27 × 1011 +1.04, +1.74i

2 +0.26 +0.46 0.20 2.40 × 103 +0.84i

7 +0.49 +0.79 0.30 1.17 × 105 +1.38i

8 +0.48 +0.74 0.26
Ru{CCC(CN)C(CN)2}(dppe)Cp*

33b +0.97 −1.00
[3]OTf +0.78 +1.15 0.39f 3.89 × 106 −1.49i

[4][OTf]2 +1.12i −1.03i

[5][OTf]2 +1.03i −0.70i
aCH2Cl2/0.1 M [Bu4N]PF6 at ca. 25 °C.

bPotentials (V) referenced to [FeCp2]/[FeCp2]
+ = +0.46 V or [FeCp*2]/[FeCp*2]+ = −0.02 V.47 cΔE1/2 =

E1/2(2) − E1/2(1).
dKc = exp(ΔEF/RT). eHalf-wave potential of a reduction wave. fΔE1/2 was approximated as the separation between the peak

potentials of two anodic waves. iIrreversible, E1/2 estimated from peak potentials of an only partially chemically reversible process.

Figure 9. Compounds gem-diethynylethene (gem-DEE) and 9′.
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any appreciable contribution from the ethenyl π-system. The
ligand π*-system lies well above the unoccupied orbitals of the
Ru(dppe)Cp* fragments and comprises the LUMO+18.
Metalation causes a small increase in the C(1)C(2)/
C(4)C(5) and C(3)CH2 bond lengths relative to gem-
DEE at the same level of theory, in a fashion similar to that
noted elsewhere for iron derivatives of gem-DEE.26b

Perhaps surprisingly, the introduction of the strongly
electron withdrawing dicyanomethylene moiety in 7′ has little
effect on the composition or order of the occupied orbitals
when compared with 9′, although the LUMO is heavily
associated with the cyanocarbon π*-system (Figure 11). The
modest influence of the dicyanomethylene groups on the metal
centers is evidenced by the small elongation of the Ru−P bond
lengths (Table 1), due to a reduction in metal−phosphine
back-bonding. There is also a modest contraction of the Ru(1,
2)−C(1, 5) bonds, likely a consequence of both reduced
electrostatic attraction and decreased metal−alkynyl back-
bonding. The closely related ynyl−diyl complex 8′ has a
pronounced asymmetry in the electronic structure arising from
the combination of ethynyl and butadiynyl fragments (Figure
11). While the LUMO is also dominated by the CC(CN)2
π*-system, the HOMO and HOMO−1, which are close in
energy but not degenerate, are closer in composition to
{Cp*(dppe)RuCC}− and {Cp*(dppe)RuCCCC}−
fragments, the latter admixed with ϕ4. The HOMO−2 and
HOMO−3 are derived from in-plane overlaps of the metal and
ynyl−diynyl π-systems.
The formal replacement of the methylene (CH2) moiety

in 9′ by the ketone (O) in 2′ has a similar structural effect to
that of the dicyanomethylene moieties in 7′ and 8′ and also
causes orbital reordering relative to the parent system. The
HOMO in 2′ lies in the plane of the diethynyl ketone ligand
and is derived from the gem-DEE ϕ3 and metal dxz admixed
with the in-plane oxygen p-type orbital. The HOMO−1 in 2′ is
similar in composition to the HOMO−1 in 9′, while the

HOMO−2 in 2′ lies approximately perpendicular to the plane
of the ligand and therefore resembles the HOMO in 9′, but
with substantially reduced contribution from the CγO
moiety. Overall, there is little by way of a fully extended π-
conjugated pathway between the metal centers through the
diethynyl ketone-based bridge. The introduction of the ketone
moiety has little effect on the relative position of the ligand π*-
system, which is found in the LUMO+12. Methylation of 2′ to
give [3′]+ causes the ligand π*-system to descend below the
level of the unoccupied metal-based orbitals and comprises the
LUMO in a fashion similar to that noted for the dicyano-
methylene derivatives 7′ and 8′. The HOMO of [3′]+ again
features little character from the Cγ carbon atom, and the metal
ethynyl fragments are effectively insulated from each other. It
would appear that a better description of the intense absorption
feature in [3]+ is as an MLCT rather than intraligand transition.
To further assess the emerging trend in which strongly

electron-withdrawing groups decrease the cross-conjugated π-
electron pathway through the 1,1-diethynylethene-derived
bridge, the computational model system {Cp*(dppe)RuC
C}2C{C(NH2)2} (10′) was constructed (Figure 11). The
introduction of the strongly electron-donating NH2 groups
causes a significant increase in the energy cross-conjugated
ligand π*-system, which is found to comprise the LUMO+21
and LUMO+22 in 10′. However, of more interest is the effect
that these substituents have on the composition of the HOMO.
The electron-donating groups lead to a substantial increase in
the contribution from Cγ to the HOMO, giving rise to a more
delocalized π-system along the Ru(1)−C(1)C(2)−C(3)−
C(4)C(5)−Ru(2) chain. On this basis we would suggest that
more effectively delocalized, cross-conjugated π-channels can
be engineered by introduction of electron-donating groups to
the ligand periphery.

■ CONCLUSIONS
This work has used the nucleophilic properties of ethynyl
compound 1 to generate bis(metalla-ethynyl) ketone 2 from
oxalyl dichloride. The electron-withdrawing carbonyl group
deactivates the CC triple bond to metalla-desilylation in
attempted syntheses of {[Cp′(PP)Ru]CC}2CO [Cp′ = Cp*,
Cp; PP = dppe, (PPh3)2] from (Me3SiCC)2CO. Methylation
of 2 with methyl triflate proceeds initially at the carbonyl
oxygen atom rather than the alkynyl Cβ to give methyl ether
[3]OTf. However, a second electrophilic attack (Me+) on [3]+

occurs in a slow reaction at Cβ to give the bis-methyl adduct
[4][OTf]2. Protonation of [3]+ at Cβ gives vinylidene
[5][OTf]2, from which the proton on Cβ could be readily
removed to regenerate [3]+. Upon heating 2 in refluxing
MeOH containing [NH4]PF6, partial dissociation of Ru(dppe)-
Cp* groups occurred to give the mononuclear complex
Ru{CCC(O)CHCH(OMe)}(dppe)Cp* (6). Knövenagel
condensation of ketone 2 with CH2(CN)2 gives the dicyano-
methylene derivative 7. The related compound {Cp*(dppe)-
Ru}CCC{C(CN)2}CCCC{Ru(dppe)Cp*} (8) was
obtained by nucleophilic displacement of the CN group gem to
Ru from Ru{CCC(CN)C(CN)2}(dppe)Cp* by LiC
CCCRu(dppe)Cp*.
Structural studies have shown that the complexes have

shorter Ru−C distances than usually found, suggesting that the
presence of the CO group in 2 results in major contributions
from the vinylidene-allenylidene or carbyne-allenylidene
mesomers to the overall structures of these complexes.
Electronic structure calculations reveal the π-electron pathway

Figure 10. Plots, energies, and percent composition of selected
orbitals of 9′ (isocontour value ±0.02 (e/bohr3)1/2).
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in 2, [3]+, 7, and 8 is not extensively delocalized through the
formally cross-conjugated system. The extent of π-delocaliza-
tion between the metal centers through the cross-conjugated
ligand appears to be diminished in response to the introduction

of strongly electron-withdrawing groups at Cγ. However, the
introduction of additional electron-donating substituents at the
2-position in the metalated ene-1,1-diyne, as in 10′, leads to an
increase in the electron density at Cγ, with potential for a

Figure 11. Plot energies and percent composition of the HOMO and the unoccupied molecular orbital most closely corresponding to the gem-DEE
LUMO (π*) for 2′, [3′]+, 7′, 8′, and 10′ (isocontour value ±0.02 (e/bohr3)1/2).
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marked increase in the degree of electronic interaction through
these unusual π-electron systems. Further synthetic efforts in
this direction are under way in our laboratories.

■ EXPERIMENTAL SECTION
General Comments. All reactions were carried out under dry

nitrogen or argon, although normally no special precautions to exclude
air were taken during subsequent workup. Common solvents were
dried, distilled under nitrogen, and degassed before use. They were
purified as follows: diethyl ether, hexane, and thf were distilled over
Na/benzophenone; benzene was distilled from Na; CH2Cl2 and
ButOH were distilled from CaH2; NEt3 was distilled from KOH;
MeOH was distilled from Mg(OMe)2.
Purification of products was carried out either by preparative thin-

layer chromatography (TLC) on glass plates (20 × 20 cm2) coated
with silica gel (Merck, 0.5 mm thick) or by flash chromatography on
silica gel (Davisil, 40−63 μm), basic alumina (Fluka, Brockmann
activity I, pH 10 ± 0.5, 0.05−0.15 mm), or neutral alumina (Fluka,
Brockmann activity I, pH 7 ± 0.5, 0.05−0.15 mm).
Elemental analyses were carried out by CMAS, Belmont, Australia,

and Campbell Microanalytical Centre, University of Otago, Dunedin,
New Zealand.
Instrumentation. IR spectra: Bruker IFS28 FT-IR spectrometer.

Spectra in CH2Cl2 were obtained using a 0.5 mm path-length solution
cell with NaCl windows. Nujol mull spectra were obtained from
samples mounted between NaCl discs.
NMR spectra: Varian Gemini 2000 (1H at 300.145 MHz, 13C at

75.479 MHz, 31P at 121.501 MHz) or Unity Inova 600 (1H at 599.653
MHz, 13C at 150.796 MHz) instruments, the latter equipped with a
cryo-probe. Samples were contained in 5 mm sample tubes. Chemical
shifts are given in ppm relative to internal tetramethylsilane for 1H and
13C NMR spectra and external H3PO4 for

31P NMR spectra.
Positive-ion electrospray mass spectra (ES-MS) or high-resolution

mass spectra (HR-MS) were obtained from samples dissolved in
MeOH or MeCN, with added NaOMe as an aid to ionization when
required.51 Solutions were injected into Finnigan LCQ (ES-MS,
Adelaide), Varian Platform II (ES-MS), or Bruker MicroTOF
spectrometers (HR-MS, Waikato) and were calibrated against a
standard sodium formate solution. Nitrogen was used as the drying
and nebulizing gas. Peaks listed are the most intense of isotopic
clusters. UV−vis spectra were obtained with a Varian-Cary 5000 UV−
vis−NIR spectrophotometer. Samples in CH2Cl2 were contained in
fused quartz cells, path-length 1 cm. Cyclic voltammograms (CVs)
were recorded using a PAR model 263A potentiostat, with a saturated
calomel electrode. The cell contained a Pt disk working electrode, a Pt
wire counter, and pseudoreference electrodes. Electrochemical samples
(1 mM) were dissolved in CH2Cl2 containing 0.1 M [NBu4]PF6 as the
supporting electrolyte. Potentials are given in V vs SCE, with FeCp2/
[FeCp2]

+ (+0.46 V) or FeCp*2/[FeCp2]+ (−0.02 V) as internal
calibrants.47

Reagents. The reagents ClCOCOCl, MeOTf, 2.5 M solution of
BuLi in hexanes, and NH4PF6 were purchased and used as received.
The compounds Ru(CCH)(dppe)Cp* (1),44b Ru{CCC(CN)
C(CN)2}(dppe)Cp* (7),33 and Ru(CCCCH)(dppe)Cp*52 were
prepared by the cited methods.
Synthesis of {Cp*(dppe)RuCC}2CO, 2. (a) Oxalyl chloride

(0.6 mL of a 0.2 M solution in thf, 0.12 mmol) was added to a solution
of Ru(CCH)(dppe)Cp* (100 mg, 0.15 mmol) in thf (5 mL). The
color of the solution changed rapidly from yellow through red to
green. After standing overnight at room temperature (rt), NEt3 (3 mL,
excess) was added, causing a further color change to purple. After 1 h,
solvent was removed and the residue was taken up in the minimum
amount of CH2Cl2 (containing 5% NEt3). The resulting solution was
passed through a small column of basic alumina (3.0 × 4.5 cm), eluting
with the same solvent mixture. The yellow band was collected and
afforded {Cp*(dppe)RuCC}2CO (2) (58 mg, 57%) as a yellow
solid. Crystals suitable for X-ray diffraction were obtained from hexane.
Anal. Calcd (C77H78OP4Ru2·C6H14): C, 69.63; H, 6.48; M (solvent
free), 1345. Found: C, 69.56; H, 6.61. IR (Nujol, cm−1): ν(CC)

1980s, ν(CO) 1714w. 1H NMR (C6D6): δ 1.69 (s, 30H, Cp*), 1.99,
3.00 (2 × m, 4 × CH2, 2 × dppe), 7.02−7.96 (m, 40H, Ph). 13C NMR
(C6D6): δ 10.37 (s, C5Me5), 29.65−30.15 (m, PCH2CH2P), 93.60 (s,
C5Me5), 120.91 (s, C), 127.41−139.23 (m, Ph), 158.53 (s, CO). 31P
NMR (C6D6): δ 82.6 (s). ES-MS (MeOH, m/z): 1347, [M + H]+;
687, [Cp*(dppe)RuCCCO]+; 635, [Ru(dppe)Cp*]+.

(b) A stirred solution of Ru(CCH)(dppe)Cp* (1.0 g, 1.52
mmol) in thf (50 mL) was treated with oxalyl chloride (4.18 mL of 0.2
M solution in thf, 0.834 mmol). The yellow color initially turned red
then rapidly changed to green. After 1 h, the color was dark bronze.
After stirring at rt for 2 d, NEt3 (10 mL) was added to the solution,
which became purple. After stirring for one more day, solvent was
removed under reduced pressure. The residue was dissolved in a
minimum amount of CH2Cl2 and purified by flash chromatography
(silica, 3 × 30 cm; gradient eluted: petroleum spirit−CH2Cl2−NEt3,
40/10/1 to 10/10/1). The first yellow-green band was Ru(C
CH)(dppe)Cp* (confirmed by 1H and 31P NMR). The second yellow
fraction contained crude {Cp*(dppe)RuCC}2CO (2), which was
then passed through another similar column using the same solvent
system to give pure 2 as a yellow solid (730 mg, 72%),
spectroscopically identical to the sample prepared by the smaller
scale route.

Reactions of {Cp*(dppe)RuCC}2CO, 2. a. Methylation.
I. [{Cp*(dppe)RuCC}2C(OMe)]OTf, [3]OTf. A solution of {Cp*-
(dppe)RuCC}2CO (60 mg, 0.045 mmol) in CH2Cl2 (10 mL) was
treated with MeOTf (5.1 μL, 0.045 mmol), causing the solution color
to instantaneously turn from yellow to purple. The reaction mixture
was stirred for 1 h before the solvent was removed under reduced
pressure. The residue was purified by flash chromatography (silica,
acetone−hexane, 1/1), and the major purple band contained
[{Cp*(dppe)RuCC}2C(OMe)]OTf ([3]OTf) (57 mg, 84%),
obtained as a purple solid. X-ray quality crystals were grown from
C6H6−Et2O. Anal. Calcd (C79H81F3O4P4Ru2S): C, 62.86; H, 5.41; M
(cation), 1361. Found: C, 62.89; H, 5.34. IR (Nujol, cm−1): ν(CC)
1920vs; ν(C−O) 1434s; ν(CF/SO) 1267s, 1223s 1185w, 1149m,
1097m, 1069w, 1033m. 1H NMR (CDCl3): δ 1.50 (s, 30H, 2 × Cp*),
2.14, 2.49 (2m, 4 × CH2, 2 × dppe), 3.10 (s, 3H, OMe), 7.03−7.46
(m, 40H, Ph). 13C NMR (CDCl3): δ 10.11 (s, C5Me5), 29.31−31.11
(m, CH2P), 57.54 (s, OMe), 96.68 (s, C5Me5), 108.25 (s, C),
127.93−135.94 (m, Ph), 197.16 [t, JCP = 21 Hz, Cα].

31P NMR
(CDCl3): δ 81.2 (s). ES-MS (MeOH, m/z): 1361, M+; 635,
[Ru(dppe)Cp*]+.

ii. (a) [{Cp*(dppe)Ru}CCMeC(OMe)CC{Ru(dppe)-
Cp*}][OTf]2, [4][OTf]2. A solution of {Cp*(dppe)RuCC}2CO
(100 mg, 0.074 mmol) in CH2Cl2 (10 mL) was treated with
MeOTf (26 μL, 0.230 mmol) in a Schlenk tube under Ar and stirred at
35 °C. After 3 weeks, the now red solution was loaded onto a column
(acetone−hexane, 1/1), upon which the color changed to purple. A
purple fraction contained [{Cp*(dppe)RuCC}2C(OMe)]OTf,
[3]OTf (92 mg, 82%). A red band was eluted with acetone and
MeOH; then NaCl (10−50 mg) was then added to the top of the
column to increase the ionic strength of the eluent to give
[{Cp*(dppe)Ru}CCMeC(OMe)CC{Ru(dppe)Cp*}]-
[OTf]2 ([4][OTf]2) as a dark red solid (13 mg, 10%). Anal. Calcd
(C81H81F6O7P5Ru2S2): C, 58.13; H, 5.06; M (cation), 1376. Found: C,
57.61; H, 5.16. IR (Nujol, cm−1): ν(RuCCC) 1948s, ν(CC)
1538s, ν(CF/SO) 1264s, 1223m, 1150m, 1097w, 1030w. 1H NMR
(CDCl3): δ 1.53, 1.63 (2 × s, 2 × 15H, 2 × Cp*), 2.18 (s, 3H, 
CMe), 2.60, 2.85 (2 × m, 4 × CH2, 2 × dppe), 2.64 (s, 3H, OMe),
6.94−7.66 (m, 40H, Ph). 13C NMR (CDCl3): δ 9.94, 10.21 (s, 2 ×
C5Me5), 29.25 (s, CMe), 29.10−30.06 (m, 2 × CH2P), 58.41 (s,
OMe), 98.77, 104.73 (2 × s, 2 × C5Me5), 113.91, 138.69, 150.67 (3 ×
s, C), 120.96 [q, JCF = 321 Hz, CF3], 127.76−135.19 (m, Ph), 245.35
[t, JCP = 19 Hz, RuCCC], 352.13 [t, JCP = 16 Hz, RuC
CMe]. 31P NMR (CDCl3): δ 81.4 (s), 72.8 (s). HR-MS (MeOH, m/
z): found (calcd) M2+ 688.190 (688.178).

iii. [{Cp*(dppe)Ru}CCHC(OMe)CC{Ru(dppe)Cp*}]-
[OTf]2, [5][OTf]2. A solution of {Cp*(dppe)RuCC}2CO (80 mg,
0.060 mmol) in CH2Cl2 (10 mL) was treated with MeOTf (14 μL,
0.122 mmol) under Ar. The solution turned purple straight away, and
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after 3 weeks was red. Et2O was layered onto the solution to induce
crystallization, and the resulting solid was similarly recrystallized to
give [{Cp*(dppe)Ru}CCHC(OMe)CC{Ru(dppe)-
Cp*}][OTf]2 ([5][OTf]2) (60 mg, 60%) as dark red crystals. X-ray
quality crystals were grown from CH2Cl2−Et2O. Anal. Calcd
(C80H82F6O7P4Ru2S2): C, 57.90; H, 4.98; M (cation), 1362. Found:
C, 56.98; H, 5.05. IR (Nujol, cm−1): ν(CCC) 1960m, ν(CC)
1548m, ν(CF/SO) 1272m, 1221w, 1152m, 1097w, 1031m. 1H NMR
(CDCl3): δ 1.47, 1.57 (2s, 2 × 15H, 2 × Cp*), 2.45, 2.96 (2 × m, 4 ×
CH2, 2 × dppe), 2.61 (s, 3H, OMe), 5.27 (s, 1H, CH) 7.00−7.54
(m, 40H, Ph). 13C NMR (CDCl3): δ 9.88, 9.98 (2 × s, 2 × C5Me5),
27.52−27.83, 29.37−29.68 (2 × m, 2 × CH2P), 58.85 (s, OMe),
98.87, 105.24 (2 × s, 2 × C5Me5), 116.02, 137.93 (2 × s, C), 120.97
[q, JCF = 321 Hz, CF3], 128.04−134.42 (m, Ph), 148.70 (s, CH),
242.54 [t, JCP = 20 Hz, RuCCC], 344.44 [t, JCP = 16 Hz, Ru
CCH]. 31P NMR (CDCl3): δ 80.0 (s), 69.1 (s). ES-MS (MeCN, m/
z): 1361, [{Cp*(dppe)RuCC}2C(OMe)]+. HR-MS (MeCN, m/z):
found (calcd) 1361.319 (1361.332), [{Cp*(dppe)RuCC}2C-
(OMe)]+.
b. Protonation. Preparation of Ru{CCC(O)CHCH(OMe)}-

(dppe)Cp*, 6. MeOH (7 mL) was added to a mixture of
{Cp*(dppe)RuCC}2CO (40 mg, 0.03 mmol) and [NH4]PF6 (10
mg, 0.06 mmol), and the mixture was heated under reflux for 7 h. After
removal of solvent, the residue was dissolved in acetone and purified
by preparative TLC (acetone−hexane, 1/2). The major yellow band
(Rf = 0.47) contained Ru{CCC(O)CHCH(OMe)}(dppe)Cp*
(6) (13 mg, 6%), obtained as yellow crystals (C6H6−hexane). Anal.
Calcd (C42H44O2P2Ru): C, 67.82; H, 5.96; M, 744. Found: C, 68.01;
H, 6.18. IR (CH2Cl2, cm

−1): ν(CC) 2018s, ν(CO) 1621m,
ν(CC) 1556m (br). 1H NMR (C6D6): δ 1.56 (s, 15H, Cp*), 1.84,
2.71 (2m, 4H, dppe), 2.95 (s, 3H, OMe), 5.62 [d, JHH = 12 Hz, 1H,
H1], 7.80 [d, JHH = 12 Hz, 1H, H2], 6.98−7.86 (m, 20H, Ph). 13C
NMR (C6D6): δ 10.27 (s, C5Me5), 29.53 (m, CH2), 56.01 (OMe),
93.60 (C5Me5), 110.85 (s, C1), 115.83 (s, Cβ), 127.84−138.89 (Ph),
146.07 [t, J(CP) = 23 Hz, Cα], 162.39 (Cβ), 174.13 (CO). 31P
NMR (C6D6): δ 80.9 (s). ES-MS (MeOH + NaOMe), m/z): 783.161
(calcd 783.150), [M + K]+; 767.186 (767.176), [M + Na]+; 745.205
(745.194), [M + H]+.
c. Knövenagel Condensation. To a mixture of {Cp*(dppe)RuC

C}2CO (89 mg, 0.066 mmol), CH2(CN)2 (13 mg, 0.198 mmol), and
basic Al2O3 (80 mg) was added CH2Cl2 (8 mL), and reaction mixture
was heated at reflux point for 3 d, the color turning from yellow to
orange. Solvent was removed and the residue was purified by
preparative TLC (acetone−hexane, 3/7) to give a red-orange band (Rf
= 0.56), which afforded {Cp*(dppe)RuCC}2CC(CN)2 (7) (27
mg, 29%) as an orange solid. X-ray quality crystals were grown from
CH2Cl2−hexane. Anal. Calcd (C80H78N2P4Ru2): C, 68.95; H, 5.64; N,
2.01; M, 1394. Found: C, 69.10; H, 5.89; N, 2.04. IR (CH2Cl2, cm

−1):
ν(CN) 2199w, ν(CC) 1967vs, ν(CC) 1481w, 1435w, 1399w,
1303w. IR (Nujol): ν(CN) 2193m, ν(CC) 1995s, 1971vs, ν(C
C)1435s, 1401m, 1301m. 1H NMR (C6D6): δ 1.63 (s, 30H, 2 × Cp*),
2.39 (m, 4 × CH2, 2 × dppe), 7.04−7.31, 7.74 (2 × m, 40H, Ph). 13C
NMR (C6D6): δ 10.76 (s, C5Me5), 30.40 (m, CH2P), 46.93 [s,
C(CN)2], 94.11 [t, JCP = 2.2 Hz, Ru−CC], 94.85 (s, C5Me5), 120.13
(s, CN), 127.91−139.86 (m, Ph), 165.49 [t, JCP = 22 Hz, Cα].

31P
NMR (C6D6): δ 83.0 (br s). ES-MS (MeOH, m/z): 1417, [M + Na]+;
1394, M+; 635, [Ru(dppe)Cp*]+.
Preparation of {Cp*(dppe)Ru}CC{CC(CN)2}CCCC-

{Ru(dppe)Cp*}, 8. A solution of Ru(CCCCH)(dppe)Cp* (74
mg, 0.108 mmol) in thf (20 mL) was cooled to −78 °C and treated
with BuLi (0.047 mL of 2.5 M solution in hexane, 0.118 mmol). After
30 min Ru{CCC(CN)C(CN)2}(dppe)Cp* (75 mg, 0.098
mmol) was added to the solution. The mixture was allowed to
warm to rt and after 90 min was reddish-purple. The solvent was
removed, and the residue was dissolved in the minimum amount of
toluene and loaded onto a column (flash silica, acetone−petroleum
spirit, 1/4). The magenta band was collected and afforded {Cp*-
(dppe)Ru}CCC[C(CN)2]CCCC{Ru(dppe)Cp*} (8) as a
dark magenta solid (28 mg, 20%). X-ray quality crystals were grown
from C6D6−MeOH. IR (CH2Cl2, cm

−1): ν (CN) 2209w, ν(CC)

2111s, 1994vs, ν(CC) 1435m, 1419m. 1H NMR (C6D6): δ 1.56,
1.64 (2s, 15H, Cp*), 2.43, 2.90 (2 × m, 4 × CH2, 2 × dppe), 7.04−
7.83 (m, 40H, Ph). 13C NMR (CD2Cl2): δ 10.25, 10.39 (2 × s,
C5Me5), 29.50−30.25 (m, CH2P), 72.78, 94.69, 95.70, 100.27, 125.88,
138.45 (6 × s, C), 94.89, 95.84 (2 × s, C5Me5), 118.99, 119.12 (2 × s,
CN), 128.20−137.95 (m, Ph), 162.57, 188.35 [2 × t, JCP = 23, 23 Hz,
Cα (RuC4), Cα′ (RuC2), respectively].

31P NMR (C6D6): δ 81.1 (s),
80.8 (s). ES-MS (MeOH, m/z): 1441, [M + Na]+; 1418, M+; 676,
[Ru(NCMe)(dppe)Cp*]+; 635, [Ru(dppe)Cp*]+. HR-MS: found
(calcd) [M + Na]+, 1441.328 (1441.310); [M + H]+, 1419.319
(1419.328). Satisfactory elemental analyses could not be obtained.

Structure Determinations. Diffraction data were measured using
either an Oxford Diffraction Xcalibur or Gemini diffractometer at 100
K (150 K for 7) with Mo Kα radiation, λ = 0.71073 Å (Cu Kα, λ =
1.54178 Å for [5][OTf]2, 7). Following multiscan or analytical
absorption corrections and solution by direct methods, the structures
were refined using full matrix least-squares refinements on F2 using the
SHELXL 97 program.53 Except where stated below, anisotropic
displacement parameter forms were refined for the non-hydrogen
atoms; hydrogen atoms were treated as a riding model. Pertinent
results are given in Figures 1−7 (which show non-hydrogen atoms
with 50% probability amplitude displacement ellipsoids (20% for 7,
30% for 5, 9) with hydrogen atoms removed for clarity) and in Table 1
and the Supporting Information.

Compound [3]OTf. One phenyl ring and two of the solvent
benzene molecules are each disordered over two sites. The site
occupancies of these were refined with the same value on the basis of
contact distances and after trial refinement showed no significant
differences between the individual parameters. The occupancies of the
major and minor components refined to 0.607(3) and 1−0.607(3).
The geometries of the disordered solvent molecules were restrained to
ideal values.

Compound 7. Five phenyl rings and the Cp* ligand on Ru(2) are
disordered over two sets of sites, with occupancy factors set at 0.5 after
trial refinement. Electron density due to a solvent molecule was
modeled as a dichloromethane molecule disordered about a
crystallographic 2-fold axis, the overall site occupancy being con-
strained to 0.5 after trial refinement. The geometries of the disordered
phenyl and Cp* rings and of the solvent were restrained to ideal
values. The carbon atoms of the disordered Ph rings were refined with
isotropic displacement parameters.

Computational Details. All DFT computations were carried out
with the Gaussian 03 package.54 The model geometries were
optimized at the B3LYP/3-21G* level of theory,55−59 to reduce
computational effort, with no symmetry constraints, in a manner
similar to that reported elsewhere.59 MOs and frequencies were
computed on these optimized geometries at the same level of theory.
All geometries were identified as minima (no imaginary frequencies).
A scaling factor of 0.95 was applied to the calculated frequencies.60,61

The MO contributions were generated using the GaussSum package
and plotted using GaussView 5.0.62

■ ASSOCIATED CONTENT
*S Supporting Information
Tables of crystallographic refinement details. Tables of
optimized geometries, orbital energies, and composition from
gem-DEE, 2′, 3′, 7′, 8′, 9′, and 10′. Plots of key orbitals of gem-
DEE and 9′. CIF files, figures, and tables giving all
crystallographic data and selected bond distances. This material
is available free of charge via the Internet at http://pubs.acs.org.
Full details of the structure determinations (except structure
factors) have also been deposited with the Cambridge
Crystallographic Data Centre as CCDC 897230 (2), 897232
([3]OTf), 897234 ([5][OTf]2), 897235 (6), 897236 (7), and
897237 (8). Copies of this information may be obtained free of
charge from the Director, CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK (fax: + 44 1223 336 033; e-mail: deposit@ccdc.
cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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ABSTRACT: The bimetallic ruthenium complex {Cp(dppe)Ru}2(μ-CCC
CCC) (3; Cp = cyclopentadienyl, dppe = 1,2-bis(diphenylphosphino)ethane)
has been prepared and the molecular structure determined. The cyclic
voltammogram of 3 is characterized by three reversible one-electron events with
a large potential difference between the two first waves (ΔE° = 0.44 V), indicating
the large thermodynamic stability of the MV (mixed-valence) 3(PF6), which can be
considered as a class III MV complex. The complex 3(PF6) was quantitatively
prepared by treatment of 3 with 1 equiv of [FeCp2](PF6) at −78 °C and
characterized by EPR spectroscopy. Above −10 °C, solutions of 3(PF6) provide the
asymmetric tetranuclear complex {cyclo-C([Ru])C(CCCC[Ru])C(CC[Ru])C-
(CC[Ru])}(PF6)2 (4(PF6)2; [Ru] = Cp(dppe)Ru) which was formed regiospecifically and isolated in 92% yield. Thus, despite
the thermodynamic stability of the monocation radical 3(PF6) as evidenced by the electrochemical data, and the extensively
delocalized electronic structure, a slow dimerization reaction takes place, affording a stable, tetranuclear complex. The new
compound was characterized by a single-crystal X-ray diffraction study, cyclic voltammetry, and multinuclear NMR, IR, UV−vis,
and near-IR spectroscopy, and the data were analyzed with the support of quantum chemical investigations at the DFT level of
theory. The regiospecificity of the dimerization reaction is controlled by a balance of steric and electronic factors, which favors
intermolecular (Cα + Cγ) radical coupling.

■ INTRODUCTION
Quantum-dot cellular automata (QCA) are a paradigm for
nanoelectronics, in which binary information is encoded in the
charge configuration of a QCA cell and transferred via
Coulomb interactions between neighboring cells.1,2 At the
molecular level, the simplest molecular QCA cell is a symmetric
mixed-valence complex in which the binary states 0 or 1 are
represented by the location of a mobile electron (or a hole) at
one metal center or at the other.3 However, square arrays with
four redox sites are generally considered more versatile and
efficient cell designs for use in logic applications.1,3

Several successful strategies for rational syntheses of
tetrametallic complexes have been developed, but the
straightforward preparation of square arrays remains challeng-
ing.3,4 We may wonder if such square moleculesformally di-
mixed-valence complexesmay be attained by oxidative
dimerization of bimetallic mixed-valence derivatives. Consider-
ing that a wide variety of bimetallic complexes have been
prepared by ligand−ligand coupling via redox reactions, this
approach should be fruitful.5−7

In this respect, a wide variety of organometallic molecular
wires in which two redox-active metal termini are connected
through a bridging ligand has been developed. The wirelike

performance of these linear species has been investigated in
detail by means of various physical evaluation methods,
including rare measurements at the molecular level.8 Among
these molecular wires, polyynediyl complexes, [Cp′(dppe)M−
(CC)m−M(dppe)Cp′]n+(X−)n (Cp′ = Cp, Cp*; M = Fe,
Ru), exhibit the best performance with respect to interaction
between the two metal centers through the bridge.9,10 These
compounds are ideally suited for conveying electronic coupling
between the redox centers. These assemblies usually proved to
be stable (and isolable) in different oxidation states for short
carbon bridges (m = 1, 2).11,12 However, previous studies have
shown that the oxidized species from complexes with longer
polyyne linkers have poor chemical stability.13 Up to now, the
complex [Cp*(dppe)Fe−(CC)4−Fe(dppe)Cp*]n+(X−)n is
the unique example of a kinetically stable mixed-valence
complex with a C8 bridge.

10,14

On the other hand, it has recently been found that the radical
cations [Cp′(dppe)M−CC−CC−R](PF6) dimerize to
afford the binuclear dications [{Cp′(dppe)M}2C8R2](PF6)2
(Chart 1).15 Depending on the steric hindrance in the metal
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vicinity, the coupling involved either the inner and outer CC
triple bonds, to give a mixture of the symmetric and asymmetric
cyclobutenediylidene complexes A and B (Cp′ = Cp, M = Ru),
or regiospecifically at the outer triple bonds to give the
symmetric isomer A as the unique product (Cp′ = Cp*, M =
Fe; Scheme 1).16 In addition, a recent experimental and

theoretical investigation on the iron and ruthenium σ-polyynyl
complexes has concluded that iron(III) and ruthenium(III)
radicals may react via a clean chemical process, since the ESR
signal disappeared clearly upon warming, no trace of other
radicals being detected.17

As it is well-established that polyynediyl-bridged mixed-
valence complexes are often chemically unstable,10 the
chemistry of these radical species has not been extensively
investigated.13 Guided by the stimulating results on the
reactivity of mononuclear complexes bearing butadiynyl

ligands,7,15−17 we have investigated the reactivity of symmetric
mixed-valence complexes [Cp(dppe)Ru−(CC)3−Ru(dppe)-
Cp](PF6). In these compounds the metal centers are linked by
a C6 carbon bridge, which seems to be ideally suited for
providing tetrametallic complexes with a square array upon
regiospecific oxidative coupling of two of these binuclear
hexatriynediyl complexes. With reference to our previous work
on the oxidative activation of arylbutadiynyl−metal com-
plexes,15,16 it can be anticipated that dimerization of the radical
cation {[M]−(CC)3−[M]}+ might occur through (Cγ + Cγ)
coupling to afford a symmetric tetranuclear complex with a
square core, as depicted in Scheme 1.
We report here the synthesis of the bis(ruthenium)

hexatriynediyl complex {Cp(dppe)Ru}2(μ-CCCCCC)
(3) and the low-temperature preparation and in situ character-
ization of the related mixed-valence complex 3(PF6) as well as
the regiospecific dimerization of the radical cation, which
affords the asymmetric tetranuclear complex (4(PF6)2). The full
characterization of the tetranuclear dications, including an X-ray
analysis of the metathesized salt 4(AsF6)2, electrochemical data,
spectroscopic properties, and a rationalization of the mecha-
nism of the reaction and the physical properties of 42+ by
quantum chemical investigations at the DFT level are also
reported and discussed.

■ RESULTS AND DISCUSSION
1. Synthesis of the Binuclear Complexes 3. Only a few

methods are available for the preparation of symmetric
binuclear hexatriynediyl complexes.18 The most widely used
method is the reaction between a metal halide and the TMS-
protected hexatriyne Me3Si−(CC)3−SiMe3 in the presence
of a desilylating agent such as KF. This reaction is very efficient
because the bimetallic complex [M]2(μ-CCCCCC)
generally precipitates out of solution and no further purification
is needed. Accordingly, treatment of bis(trimethylsilyl)-
hexatriyne (2) with 2 equiv of RuCl(dppe)Cp (1) in refluxing
methanol affords the bis(ruthenium) complex {Cp(dppe)-
Ru}2(μ-CCCCCC) (3) in a pure form after only 1 h
(Scheme 2, 80% yield).
The bimetallic complex 3 was characterized by the usual

spectroscopic methods. The IR spectrum of 3 in CH2Cl2
exhibits a single νCC band at 2063 cm−1. In the 1H NMR
spectrum, the Cp resonance was observed at δ 4.56 (s) while
the dppe-CH2 groups gave multiplets at δ 1.84−1.87 and 2.43−
2.46. The Ru(dppe)Cp fragment was also observed in the 13C

Chart 1. Symmetric (A) and Asymmetric (B)
Cyclobutenediylidene Complexes

Scheme 1. Possible Self-Coupling of {[M]−(CC)3−[M]}+

Scheme 2. Synthesis of Diruthenium Complex 3
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NMR spectrum, with Cp at δ 83.16 (s) and CH2 of the dppe
between δ 28.23 and 28.53 as a multiplet; Cα of the carbon
chain was a triplet coupled to the two phosphorus atoms of the
dppe at δ 102.64 (2JCP = 28 Hz). The 31P NMR spectrum
displayed one peak at δ 85.8 corresponding to the four
equivalent phosphorus atoms of the molecule.
The initial scan in the cyclic voltammogram of complex 3

from −0.5 to 1.5 V (vs the standard calomel electrode (SCE))
is characterized by three well-separated one-electron processes
(Table 1). While the third oxidation wave (E3 = 1.11 V) is only
partially reversible, the two first oxidation waves (E0

1 = 0.01 V,
E02 = 0.45 V) are fully reversible, indicating that the neutral
dimer 3 undergoes two successive and reversible one-electron
oxidations to yield the mono- and dications in the vicinity of
the electrode. The large potential difference (ΔE0 = 0.44 V),
which corresponds to a large comproportionation constant (Kc
= 2.9 × 107), indicates the large thermodynamic stability of the
mixed-valence derivative 3(PF6) with respect to the homo-
valent complexes 3 and 3(PF6)2. Moreover, the very large ΔE0

value is diagnostic of strong electronic interactions between the
two metal centers through the hexatriynediyl bridge and
complex 3(PF6) can be considered as a class III delocalized
mixed-valence complex.6,19 Attempts to isolate this compound
were unsuccessful, although it was possible to acquire in situ
EPR spectra and follow the progress of the subsequent
chemical reactions of 3(PF6).
2. In Situ Glass EPR Spectroscopy of 3(PF6). Complex 3

was reacted with 1 equiv of [FeCp2](PF6) in CH2Cl2 at −78 °C
under an inert atmosphere. The solution changed from yellow
to deep red, indicating the formation of the mixed-valence
complex 3(PF6). After 1 h at −78 °C, an aliquot of the solution
was transferred to a quartz EPR tube and immediately cooled
to liquid-nitrogen temperature, thereby forming a glass. The X-
band EPR spectrum of the radical cation at 66 K displays three
well-resolved features (g1 = 2.253, g2 = 2.047, g3 = 1.985)
corresponding to the components of a g tensor characteristic of
d5 low-spin Ru(III) in a pseudo-octahedral environment.20 No
hyperfine coupling between the unpaired electron and
phosphorus was observed.
The calculated giso value (giso =

1/3(g1 + g2 + g3) = 2.095) for
3(PF6) is very close to the value previously measured for the
related mixed-valence butadiynediyl complex [{Cp*(dppe)-
Ru}2(μ-CCCC)](PF6) (giso = 2.096)21 but significantly
larger than the value determined for the mononuclear
butadiynyl complex [Cp*(dppe)RuCCCCPh](PF6) (giso
= 2.074).17 The larger giso values found for the bimetallic
compounds suggest that the SOMO containing the unpaired
electron has greater ruthenium character in the bimetallic
complexes relative to the mononuclear derivatives.
The small tensor anisotropy (Δg = g1 − g3) also supports the

class III character of the mixed-valence 3(PF6). Indeed, in a
homologous series of mixed-valence compounds the anisotropy
tensor of the EPR signal decreases as the rate of the
intramolecular electron transfer increases.22 Relative to the
tensor anisotropy found in [Cp*(dppe)RuCCCCPh]-
(PF6) (Δg = 0.420),17 a value close to that expected for a
localized mixed-valence complex with related ruthenium
termini, the tensor anisotropy of 3(PF6) is small (Δg =
0.268) and close to that obtained for the related complex
[{Cp*(dppe)Ru}2(μ-CCCC)](PF6) (Δg = 0.232).21

3. Synthesis of the Tetranuclear Complexes 4(PF6)2
and 4(AsF6)2. Solutions of 3(PF6) can be kept for hours below
−25 °C, but when the temperature reached −10 °C, the

solution changed from deep red to deep blue, indicating a
further reaction. After 1 h at room temperature to reach
completion, hexane was added to afford 4(PF6)2 as a deep blue
powder in 92% yield.
The dimeric structure of 4(PF6)2 was established by high-

resolution mass spectrometry of the dication at m/z 1201.740
(z = 2; calculated 1201.661 for [M]2+). The 1H NMR spectrum
of 4(PF6)2 displays four distinct resonances for the Cp ligands
at δ 4.86 (s(br)), 5.15 (s), 5.20 (s), and 5.64 (s(br)) with the
same relative intensities, showing that the four metal centers of
the tetranuclear complex 4(PF6)2 are not equivalent. Clearly,
the formation of a symmetric dimer, which is expected to be
formed via (Cγ + Cγ) coupling, has not occurred. It can be
observed that the chemical shifts of the Cp protons are very
close to each other, and as a consequence the two positive
charges are probably delocalized over the four Cp(dppe)Ru
centers.
The 31P NMR spectrum of 4(PF6)2 recorded at 20 °C

contains only one unresolved, very broad, and weak signal in
the δ 80−95 region. In contrast, the signal of the PF6

− anions
appears as a very well resolved septuplet (1JPF = 710 Hz)
centered at δ −143.2. It was suspected that the low resolution
of the NMR spectrum has its origin in slow molecular motions.
In order to improve the resolution of the signal corresponding
to the dppe ligands, low-temperature 31P NMR spectra were
then measured. The 31P NMR spectrum of 4(PF6)2 run at −80
°C contains three resolved broad peaks at δ 80.7, 85.3, and 94.8
(relative intensities 1:2:1, respectively), consistent with the
presence of only one product resulting from the initial (Cα +
Cγ) regioselective coupling as shown in Scheme 3. The more
intense signal at δ 85.3 can be assigned to the dppe phosphorus

Scheme 3. Synthesis of Tetraruthenium Complex 4(PF6)2
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atoms of the two −C2−Ru(dppe)Cp fragments. The peak
centered at δ 94.8 is assigned to the Ru(dppe)Cp directly
attached to the C4 ring;

31P NMR chemical shifts of the dppe
phosphorus atoms of similar ruthenium moieties attached to Cα
are centered in the δ 90−100 region.23 De facto, the last signal
at δ 80.7 is assigned to the fourth Ru(dppe)Cp fragment,
attached to the cyclobutene ring through the C4 chain.
In the 13C NMR spectrum, recorded at room temperature,

very weak and broad unresolved signals were observed at δ
227.81, 258.64, 226.10, 187.15, and 159.69, which could be
assigned to the Cα atoms directly attached to the Ru(dppe)Cp
centers, together with some sp carbons of the chains. Other
signals were found in the aromatic region as multiplets between
δ 125.59 and 143.39, which could be assigned to the phenyl
groups of the dppe ligands and some carbons of the C12 ligand.
The Cp carbon atoms were observed as four singlets (three
well-resolved) at δ 86.62, 87.04, 88.26 (br), and 89.49 for the
four different Ru(dppe)Cp fragments. In accord with the 1H
data, the chemical shifts of the Cp carbon atoms are between
those of neutral RuII(dppe)Cp and cationic [RuII(dppe)Cp]+

moieties. Finally, the CH2 groups of the dppe ligand were
observed as multiplets between δ 27.70 and 31.46. Additionally,
no sp carbon resonance was observed in the usual CC triple-
bond range.
The new tetranuclear dimer 4(PF6)2 was further charac-

terized by IR spectroscopy in solution (CH2Cl2) and in the
solid state (Nujol) in order to observe and hopefully assign the
different multiple bonds in the molecule. In the IR spectrum
recorded in Nujol, two νCC vibrations were observed at 2069
(m) and 1941 (s) cm−1, while the νP‑F band was displayed at
836 cm−1. Given the low symmetry of the molecule, the
presence of only two νCC bands in the IR spectrum is probably
indicative of a large delocalization of the charges on the whole
structure, in accord with the X-ray diffraction data (see below).
In contrast, the IR spectrum of a dichloromethane solution of
4(PF6)2 displays four absorption bands in the multiple carbon−
carbon bond stretching region: a medium band at 2072 cm−1

and three bands at 1984 (sh), 1960, and 1929 cm−1 (see
Figures S1 and S3 in the Supporting Information). Observation
of two additional bands in the spectrum run in solution is
consistent with the observation of the broad weak signal in the
31P NMR spectrum recorded at 20 °C, which was resolved in
the spectrum run at −80 °C (see above). In solution, the
Cp(dppe)Ru fragments freely rotate around the C4 ring and the
IR spectrum can sample all of the available conformations,
while the thermodynamically more stable conformer is
quenched in the solid state, as observed in the molecular
structure of 4(AsF6)2.
4. Molecular Structures of 3 and 4(AsF6)2. Suitable

crystals of 3 for X-ray analyses were obtained by slow diffusion
of hexane into a benzene solution. An ORTEP view of 3 is
illustrated in Figure 1, and key structural parameters are
collected in Table S1 in the Supporting Information (in
connection with section 5). The asymmetric unit contains one
molecule of 3 and half a molecule of benzene.
As expected, bond lengths in the Ru(dppe)Cp fragment are

typical, while angles confirm the pseudo-octahedral geometry of
the metal atoms. Distances along the carbon chain confirm its
hexatriynediyl nature with CC triple-bond lengths being
between 1.213(9) and 1.221(9) Å and C−C single-bond
distances being 1.385(9) and 1.376(10) Å. It is noteworthy that
the Ru−C6−Ru chain deviates significantly from linearity,
showing a symmetric “bow” conformation24 with the angle

between the Ru(1)−C(1) and C(6)−Ru(2) bond vectors being
34°, as illustrated in Figure 1.
Deep blue crystals of 4(AsF6)2 were obtained by slow

diffusion of benzene into a concentrated solution in dichloro-
methane, the more bulky (AsF6)

− anions facilitating crystal-
lization. However, the crystals were very prone to desolvation
when out of the mother liquor. An ORTEP view of the
asymmetric dication 4(AsF6)2 is shown in Figure 2, while

selected key parameters are collected in Table S2 in the
Supporting Information. The asymmetric unit consists of one
molecule of 4(AsF6)2, two molecules of dichloromethane, and
four and a half molecules of benzene.
The X-ray analysis confirmed that 4(AsF6)2 contains four

nonequivalent Ru(dppe)Cp fragments and one cyclobutene
center, as depicted in Scheme 3. The surprising asymmetric
geometry of the molecule established from the spectroscopic
data is confirmed: two metal fragments are attached to the
cyclobutene ring through C2 chains, while the two others are
connected either through a C4 chain or directly to the
cyclobutene center. The C4 ring slightly deviates from a perfect
square, with angles in the range of 86.4(5)−93.3(6)° (sum of
angles 360°) and C−C bond lengths between 1.452(10) and
1.507(10) Å. The three carbon chains Ru(1)−C(1−3), Ru(2)−
C(8−4), and Ru(4)−C(11−9) are nearly linear, with angles
being between 170.1(8) and 177.5(7)°, apart from the small
bending at the end of the C4 chain. The C12 ligand is
approximately planar, with the major bending at C(8): a plane

Figure 1. ORTEP representation of {Cp(dppe)Ru}2(μ-CCC
CCC) (3) at the 50% probability level. Hydrogen atoms and the
solvent molecule have been removed for clarity.

Figure 2. ORTEP representation of [{Cp(dppe)Ru}4{μ-C12}](AsF6)2
(4(AsF6)2) at the 50% probability level. Hydrogen atoms, phenyl
groups of the dppe ligand, AsF6

− anions, and solvent molecules have
been removed for clarity.
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through the atoms C(1−5) and C(9−12) shows deviations of
the other atoms C(6), C(7), and C(8) of 0.05(1), 0.17(1), and
0.34(1) Å, respectively. As expected, the four ruthenium atoms
adopt a pseudo-octahedral geometry; however, the angles
C(12)−Ru(3)−P(5) = 91.6(2)° and C(12)−Ru(3)−P(6) =
90.0(2)° at the Ru(3) atom are larger than in the other
Ru(dppe)Cp fragments. This is probably due to steric
hindrance (the Ru(3)(dppe)Cp fragment is directly attached
to the C4 ring). Distances in the four Ru(dppe)Cp fragments
are very similar, the Ru-P bond lengths being in the range
2.256(2)−2.293(2) Å, somewhat longer than in typical neutral
RuII(dppe)Cp complexes such as 3 (see above) and shorter
than those found in typical cationic [RuII(dppe)Cp]+

complexes (Ru−P ≈ 2.30 Å).25 Similarly, the Ru−C(chain)
bond lengths are between 1.916(8) and 1.948(7) Å, which lie
between typical [RuIIC(dppe)Cp]+ (∼1.85 Å) and RuII−
C(dppe)Cp (∼2.00 Å) distances. The C−C distances within
the carbon chains (two C2 and one C4) of the C12 ligand are
also very similar; the formal CC triple bonds are slightly
elongated (1.229(10)−1.254(11) Å), while the formal C−C
single bonds are slightly shortened (1.343(10)−1.382(10) Å).
Distances in the cyclobutene ring (range 1.452(10)−1.507(10)
Å) are also between CC double and C−C single bonds,
C(3)−C(12) = 1.507(10) Å corresponding to a C−C single
bond. The distances in the Ru(dppe)Cp fragments are between
typical RuII(dppe)Cp and [RuII(dppe)Cp]+ bond lengths and
together with the distances found in the C12 ligand indicate that
the positive charges are not localized on two metal centers, as
might be expected for an asymmetric complex, but are
delocalized on the whole molecule on the X-ray time scale.
This last observation makes it difficult to represent the bonding
of 4(AsF6)2 with a single Lewis formula; thus, it has been drawn
as fully delocalized in Scheme 3. The deviations from a plane of
best fit through the four Ru atoms are −0.199(1) and
−0.145(1) Å for Ru(1) and Ru(2), respectively, on one side
of the plane and 0.208(1) and 0.137(1) Å for Ru(3) and Ru(4),
respectively, on the other side, showing a small but significant
tetrahedral distortion. Apart from C(1) and C(2), all the
remaining carbon atoms of the cyclobutenediylidene ligand lie
on the Ru(3)/Ru(4) side of the Ru4 plane with deviations from
the plane ranging from 0.08 to 0.29(1) Å. The deviations of
C(1) and C(2) are −0.05 and −0.01(1) Å, respectively.
5. Proposed Mechanism for the Formation of 42+. In

order to better understand the formation of the new
tetrametallic compound 4(XF6)2 (X = P, As), the bimetallic
precursor 3 and its related MV complex 3+ were first optimized
at the DFT level of theory (see Computational Details). The
resulting geometrical data are provided in the Supporting
Information (Table S1). The optimized bond lengths compare
rather well with the available experimental values. In 3, the Ru−
C and CC distances are slightly overestimated by 0.025 and
0.030 Å, respectively, whereas the single C−C bonds are
computed shorter by 0.033 Å in comparison to the X-ray data.
As already found in previous theoretical studies,15,17 the largest
discrepancy is found for the Ru−Cp and Ru−P bond lengths,
which are overestimated by 0.13 and 0.05 Å, respectively. Upon
oxidation, the Ru−C distances strongly decrease from 2.021 to
1.996 Å, when going from 3 to 3+, respectively. To a lesser
extent, a shortening of the single C−C bonds (0.026 Å) and a
lengthening of the triple CC bonds (0.016 Å) are also
observed upon the oxidation of 3, leading to a carbon spacer
with a greater cumulenic character. In agreement with these
geometrical changes, a decrease of the νCC stretching modes

is observed upon oxidation (Table S1). These trends are
commonly observed for these polyynediyl complexes and can
be understood with a glance at the nodal properties of their first
highest occupied molecular orbitals (HOMOs). As previously
detailed for related bimetallic systems,12 the first HOMOs of 3
are fully delocalized all over the Ru−C6−Ru backbone and are
π type in character. Furthermore, they are antibonding along
the Ru−C and C−C single bonds and bonding along the CC
triple bonds (see Figure S1 in the Supporting Information).
The spatial spin distribution calculated for the cationic

complex 3+ is pictured in Figure 3. The largest values of the

atomic spin density are found on the ruthenium atoms (0.17 e
per metal). However, the spin density is also largely distributed
all over the carbon linker with substantial atomic spin densities
located on Cα (0.12 e) and to a lesser extent on Cβ (0.08 e) and
Cγ (0.09 e). This spin-density distribution is consistent with the
computed EPR properties of 3+, with g1 = 2.386, g2 = 2.004, and
g3 = 1.950, corresponding to an unpaired electron mainly
localized on the metallic fragments.17

The distribution of the spin density in 3+ allows us to
tentatively propose a mechanism for the formation of the
tetrametallic complex 42+. Indeed, the strong delocalization of
the spin density over the entire metal−bridge−metal skeleton
in 3+ must strongly increase its reactivity and suggests that
several routes are electronically possible for a radical coupling
process. However, as previously shown for the dimerization of
related arylalkynyl−metal complexes, the (Ru + Ru) and (Cα +
Cα) radical coupling processes are strongly disfavored due to
the steric protection of the bulky dppe ligands.15 Consequently,
the most plausible routes to consider are those of (Cγ + Cγ) and
(Cα + Cγ) coupling, which result in the formation of symmetric
and asymmetric tetrametallic products respectively (routes A
and B in Scheme 4).
Surprisingly enough, only the asymmetric tetrametallic

isomer (formed by route B) is found experimentally. This

Figure 3. Spatial distribution of the computed spin density of 3+

(isocontour value ±0.005 e/bohr3). Atomic spin densities (electrons)
are given.

Scheme 4. Radical Coupling of {[Ru]−(CC)3−[Ru]}+
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result may appear counterintuitive at first sight and suggests
that the dimerization process of 3+, and thus the formation of
42+, is controlled by a balance of steric and electronic factors
which in combination favors (Cα + Cγ) radical coupling.
Indeed, (Cα + Cα) coupling should be electronically preferred,
whereas (Cγ + Cγ) coupling should be sterically favored.
6. Electronic Properties of 4n+ (n = 1−3). DFT

calculations were carried out on 42+ to characterize its
electronic properties. Metrics optimized for its singlet spin
configuration, given in the Supporting Information, reproduce
satisfactorily the values experimentally measured for 4(AsF6)2.
The calculated Ru−Cp(centroid) and Ru−P distances are
somewhat overestimated with respect to the experimental
distances by 0.12 and 0.06 Å, respectively. The Ru−C distances
are also computed to be slightly longer than the experimental
distances, by 0.06, 0.03, 0.06, and 0.05 Å for the Ru(1)−C(1),
Ru(2)−C(8), Ru(3)−C(12), and Ru(4)−C(11) bond lengths,
respectively. A better agreement is found for the distances of
the carbon bridge. The slight distortion of the central carbon
square is well reproduced, with two short bonds (C(3)−C(9)
and C(4)−C(9)) of 1.465 Å and two slightly longer bonds
(C(3)−C(12) and C(4)−C(12)) of 1.497 and 1.484 Å,
respectively. This distortion is mainly due to the steric
hindrance of the ruthenium fragment directly bonded to the
square. Finally, the {−C(4)−C(5)C(6)−C(7)C(8)−
Ru(2)} chain is computed to have a more important cumulenic
character than in the X-ray structure of 4(AsF6)2, with the
single and triple bonds computed to be shorter and longer by
0.02 Å.
Oxidation of 42+ leads to some modification of the metal−

ligand distances. Indeed, the Ru−P bond lengths in 43+

lengthen by 0.02 Å. The Ru−C distances are also affected
upon oxidation with the Ru(1)−C(1), Ru(2)−C(8), Ru(3)−
C(12), and Ru(4)−C(11) bond lengths computed to be
shorter by 0.02 Å than in 42+. To a lesser extent, the single C−
C bonds are found to be slightly shorter and the triple CC
bonds slightly longer in the tricationic system.
In the reduced species 4+, the metallic fragments are affected

differently. Indeed, the Ru(1)−C(1) and Ru(2)−C(8)
distances are computed to be longer by 0.04 Å in comparison
to the dicationic complex, whereas the Ru(3)−C(12) and
Ru(4)−C(11) distances are lengthened by only 0.01 Å. The
carbon skeleton is also affected. The single and triple C−C
bonds are computed to be slightly longer and shorter in the
monocationic than in the dicationic species. Moreover, the
bond lengths in the central carbon square are strongly modified
upon reduction, with a lengthening of 0.02 Å of the C(3)−
C(12) and C(4)−C(9) distances and a shortening of 0.03 Å of
the C(3)−C(9) and C(4)−C(12) distances. These geometrical
changes suggest that, upon oxidation of 42+, both the ruthenium
centers and the C12 carbon backbone should be affected,
whereas its reduction should be mainly centered on the
Ru(1)−carbon−Ru(4) string and on the central carbon square.
Examination of the first frontier molecular orbitals of 42+,

plotted in Figure 4, can be informative and helps to rationalize
the geometrical changes observed upon the reduction and
oxidation of 42+. A large HOMO−LUMO energy gap (ca. 1.10
eV) is computed for 42+. This confirms the thermodynamic
stability of this complex in its singlet state electronic
configuration. A Mulliken atomic decomposition analysis of
the HOMO and HOMO-1 of 42+, given in Table S3 in the
Supporting Information, reveals delocalization over the entire
Ru4−C12 skeleton, almost equally distributed over the metal

and carbon atoms (see Figure 4, bottom). They are π type in
character and antibonding between the ruthenium atoms and
the adjacent carbon atoms. They are also bonding between the
carbon atoms C(1) and C(2), C(9) and C(10), C(7) and C(8),
and C(10) and C(11). Their partial depopulation upon
oxidation will affect the whole backbone, as computationally
observed (see above).
As can be seen at the top of Figure 4, the LUMO and LUMO

+1 of 42+ are π-type in character and are heavily weighted on
the carbon chain (75 and 69%, respectively) and to a lesser
extent on the metal atoms (14 and 21%, respectively). As
previously observed for analogous bimetallic systems, these two
MOs are reminiscent of the two π* MOs of the cyclobutadiene
dication (C4H4)

2+.15 This explains the change in the C−C
distances of the square upon reduction.
The spatial distributions of the spin density of 4+ and 43+ are

shown in Figure 5 (for a detailed atomic spin density

distribution, see Table S4 in the Supporting Information). In
agreement with the previous description of the HOMOs and
LUMOs of 42+, the unpaired electron in the monocationic
species 4+ is delocalized over the Ru1−Ru2 axis with the largest
atomic spin densities found on atoms C(3) and C(4) of the
carbon square: 0.24 and 0.29 e, respectively. In contrast, in the
tricationic complex 43+, the spin density is mainly localized on
the ruthenium centers with 0.13 e on each of the metal atoms.

Figure 4. Contour plots, energies (eV), and Ru4/C12 percentage
contributions of the first HOMOs and LUMOs of 42+ (isocontour
value ±0.03 [e/bohr3]1/2).

Figure 5. Spatial distribution of the computed spin density of 4+ (left)
and 43+ (right). Isocontour value: ± 0.004 e/bohr3.
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The first excitation energies were computed using the TD-
DFT approach for the dicationic complex 42+. The most
intense electronic excitations (oscillator strength f ≥ 0.05) are
given in Table S5 in the Supporting Information. Among them,
one is computed at 11490 cm−1 (870 nm, f = 0.10) and
corresponds to a metal to ligand charge transfer (MLCT)
involving transitions from dπ/π type orbitals (including the
HOMO) of the alkynyl−ruthenium fragments to the π* type
orbitals of the carbon bridge (including the LUMO). A set of
two similar intense excitations, at 15962 (626 nm, f = 0.33) and
16626 cm−1 (601 nm, f = 0.31) is also computed, likewise
corresponding to an MLCT involving transitions from the
ruthenium-centered HOMO-4 and HOMO-7 orbitals to the
delocalized LUMO. A less intense MLCT excitation is
computed at 20236 cm−1 (494 nm, f = 0.11) involving
transitions from metal−alkynyl-based MOs to dppe localized
MOs.
Finally, we may wonder, what is the disposition of the two

holes in 42+? Do the holes have a cis or a trans disposition? The
latter is required both for QCA and for the minimization of the
Coulombic repulsion. If the “kink” energy, i.e., energy
difference between the cis and trans arrangements of the
holes, is too small relative to the thermal energy at the
temperature of QCA operation, the binary signal transmitted
through the cells will become garbled. A glance at the Mulliken
atomic net charges indicates unfortunately that the four Ru
atoms are identically positively charged (ca. +1). The excess of
positive charge is compensated by adjacent negatively charged
carbon atoms (see Figure S2 in the Supporting Information).
As a consequence of the coupling mechanism, the new

complex 4(PF6)2 is not a symmetric square molecule. Indeed,
DFT calculations on a putative symmetric isomer (52+; Scheme
S1 in the Supporting Information), resulting from a (Cγ−Cγ)
coupling of 3+, indicate that it is slightly more thermodynami-
cally stable than the asymmetric compound 42+ by 5.3 kcal/mol
and displays comparable geometrical and electronic properties
(HOMO−LUMO gap of 1.28 eV; see Table S6 in the
Supporting Information).
7. Redox Properties of 4(PF6)2. The electrochemical

behavior of the tetraruthenium complex 4(PF6)2 was studied to
determine its redox potentials and, hence, the chemical
accessibility of the different redox states. The initial scan in
the cyclic voltammogram of this complex in the range −1.60 to
+1.50 V (vs the saturated calomel electrode (SCE)) is
characterized by four reversible waves with the same intensity
for all of them (Figure 6). This indicates that, as the potential
decreases from 0.30 to −1.60 V, the dicationic complex 4(PF6)2

undergoes two successive one-electron reductions to form the
monocation 4(PF6) and the neutral complex 4, in the vicinity
of the electrode. In contrast, when the potential increases from
0.30 to 1.50 V, the dication is subject to two one-electron
oxidations to generate the tri- and tetracationic species 4(PF6)3
and 4(PF6)4, respectively. In total, the complex 4(PF6)n can be
found in five different oxidation states (0 ≤ n ≤ 4). The redox
potentials are collected in Table 1 with those of the binuclear
parent 3.

Comparison of the potentials of the redox couples 30/+ and
3+/2+ with those of 40/+ and 4+/2+, for which the two
compounds are bearing the same number of charges, strongly
suggests that the frontier orbitals in these two compounds differ
in energies and metal vs carbon bridge contributions. The
HOMO involved in the oxidation processes of 4(PF6)2 should
be Ru4C12 centered, while the LUMO involved in the reduction
should mainly be bridge centered. This is in agreement with
DFT calculations (see above).
The potential differences between the redox couples 40/4+

and 4+/42+ (ΔE° = E°1 − E°2 = 1.27 V), on one hand, and 4+/
42+ and 42+/43+ (ΔE° = E°2 − E°3 = 1.33 V), on the other hand,
are very large. The corresponding comproportionation
constants are huge (Kc1 = 1.1 × 1013, Kc2 = 3.5 × 1022),
indicating that in each redox state the compound is
thermodynamically very stable with respect to charge
disproportionation. This property constitutes an important
requirement in the QCA quest.

8. Spectroelectrochemistry of 4(PF6)2. Guided by the
electrochemical observations on 4(PF6)2, attempts to access the
40, 4+, 43+, and 44+ species from 42+ by chemical means, using
CoCp2 and Ag(PF6) as the reducing and oxidizing agents,26

respectively, were carried out. Unfortunately, these attempts
were unsuccessful, due to partial decomposition of the
products.
IR, UV−vis, and near-IR spectra of the compounds 4(PF6)n

were independently collected using spectroelectrochemical
methods (dichloromethane, 0.1 M [Bun4N]PF6). The starting
compound being 4(PF6)2, references to reduction and
oxidation in the following are based on this initial +2 charge
state. The spectra are provided in the Supporting Information
(Figures S3−S9), and IR frequencies are summarized in Table
2. The IR spectra collected during the reduction cycle (42+ →

Figure 6. Cyclic voltammogram of 4(PF6)2 (10−3 M solution in
CH2Cl2 at 298 K, 0.1 M [Bun4N]PF6, scan rate 0.100 V s−1).

Table 1. Redox Potentials for 3 and 4(PF6)2
a

compd E01 E0
2 E03 E04

3 −0.01 0.45 1.11
4(PF6)2 −1.42 −0.65 0.68 0.89

aPotentials in CH2Cl2 (0.1 M [Bun4N](PF6), 25 °C, platinum
electrode, sweep rate 0.100 V s−1) are given in V vs SCE; the
ferrocene−ferrocenium couple (0.460 V vs SCE) was used as an
internal reference for the potential measurements.

Table 2. Infrared Data in the 1700−2200 cm−1 Range for
4(PF6)n (n = 1−4) in CH2Cl2 at 298 K, 0.1 M [Bun4N]PF6

n ν1 ν2 ν3 ν4 ν5

1 1985
2 2072 1984 (sh) 1960 1929
3 2064 1920 1890 (sh)
4 1977
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4+ → 40 → 4+ → 42+) show that these processes are far from
chemically reversible. In particular, the reduction of 4+ leads to
a loss of all characteristic absorptions in the 2200−1700 cm−1

spectral range, indicative of decomposition in the spectroelec-
trochemical cell (Figures S3 and S4). However, the 42+ → 4+ →
42+ cycle is rapid and reversible, and the absorption at 1985
cm−1 may be regarded as a characteristic νCC stretching mode
of 4(PF6). The significant spectral change on reduction of 42+

to 4+ can be regarded as an indicator that any structural
rearrangements are primarily localized to the C12 ligand
bridging the ruthenium centers. The significant spectral
modification upon reduction indicates that the structural
reorganization mainly concerns the C12 ligand which binds
the four ruthenium atoms. As the νCC frequency increases upon
reduction, the CC bond distance in 4(PF6) is expected to be
shorter than in 4(PF6)2, in accord with the calculations.
However, when a constant potential is applied, 4(PF6) is
allowed to sit in the cell and over time a transformation takes
place, providing a species denoted 4′(PF6). The monocationic
species 4(PF6) and 4′(PF6) have nearly identical IR spectra,
and conversion is only seen convincingly in the corresponding
UV−vis spectra (see below). The similarity of the IR spectra of
the two monocations argues for a limited change in the
molecular structure, and thus the structural change may be due
more probably to relative orientations of the Cp(dppe)Ru
moieties or eventually the opening of the cyclobutene ring.
Nevertheless, as 4(PF6)2 can be regenerated from either 4(PF6)
and 4′(PF6) by a reversible oxidation, the integrity of the
backbone of the molecule is likely preserved.
The redox cycle 42+ → 43+ → 44+ → 43+ → 42+ is essentially

reversible, with almost complete recovery of the initial IR
spectrum, indicating little decomposition of the sample during
the redox cycle over ca. 12 h at 20 °C in the
spectroelectrochemical cell. Clearly, there is a small pro-
nounced red shift of the νCC frequencies, indicating a reduced
bond order upon oxidation and consequently some C−C bond
lengthening (Figure S4 in the Supporting Information). This
suggests that the holes generated by oxidation are associated
with the HOMO, which is extensively delocalized over the
Ru4C12 backbone and somewhat antibonding between the
triply-bonded carbon atoms (see above).
The UV−vis spectrum of 4(PF6)2 is dominated by two

intense bands at 16640 cm−1 (601 nm, ε = 17600 M−1 dm3)
and 12060 cm−1 (830 nm, ε = 20200 M−1 dm3) and a weaker
feature at 21460 cm−1 (466 nm, ε = 5460 M−1 dm3, Figure S6
in the Supporting Information). The two intense low-energy
bands observed in the visible range which are responsible for
the deep blue color of the complex can be tentatively assigned
to the electronic excitations involving mostly HOMO-n to
LUMO MLCT transitions which are computed for 42+ (see
above). Accordingly, these bands almost disappear upon the
sequential reduction of 4(PF6)2 into 4(PF6) and then to 4
(Figure S6). Alternately, if 4(PF6) is allowed to stay in the cell
at a constant applied potential, then a spectral progression is
observed with conversion of 4(PF6) to 4′(PF6) (see Figure S7
in the Supporting Information). The species 4′(PF6) can be
reoxidized to 4(PF6)2, although due to the time scale of the
experiment we are unable to confirm whether this reoxidation
occurs through 4(PF6).
On the other hand, oxidation of 4(PF6)2 to 4(PF6)3 causes a

small red shift of the three lowest-energy bands present in the
visible range and a splitting of the band near 16600 cm−1

(Figure S8 in the Supporting Information). In contrast, on

further oxidation of 4(PF6)3 to 4(PF6)4 a significant blue shift
was observed (Figure S8). Moreover, the intensity of the bands
decreases upon oxidation. These observations are consistent
with the assignment of these bands to electronic excitations
involving mostly HOMO-n to LUMO transitions which are
computed for 42+ (see above). They also suggest that several
HOMO-n levels are rather close in energy.
While complexes 4(PF6)n (n = 0, 1, 2, 4) are fully transparent

in the near-IR range between 4000 and 9000 cm−1, the near-IR
spectrum of the trication 4(PF6)3 displays two bands of very
weak intensity at 5600 cm−1 (ε < 100 M−1 dm3) and 6800 cm−1

(ε = ca. 100 M−1 dm3; Figure S9 in the Supporting
Information). Due to the low intensity of these absorptions,
the corresponding transitions are likely forbidden and thus
unlikely to bear any metal−metal or metal−ligand charge-
transfer character. These absorptions are instead tentatively
assigned to forbidden ligand-field transitions, similar to those
previously observed in Ru(III) and Fe(III) analogues.20,27

■ CONCLUSION
In this contribution, we have reported the synthesis and
characterization of the bis(ruthenium)hexatriynediyl {Cp-
(dppe)Ru}2(μ-CCCCCC) (3). Despite a large com-
proportionation constant determined from voltammetry experi-
ments, thus establishing the thermodynamic stability of 3+, the
mixed-valent radical cation could not be isolated. In situ EPR
characterization of 3(PF6) confirmed full delocalization and
thus classification as a Robin−Day class III complex, although
the compound is kinetically unstable above −10 °C. The
tetraruthenium complex 4(PF6)2 is formed, in essentially
quantitative yield, through an intermolecular radical coupling
mechanism uniquely involving the all-carbon hexatriynediyl
bridge spanning the two ruthenium termini of 3+. The reaction
is regiospecific for the asymmetric isomer, resulting from
sequential (Cα + Cγ) coupling followed by (Cβ + Cδ) coupling
to close the cyclobutene ring. The alternate symmetric isomer,
resulting from a less sterically hindered (Cγ + Cγ) coupling, was
not identified in crude reaction mixtures. DFT calculations on
3+ indicate this is likely a consequence of insufficient spin
density at the central CC triple bond. Increasing the steric
bulk about the CαCβ bond by exchange of the Cp ligand with
Cp* prevents this intermolecular dimerization of the mixed-
valence hexadiyndiyl complex and will be the subject of a future
report.
As a consequence of the coupling mechanism, the new

complex 4(PF6)2 is not a symmetric square molecule.
Nevertheless, this contribution constitutes a proof of concept
that activation of polyynediyl complexes containing an odd
number of carbon−carbon triple bonds may selectively give rise
to tetranuclear complexes and, provided that the regioselectivity
can be efficiently controlled, symmetric square molecules could
be obtained following this strategy.
At this stage, it cannot be concluded that the fully electron

delocalized compound 4(PF6)2 is an optimized model of
molecular QCA. However, as this compound is very stable with
respect to charge disproportionation, it could be of interest to
investigate how it could be possible to favor charge separation
with respect to charge delocalization in this arrangement.
Indeed, charge localization in such compounds may occur at
the molecular level with PF6

− counterions in the vicinity and/or
“collectively” as long as the field of the adjacent molecule is
sufficient to break the symmetry of the two quantum wells so
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that the odd electrons (holes) localize in the well of lower
energy.

■ EXPERIMENTAL SECTION
General Data. All manipulations of air-sensitive compounds were

performed under an argon atmosphere using standard Schlenk
techniques or in an argon-filled Jacomex 532 drybox. Tetrahydrofuran
(THF), diethyl ether, toluene, and pentane were dried and
deoxygenated by distillation from sodium/benzophenone ketyl.
Acetone was distilled from P2O5. Dichloromethane and dichloroethane
were distilled under argon from P2O5 and then from Na2CO3.
Methanol was distilled from dried magnesium turnings. Potassium tert-
butoxide (ACROS) was used without further purification. Me3Si(C
C)3SiMe3,

28 [FeCp2](PF6),
26 and Cp(dppe)RuCl29 were prepared

using reported procedures. Infrared spectra were obtained in KBr disks
with a Bruker IFS28 FTIR infrared spectrophotometer (4000−400
cm−1). UV−visible spectra were recorded on a Varian CARY 5000
spectrometer. 1H, 13C, and 31P NMR spectra were recorded on Bruker
AVIII 400 and AVIII 500 NMR multinuclear spectrometers at ambient
temperature, unless otherwise noted. Chemical shifts are reported in
ppm (δ) relative to tetramethylsilane, using the residual solvent
resonances as internal references. Coupling constants (J) are reported
in Hertz (Hz). High-resolution mass spectra (HRMS) were recorded
with a high-resolution HP 5971/A/5890-II GC/MS spectrometer
operating in the ESI+ mode, at the Centre Reǵional de Mesures
Physiques de l’Ouest (CRMPO), Rennes, France, or with a Bruker
MicroTOF spectrometer at the University of Waikato, Hamilton, New
Zealand. Polyethylene glycol (PEG) was used as an internal reference,
and dichloromethane was used as the solvent. All mass measurements
refer to peaks for the most abundant isotopic combination (1H, 12C,
31P, 102Ru). EPR spectra were recorded on a Bruker EMX-8/2.7 (X-
band) spectrometer. Elemental analyses were conducted on a Thermo-
FINNIGAN Flash EA 1112 CHNS/O analyzer by the Microanalytical
Service of the CRMPO at the University of Rennes 1, Rennes, France,
and at Campbell Microanalytical Laboratory, Dunedin, New Zealand.
X-ray Crystallography. Crystallographic data for the structures

were collected at 100(2) K on an Oxford Diffraction Xcalibur
diffractometer fitted with Mo Kα radiation (λ = 0.71073 Å) for
compound 3 and an Oxford Diffraction Gemini diffractometer fitted
with Cu Kα radiation (λ = 1.54178 Å) for 4[AsF6]. Following
analytical absorption corrections and solution by direct methods, the
structures were refined against F2 with full-matrix least squares using
the program SHELXL-97.30,31 For 3, one solvent benzene molecule
was found to be disordered over two sites. A second solvent site was
modeled as being partially occupied by both benzene and CH2Cl2
molecules. Site occupancies of disordered molecules were set at 0.5
after trial refinement, with their geometries restrained to ideal values.
For 4[AsF6], the atoms of one dppe ligand and one Ph ring of the
other dppe ligand were found to be disordered over two sets of sites
corresponding to the two possible configurations of the ethylene
bridge. Site occupancies were set at 0.5 after trial refinement.
Compound 3: C71H61P4Ru2, M = 1240.22, tetragonal, P4/n, a =

35.6390(18) Å, c = 9.3223(8) Å, V = 11840.6(13) Å3, Z = 8, dcalcd =
1.391 Mg/m3, μ = 0.660 mm−1, crystal size 0.16 × 0.14 × 0.10 mm3,
82455 reflections collected, 13367 independent reflections (R(int) =
0.1094), 2θmax= 55.6°, S = 0.943, final R indices (I > 2σ(I)) R1 =
0.0718 and wR2 = 0.1600, R indices (all data) R1 = 0.1514 and wR2 =
0.1915, Δρmin/max = 2.052/−0.696 e Å−3.
Compound 4[AsF6]: C165H147As2Cl4F12P8Ru4, M = 3301.51,

triclinic, P1 ̅, a = 17.2467(7) Å, b = 20.2846(7) Å, c = 22.0628(9) Å,
α = 98.452(3)°, β = 94.541(4)°, γ = 95.517(3)°, V = 7565.1(5) Å3, Z
= 2, dcalcd = 1.449 Mg/mm3, μ = 5.644 mm−1, crystal size 0.25 × 0.13 ×
0.05 mm3, 105301 reflections collected, 26859independent reflections
(R(int) = 0.0798), 2θmax= 134.5°, S = 1.010, final R indices (I > 2σ(I))
R1 = 0.0767 and wR2 = 0.2050, R indices (all data) R1 = 0.1067 and
wR2 = 0.2213, Δρmin/max = 4.723/−0.904 e Å−3.
Spectroelectrochemical Measurements. Spectroelectrochemi-

cal measurements were made in an OTTLE cell of Hartl design32 from
CH2Cl2 solutions containing 0.1 M NBu4(PF6) electrolyte. The cell

was filled in an inert-atmosphere dry box (Innovative Technology)
before being fitted into the sample compartment of a Thermo
Scientific 6700 FT-IR/near-IR or Thermo Scientific Evolution Array
UV−vis spectrometer. Bulk electrolysis was performed with a home-
built potentiostat.

Computational Details. DFT calculations were performed using
the ADF2010.02 (Amsterdam Density Functional) package.33,34

Geometries of the bimetallic complexes 3 and 3+ and the tetrametallic
compounds 4n+ (n = 1−3) were fully optimized using convergence
criteria more drastic than default criteria (energy change <0.0005
hartree, atomic position displacement <0.005 Å). Electron correlation
was treated within the local density approximation (LDA) in the
Vosko−Wilk−Nusair parametrization.35 The nonlocal corrections
(GGA) of Becke and Perdew (BP86) were added to the exchange
and correlation energies, respectively.36 The analytical gradient
method implemented by Versluis and Ziegler was used.37 Spin
unrestricted calculations were performed for all the open-shell systems
considered. The standard ADF TZP basis set was used for these
geometry optimizations and corresponds, explicitly, to a triple-ξ STO
basis set for the valence core, augmented with a 2p polarization
function for H, a 3d polarization function for C and P, and a 5p
polarization function for Ru. Orbitals up to 1s, 2p, and 4p were kept
frozen for C, P, and Ru, respectively. The bonding energies and
Cartesian coordinates of each structure are given in Table S6 in the
Supporting Information. Computed EPR properties of 3+ were
performed using the ESR procedure developed by van Lenthe and
co-workers.38 The g-tensor components were obtained from self-
consistent spin-restricted DFT calculations after incorporating the
relativistic spin−orbit coupling by first-order perturbation theory from
a ZORA Hamiltonian.39,40 Calculations did not take spin-polarization
effects into account. For these calculations, the nonlocal corrections of
Adamo−Barone and of Perdew−Burke−Ernzerhof (mPBE) were
added to the exchange and correlation energies, respectively.41 The
first electronic excitation energies of 42+ were calculated using the
time-dependent density functional theory (TD-DFT) approach
implemented in the ADF package by van Gisbergen and co-workers.39

In this case, the functional mPBE was used. Molecular orbitals were
plotted with the ADF-GUI package.34

Synthesis of {Cp(dppe)Ru}(μ-CCCCCC) (3). A meth-
anolic (25 mL) suspension of RuCl(dppe)Cp (3; 0.200 g, 0.33 mmol),
Me3SiCCCCCCSiMe3 (0.073 g, 0.33 mmol), and KF (0.039 g,
0.67 mmol) was heated under reflux for 1 h, after which the mixture
was cooled. The yellow precipitate was filtered off and washed with
cold MeOH (3 × 10 mL) to give 3 (0.158 g, 0.264 mmol, 80%). Anal.
Calcd (C68H58P4Ru2·0.5C6H6): C, 68.76; H, 4.96. Found: C, 68.97; H,
5.16. IR (CH2Cl2): νCC 2063 cm−1. 1H NMR (C6D6): δ 1.84−1.87,
2.43−2.46 (2 × m, 2 × 2H, 2 × CH2), 4.56 (s, 5H, Cp), 6.85−7.90
(m, 40H, Ph). 13C NMR (C6D6): δ 28.23−28.53 (m, dppe), 83.16 (s,
C5H5), 96.93 (s), 102.64 (t, Ru-C, 2JCP = 28 Hz), 127.55−142.91
(m, Ph). 31P NMR (C6D6): δ 85.8. ES-MS (positive ion mode,
MeOH-NaOMe, m/z): 1202 [M]+.

Synthesis of [{Cp(dppe)Ru}4{μ-C12}](PF6)2 (4(PF6)2). {Ru-
(dppe)Cp}2(μ-CCCCCC) (4; 0.060 g, 0.05 mmol) and
[FeCp2]PF6 (0.016 g, 0.05 mmol) were dissolved in 6 mL of THF
at −78 °C, upon which the color changed immediately from yellow to
deep red. After it was stirred for 1 h at −78 °C, the solution was slowly
warmed to room temperature over a period of 5 h. When the
temperature reached −10 °C, the solution changed from deep red to
deep blue. After the mixture was stirred for 1 h at room temperature,
hexane (50 mL) was added and the resulting precipitate was filtered
off and washed with hexane (2 × 15 mL) to give [{Ru(dppe)Cp}4{μ-
C12}][PF6]2 (4(PF6)2; 0.062 g, 0.046 mmol, 92%) as a deep blue
powder. Anal. Calcd for C136H116F12P10Ru4: C, 60.67; H, 4.34. Found:
C, 60.83; H, 4.44. IR (Nujol): νCC 2069, ν(CCC) 1941, ν(C
C) 1505, ν(P−F) 836 cm−1. 1H NMR (d6-acetone, 300 MHz): δ 2.62,
3.08 (2 × m, 2 × 8H, 2 × CH2), 4.86 (s, 5H, Cp), 5.15 (s, 5H, Cp),
5.20 (s, 5H, Cp), 5.64 (s, 5H, Cp), 7.01−8.01 (m, 80H, Ph). 13C NMR
(d6-acetone, 150 MHz, ppm): δ 29.11−30.00 (m, dppe), 86.62 (s,
C5H5), 87.04 (s, C5H5), 88.26 (s, C5H5), 89.49 (s, C5H5), 125.59−
143.39 (m, Ph and Cchain), 159.69, 187.15, 226.10, 258.64, 227.81 (5 ×
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s(br), Cα and Cchain).
31P NMR (d6-acetone, 121 MHz): δ 80.7 (broad,

2P), 85.3 (broad, 4P), 94.8 (broad, 2P), −143.2 (septet, JPF = 710 Hz,
PF6). ES-MS (m/z): calcd for C136H116P8Ru4 1201.661, found
1201.740 [M]2+.
Synthesis of [{Cp(dppe)Ru}4{μ-C12}](AsF6)2 (4(AsF6)2). [{Cp-

(dppe)Ru}4{μ-C12}](PF6)2 (4(PF6)2; 0.060 g, 0.04 mmol) and 100
equiv of KAsF6 (0.916 g, 4.00 mmol) were dissolved in acetone. After
the solution was stirred for 10 min, the solvent was removed to
dryness. Extraction with CH2Cl2 (3 × 5 mL) provided 4(AsF6)2 as a
deep blue powder (0.063 g, 0.04 mmol, 95%). IR and 31P NMR
spectra confirm the absence of the PF6 anion in the product. Single
crystals suitable for XRD were grown by slow diffusion of benzene in
solutions of 4(AsF6)2 in dichloromethane.

■ ASSOCIATED CONTENT
*S Supporting Information
Contour plots and energies of the frontier orbitals of 3 (Table
S1), IR and UV−vis spectra of the reduction and oxidation
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The structure and coordinative self-assembly of films
based on a palladium compound of pyridyl-acetylene
platinum and its application in Suzuki and Heck
coupling reactions†

Xing Li,*ab Xiuhua Zhao,a Shuiying Gao,*b Santiago Marqués-González,c

Dmitry S. Yufit,c Judith A. K. Howard,c Paul J. Low,*c Yayun Zhao,a Ning Gana

and Zhiyong Guoa

The platinum complex [Pt2(C^CPy)2(dppm)2] (Py ¼ 4-pyridyl, dppm ¼ bis(diphenylphosphino)methane) 1
has been prepared and characterized. Single crystal X-ray diffraction analysis reveals that the Pt2(C^CPy)2
fragment of 1 exhibits an approximately linear molecular geometry, in which the Pt–Pt bond may be
considered as having been inserted within the delocalized p-electron system of the 1,4-bis(40-pyridyl)
buta-1,3-diyne. The ability of the two terminal pyridyl nitrogen atoms of 1 to coordinate to other metal
centers has enabled the use of 1 as a linking ligand in the layer-by-layer (LbL) growth of heterometallic
films. The self-assembly behavior of 1 with Pd(II), supported by chloride counter ions, on
poly(ethylenimine) (PEI) functionalized solid surfaces has been investigated. The resulting multilayer
films of general composition and form (PdCl2/1)n have been characterized using UV-vis absorption
spectroscopy, atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS). On the basis
of the UV-vis spectroscopic data, it was shown that the (PdCl2/1)n multilayer films could be grown in a
regular fashion, with film thickness increasing linearly with increasing deposition of the metal–ligand
bilayers. Consistent with this metal ion dependent LbL growth, AFM images of the multilayer films
exhibited island-shaped nanostructures with a mean diameter of about 25 nm. The catalytic properties
of the (PdCl2/1)n multilayers were investigated, and (PdCl2/1)n film-loaded slides were used as a catalyst
reservoir capable of liberating catalytic amounts of a highly active Pd species, which was suitable for
promoting C–C bond formations. The catalyst loading was as low as 2.76 " 10#6 mol% and gave high
yields. The LbL catalyst and the technology presented in this work, show distinctive features that include
extraordinarily low loading and high catalytic active characteristics.

1 Introduction

The identication of ‘self-assembly’methods for the fabrication
of discrete molecular species, extended frameworks and surface
conned monolayers from smaller molecular building blocks
through careful choice of mutually compatible intercomponent
recognition sites has seen the development of an entire eld of

supramolecular chemistry.1 Similar concepts, involving the
manipulation of strong molecule–surface interactions, have
provided methods for the facile fabrication of low defect
molecular lms on a wide range of surfaces through the choice
of an appropriate surface contacting group.2 Transition-metal
coordination chemistry provides an exciting range of opportu-
nities for the preparation of self-assembled lms and multi-
layers structures on surfaces,3 with exquisite control over the
lm thickness, composition and morphology through choice of
both the metal and nature of the supporting and bridging
ligands. The use of linear, ditopic ligands permits the
construction of multi-layer lms in a step wise fashion, and this
layer-by-layer (LbL) technology has become a popular technique
for thin lm preparation because of its simplicity, robustness,
and versatility.4 These coordination-based mono- and multi-
layer self-assembled lms are prepared by the alternating
adsorption of organic ligand and metal ion layers onto solid
substrates, and as such the robustness and morphology of the
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lms depends on both the ligand–substrate and the metal ion–
ligand interactions.5 A wide variety of self-assembled multilayer
containing metal ions have now been prepared by these
‘synthesis on the surface’ methods,6 exploiting ligands such as
bis(phosphonate)s,6a pyrazines with Ru2+,6b dithiols with Cu2+,6c

diamines with Ru2+,6d and diisocyanides with Co2+.6e Recently,
palladium–ligandmultilayered lms were successfully prepared
by the alternating adsorption of an organic ligand, such as
bridging 4,40-bipyridine, and a palladium ion layer onto a solid
slide.7

Within the eld of supramolecular chemistry, the use of
metalloligands as supports for the assembly of larger structures
is perhaps most widely represented by the use of poly-
cyanometallates in the fabrication of Prussian Blue analogues,8

although the fabrication of larger molecular structures using
the covalent assembly of metal complex building blocks is also
known.9 Metal complexes based on the Pt–acetylide moiety are
potential candidates for use in the assembly of functionalized
supramolecular compounds, due to their robust chemical
structures and interesting optoelectronic and catalytic proper-
ties.10–12 Platinum(II) alkynyl complexes suitable for use as
metalloligands in self-assembly processes are known and
include [Pt2(m-dppm)2(C^CPy)4] (Py ¼ 4-pyridyl, dppm ¼ bis-
(diphenyl-phosphino)methane) and [Pt(bipy)(C^CPy)2] (bipy ¼
2,20-bipyridyl).11 However, the self-assembly of platinum(II)
alkynyl complexes on solid surfaces has been rarely reported.
The pyridyl-acetylene platinum complex [Pt2(C^CPy)2(dppm)2]
1 (Scheme 1) features a robust bimetallic Pt2 core, linear
topology and pyridyl nitrogen atoms suitable for further coor-
dination to other metal centers.

In this report we describe the use of the coordinating prop-
erties of the pyridyl moieties in the inorganic rigid-rod 1 to
promote the layer-by-layer (LbL) growth of polymetallic lms
containing alternating arrays of palladium metal ions and 1.
These self-assembled LbL lms have been characterized using
UV-vis spectroscopy and atomic force microscopy (AFM). The
application of these (PdCl2/1)n lm-loaded slides as catalyst
reservoirs has been explored using the Suzuki and Heck reac-
tions as model platforms.

2 Experimental section
2.1 Materials and methods

Poly(ethylenimine) (PEI, 50 wt% aqueous solution) was
purchased from Sigma-Aldrich Chemical Co. All aqueous solu-
tions were prepared using doubly-distilled water. Synthetic
reactions were carried out under a nitrogen atmosphere using
standard Schlenk techniques. All reaction vessels were ame-
dried before use. Triethylamine was puried by distillation over
CaSO4. Tetrahydrofuran was puried and dried using an

Innovative Technology SPS-400 solvent purication system.
Methanol was distilled over KOH under N2 prior to use. The
compounds [Pt2(dppm)2Cl2] and [Pd(PPh3)4] were prepared
according to literature procedures.13,14 Other reagents were
purchased and used as received. NMR spectra were recorded in
deuterated solvent solutions on Bruker DRX-400 and Varian
Inova 400 spectrometers and referenced against solvent reso-
nances (1H, 13C). Matrix assisted-Laser Desorption/Ionisation
(MALDI) mass spectra were recorded on an Autoex II TOF/TOF
mass spectrometer (Bruker DaltonikGmBH) using a trans-2-[3-
(4-tert-butylphenyl)-2-methyl-2-propenylidene]–malononitrile
(DCTB) matrix. Atmospheric pressure solids analysis probe
(ASAP) mass spectra were obtained using a XevoQToF mass
spectrometer (Waters Ltd, UK). IR spectra were recorded on a
Thermo 6700 spectrometer using CH2Cl2 solutions, where the
solution cells were tted with CaF2 windows, or as Nujol mulls
suspended between NaCl plates. UV-vis absorption spectra were
recorded using quartz slides on a Lambda35 spectrophotometer
(Perkin Elmer, USA).

2.2 Preparation of 4-ethynylpyridine hydrochloride

To a 50 mL Schlenk ask charged with degassed NEt3 (15 mL)
and THF (15 mL), 4-bromopyridine hydrochloride (0.50 g, 2.57
mmol), Pd(PPh3)4 (0.15 g, 0.13 mmol), CuI (0.02 g, 0.11 mmol)
and trimethylsilylacetylene (0.37 mL, 2.58 mmol) were added
and the mixture was stirred at reux overnight in the dark. The
reaction mixture was evaporated to dryness and the black
residue was puried through a silica gel column using
hexane : EtOAc (9 : 1) as the eluent. Removal of solvent from the
main fraction yielded 4-trimethylsilylethynyl pyridine as an
orange oil (0.40 g, 2.80 mmol, 89%), which tended to crystallize
on standing. This would deepen in color aer a few hours and
was therefore used immediately in the next reaction step. [1H
NMR (400MHz, CDCl3) d 7.56 (dd, J¼ 4 Hz, J¼ 2 Hz, 2H, a), 7.30
(dd, J ¼ 4 Hz, J ¼ 2 Hz, 2H, b), 0.26 (s, 9H, f)] (see Scheme 2 for
atom labelling scheme). The oil was immediately dissolved in
CHCl3 (50 mL) under an inert atmosphere yielding an orange
solution that turned black upon dropwise addition of tetra-n-
butylammonium uoride (TBAF) (1 M in THF, 2.9 mL,
2.9 mmol). The mixture was stirred at room temperature in the
dark for a further 15 minutes, then poured into water. The red
organic phase was washed with water (2 " 50 mL), brine (1 "
50 mL) and dried over MgSO4.

The organic phase, containing 4-ethynylpyridine, was
transferred into a three-necked ask, tted with a gas inlet and
bubbler, and sealed with a quick-t stopper. The gas inlet was
connected via PVC tubing through a second gas inlet on a
second two-neck ask containing NaCl, which was tted with a
dropping funnel containing conc. H2SO4. Dropwise addition of
the H2SO4 to the solid NaCl generated HCl(g), which passed
through the tubing into the ask containing the crude
HC^CC5H4N, and was then vented out through the bubbler.
The brown precipitate formed was removed by ltration, and
the ltrate was purged with N2 in order to remove excess HCl(g).
An off-white solid was formed upon concentration of the solvent
under reduced pressure (#5 mL). The off-white coloured solidScheme 1 A sketch drawing of compound 1.
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was collected by ltration, washed with Et2O and dried in air for
a short time, give the desired hydrochloride salt of 4-ethynyl-
pyridine, which was then stored under an inert atmosphere, in
the dark at !24 "C (0.253 g, 0.056 mmol, 65%). 1H NMR (400
MHz, DMSO-d6) d 11.25 (s br., 1H, g), 8.86 (d, J ¼ 6 Hz, 2H, h),
7.97 (d, J ¼ 6, 2H, i), 5.20 (s, 1H, m). 13C NMR (101 MHz, CDCl3)
d 144.1, 128.5 (h and i), 136.5 (j) 91.4, 79.9 (k and l). IR (CH2Cl2):
n(Csp–H) 3291.0 cm!1, (C^C) 2121.7 cm!1. MS (ASAP)+ (m/z)
(140.0, 10% [M + H]+), (279.1, 100% [2M + H]+) (see Scheme 3 for
the atom labelling).

2.3 Preparation of Pt2(C^CPy)2(dppm)2 (1)

To a Schlenk ask charged with potassium tert-butoxide
(KOtBu) (0.07 g, 0.62 mmol) dissolved in 8 mL of MeOH, 4-
ethynyl-pyridine hydrochloride (0.025 g, 0.23 mmol) was added.
Upon dissolution of the ligand, Pt2Cl2(dppm)2 (0.10 g, 0.08
mmol) was added and the orange suspension was stirred in the
absence of light at room temperature for 3 hours. The orange
precipitate was ltered and washed thoroughly with MeOH. The
solids were dissolved in CH2Cl2 and ltered through basic
alumina (Brock-mann I). The pale yellow precipitate formed
upon addition of hexane was collected by ltration, washed with
Et2O and then dried in air (0.099 g, 0.069 mmol, 85%). The
sample was somewhat sensitive in solution, decomposing
overnight in CH2Cl2 under an inert atmosphere in the dark.
1H NMR (400 MHz, CDCl3) d 7.99 (d, JH–H ¼ 6 Hz, 4H, c), 7.58–
7.47 (m, 16H, CHar), 7.34–7.28 (m, 8H, CHar), 7.18–7.10 (m, 16H,
CHar), 4.97 (m, J0 ¼ 4 Hz, 2JP–H ¼ 8 Hz, 3JPt–H ¼ 55 Hz, 4H, a).
31P{1H} NMR (162MHz, CDCl3) d 2.1 (s, 1JPt–P¼ 2829 Hz, dppm).
IR (Nujol): n(C^C) 2086 cm!1. MS (MALDI-TOF)+ (m/z) (1363.2,
100% [M + H]+).

2.4 X-ray crystallography

Single crystal X-ray data were collected on a Bruker SMART 6000
diffractometer equipped with a Cryostream (Oxford Cryo-
systems) nitrogen cooling device at 120 K using graphite mon-
ochromated Mo-Ka radiation (l ¼ 0.71073 Å). The structure was
solved by the direct method and rened using a full-matrix least
squares method on F2 for all data with SHELXTL and OLEX2
soware.15,16 All non-hydrogen atoms were rened using
anisotropic displacement parameters. The hydrogen atoms

were placed in the calculated positions and rened in “riding”
mode. The crystallographic data of 1 are listed in Table 1 and
the selected bond lengths and angles in Table S1.†

2.5 Modication of the substrate surface

The quartz slides were cleaned with fresh piranha solution
(7 : 3, v/v H2SO4–H2O2) (Caution! Piranha solution is extremely
corrosive) at 80 "C for 40 min, and then thoroughly rinsed with
distilled water. Further purication was carried out by immer-
sion in a H2O–H2O2–NH3$H2O (5 : 1 : 1) (v/v/v) bath for 30 min
at 70 "C. The clean quartz slides were then immersed in PEI
solution for 20 min, before being washed with deionized water
(Milli-Q, 18.2 MU cm) and dried under a stream of nitrogen.

2.6 Fabrication of (PdCl2/1)n lms

The slides pre-coated with PEI as a metal-ion adhesive layer were
placed intoanaqueoussolutioncontainingPdCl2 for60min.Aer
being washed with deionized water and dried under a stream of
nitrogen, the resulting PEI–metal ion slides were immersed in a

Scheme 2 Preparation steps for 4-ethynylpyridine.

Scheme 3 The synthesis of compound 1.

Table 1 Crystal data and structure refinement for 1

Identication code 1
Empirical formula C64H52N2P4Pt2
Formula weight 1363.14
Temperature/K 120
Crystal system Monoclinic
Space group P21/n
a/Å 16.7418(9)
b/Å 20.0777(11)
c/Å 17.0974(10)
b/" 114.4550(10)
Volume/Å3 5231.5(5)
Z 4
rcalc/mg mm!3 1.731
m/mm!1 5.509
F(000) 2664.0
Reections collected 56 545
Independent reections 11 969[R(int) ¼ 0.0938]
Data/restraints/parameters 11 969/2/631
Goodness-of-t on F2 1.005
Final R indexes [I $ 2s(I)] R1 ¼ 0.0388, wR2 ¼ 0.0719
Final R indexes [all data] R1 ¼ 0.0749, wR2 ¼ 0.0844
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solution of1 (0.5mM) inaqueous ethanol for 60min.By repeating
the sequential immersion of the slides in the solutions of metal
salt and 1, PEI–(PdCl2/1)n multilayers were prepared. Between
each immersion step, the substrates were washed with water and
dried with a stream of N2 at room temperature.

2.7 General procedure for the Suzuki coupling reactions

A general procedure for the coupling reaction of an aryl halide
with arylboronic acid is as follows: aryl halide (1.0 mmol), aryl-
boronic acid (1.05mmol),K2CO3 (3.0mmol), a quartz slide coated
with (PdCl2/1)10lm (25mm! 12mm! 1mm), EtOH (3mL) and
H2O (4mL) were introduced into an open ask under an ambient
atmosphere. The quartz slide coated with the residual multilayer
lmwas removed from the reactionmixture aer 20min and the
mixture was stirred at 50 "C for 20 h. In the second catalytic cycle,
the same quartz slide was immersed into a second reaction
mixture containing an aryl halide and arylboronic acid. The
quartz slidewas again removed from the reactionmixture aer 20
min and themixturewas stirred at 50 "C for 20 h. In each reaction
cycle, the resultant mixture was extracted three times with ethyl
acetate (10mL), then the organic phases were combined, washed
with brine, dried over Na2SO4, ltered, and nally the volatiles
removedunder reduced pressure. Thebiaryl productwas the only
volatile species detectable by gas chromatography-mass spec-
trometry (GC-MS) analysis of the extract. The extract was puried
by column chromatography on silica gel (ethyl acetate–hexane,
1 : 8) to afford the desired product. 1H NMR (400 MHz) and 13C
NMR (100 MHz) spectra were recorded in CDCl3 solutions.

2.8 Analysis of the Pd content in the (PdCl2/1)10 lms

The quartz slide coated with (PdCl2/1)10 was immersed in a
NaOH aqueous solution (0.5 mM, 7 mL). UV-vis spectra were
used to monitor the absorbance change of the coated quartz
slide. When the coated quartz slide exhibited no absorbance,
the solution (7 mL) was used to analyse the Pd content.

2.9 Instrumentation

UV-vis absorption spectra were recorded using a quartz slide on
a Lambda35 spectrophotometer (Perkin-Elmer, USA). High-
resolution X-ray photoelectron spectra (XPS) were collected at a
take off angle of 45" using a PHI Quantum 2000 scanning ESCA
microprobe (Physical Electronics, USA) with an Ala X-ray line
(1486.6 eV). All AFM images were taken on a single-crystal
silicon slide using a Veeco Multimode NS3A-02NanoscopeIII
atomic force microscope with silicon tips. Height images of the
lms were recorded using tapping-mode AFM. Gas chroma-
tography was performed using a VARIAN 430 Gas Chromato-
graph. Analysis of the Pd content wasmeasured with inductively
coupled plasma-atomic emission spectroscopy (ICP-AES) using
an Ultima spectrometer.

3 Results and discussion
3.1 Synthesis and structure of 1

The key reagent, 4-ethynylpyridine, was prepared using the
Sonogashira cross-coupling reaction of 4-bromopyridinium

hydrochloride and trimethylsilylacetylene, then isolated as the
hydrochloride salt aer desilylation (Scheme 2).

Compound 1 was prepared from the reaction of
Pt2Cl2(dppm)2 with a solution of 4-ethynylpyridinium hydro-
chloride in methanol containing an excess of KOtBu, in a
manner similar to that reported elsewhere for the preparation
of related complexes (Scheme 3).17 Although stable as a solid in
air, solutions of 1 in chlorinated solvents were more prone to
decomposition. The spectroscopic data for 1 were in accord
with the proposed molecular structure, with a n(C^C) band at
2086 cm#1 in the IR spectrum clearly indicating incorporation
of the alkynyl ligands. In the 31P NMR spectrum a singlet arising
from the dppm ligands was anked by a collection of platinum
satellites due to various combinations of 194/195/196Pt, although
the individual resonances arising from these various combi-
nations of were not fully resolved (see ESI†).

Single crystals of 1 suitable for single crystal X-ray analysis
were grown from CH2Cl2–hexane. Each platinum center (Fig. 1)
is coordinated by two P atoms from the dppm ligands and an 4-
ethynylpyridine (–C^CPy) ligand. The fourth coordination site
is occupied by a Pt–Pt bond, forming a slightly distorted square
planar geometry at each metal center with Pt–P distances
ranging from 2.2607(17) to 2.2741(16) Å, Pt–C distances
between 2.012(6) and 2.014(7) Å, and the Pt(1)–Pt(2) distance at
2.7080(4) Å (Table S1 in the ESI†). The bond lengths in
compound 1 are within the normal ranges (Pt–C: 1.995–2.012 Å;
Pt–P: 2.200–2.300 Å),17b,c and compare well with platinum
alkynyl analogues such as Pt2(dppm)2(C^CCpFeCp), where Pt–
Pt ¼ 2.7023(2), Pt–C ¼ 2.055(4), 2.021(4), Pt–P ¼ 2.2510(9) Å.17a

The short Pt–Pt separation is imposed by the bridging dppm
ligands, but is consistent with the presence of a Pt–Pt s bond.18

Detailed electronic structure calculations on the general
framework of [Pt2(C^CPh)2(dppm)2] indicate that the HOMO
and HOMO-1 contain the dxy orbital, which, although anti-
bonding with respect to each other, are of the correct symmetry
to interact further with the alkynyl p-system offered by the
alkynyl ligands.19 This gives rise to a rather delocalized orbital
with dp* character along the C^C–Pt–Pt–C^C backbone.
Consequently, the Py–C^C–Pt–Pt–C^C–Py fragments are close

Fig. 1 The molecular structure of Pt2(C^CPy)2(dppm)2 (1).
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to linear with bond angles as follows: C1–Pt1–Pt2¼ 174.40(17)",
C8–Pt2–Pt1 ¼ 178.47(18)" (Table S1 in the ESI†). This linear
arrangement, coupled with the excellent coordinating proper-
ties of the pyridyl N atoms towards many transition metal ions
makes 1 a useful building unit for the assembly of larger one-
dimensional chains or multi-layer lms.

3.2 Spectroscopic evaluation of the LbL growth

The UV-vis absorption spectrum of a solution of 1 in EtOH is
shown in Fig. 2. The poorly resolved bands near 266, 322 and 400
nm, extending from the UV region through to approximately 480
nm, correspond to overlapping p–p* andMLCT transitions. The
absorption features were used as reference points tomonitor the
growth of the lms containing 1 on the quartz substrates.

The nature of the connection between the substrate and the
molecular components is important for the construction of
robust multilayer molecular lms. A wide variety of functional
groups have been demonstrated to be suitable for the
construction of monolayer lms on different substrates by self-
assembly,20–22 although, in general, the formation of robust self-
assembled lms requires the choice of a surface binding group
appropriate to the particular substrate surface being employed.
In our present study, we used PEI, which can form smooth and
uniform layers on many different substrate surfaces,22 to pre-
coat the substrate slides in order to obtain a functional surface.
The PEI-coated surface offers reactive primary, secondary, and
tertiary amine functional groups that can form complexes with
a wide variety of transition metal ions. This leads to a meth-
odology for forming metal-ion containing lms in a simple, but
highly efficient, process. In the present work, PEI–(PdCl2/1)n
multilayer lms were prepared by alternately immersing a
quartz slide pre-coated with a layer of PEI in aqueous solutions
of the desired metal ion or 1. The nal chemical and physical
properties of the self-assembled (PdCl2/1)n lms depend on the
nature of the PEI sublayer structure, the PEI–substrate inter-
actions, and the coordinative metal–1 interactions.

3.3 AFM characterization

The morphology of the LbL self-assembled lms was analyzed
using AFM images taken at a scan area of 1.0 # 1.0 mm2 in the

tapping mode (Fig. 3), which provided valuable information
about the surface topology as a function of both the number of
layers in the multi-layer construction and the metal ion
employed. Before metal ion deposition, the PEI lm is smooth
and uniform and the root-mean-square (RMS) roughness is
0.509 nm. As the number of deposited bilayers increases, the
surface roughness also increases and the surface exhibits more
obvious particulate characteristics. The AFM images reveal a
series of bright islands, corresponding to local concentrations
of metal ions. For example, the PEI–(Pd/1)5 lm is relatively
uniform and smooth with a root-mean-square (RMS) roughness
of 1.01 nm (Fig. 3a), whereas the surface of PEI–(Pd/1)10 lm has
more pronounced island-shaped nanostructures and an RMS
roughness of 1.88 nm (Fig. 3b). The mean diameter of the
island-shaped nanostructures is about 25 nm.

As seen in Fig. 4, the UV-vis spectrum is used to characterize
the growth process of the PEI–(PdCl2/1)n multilayer lms, and
the resulting measurements show a good linear correlation
(R2 ¼ 0.9918) between the optical absorption at lmax ¼ 343 nm
and the number of PdCl2/1 layers. This indicates the formation
of a structurally regular multilayer with an equal density of 1
and palladium ions deposited in each bilayer, consistent with
the square planar geometry associated with metal palladium
ions, and leading to a well-ordered structure in the direction of
the lm growth.

XPS measures were performed to identify the relative
elemental composition of the multilayer lms deposited on the
single-crystal silicon substrate pre-coated with PEI. The spectra
show that all of the expected elements are present in the
multilayers. As shown in Fig. 5a, the survey spectrum of the lm
showed the presence of C1s (284.8 eV), O1s (531.8 eV), N1s

(399.9 eV), P2p (131.9 eV), Pt4f (73.8 eV), and Pd3d (337.7 eV). XPS
provided information about the Pd oxidation state in the
(PdCl2/1)n multilayer lms with photoelectrons detected at
energies of 337.7 and 342.9 eV, corresponding to Pd(II) (Fig. 5b).
Therefore, the XPS results conrm the presence of 1 and Pd(II)
in the multilayer lms.

3.4 Catalytic application of the (PdCl2/1)10 lm-loaded
quartz slide in Suzuki and Heck reactions

Palladium is widely used as a catalyst to promote a variety of
carbon bond forming reactions.23 For example, the Pd-cata-
lyzed Suzuki coupling reaction of aryl halides with arylboronic
acids is one of the most powerful methods for C–C bond

Fig. 2 UV-vis spectrum of 1 in the EtOH solution.
Fig. 3 Typicalheight imagesof thefilmson the single-crystal silicon substrate (scan
area is 1.0# 1.0 mm2). (a) (Pd/1)5 (Rrms ¼ 1.01 nm), (b) (Pd/1)10 (Rrms ¼ 1.88 nm).
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formation.23 This reaction is performed under mild conditions
in aqueous solutions. Pd/phosphine complexes have received
increasing interest for use in Suzuki reactions.24 Numerous
heterogeneous and/or recoverable Pd catalysts have been repor-
ted.25 However, many of these methods still require a relatively
high catalyst concentration (Pd-loadings of 3–10 mol%). In this
report, we utilized the (PdCl2/1)10 lm as a catalyst reservoir
that is able to progressively liberate catalytic amounts of an
active Pd species into the reaction solution (Pd-loading of 2.76 !
10"6 mol%).

By way of a series of control experiments, it was found that
PdCl2 formed palladium black rapidly under an air atmosphere
in these reaction systems, with very low catalytic activity
(Table 2, entry 2). When Pd(PPh3)4 or Pd(OAc)2 is used instead
of PdCl2 as a catalyst in the above system, the reaction gave low
yields (Table 2, entries 3 and 4). Similarly, 1 was inactive as a
catalyst in the absence of a palladium source (Table 2, entry 1).
When the precipitate of PdCl2/bpy was used as a catalyst, the
reaction also provided a low yield (Table 2, entry 5). Reaction of
PdCl2 with 1 (1 : 1 mol) in an EtOH–H2O solution formed a
precipitate, which was collected but not fully characterized. The
PdCl2/1 precipitate was used as a catalyst and gave a consider-
ably high yield (Table 2, entry 6), in which the p–d–p species in
1 could alter the valence electron structure of Pd and the
enhanced the catalytic activity of the PdCl2/1 complexes due to
the synergistic interaction of the (PyC^C)–Pt–Pt–(C^CPy)
moiety with the Pd(II) component. Although this Pd–1 precipi-
tate exhibited a high catalytic activity for the Suzuki reaction in
the rst cycle, the material could not be effectively recycled.
Aer reaction, the precipitate was collected, and re-used in a
second reaction sequence, but was found to exhibit very low
activity (Table 2, entry 7). In contrast, the (PdCl2/1)10 lm can be
successfully applied in coupling reactions and re-used for up to
ve successive coupling reactions under similar conditions
(Table 3, entries 1–5). The observation of high yields of cross-
coupled products (Table 3, entries 6–8) in reactions with
substituted aryl halides and boronic acids (Table S2 in ESI†)
suggests that homo-coupling side reactions make little contri-
bution to the overall reaction yields.

To use the multilayer lm as a Pd-catalyst reservoir the
reactions were performed in an air atmosphere. The quartz
slide coated with the (PdCl2/1)10 lm was immersed in a solu-
tion of aryl halide, arylboronic acid, K2CO3 in EtOH and H2O
(Step 1). Aer the mixture was stirred for 20 min at 50 #C, the
quartz slide was removed from the reaction mixture. The
mixture was allowed to react for a further 20 h at 50 #C. The Pd–
1 complex released from the slide is highly active as a catalyst

Fig. 4 UV-vis spectra of the (Pd/1)n (n ¼ 1–14) films. Inset: increase in the
absorbance at 343 nm as a function of the number of layers of (Pd/1)n.

Fig. 5 XPS of a (PdCl2/1)6 film deposited on the single-crystal silicon substrate.
(a) The survey spectrum and (b) peaks corresponding to Pd3d.

Table 2 Suzuki cross-coupling of PhBr with PhB(OH)2 using 1, PdCl2, Pd(PPh3)4,
Pd(OAc)2, PdCl2/bpy precipitate and PdCl2/1 precipitate as catalystsa (bpy ¼ 4,40-
bipyridine)

Entry Run Catalyst Atmosphere Yieldb

1 1 1 In air 0
2 1 PdCl2 In air <5
3 1 Pd(PPh3)4 In air 28
4 1 Pd(OAc)2 In air 41
5 1 PdCl2/bpy precipitate In air 39
6 1 PdCl2/1 precipitate In air 99
7 2 PdCl2/1 precipitate In air Trace

a General procedure: 1.0 mmol of PhBr, 1.05 mmol of PhB(OH)2, 3.0
mmol of K2CO3, in H2O–EtOH (4 : 3) at 50 #C under an ambient
atmosphere for 20 h. b Isolated yield (%). Catalyst 3.0 mol%.
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for the Suzuki cross-coupling reactions under mild reaction
conditions, giving a high yield (Step 2). In the second catalytic
cycle, the same coated quartz slide was again immersed into
another reaction mixture (Step 3). Aer the mixture was stirred
for 20 min, the slide was again removed from the reaction
mixture and the second aliquot of released Pd–1 complex was
used to catalyze a second Suzuki reaction (Step 4). Therefore, in
each immersion step, a certain amount of Pd–1 complex is
desorbed from the lm into the mixture, resulting in high
activity for the Suzuki reaction with the biphenyl product
obtained in good yield (Table 3). The process could be repeated
with up to ve successive desorption steps possible for each
(PdCl2/1)10 lm used.

Aer each reaction step, the resultant mixture was extracted
three times with ethyl acetate (10mL). The water phase was then
recycled for use as the reaction medium for a subsequent
reaction. Additional aliquots of both the aryl halide (1.0 mmol)
and arylboronic acid (1.05 mmol) were added into the recovered
water phase, without refreshing the catalyst by exposure to a
slide. The mixture was allowed to react for 20 h at 50 !C.
Interestingly, although the Pd-content in the water phase was
could not be detected by ICP aer each reaction, because it was
too low to measure, it was found that the cross-coupled product
was also obtained in good yield from these secondary reaction
sequences. According to the above-mentioned results, the
2.94 mg (0.42 ppm " 7 mL) of Pd in the (PdCl2/1)10 lm is
enough to be used for 10 recycles, which is 5 uses of the slide
and then one solvent recycle in each case. Recycling of the
solvent has important signicance for environmental protec-
tion. Catalyst loading is low, thus reducing the amount of waste.
Such a low catalyst loading is important for synthesizing phar-
maceutically active ingredients, and these simple slide-based
catalyst systems have many appealing characteristics.26

We were not able to perform in situ detection of the Pd
concentration during the catalytic reaction process. Therefore,
we found an alternative method of approximating the amount
of Pd released into the reaction solution. Aer the (PdCl2/1)10

lms were completely desorbed into the aqueous solution
(7 mL), the amount of Pd was determined to be 0.42 ppm (ICP)
in the solution. Therefore, the catalyst loading of each cycle is
estimated to be approximately 0.08 ppm according to the total
amount of 0.42 ppm Pd in the (PdCl2/1)10 multilayers and the
capacity of the slides to be reused effectively up to ve times in
the Suzuki reactions. We note however that the inhomogeneity
of the lms revealed by the AFM images prevents a condent
description of the desorption processes in terms of a smooth
delamination of the lms.

In order to determine whether the catalyst was functioning in
a homogeneous solution phase, we carried out the following
tests. The quartz slide coated with the (PdCl2/1)10multilayer lm
was immersed a mixed solution of K2CO3, EtOH and H2O for
intervals of 20 minutes, in order to study the release behavior of
the Pd–1 complex. UV-vis spectroscopy was used to monitor the
change of the lm (Fig. S1, ESI†). A obvious decrease in the
absorbance at 343nmwas observed for therst 20mindue to the
desorption of the multilayers, and the absorbance slowly
decreases in the subsequent measurement. The UV-vis spectra
exhibited that the desorption was not completely uniform, but
close to linear (see inset of Fig. S1, ESI†), which validated the fact
that the (PdCl2/1)10multilayerlmcould release thePd–1 species
mostly in a layer-by-layer manner, along with nanoclusters in
each cycle step. On the other hand, a Pd(0) complex as the
active species may not be involved in the reaction for the
present case, because the nitrogen donor cannot stabilize Pd(0)
complexes well, which was also conrmed using the XPS data of
the (PdCl2/1)n multilayer lm. The catalytic mechanism may be
based on a Pd(II)–Pd(IV) cycle in the reaction process.27

To further investigate the activity and scope for the appli-
cation of the slides coated with the PEI–(PdCl2/1)10 lms as
catalysts, Heck reactions of aryl halide derivatives with terminal
olens were performed in a similar manner as described for the
Suzuki reactions. The slides coated with the PEI–(PdCl2/1)10
multilayer lm were immersed into the reaction mixtures (a
solution of 1.0 mmol aryl halide and 1.5 mmol styrene in DMF)
at 140 !C for 24 h in the present of Na2CO3 as a base and under
an air atmosphere. The expected products were then separated
by extraction and purication aer nishing the reaction. The
results showed that aryl bromides with electron-withdrawing
groups (e.g., –CN and –COMe) gave high yields of product
(Table 4, entries 1 and 2), while aryl bromides with an electron-
donating group (e.g., –OMe) also gave a favorable yield (Table 4,
entry 3). The reaction of aryl bromide with tert-butyl acrylate
provided a slightly lower yield (Table 4, entry 5). When the aryl
bromide was replaced with an aryl iodide, the reaction between
the aryl iodides and olen (e.g., –CO2

tBu) showed higher activity
under the same reaction conditions (Table 4, entry 4), because
iodobenzene is more active than bromobenzene.28 However,
palladium(II)-bipyridine complexes reported by Kawano were
not as effective for the Heck reaction in similar reaction
systems.29 In our work, PEI–(PdCl2/1)10 multilayer lms served
as catalyst reservoirs with low catalyst loading, leading to high
yields and TON values up to 104. The released material clearly
displays high catalytic activity for the Heck reaction of aryl
halides and styrenes.

Table 3 Suzuki cross-coupling of aryl bromide with phenylboronic acid using
Pd–1 complexes as catalysts released from (PdCl2/1)10 filmsa

Entry Run R1 R2 Catalyst Yieldb TON

1 1 H H (Pd/1)10 99 3.58 " 104

2 2 H H (Pd/1)10#x 99 3.58 " 104

3 3 H H (Pd/1)10#x 95 3.44 " 104

4 4 H H (Pd/1)10#x 92 3.33 " 104

5 5 H H (Pd/1)10#x 95 3.44 " 104

6 1 CF3 H (Pd/1)10 98 3.55 " 104

7 1 OMe H (Pd/1)10 95 3.44 " 104

8 1 H OMe (Pd/1)10 97 3.51 " 104

a General procedure: 1.0 mmol of aryl bromide, 1.05mmol of PhB(OH)2,
3.0 mmol of K2CO3, in H2O–EtOH (4 : 3) at 50 !C under ambient
atmosphere for 20 h. b Determined by GC (%). TON ¼ mol product
per mol Pd. Pd-catalyst 2.76 " 10#6 mol% for (Pd/1)10 lm.
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Scrutinizing the components released from the LbL lms
during these reaction cycles, and the micro-morphologies of the
fragments released from the multilayer lms, is of considerable
interest, but extremely challenging given the very low species
concentration. In the assembly process, the multilayer lms
were assembled along with the deposition of nanoparticulates
onto the surfaces that formed island-shaped nanostructures.
The catalytically active material released in the course of the
reaction would contain both nanoclusters and the delaminated
Pd–1 molecular layer based material. UV-vis absorption spectra
give some evidence concerning the nature of the released
material. Compound 1 exhibits a broad absorption band
between 360 and 520 nm in a solution of EtOH–H2O (3 : 1, v/v)
(Fig. S2, ESI†). The PdCl2/1 precipitate gives rise to a broad
absorption band between 360 and 550 nm when suspended in a
solution of EtOH–H2O (3 : 1) (Fig. S3, ESI†). The material
released from the lms in the EtOH–H2O (3 : 1) solution shows
absorption features between 360 and 525 nm which are attrib-
uted to overlapping p–p* and MLCT transitions (Fig. S4, ESI†).
The UV-vis absorption spectra highlighted above indicate that
the fragments released from the lm are mainly composed of
the Pd–1 complex or its nanoparticulates, in which the slight
discrepancy of UV-vis absorption may result from the quantum
effect of the nanoparticulates. This reasoning was also validated
by the uorescence emission spectra of the related samples in
the same solution of EtOH–H2O (Fig. S5–7, ESI†). The uores-
cence emission spectrum of the PdCl2/1 precipitate closely
resembles that one of 1, but a blue shi occurred for the uo-
rescence emission spectrum of the fragments released from the
lm due to the nanometer size effect of the nanoparticulates.

The two terminal pyridyl nitrogen atoms of 1 are in an
approximately linear geometry, which favors the directed
assembly by coordination to other metal centers in the layer-by-
layer (LbL) growth of the heterometallic lms, and certainly also
improves the directed array in the formation of the Pd–1
precipitates (Fig. S8, SEM images in the ESI†). In the opposite
case of desorption, large amounts of the highly active Pd–1 and/
or its nanoparticulates were discharged into the reaction solu-
tion. We hypothesize that the released Pd–1 components from

themultilayers are a soluble molecular Pd species, which acts as
the active component in a homogeneous process. Whilst we
cannot completely exclude the formation of nanoparticulate
material, we have no evidence in support of a heterogeneous
mechanism.

In this work, PEI–(PdCl2/1)n lm-loaded slides were used as a
catalyst reservoir, showing some distinctive and favorable
features: (1) the reactions were conducted in air with no inert
gas protection; (2) the amount of catalyst loading was extraor-
dinarily low (down to 2.76 ! 10"6 mol%); (3) the amount of Pd–
1 complex released from the lm could be controlled by altering
the release time. Also, the catalytic slides can be easily removed
from the reaction system at any time, and the amount of catalyst
waste is reduced. Thus, loading the Pd–1 complexes onto slides
would increase the utilizing ratio of the catalyst in chemical
reactions. Additionally, the concave shape of the lm could
provide appropriate interspacing to promote the formation of
C–C bonds through interface or quantum effects of the palla-
dium nanoparticulates in the reaction system.

4 Conclusions

Compound 1 was successfully prepared and characterized by
single crystal X-ray diffraction analysis. Compound 1 can be
used in the self-assembly of multi-layer lms through a
sequential reaction with PdCl2. Multilayers of (PdCl2/1) were
deposited onto solid slides in an alternating array of palladium
metal and 1. The results of UV-vis spectroscopy show that the
(PdCl2/1)10 multilayers are consistent and uniform. PEI–
(PdCl2/1)n lm-loaded slides were used as a catalyst reservoir to
catalyze the Suzuki reaction with extraordinarily low catalyst
loading estimated to be 2.76 ! 10"6 mol%. These simple slides
have the capacity to serve as convenient reservoirs of active
catalyst for Suzuki and potentially other Pd-catalyzed cross-
coupling reactions, which make them appealing within the area
of synthesis chemistry.
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Germany, 1998.

16 (a) G. M. Sheldrick, Acta Crystallogr., Sect. A: Found.
Crystallogr., 2008, 64, 112; (b) O. V. Dolomanov,

L. J. Bourhis, R. J. Gildea, J. A. K. Howard and
H. Puschmann, J. Appl. Crystallogr., 2009, 42, 339.

17 (a) J. H. K. Yip, J. Wu, K. Y. Wong, K. P. Ho, C. S. Pun and
J. J. Vittal, Organometallics, 2002, 21, 5292; (b) M. J. Irwin,
G. Jia, J. J. Vittal and R. J. Puddephatt, Organometallics,
1996, 15, 5321; (c) V. W. Yam, K. L. Yu, K. M. Wong and
K. K. Cheung, Organometallics, 2001, 20, 721; (d)
K. Campbell, R. M. Donald, M. J. Ferguson and
R. R. Tykuinski, J. Organomet. Chem., 2003, 683, 379.

18 (a) J. R. Fisher, A. J. Mills, S. Sumner, M. P. Brown,
R. J. Puddephatt, A. A. Frew, L. Manojloviæ-Muir and
K. W. Muir, Organometallics, 1982, 1, 1421; (b) H. K. Yip,
C.M.CheandS.M.Peng, J. Chem. Soc., DaltonTrans., 1993, 179.

19 D. Bellows, T. Goudreault, C. P. Gros, J. M. Barbe and
P. D. Harvey, Organometallics, 2010, 29, 317.

20 (a) C. J. Zhong, R. C. Brush, J. Anderegg and M. D. Porter,
Langmuir, 1999, 15, 518; (b) C. Liu, Z. Jiang, Y. Zhang,
Z. Wang, X. Zhang, F. Feng and S. Wang, Langmuir, 2007,
23, 9140.

21 (a) Y. Barness, O. Gershevitz, M. Sekar and C. N. Sukenik,
Langmuir, 2000, 16, 247; (b) M. C. Bernard, A. Chausse,
E. Cabet-Deliry, M. M. Chehimi, J. Pinson, F. Podvarica
and C. Vautrin-Ul, Chem. Mater., 2003, 15, 3450.

22 R. H. Jin and J. J. Yuan, Adv. Mater., 2009, 21, 3750.
23 (a) J. P. Corbet and G. Mignani, Chem. Rev., 2006, 106, 2651;

(b) A. F. Littke and G. C. Fu, Angew. Chem., Int. Ed., 2002, 41,
4176; (c) A. Schmidt and A. Rahimi, Chem. Commun., 2010,
46, 2995; (d) A. Monsees, C. Fuhtmann, U. Digerdissen and
M. Beller, Chem. Commun., 2004, 38; (e) K. Billingsley and
S. L. Buchwald, J. Am. Chem. Soc., 2007, 129, 3358; (f)
N. Kudo, M. Perseghini and G. C. Fu, Angew. Chem., Int.
Ed., 2006, 45, 1282; (g) E. A. B. Kantchev, C. J. O'Brien and
M. G. Organ, Angew. Chem., Int. Ed., 2007, 46, 2768.

24 (a) J. V. Kingston and J. G. Verkade, J. Org. Chem., 2007, 72,
2816; (b) B. H. Lipshutz, T. B. Petersen and A. R. Abela,
Org. Lett., 2008, 10, 1333; (c) N. Marion, O. Navarro, J. Mei,
E. D. Stevenson, N. M. Scott and S. P. Nolan, J. Am. Chem.
Soc., 2006, 128, 4101; (d) E. B. kantchev, C. J. O'Brien and
M. G. Organ, Angew. Chem., Int. Ed., 2007, 46, 2768.

25 (a) J. Yang, P. Li and L. Wang, Synthesis, 2011, 1295; (b)
J. F. Wei, J. Jiao, J. J. Feng, J. Lv, X. R. Zhang, X. Y. Shi and
Z. G. Chen, J. Org. Chem., 2009, 74, 5967.

26 C. E. Garrett and K. Prasad, Adv. Synth. Catal., 2004, 346, 889.
27 (a) M. Ohff, M. E. van der Boom and D. Milstein, J. Am. Chem.

Soc., 1997, 119, 11687; (b) S. Mohanty, D. Suresh,
M. S. Balakrishna and J. T. Mague, J. Organomet. Chem.,
2009, 694, 2114; (c) S. Y. Gao, Z. L. Zheng, J. Lv and R. Cao,
Chem. Commun., 2010, 46, 7584.

28 (a) I. P. Beletskaya and A. V. Cheprakov, Chem. Rev., 2000,
100, 3009; (b) W. T. Yu, M. D. Porosoff and J. G. Chen,
Chem. Rev., 2012, 112, 5780; (c) M. B. Thathagar, J. Beckers
and G. Rothenberg, J. Am. Chem. Soc., 2002, 124, 11858.

29 T. Kawano, T. Shinomaru and I. Ueda, Org. Lett., 2002, 4,
2545.

9172 | J. Mater. Chem. A, 2013, 1, 9164–9172 This journal is ª The Royal Society of Chemistry 2013

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 0
3 

Ju
ne

 2
01

3.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f W
es

te
rn

 A
us

tra
lia

 o
n 

04
/1

0/
20

17
 0

7:
11

:1
7.

 
View Article Online

http://dx.doi.org/10.1039/c3ta11868a


DOI: 10.1002/chem.201301747

Refining the Interpretation of Near-Infrared Band Shapes in a
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Polyynediyl bridged systems have attracted attention for
more than two decades, with early synthetic efforts comple-
mented more recently by experimental and computational
investigations of electronic structure.[1] Polyynediyl com-
plexes serve as models of the linear carbon allotrope carb-ACHTUNGTRENNUNGyne,[2] and permit investigations of intramolecular electron
transfer (ET) reactions and mixed-valence (MV) character-
istics.[1,3] The highly delocalised electronic structures often
associated with [{LnM}{m-(C!C)x}ACHTUNGTRENNUNG{MLn}] complexes has also
led to consideration of their potential applications in molec-
ular electronics.[4] Although impressively long polyynediyl
complexes are known,[2] the greatest concentration of work
has focused on the properties of diynediyl-bridged (m-
C!CC!C) d6/d6 transition metal complexes, which have
been synthesised, characterised, and investigated in their
various electrochemically accessible redox states.[1,3,5–12]

The degree of delocalisation along the [{LnM} ACHTUNGTRENNUNG(m-
C!CC!C) ACHTUNGTRENNUNG{MLn}] backbone, and hence the nature of the
redox-derived products, is sensitive to the identity of the
metal end-capping group. By varying the terminal cap, and
thus the metal d-orbital/carbon p-system interactions,
[{LnM} ACHTUNGTRENNUNG(m-C!CC!C) ACHTUNGTRENNUNG{MLn}]+ complexes ranging from
weakly (class II in the Robin–Day scheme; e.g., {MLn}=
[Mo ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(h-C7H7)])[5] to strongly coupled (class III;
{MLn}= [Fe ACHTUNGTRENNUNG(dppe)Cp*]) systems can be obtained.[4b, 6,7]

Charge delocalisation along the six-atom MC4M chain is in-
creased in complexes of the heavier metals, e.g., {MLn}=
[Ru ACHTUNGTRENNUNG(PPh3)2Cp] (1),[8] [Ru ACHTUNGTRENNUNG(dppe)Cp*],[9] [Os ACHTUNGTRENNUNG(dppe)Cp*],[10]

and [Re(NO) ACHTUNGTRENNUNG(PPh3)Cp*].[11] The increased C4-bridge p-char-
acter in the frontier molecular orbitals of these complexes
suggests that descriptions in terms of metal-stabilised carbon

centred radicals might be more appropriate than mixed-
valence classifications.

The description of the electronic structure in [{LnM} ACHTUNGTRENNUNG(m-
C!CC!C) ACHTUNGTRENNUNG{MLn}]n+ complexes is usually based on IR, UV/
Vis/NIR and EPR spectroscopic data supported by quantum
chemical calculations.[3–14] IR-active n ACHTUNGTRENNUNG(C!C) vibrations or
any local auxiliary ligand modes, for example, n(NO) or
n(CO), can provide information about charge distribu-
tion,[11,15] and MLCT/LMCT bands also contain useful elec-
tronic information.[16] More commonly the lower energy
(NIR) intervalence charge transfer (IVCT) bands are ana-
lysed within the framework of the Marcus–Hush and the
Mulliken–Hush theory to provide details of the underlying
electronic structure. These simple but powerful “two-state”
models permit electronic coupling information to be extract-
ed from analysis of the IVCT energy, intensity and band
shape.[17] However, the NIR spectra of MV complexes often
feature complex absorption envelopes due to the partial res-
olution of vibrational fine structure,[18] or multiple IVCT
processes due to low symmetry at the metal centre[5] and/or
by spin–orbit coupling in the case of complexes of the heavi-
er metals.[19]

The compound [{Ru ACHTUNGTRENNUNG(PPh3)2Cp}2ACHTUNGTRENNUNG(m-C!CC!C)]+ , [1]+ , is a
well-known example of a highly delocalised butadiynyl-
bridged bimetallic complex in which the carbon chain plays
a significant role in stabilising the unpaired electron.[8] How-
ever, reinvestigation of the NIR spectrum of [1]+ revealed a
high energy shoulder that was not included in the original
analysis (Figure 1).[8] The NIR band envelope in [1]+ is not
solvatochromic (Figure S12 in the Supporting Information),
consistent with a highly delocalised (or strongly coupled)
system. However, the two-state Hush treatment of such
strongly coupled systems predicts only a single asymmetric
band,[17–19] no obvious vibrational progression fits the ap-
proximately 3000 cm"1 separation of the principal band and
the shoulder, and spin–orbit splitting in Ru complexes is
also too small (typically around 1000 cm"1)[19] to account for
the observed separation of the component bands. Here, we
present an interpretation of this feature and show that the
presence of rotamers is also a crucial variable that may in-
fluence the appearance of the IVCT band and the underly-
ing electronic structure.
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To provide a quantum-chemical perspective, calculations
at density-functional theory (DFT) level were performed.
Starting from a Ci-symmetric input the structure of [1’]+

(the ’ notation being employed to distinguish the in silico
system from the experimental complex) was optimised with-
out constraints using the global hybrid functional BLYP35
with a suitable continuum solvent model (dichloromethane,
DCM; this approach has been specifically developed to
properly characterise class II/III borderline mixed-valence
systems[20]). The calculated spin density in the resulting fully
optimised trans-[1’]+ structure is evenly distributed over the
RuC4Ru chain (see the Supporting Information), whereas
Mulliken population analysis of the a-SOMO, the a-HOMO
and the b-HOMO show appreciable diynediyl bridge (45, 57
and 57 %, respectively) and metal character (34, 37 and
37 %) in line with earlier analyses.[8]

Time-dependent DFT (TDDFT) calculations (BLYP35/
DCM) revealed a single intense (mtrans =9.5 D) transition at
11 702 cm!1 arising from the excitation from the b-
HOMO!1 to the b-SOMO. Given the distribution and
nodal properties of these orbitals, this excitation is best de-
scribed as a p–p* transition (Figure 2). As expected for tran-ACHTUNGTRENNUNGsi ACHTUNGTRENNUNGtions not involving charge transfer, the TDDFT result is in
excellent agreement with the energy of the principal compo-
nent of the experimentally determined spectrum at
11 655 cm!1 (Figure 1). However, no significant transition in
the TDDFT results could account for the higher-energy
shoulder.

A number of rotamers of 1 have been observed crystallo-
graphically,[21] prompting consideration of the influence of
different conformers on the electronic structure of the
ground and excited states of [1]+. To investigate the influ-
ence of different rotamers of [1’]+ on the appearance of the
NIR spectrum, constrained structure optimisations with a

fixed P-Ru-Ru-P dihedral angle (W) were performed. Start-
ing from the optimised nearly Ci-symmetric structure (W=
1808) the dihedral angle was decreased to 08 in steps of 108.
Interestingly, the energy of the resulting rotational energy
potential (EW) varies by only about 13 kJ mol!1, with the
energy maximum being at W=08 (DE=E0!E1808=
12.6 kJ mol!1). A plot of EW against W (Figure S1 in the Sup-
porting Information) revealed three minima at W =308
(DE=1.0 kJ mol!1), 1108 (DE=6.9 kJ mol!1) and 1808 (refer-
ence, DE=0). These three structures were subsequently
used as starting points for three full unconstrained optimisa-
tions leading to three genuinely energy-minimised conform-
ers: the previously noted trans-[1’]+ (W"1808, DE=0),
perp-[1’]+ (W"1128, DE=7.5 kJ mol!1) and cis-[1’]+ (W

"278, DE= 1.6 kJ mol!1).
All three rotamers exhibit delocalised electronic struc-

tures with spin density distributed evenly over the six-atom
RuC4Ru chain. Each structure gives a single n ACHTUNGTRENNUNG(C#C) vibra-
tion (trans-[1’]+ n ACHTUNGTRENNUNG(C#C)=1878 cm!1, perp-[1’]+ n ACHTUNGTRENNUNG(C#C)=
1868 cm!1, cis-[1’]+ n ACHTUNGTRENNUNG(C#C)=1871 cm!1), which compares
well with the broad band observed experimentally
(n ACHTUNGTRENNUNG(C#C)=1855 cm!1, see the Supporting Information).
TDDFT calculations were performed for all nineteen values
of W in the relaxed scan (see the Supporting Information)
and for the three fully optimised structures. The fully opti-
mised structures all exhibit an intense b-HOMO!1 to b-
SOMO transition near 11 600 cm!1 [trans-[1’]+ , 11 702 cm!1

(mtrans = 9.5 D); perp-[1’]+ 11 524 cm!1 (mtrans =8.8 D); cis-[1’]+

Figure 1. NIR spectra collected during spectroelectrochemical oxidation
of [{Ru ACHTUNGTRENNUNG(PPh3)2Cp}2 ACHTUNGTRENNUNG(m-C#CC#C)] [1] to [1]+ in DCM/0.1m NBu4PF6,ACHTUNGTRENNUNGillustrating the shoulder on the high-energy side of the band.

Figure 2. Isosurface plots ($0.03 a.u.) of the b-SOMO (top) and b-
HOMO!1 (bottom) of trans-[1’]+ (see the Supporting Information for
orbital labelling details).
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11 572 cm!1 (mtrans =9.8 D)] with p–p* character as described
before. The transition dipole moment reveals trends in the
diynediyl contribution to the b-HOMO!1 orbital (trans-
[1’]+ : 19 %, perp-[1’]+ : 16 %, cis-[1’]+ : 19 %) and reflects the
orbital overlap with the b-SOMO.

For perp-[1’]+ a second, less intense excitation at
13 982 cm!1 (mtrans =3.3 D) arising from a b-HOMO!3 to b-
SOMO transition is also calculated. This transition has no
calculated intensity for trans-[1’]+ (mtrans =0.0 D) and is only
very weak in the case of cis-[1’]+ (mtrans =0.8 D). The b-
HOMO!3 is largely metal in character (Ru/C4/Ru: trans-
[1’]+ 27/3/18 %; cis-[1’]+ 25/4/19 %; perp-[1’]+ 18/9/27 %), and
the b-HOMO!3 to b-SOMO transition only gains apprecia-
ble intensity when there is significant spatial overlap be-
tween these orbitals (i.e., in perp-[1’]+, Figure 3). Very simi-
lar results have been obtained for two conformational iso-
mers of the ethynediyl complex [{Ru ACHTUNGTRENNUNG(dppe)Cp}2 ACHTUNGTRENNUNG(m-C"C)]+,

although in this case the greater steric congestion around
the C2 bridge gives rise to a greater energy barrier to rota-
tion.[22] The higher-energy shoulder in [1]+ is therefore as-
signed to an MLCT transition that gains intensity in rota-
meric forms with approximately orthogonal disposition of
the Cp rings around the RuC4Ru axis.

Thus, all of the computational structures of [1]+ show a
lower-energy transition in a narrow range around
11 700 cm!1 and higher-energy transition around 14 300 cm!1

(see the Supporting Information). The excitation near
11 700 cm!1 exhibits significant intensity for all rotamers
(mtrans#8.4 D). In contrast, the transition dipole moment of
the higher-energy transition, which correlates with the
shoulder in the experimental spectrum (Figure 1), steadily
gains intensity from W =08 (mtrans =0.8 D) to W =1008
(mtrans = 3.8 D), and mtrans decreases gradually when advancing
towards W=1808 (0.0 D).

To test the quantum-chemically predicted importance of
rotamers for the shape of the NIR band of mixed-valence
systems a conformationally restricted diynediyl complex
comparable to 1 was required. Gladysz and colleagues have
used a,w-bis(phosphines) in constructing “insulated” molec-
ular wire models based on polyynediyl complexes,[23] provid-
ing a conceptual basis for the work which follows. The
pseudo-macrocyclic complex [{RuCp}2ACHTUNGTRENNUNG(m-C"CC"C) ACHTUNGTRENNUNG(m-Ph2P-

ACHTUNGTRENNUNG(CH2)5PPh2)2] (2, Figure 4) was prepared in 33 % yield by
phosphine exchange of 1 with 1,5-bis(diphenylphosphino)-
pentane (Figure 5) and crystallographically characterised.[24]

Full spectroscopic and analytical data are given in the Sup-
porting Information. The phosphine ligands constrain 2 to a
narrow range of conformers with W being close to 08, and
thus should exhibit properties similar to those of cis-[1’].

The IR and UV/Vis/NIR spectra of [2]+ were obtained
using the same spectroelectrochemical methods as employed
for [1]+ (Figure 4 and the Supporting Information). The

Figure 3. Isosurface plot ($0.03 a.u.) of the b-HOMO!3 of perp-[1’]+.

Figure 4. NIR spectra collected during spectroelectrochemical oxidation
of [{RuCp}2 ACHTUNGTRENNUNG(m-C"CC"C)ACHTUNGTRENNUNG(m-PPh2 ACHTUNGTRENNUNG(CH2)5PPh2)2] [2] to [2]+ in DCM/0.1 m
NBu4PF6. Note the loss of the shoulder on the high energy side of the
band.

Figure 5. A plot of a molecule of 2, with H atoms omitted for clarity.
Selected bond lengths [!] and angles [8]: Ru1!C1 2.011(4), C1!C2
1.216(6), C2!C3 1.384(6), C3!C4 1.219(6), C4!Ru2 2.009(4); Ru1!C1!
C2 174.0(4), C1!C2!C3 170.7(5), C2!C3!C4 170.7(5), C3!C4!Ru2
174.6(4).
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n ACHTUNGTRENNUNG(C!C) band in [2]+ (1858 cm"1) is noticeably narrower
than for [1]+ (1855 cm"1), providing some evidence for re-
stricted rotation in the tethered system. The NIR absorption
bands in [1]+ (Figure 1) and [2]+ (Figure 4) are both clearly
asymmetric, revealing the low-energy “cut-off” associated
with a strongly coupled system.[17, 18] However, the high-
energy shoulder evident in [1]+ (Figure 1) is substantially re-
duced in intensity in the conformationally restricted com-
pound [2]+ (Figure 4). This observation is entirely in agree-
ment with the TDDFT results for trans-[1’]+ , cis-[1’]+ and
perp-[1’]+.

Mixing of localised metal-based excitations, as featured in
Meyer!s model,[19] is not applicable here (given the low spin-
orbit coupling constant of Ru) and cannot explain the high-
energy shoulder. In addition, although fitting of the band
shape by deconvolution in a series of Gaussian-shaped sub-
bands is obviously possible, such fitting-based solutions do
not, per se, reveal the electronic origin of the underlying ex-
citations. Moreover, interpretations based on the number of
sub-bands necessary for an accurate fit to the experimental
data can be misleading in systems close to the localised/de-
localised borderline due to the inherently asymmetric shape
of the band (see the discussion in the Supporting Informa-
tion).

A full optimisation of [2’]+ starting from a Cs-symmetric
structure led to a delocalised system with a P-Ru-Ru-P dihe-
dral angle close to 08, and a calculated n ACHTUNGTRENNUNG(C!C) frequency of
1874 cm"1. TDDFT calculations give a single (p–p*) transi-
tion at 12 012 cm"1 (mtrans =10.1 D) occurring from the b-
HOMO"1 to b-SOMO excitation (Figure 6). The calculated
band is slightly blue-shifted in comparison to cis-[1’]+

(11 572 cm"1) whereas the experimental band maximum is
observed at 11 120 cm"1. The b-HOMO"3 to b-SOMO tran-
sition has negligible intensity for the tethered system [2’]+ .

In summary, the NIR band envelope observed for the
simple diynediyl complex [1]+ features two transition enve-
lopes with distinct electronic character (p–p* and MLCT)
arising from a distribution of conformers in solution. The
observed NIR absorption profile of [1]+ is in good agree-

ment with the predictions based on a relaxed rotamer scan
and well-matched with the results from the three fully opti-
mised structures trans-[1’]+ , perp-[1’]+ and cis-[1’]+ . An ac-
curate interpretation of the NIR spectrum of [1]+ must
therefore allow for the different spectroscopic properties of
the various rotameric forms. These conclusions likely apply
to many other examples of “mixed-valence” complexes with
low axial symmetry and relatively free rotational elements.
Detailed analyses of the NIR spectra of such systems should
therefore consider not only the contributions to the band
shape that can arise from vibronic coupling and transitions
from lower-lying filled metal orbitals that gain intensity
through low local coordination symmetry and/or spin orbit
coupling, but also the potential for rotamers with distinct
spectroscopic profiles. The latter will not be adequately
treated by interpretations drawn from a single lowest energy
conformer.

Experimental Section

All ground-state structures and properties were obtained using a version
of the TURBOMOLE 6.4 code[25] locally modified by the Kaupp group.
Subsequent TDDFT calculations to gain excited-state properties were
performed using Gaussian 09.[26] All unrestricted DFT calculations were
performed with the global hybrid functional BLYP35[20] and a continuum
solvent model (DCM, e=8.93). The latter was the conductor-like-screen-
ing solvent model (COSMO) in TURBOMOLE 6.4[27] and the CPCM
version[28] of the polarisable continuum (PCM) solvent model in Gaussi-
an 09. Split-valence basis sets def2-SVP and the associated Stuttgart ef-
fective-core potentials for Ru were employed.[29] Calculated harmonic vi-
brational frequencies were scaled by an empirical factor of 0.95.[30] Com-
plex 1 was synthesised using a modified literature[5] procedure. Complex
2 was synthesised by phosphine exchange of 1 with 1,5-bis(diphenylphos-
phino)pentane, and single crystals were obtained by slow evaporation
from [D2]DCM. IR and UV/Vis/NIR spectroelectrochemical experiments
were carried out in a solution of NBu4PF6 (0.1 m) in DCM using an
OTTLE cell.[31] The crystal structure was solved by direct methods and
refined by full-matrix least squares on F2 for all data using OLEX2[32]

and SHELXTL[33] software. All non-disordered non-hydrogen atoms
were refined with anisotropic displacement parameters; H atoms were
placed into calculated positions and refined in “riding” mode.
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