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ABSTRACT: The readily available complex 1,1-dibromo-2-ferrocenylethylene provides a convenient
entry point for the preparation of a wide range of cross-conjugated 1,1-bis(alkynyl)-2-ferrocenylethenes
through simple Pd(0)/Cu(I)-mediated cross-coupling reactions with 1-alkynes. The ferrocene moiety
in compounds of the general form FcCHC(CCR)2 is essentially electronically isolated from the
cross-conjugated π system, as evidenced by IR and UV−vis spectroelectrochemical experiments and
quantum chemical calculations. In contrast to the other examples which give stable ferrocenium
derivatives upon electrochemical oxidation, the aniline derivatives [FcCHC(CCC6H4NH2-4)2]

+

and [FcCHC(CCC6H4NMe2-4)2]
+ proved to be unstable on the time scale of the

spectroelectrochemical experiments, leading to passivation of the electrode surface over time. There
is no significant thermodynamic stabilization of the radical anion [FcCHC(CCC6H4NO2-4)2]

−

relative to the neutral and dianionic analogues, although the dianion [FcCHC(CCC6H4NO2-
4)2]

2− could be studied as a relatively chemically stable species and is well described in terms of two
linked nitrophenyl radicals. The capacity to introduce a relatively isolated point charge at the periphery
of the cross-conjugated π system appears to make these complexes useful templates for the construction of electrochemically
gated quantum interference transistors.

■ INTRODUCTION
Redox-active moieties linked by linear conjugated π systems,
and the mixed-valence complexes that can be generated
following one-electron redox processes, have been topics of
immense interest for many decades.1 Such “[LxMA]−bridge−
[MBLx]” systems provide incentives for the development of
synthetic methods, such as those used in the preparation of
long linear polyynediyl chains stabilized by end-capping metal
complexes [LxM]{μ-(CC)n}[MLx],

2 and explorations of
electronic structure through studies of intramolecular elec-
tron-exchange processes mediated by the linear all-carbon
bridge.3−7 Cross-conjugated structures are also attracting
attention driven by similar ambitions,8 with the unique
geometric properties of the prototypical diethynylethene
fragment leading to its incorporation into a range of shape-
persistent macrocycles,9 radiannulene derivatives,10 and
tetraethynyleneethenes.11 Together, these families of cross-
conjugated compounds comprise a series of materials with
useful electronic and optical properties that complement those
of the related linearly conjugated analogues.12 In addition,
cross-conjugated fragments are now being recognized as
potential scaffolds through which to explore the influence of
quantum interference effects on the promotion and mediation
of trans-molecule conductance in molecules and nascent
molecular electronic devices.13 In turn, this has led to a

growing number of studies in which cross-conjugated carbon-
rich ligands are being incorporated into metal complexes14 and
attracting interest in the potential for intramolecular electron
transfer between metal centers through the cross-conjugated
bridge.15

Against this background of fundamental and applied research
interests, it is unsurprising to note that perhaps the most
ubiquitous of all redox probes, ferrocene, has been incorporated
into a wide range of cross-conjugated molecules (e.g., A−G;
Chart 1).16 In this report we describe convenient synthetic
routes to 1,1-bis(alkynyl)-2-ferrocenylethene derivatives (A)
from the readily available precursor 1,1-dibromo-2-ferrocenyl-
ethylene. (Spectro)electrochemical characterization and sup-
porting quantum chemical calculations are used to explore the
interactions between the ferrocenyl moiety and the cross-
conjugated ancillary group, and the results are considered
briefly against a recently proposed molecular structure for a
chemically or electrochemically gated, quantum-interference-
based molecular transistor.
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■ RESULTS AND DISCUSSION

Syntheses and Characterization. The key precursor 1,1-
dibromo-2-ferrocenylethene (2) is readily prepared from the
reaction of ferrocenecarboxaldehyde (Fc-CHO, 1) with PPh3/
CBr4 (Corey−Fuchs reaction) (Scheme 1).17,18 Compound 2 is
a versatile precursor of ethynylferrocene,18,19 but despite the
wider synthetic versatility of 1,1-dihalovinyl compounds,12h,20

other reactions of 2 appear to be limited to the preparation of
ferrocene-substituted vinylic dithioethers and heterometallic
oxidative addition products.21

One appealing aspect of the chemistry of 1,2- and 1,1-
dihalovinyl compounds is their facility to enter into Pd(0)/
Cu(I)-catalyzed cross-coupling reactions with terminal alkynes
to give a range of linear22 and cross-conjugated11e,h,23 ene-
(mono-, di-, or tetra)ynes. The recent description of a
chemically gated quantum-interference-based molecular tran-
sistor architecture based on a 1,1-diethynylethene (Figure 1)
prompts renewed consideration of such structures.13 In the
model put forward by Grozema, a donor D (or source
electrode) is connected to an acceptor, A (or drain electrode),
via a cross-conjugated bridge. The gating component, G, is

Chart 1. Selection of Representative Ferrocene-Containing Cross-Conjugated Compounds16

Scheme 1. Preparation of Compounds 2 and 3a−f from 1 via 5a−e
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chosen to be capable of changing charge state through chemical
or electrochemical means. The cross-conjugated structure limits
charge flow from D to A as the components of the charge
carrier wave function propagating directly from D to A and that
traveling via the channel to the gate G interact and form an
interference pattern. This interference can be constructive or
destructive, depending on the chemical structure of the side
chain; in the case of the structure shown in Figure 1,
interference will be destructive and the transistor will be
normally off. Chemical modification of the charge on the gating
moiety (G) by (de)protonation or metal-ion binding to groups
along the gate pathway changes the energy of the path and
under favorable conditions will prevent a fully destructive
interference pattern from being formed, hence increasing the
flow of charge from D to A. Redox-active gate groups were also
noted as providing a suitable means for switching these
interference effects. With these points in mind, cross-coupling
reactions of 2 with terminal alkynes to generate the prototypical
structures A (Chart 1) in which the ferrocene moiety can serve
as an electrochemically addressable means of introducing a
point charge to gate the flow of charge were investigated.
Reaction of 2 with a large excess of terminal alkynes

HCCC6H4R-4 (4: R = Me (a), NMe2 (b), NH2 (c), NO2
(d)) or HCCSiMe3 (4e) under Sonogashira cross-coupling
conditions (NEt3, Pd(PPh3)4/CuI) gave moderate to good
yields of the desired 1,1-bis(alkynyl)-2-ferrocenylethenes 3a−e
(Scheme 1) as dark red solids (3a−d) or an oil (3e). While
4a−c were chosen as representative electron-neutral, -donating
and -withdrawing substituents, the amino (4c) and trimethyl-
silyl (4e) groups are potential surface binding groups.24

Desilylation of 3e by treatment with K2CO3/MeOH gave the
fairly insoluble terminal dialkyne 3f in good yield, which has
potential for use as a reagent for the preparation of other
derivatives featuring the 1,1-bis(alkynyl)-2-ferrocenylethene
core.
The low chemoselectivity of 1,1-dibromoalkenes toward

Sonogashira cross-coupling protocols has been noted previous-
ly,23b,c and in the present work attempts to selectively couple
the less hindered vinyl bromide through reaction of 2 with 1
equiv of 4c−e as representative alkynes gave a mixture of the
appropriately substituted mono (5)- and dialkynylated (3)
products and unreacted 2. A survey of various coupling
conditions, including the use of PdCl2(dppf) as a catalyst
precursor23a (dppf = 1,1′-bis(diphenylphosphino)ferrocene),
failed to permit selective preparation of the monocoupled
bromo ene-ynes 5 free of 2 and 3. In the case of reaction with
PdCl2(PPh3)2 a much higher catalyst loading (ca. 20%) was
required to achieve appreciable reaction yields of 3, but no
selectivity in the reaction toward products 5 was observed.
However, from the reaction solution that yielded 3d careful
column chromatography permitted the isolation of a small
amount of a second, higher polarity compound from a number

of other ferrocene-containing byproducts, identified as Z-5d by
single-crystal X-ray diffraction (vide infra). While this
compound crystallized as the Z isomer (Z-5d vinylic proton
δH 7.19 ppm), in solution the compound undergoes
equilibration over the course of several hours to give an
approximately 1:1 mixture of E- and Z-5d, as evidenced by the
appearance and integration of a second set of vinylic and
C6H4NO2 proton resonances (E-5d vinylic proton δH 7.05 ppm
and aromatic resonances at δH 7.76, 8.30 ppm).
Compounds 3a−g were all characterized by the usual range

of 1H and 13C{1H} NMR spectroscopy (Figure 2), atmospheric

solids analysis probe (ASAP) mass spectrometry,25 elemental
analyses, and, in the case of 3d and Z-5d, also by single-crystal
X-ray diffraction. Each compound featured the expected pattern
of 1H resonances for a monosubstituted ferrocene. The
equivalence of the Hb/Hb′ and Hc/Hc′ protons and the
detection of a single cross peak from the Hc/Hc′ resonance
to the vinylic proton (He) in the NOESY spectrum indicate
that there is free rotation of the ferrocenyl moiety around the
Cd−Ce bond. The two para-substituted aryl groups in 3a−d
gave rise to two pairs of resonances, reflecting the different
dispositions across the double bond with respect to the
ferrocenyl moiety, but individual pairs of resonances could not
be unambiguously assigned to the Z or E branches of the
ligand. The chemical shifts of the Hc/Hc′ and vinylic (He)
protons and vinyl carbon resonances Ce (identified by HSQC
spectroscopy and the coupling to the vinyl proton He) and Cf
(identified by HMBC to He) were sensitive to the electronic
character of the aryl substituent, and clearly there is some
degree of electronic information being propagated through the
cross-conjugated backbone. The trimethylsilyl-protected and
terminal alkyne derivatives 3f,g were similarly identified, with
two SiMe3 or CH resonances observed, respectively.
However, while the sets of resonances belonging to the
individual alkynyl fragments were unambiguously assigned
through a combination of 1H−1H and 1H−13C 2-D NMR
experiments, as in the case of the phenylene protons, assigning
these sets of 13C resonances to either the E or the Z arm was
not possible.
The IR spectra of 3a−e were recorded in solution (CH2Cl2).

Given the low solubility of 3f, spectra were also obtained in the
solid state (ATR-FTIR) for comparison, with the exception of
the oil 3e. The results are summarized in Table 1, and figures
showing the ATR-FTIR spectra are given in the Supporting
Information. All of these compounds display ν(C−H) bands
associated with the cyclopentadienyl rings and, in the case of
3a−d, the phenylene rings, in the region of 2750−3200 cm−1

which were more clearly observed in the solid-state spectra. For
3a,b, this region also involves ν(C−H) bands from the terminal
methyl groups. In the solid state a weak ν(CC) band is

Figure 1. Schematic of the Grozema molecular transistor. The arrows
show the propagation of the components of the wave function directly
between donor, D, and acceptor, A, and also the portion traveling via
the gate, G. The moieties D and A may be distinct chemical groups or
the source and drain electrodes of a device.

Figure 2. NMR labeling scheme for 3a−d. Similar schemes for 3e,f are
given in the Supporting Information.
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observed around 2190 cm−1 for 3b,c; the band pattern becomes
more complex for 3a and especially 3d, while in solution the
ν(CC) bands appeared as relatively sharp bands near 2190
cm−1 with a higher frequency shoulder in the case of the aryl
derivatives, possibly reflecting Fermi coupling. The aryl and
vinyl ν(CC) wavenumbers are modestly sensitive to the
electronic character of the substituent, with a small shift to
lower energy in the case of the donor−acceptor deriative 3d
arguably reflecting a contribution from a more cumulated
resonance form (Figure 3). In the donor (ferrocene)−donor
(amine) derivatives 3b,c the ν(CC) vinyl bands were not
observed in solution, likely due to the lack of a strong dipole.
However, in the solid state, a band at 1575 (3b)/1576 cm−1

(3c) was clearly observed and likely gains intensity due to local
distortions brought about by solid-state packing.
Single crystals of 3d (Figure 4) and Z-5d (Figure 5) suitable

for X-ray diffraction were obtained by slow diffusion of ethanol
into solutions of the compound in CH2Cl2. Important bond
lengths and angles are summarized in the relevant figure
captions. As expected, the 1,1-dialkynylethene portions of the
molecules are planar within 0.03 Å, and the key CC (3d,
1.355(3) Å; Z-5d, 1.335(4) Å), C−C (3d, 1.437(3),
1.434(3) Å; Z-5d, 1.422(4) Å), and CC (3d, 1.199(3),
1.197(3) Å; Z-5d, 1.190(4) Å) bond lengths are consistent
across both compounds. The C(1)−C(5) ring of the
vinylferrocene moiety also lies close to this plane, evidencing
a degree of delocalization between the metal and cross-
conjugated fragments. Interestingly, in the molecule 3d the
C(1)−C(5) ring and the aromatic group located trans across
the double bond lie close to the same plane. The nitrophenyl
groups cis to the vinylferrocene moiety are less obviously
positioned to promote significant π conjugation. It should be

Table 1. Characteristic IR-Active Vibrational Modes (cm−1) of 3a−e Observed in Solution (CH2Cl2 and CH2Cl2/10
−1 M

Bu4NPF6) and the Solid State (ATR-FTIR), Spectroelectrochemical Data for [3a−d]n+ (n = 0, 1), and Calculated Vibrational
Frequencies for [3a′]n+, [3b′]n+, and [3d′]n+ (n = 0, 1)

ν(N−H) ν(C−H) ν(CC) ν(CC) aryl ν(CC) vinyl ν(C−N) ν(NO2)

3aa 3155−2800 2209, 2196 1607, 1509 1577
3ab 2208, 2194 1609, 1510 1575
[3a]+b 2208, 2194 1605, 1510 1559
3a′c 2233, 2220 1619, 1617, 1499, 1495 1585
[3a′]+c 2227, 2211 1615, 1556, 1499 1561
3ad 3150, 2800 2200, 2176 1604, 1508 1564
3ba 3150−2774 2205, 2186 1608, 1523 not obsd 1482, 1422, 1357
3bb 2188 1607, 1522 not obsd
[3b]+b 2167 1605, 1524 1545
3b′c 2223, 2210 1614, 1613, 1514, 1511
[3b′]+c 2203, 2178 1611, 1604, 1518, 1510 1527
3bd 3100−2750 2189 1606, 1519 1576 1361
3ca 3394e 3050−2800 2204−2190 1606, 1515 not obsd
3cb 3395e 2185 1607, 1514 not obsd
[3c]+b 3400 2173 1603, 1517 1545
3cd 3400f 3200−2800 2191 1605, 1514 1575 1296
3da 2830−3035 2195, 2210 1593, 1493 1565 1518, 1344
3db 2211, 2195 1594, 1491 1565 1520, 1343
[3d]+b 2215, 2201 1596, 1493 1565 1522, 1345
3d′c 2233, 2217 1601, 1566, 1482, 1478 1568, 1567 1636, 1634, 1395, 1393
[3d′]+c 2237, 2223 1608, 1605, 1573, 1572, 1483, 1463 1576 1641, 1639, 1403, 1401
3dd 3150−2800 2188, 2211 1592, 1499 1561 1509, 1339
3ea 3050−2800 2144 1577
3fd 3300,g 2775−3200 2100 1581

aCH2Cl2 solution state. bCH2Cl2/10
−1 M Bu4NPF6.

cCalculated, with 0.95 correction factor applied. dSolid state. eThe corresponding bending
vibration lies at 1622 cm−1 in pure CH2Cl2 and CH2Cl2/10

−1 M Bu4NPF6.
fThe corresponding bending vibration lies at 1619 cm−1. gν(CC−H).

Figure 3. Resonance structures of the donor−acceptor compound 3d.
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noted that in the crystal of 3d only the trans-nitrophenyl group
takes part in π···π intermolecular interactions, while the cis
group forms only various C−H···π and O···CH short contacts.
Cyclic Voltammetry and Spectroelectrochemical

Studies. The electrochemical response of the ferrocenyl
compounds 3a−g were investigated by cyclic voltammetry
(CV) in a standard three-electrode cell (equipped with a Pt-
microdisk working electrode) from a CH2Cl2 solution
containing thesupporting electrolyte 10−1 M Bu4NPF6 . All
potentials are reported against the ferrocene/ferrocenium (Fc/
Fc+) couple by reference to an internal decamethylferrocene
(Fc*) standard (−0.48 V vs Fc/Fc+) (Table 2). The CV of
each of the monoferrocenyl complexes 3a−f displayed a
reversible (or nearly so) one-electron anodic wave consistent
with the redox properties of the ferrocenyl moiety. The
electron-withdrawing nature of the conjugated vinyl group was
evidenced in the shift of these waves to more positive potentials
relative to ferrocene. In addition, across the series, the
potentials were also sensitive to the electronic character of

the remote substituent, with the electron-withdrawing −NO2
group giving rise to the most positive potential shift (Table 2).
The nitrophenyl groups in 3d were also electroactive within the
electrochemical window of the solvent, giving rise to two
overlapping reduction waves (apparent E1/2 = −1.42 V, ΔEp =
100 mV) and the formation of [3d]2−. There was no evidence
for any appreciable stability of the organic mixed-valence form
[3d]−.
UV−vis−near-IR and IR spectroelectrochemical investiga-

tions were undertaken to better assess the interactions between
the ferrocenyl moieties and the 1,1-dialkynylvinyl moiety in the
most easily handled compounds 3a−d. As 3d exhibits both a
reversible ferrocenyl-centered oxidation and a reduction
localized on the terminal nitrophenyl substituents, it provides
an ideal platform for spectroelectrochemical investigation of
both the cathodic and anodic processes that will promote
understanding of the electronic interactions between the redox
sites and the 1,1-dialkynyl vinyl moiety. As shown in Figure 6,

the reduction of the nitro group induces a shift of the ν(NO2)
band at 1343 cm−1 to 1360 cm−1 and a decay of ν(NO2) at
1520 cm−1. Similar observations have been reported in
comparisons of the IR spectra of nitrobenzene and its radical
anion.26 The ν(CC)aryl absorptions at 1491 and 1594 cm−1

are very weak in the reduced species, while the ν(CC)vinyl
and ν(CC) bands maintain the relatively high intensity
(Table 1). The spectral changes reveal a very small shift of the

Figure 4. Plot of a molecule of 3d, showing the atom-labeling scheme.
Selected bond lengths (Å) and angles (deg): C1−C11 = 1.445(3),
C11−C12 = 1.355(3), C12−C13 = 1.434(3), C13−C14 = 1.197(3),
C14−C15 = 1.435(3), C12−C21 = 1.437(3), C21−C22 = 1.199(3),
C22−C23 = 1.434(3); C1−C11−C12 = 129.8(2), C11−C12−C13 =
119.3(2), C11−C12−C21 = 123.4(2).

Figure 5. Plot of a molecule of 5d, showing the atom-labeling scheme.
Selected bond lengths (Å) and angles (deg): C1−C11 = 1.442(4),
C11−C12 = 1.335(4), C12−C13 = 1.422(4), C13−C14 = 1.190(4),
C14−C15 = 1.434(4); C1−C11−C12 = 132.6(3), C11−C12−C13 =
123.8(3).

Table 2. Oxidation Half-Wave Potentials for 3a−fa

compd E1/2/V

3a 0.18
3b 0.09
3c 0.10
3db 0.22
3e 0.16
3f 0.19

aConditions: CH2Cl2/10
−1 M Bu4NPF6; v = 100 mV s−1. Potentials

are reported against ferrocene (Fc/Fc+ = 0.0 V) by reference against
an internal decamethylferrocene/decamethylferrocenium couple (Fc*/
Fc*+ = −0.48 V vs Fc/Fc+). bCompound 3d undergoes reversible
reduction at E1/2 = −1.42 V.

Figure 6. Reversible IR spectral changes accompanying reduction of
the terminal nitrophenylene groups in 3d in CH2Cl2/10

−1 M Bu4NPF6
within an OTTLE cell. The inset illustrates the ν(CC) region. The
spectral changes between 1410 and 1490 cm−1 are caused by
fluctuations of the electrolyte absorption.
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ν(CC)vinyl band at 1565 to 1570 cm−1 and a more significant
low-energy shift of the ν(CC) absorption, with the band
envelope between 2211 and 2195 cm−1 being replaced by a
single broad band at 2152 cm−1. Interestingly, the composed
ν(CC) band pattern of 3d itself is gradually converting along
with the overall anodic decay to a single band at 2201 cm−1. It
seems clear that reduction of 3d to [3d]2− results in a
distribution of the extra electron density into orbitals that have
significant nitrophenyl and alkynyl character.
In contrast to the nitrophenylene reduction, the reversible

ferrocenyl-based oxidation of 3d does not affect ν(C=C)vinyl or
ν(CC) wavenumbers significantly, resulting in blue shifts
smaller than 5 cm−1, but with a substantial loss of intensity of
these bands (Figure 7). These observations indicate that the Fc

center has only a small influence on the structure of the cross-
conjugated fragment and therefore does not interact strongly
with the 1,1-dialkynylvinyl moiety.
Similar small IR spectral changes in the ν(CC)aryl bands of

the substituted phenyl groups, viz. tolyl (3a), N-methylanilinyl
(3b), and N,N-dimethylanilinyl (3c), are observed in the course
of oxidation of the ferrocenyl group in 3a−c. However, the
ν(CC) and ν(CC)vinyl bands of 3a−c with the donor
substituents on the phenyl ring exhibit markedly different
response to the 1e oxidation in comparison with 3d. For the
most stable derivative [3a]+, the wavenumbers of the ν(CC)
band maxima remain almost unchanged, while the ν(CC)vinyl
band at 1575 cm−1 shifts to lower energy by 16 cm−1 and the
intensities of ν(CC) and ν(CC)vinyl absorption bands both
strongly increase in the cationic products (Figure S3,
Supporting Information). Again, these qualitative changes in
band intensity are consistent with a simple valence bond model
for the changes in dipole moment across the molecule in
response to localized changes in redox state.
For 3c, the ferrocenyl-centered oxidation resulted in the

gradual shift of the ν(CC) band envelope at 2185 cm−1 to a
new structured band at 2173 cm−1 (Figure 8). However, in
addition to the formation of [3c]+, a new broad ν(CC)
absorption at 2120 cm−1 was also observed to be independently
growing, especially at later stages of the oxidation processes
with concomitant decrease in the ν(CC) absorption of [3c]+.
This behavior reflects the reactivity of the aniline substituent in

the cationic product, which may form an insoluble polyaniline-
type structure. In contrast to the case for the parent 3c, the
ν(CC)vinyl band of [3c]

+ is IR active in solution (1545 cm−1)
and is found some 14 cm−1 lower than in [3a]+ (Table 1).
Finally, for the dimethylamino derivative 3b, the IR spectral

changes due to the ferrocenyl-centered oxidation show a trend
very similar to that observed for 3c (Figure S4 (Supporting
Information), Table 1). The secondary reactivity of [3b]+ is
markedly less pronounced than noted above for [3c]+, which
can be ascribed to higher steric demands of the N,N-
dimethylaniline substituents inhibiting the polymerization
reaction in the cationic product. Ultimately, this process
complicates the spectroelectrochemical study of 3b,c due to
severe passivation of the electrode surface. Nevertheless, as also
seen in the solid-state ATR-FTIR spectra of the neutral
systems, the ν(CC)vinyl wavenumbers in the oxidized forms
exhibit some substituent effects and are more sensitive to the
ferrocenyl oxidation than the ν(CC) and ν(CC)aryl modes,
especially in the presence of a donor group on the phenyl rings.
UV−vis−near-IR spectral changes recorded for compounds

3a−d in the course of their ferrocenyl-centered oxidation are
shown in Figures 9 and 10 and Figures S5 and S6 (Supporting
Information), and the wavenumbers of the absorption maxima
of the neutral parent and oxidized cationic complexes are

Figure 7. Reversible IR spectral changes resulting from the ferrocenyl-
centered electrochemical oxidation of 3d in CH2Cl2/10

−1 M Bu4NPF6
within an OTTLE cell. The inset documents the ν(CC) region. The
spectral changes between 1410 and 1490 cm−1 are caused by
fluctuations of the electrolyte absorption.

Figure 8. IR spectral changes resulting from the ferrocenyl-centered
electrochemical oxidation of 3c in CH2Cl2/10

−1 M Bu4NPF6 within an
OTTLE cell, prior to the thermal decomposition of [3c]+. The inset
corresponds to the ν(N−H) region.

Figure 9. Reversible UV−vis−near-IR spectral changes resulting from
the ferrocenyl-centered electrochemical oxidation of 3d in CH2Cl2/
10−1 M Bu4NPF6 within an OTTLE cell.
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summarized in Table 3. More detailed analyses of the spectral
changes and assignments of the absorption bands to particular

vertical electronic transitions are facilitated by DFT and
TDDFT calculations of the closed- and open-shell systems
described below. The secondary reactivity of the oxidized
anilinyl-substituted compounds [3b]+ and [3c]+ observed in
the IR spectroelectrochemical experiments is prohibited at the
much lower concentrations used for the anodic UV−vis
spectroelectrochemical experiments (see the Experimental
Section).
Computational Studies. To gain further insight into the

electronic structure and the character of the electronic
transitions, calculations at the density functional theory
(DFT) level were performed using compounds [3a′]n, [3b′]n,
and [3d′]n (n  0, 1+) as representative examples (the ′
notation is employed to distinguish the in silico system from
the experimental complex). The BLYP35 functional (35% exact
exchange admixture) was used together with the COSMO
continuum solvent model (CH2Cl2; ε = 8.93).27 This

combination of methods is known to provide a reasonable
description of electronic localization/delocalization and excited-
state properties of open-shell organic and transition-metal
systems, including the charge transfer characteristics of mixed-
valence examples.28

The DFT calculations confirmed an essentially ferrocenyl-
centered oxidation in each case for [3a′]+, [3b′]+, and [3d′]+,
with spin density almost exclusively localized on the ferrocenyl
moiety (Tables S1−S7, Supporting Information). In the case of
[3b′]+ the calculated spin density on the ferrocenyl moiety
(101%) is matched with a small negative contribution from the
two ethynyl units (−1%) (Figure 11). Appreciable spin
polarization is found at the chosen computational level, with
appreciably negative (=β) spin density on the π orbitals of the
cyclopentadienyl rings (−0.27 and −0.20, respectively) and
mainly positive (=α) spin density on the iron atom (1.48). This
spin polarization is accompanied by spin contamination (⟨S2⟩ =
0.88 compared to the nominal 0.75 for a doublet). This
valence-shell spin polarization and spin contamination at the
hybrid DFT level is consistent with a significant Fe−Cp
antibonding character of the SOMO, as has been analyzed in
detail for other 3d transition-metal complexes in the context of
computing hyperfine couplings.29

The analysis of the spin-density distributions in terms of
MOs is complicated by the strong spin polarization, which leads
to violation of the Aufbau principle. For example the “true”
singly occupied MO in [3a′]+ is not the α (i.e., spin-up) spin
orbital with the highest energy (which would be α-MO 115α)
but rather is found at lower energy in the list of α-MOs (96α).
An assignment of the proper “doubly occupied” MOs, and thus
of the proper SOMO, was only possible after an overlap
matching of the corresponding α- and β-MOs. The same holds
for the other complexes. In view of these aspects, we will refrain
from a detailed MO-based analysis but rather simply note that
the α-SOMO of [3a′]+ is ferrocenyl-based (90%), thus
matching the spin density distribution qualitatively. The
localization of the α-SOMO (and thus of the spin density)
on Fc+ is diminished in the presence of the donor substituents
NMe2 in [3b′]+ (113α, 78%) (Figure 11) but somewhat
enhanced by the electron-withdrawing NO2 groups in [3d′]+
(108α, 92%). We note also in passing that the SOMO involves
σ-type orbitals on the cyclopentadienyl rings (Figure 11, right),
in contrast with the π-type negative spin density arising from
spin polarization (Figure 11, left).
Harmonic vibrational frequency calculations were performed

on each member of the series [3a′]n, [3b′]n, and [3d′]n (n = 0,
1) (Table 1). In agreement with experimental spectroelec-
trochemical results, the ν(CC) frequencies of the neutral and
the oxidized form differ little. For each oxidation state, two
ν(CC) bands are computed. Taking [3b′]n+ as an example,
while the ν(CC) bands appear at 2223 and 2210 cm−1 for

Figure 10. Reversible UV−vis−near-IR spectral changes resulting
from the ferrocenyl-centered electrochemical oxidation of 3c in
CH2Cl2/10

−1 M Bu4NPF6 within an OTTLE cell.

Table 3. Electronic Absorption Spectra of 3a−d and Their 1e
Oxidized Forms in CH2Cl2/Bu4NPF6

compd wavenumber (cm−1)

3a 43420, 40020, 35210, 33170, 29730, 28900, 20160
3a+ 39250, 34730 (sh), 32440 (sh), 30340, 23300, 17730, ∼10970
3b 43240, 34850, 30250 (sh), 27900 (sh), 26750, 20160
3b+ 39250, 34390, 30790 (sh), 27460, 19900, 15610, ∼10480
3c 43610, 35830, 31070, 27750, 20790
3c+ 38660 (sh), 35820, 32340, 29070, 25080, 22000, 16470, ∼10500
3d 35090, 31840, 28510, 25640, 18590
3d+ 38370, 30250, 26020 (sh), 23300 (sh), 18750, ∼11040

Figure 11. Isosurface plots of the spin density (±0.002 au, left) and the SOMO 113α (±0.03 au, right) of [3b′]+.
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the neutral species 3b′, upon oxidation to [3b′]+ a small red
shift to 2203 and 2178 cm−1 occurs. While the ν(CC)
frequencies of 2210 cm−1 (3b′) and 2203 cm−1 ([3b′]+) are in
good agreement with the principal features of the experimental
band envelopes (3b, 2188 cm−1; [3b′]+, 2167 cm−1), the
additional features at 2223 cm−1 (3b′) and 2203 cm−1 ([3b′]+)
may explain in part the experimentally observed high-energy
shoulder of the ν(CC) band. Overall, the calculations in each
case overestimate the ν(CC) frequencies slightly (in spite of
the customary scaling by an empirical factor of 0.95, cf.
Computational Details).
The calculated ν(CC)aryl frequencies are in excellent

agreement with the experimental data across the series. Again,
taking 3b′ by way of example, for neutral 3b′, the DFT
calculations give two nearly degenerate frequencies that
correspond to the experimental features at 1607 cm−1 (3b′,
1613 and 1614 cm−1), and 1522 cm−1 (3b′, 1514 and 1511
cm−1). The same holds true for the cation [3b′]+, with very
small shifts in the calculated ν(CC)aryl frequencies on
oxidation ([3b′]+, 1611, 1604, 1518, and 1510 cm−1). The
main difference in the computed IR spectra of the neutral and
oxidized forms is the appearance of an IR-active ν(CC)vinyl
frequency at 1527 cm−1 for [3b′]+, which corresponds to the
experimental band at 1545 cm−1. Overall, the very good
agreement between the calculated and experimental vibrational
features permits a degree of confidence in the optimized
conformations and hence significance of the calculated
electronic structures.
To assign the electronic transitions in the spectroelectro-

chemically observed UV−vis spectra, time-dependent DFT
(TDDFT) calculations were performed for [3a′]+, [3b′]+, and
[3d′]+ (Table S8, Supporting Information). In each case the
lowest energy excitation of significant intensity is computed to
be between 8200 and 8400 cm−1. It arises from a low-lying
ferrocenyl-based MO and therefore has interconfigurational (or
pseudo-dd) character. The first electronic transition above
10000 cm−1 is computed at 10123 cm−1 (μtrans = 2.0 D) for
[3b′]+, which is in excellent agreement with the broad observed
absorption at 10480 cm−1 for this complex and similar bands in
the other species. Several orbitals contribute to the transition.
The predominant character is that of a charge transfer from one
ene-yne unit to the ferrocenyl cation, although the orbitals are
more delocalized in the case of [3d′]+ than in the other
systems.
Multiple transitions close in energy are computed around

16500 cm−1. They can be assigned to the broad feature
observed experimentally near 15000 cm−1. In the case of [3b′]+
the excitations at 16108 cm−1 (μtrans = 2.9 D) and at 16560
cm−1 (μtrans = 6.2 D) arise from transitions in which the hole is
transferred from the vinylferrocenyl moiety to one branch of
the cross-conjugated organic fragment. At 16309 cm−1 (μtrans =
3.4 D) TDDFT gives a purely ferrocenyl-centered excitation,
which does not involve charge transfer. Precise assignment of
the character of the excitation at 16678 cm−1 (μtrans = 3.8 D) is
not straightforward, as multiple transitions of both charge-
transfer (CT) and interconfigurational character contribute to
the absorption feature (Table S8, Supporting Information).
The most intense excitation in [3b′]+ (μtrans = 7.2 D),

computed at 19640 cm−1, has again ene-yne to metal charge-
transfer character. The excitation energy of 19640 cm−1

corresponds well with the band at 19900 cm−1 determined
experimentally. This band exhibits a weak shoulder, which can
be attributed to a computed low-intensity transition at 20127

cm−1 (μtrans = 1.5 D). Similar conclusions can also be drawn
from the TDDFT results for [3a′]+ and [3d′]+.

■ CONCLUSION
A simple preparative route to ferrocenyl-substituted 1,1-
bis(alkynyl)ethenes has been developed. The alkynyl sub-
stituents have a modest electronic influence on the ferrocenyl
moiety, to which they are linearly coupled, as is evidenced by
the sensitivity of the ferrocenyl oxidation potential to the
electronic character of these remote groups. The modest shift
in ν(CC) and ν(CC)vinyl bands in response to the
oxidation state of the ferrocene moiety together with the
presence of a number of charge transfer transitions in the
spectra of [3a]+, [3b]+, and [3d]+ also points to a small
interaction between the metallocene and cross-conjugated
fragments. However, strong ground state electronic coupling
is not an essential criterion from the point of view of the
Grozema molecular transistor designs, and the limited
structural rearrangement (evidenced by the small ν(CC)
variations in response to charge state changes) may also help
both preserving QI effects and aiding integration into molecular
electronic circuits, where large structural changes during
operation would be detrimental to long-term device stability.

■ EXPERIMENTAL SECTION
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 workup.
Solvents were purified and dried using an Innovative Technology SPS-
400 instrument and degassed before use. The compounds Pd(PPh3)4
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and ethynylferrocene19b were prepared by the literature methods. CBr4
was purified by sublimation before use. Other reagents were purchased
and used as received.

NMR spectra were recorded on a Bruker Avance (1H, 400.13 MHz;
13C{1H}, 100.61 MHz) spectrometer from CDCl3 solutions unless
otherwise indicated and referenced against solvent resonances (CDCl3,
1H 7.26 13C 77.0; CH2Cl2,

13C 54.00). NMR labeling schemes are
given in Figure 2 and the Supporting Information. IR spectra were
recorded using a Nicolet 6700 spectrometer from cells fitted with CaF2
windows (CH2Cl2) and a Perkin-Elmer Spectro 100 FTIR
spectrometer equipped with a universal ATR sampling accessory
(solid state), respectively. ASAP mass spectra were recorded from solid
aliquots on an LCT Premier XE mass spectrometer (Waters Ltd.,
U.K.) or Xevo QToF mass spectrometer (Waters Ltd., U.K.) in which
the aliquot is vaporized using hot N2, ionized by a corona discharge,
and carried to the TOF detector (working range m/z 100−1000).

The supporting electrolyte, tetrabutylammonium hexafluorophos-
phate (Bu4NPF6, Aldrich), was recrystallized twice from absolute
ethanol and dried overnight under vacuum at 80 °C before use. IR and
UV−vis spectra were recorded on a Bruker Vertex 70v FT-IR
spectrometer and a Scinco S3100 diode array spectrophotometer,
respectively. UV−vis−near-IR−IR spectroelectrochemical experiments
at room temperature were conducted with an OTTLE cell equipped
with a Pt-minigrid working electrode and CaF2 windows.

31 The optical
path of the cell was ca. 0.2 mm. Controlled-potential electrolyses
within the OTTLE cell were carried out using a PA4 potentiostat
(Laboratory Devices, Polna,́ Czech Republic). The concentrations of
the ferrocenyl compounds and the supporting electrolyte used in these
measurements were 1.3 × 10−2 and 3 × 10−1 mol dm−3 for IR
spectroelectrochemical experiments and 10−3 and 3 × 10−1 mol dm−3

for the UV−vis−near-IR studies, respectively.
Preparation of 2.19b CBr4 (1.936 g, 5.84 mmol) and PPh3 (3.062

g, 11.68 mmol) in degassed dry CH2Cl2 (50 mL) were stirred at 0 °C
for 15 min until the solution was deep orange. At this point FcCHO
(1.00 g, 4.67 mmol) was added to the solution. The solution was
stirred for 30 min, the ice bath was removed, and stirring was
continued for a further 2 h. The mixture was then treated with hexane
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to precipitate the phosphine products and filtered. The solid was
redissolved and precipitated again with hexane and the process
repeated until the washings ran clear. The hexane solutions were
combined, and the solvent was removed in vacuo. The crude material
was purified by silica column chromatography with hexane as eluent,
and the solvent was removed from the bright red band to give a red oil
that solidified on standing. Yield: 1.4 g, 82%. Spectroscopic data were
identical with those reported previously.19b

Preparation of 3a−e. General Procedure. In an oven-dried flask
triethylamine (15 mL) was added and the solvent degassed. To the
solution were added CuI (5 mg), Pd(PPh3)4 (32 mg, 0.027 mmol), 2
(200 mg, 0.054 mmol), and 4, and the mixture was refluxed for 17 h.
The mixture was filtered and the solvent removed under reduced
pressure. The crude mixture was purified with silica column
chromatography with hexane increasing to hexane/CH2Cl2 (70/30)
as eluent; removal of the solvent gave the desired compound.
Compound 3a. From 4a (157 mg, 1.35 mmol), obtained as a dark

red solid. Yield: 109 mg, 46%. 1H NMR (CD2Cl2): δ 2.36 (3H, s, Me);
2.39 (3H, s, Me); 4.21 (5H, s, Cp); 4.41 (2H, apparent t, J = 2 Hz,
C5H4); 4.90 (2H, apparent t, J = 2 Hz); 6.95 (1H, s, CH); 7.14 (2H,
d, J = 8 Hz, C6H4); 7.20 (2H, d, J = 8 Hz, C6H4); 7.41 (2H, d, J = 8
Hz, C6H4); 7.49 (2H, d, J = 8 Hz, C6H4).

13C NMR (CD2Cl2): δ 21.80
(Cm); 21.85 (Ct); 70.20 (Ca); 70.37 (Cc); 71.10 (Cb); 80.28 (Cd);
87.75 (Cp); 87.84 (Cg/n); 89.46 (Cf); 94.09 (Ci); 99.76 (Cg/n); 120.74
(Co); 120.76 (Ch); 129.74 (Cr); 129.87 (Ck); 131.72 (Cq); 131.75
(Cj); 139.09 (Cs); 139.50 (Cl); 144.82 (Ce). Anal. Found: C, 81.87; H
5.41. Calcd: C, 81.81; H, 5.50. ASAP-MS(+): m/z 440.1 [M]+.
Compound 3b. From 4b (17 mg, 1.36 mmol), obtained as a red

solid. Yield: 109 mg, 40%. 1H NMR (CD2Cl2): δ 2.98 (6H, s, NMe2);
3.01 (6H, s, NMe2); 4.20 (5H, s, Cp); 4.35 (2H, apparent t, J = 2 Hz,
C5H4); 4.89 (2H, apparent t, J = 2 Hz, C5H4); 6.64 (2H, d, J = 9 Hz,
C6H4); 6.70 (2H, d, J = 9 Hz, C6H4); 6.83 (1H, s, CH); 7.39 (2H,
d, J = 9 Hz, C6H4); 7.47 (2H, d, J = 9 Hz, C6H4).

13C NMR (CD2Cl2):
δ 40.38 (Cm, Ct); 69.93 (Ca); 70.45 (Cc); 80.87 (Cb); 86.59 (Cg/n);
88.18 (Cf); 88.51 (Cp); 95.01 (Ci); 100.89 (Cg/n); 110.24 (Ch);
110.25 (Co); 112.20 (Cr); 112.26 (Ck); 132.75 (Cj); 132.78 (Cq);
141.64 (Ce); 150.56 (Cs); 150.77 (Cl). Anal. Found: C, 77.04; H, 6.13;
N, 5.64. Calcd: C, 77.09; H, 6.07; N, 5.62. ASAP-MS(+): m/z 498.1
[M]+.
Compound 3c. From 4c (250 mg, 2.13 mmol), obtained as a bright

red solid. Yield: 236 mg, 55%. 1H NMR (CD2Cl2): δ 3.83 (4H, s, 2 ×
NH2); 4.20 (5H, s, Cp); 4.37 (2H, apparent t, J = 2 Hz, C5H4); 4.89
(2H, apparent t, J = 8 Hz); 6.62 (2H, d, J = 8 Hz, C6H4); 6.66 (2H, d,
J = 8 Hz, C6H4); 6.85 (1H, s, CH); 7.32 (2H, d, J = 8 Hz, C6H4);
7.39 (2H, d, J = 8 Hz, C6H4).

13C NMR (CD2Cl2): δ 70.10 (Ca);
70.12 (Cc); 70.73 (Cb); 80.77 (Cd); 86.53 (Cf); 88.18 (Cg/n); 88.30
(Ch); 94.72 (Co); 100.63 (Cg/n); 112.77 (Cl/s); 112.78 (Cl/s); 115.13
(Ck); 115.18 (Cr); 133.17 (Cq); 133.20 (Cj); 142.60 (Ce); 147.59
(Ci); 147.89 (Cp). Anal. Found: C, 75.87; H, 4.91; N, 6.44. Calcd: C,
76.19; H, 4.91; N, 6.44. ASAP-MS(+): m/z 443.1 [M + H]+.
Compound 3d. From 4d (200 mg, 1.35 mmol), obtained as a dark

red solid. Yield: 121 mg, 45%. Crystals suitable for X-ray diffraction
were grown from CH2Cl2/ethanol.

1H NMR (CD2Cl2): δ 4.25 (5H, s,
Cp); 4.55 (2H, apparent t, J = 2 Hz, C5H4), 4.90 (2H, apparent t, J = 2
Hz, C5H4); 7.18 (1H, s, CH), 7.65 (2H, d, J = 9 Hz, C6H4); 7.72
(2H, d, J = 9 Hz, C6H4); 8.22 (2H, d, J = 9 Hz, C6H4); 8.27 (2H, d, J =
9 Hz, C6H4).

13C NMR (CD2Cl2): δ 69.92 (Ca); 70.28 (Cc); 71.67
(Cb); 78.66 (Cd); 86.03 (Cp); 91.70 (Ci); 92.29 (Cg/n); 94.24 (Cf);
96.85 (Cg/n); 123.63 (Cr); 123.76 (Ck); 129.85 (Ch); 130.07 (Co);
131.91 (Cq); 131.94 (Cj), 146.83 (Cs), 147.10 (Cl), 149.12 (Ce).
ASAP-MS(+): m/z 502.1.
Compound Z-5d. Silica column chromatography of the previous

reaction with hexane increasing to hexane/CH2Cl2 (70/30) as eluent
and removal of the solvent gave the title compound as a dark red solid.
Yield: 49 mg. Due to the facile E/Z isomerization of the system 13C
NMR could not be obtained. Crystals suitable for X-ray diffraction
were grown from CH2Cl2/ethanol.

1H NMR (CDCl3): δ 4.23 (5H, s,
Cp); 4.45 (2H, apparent t, J = 2 Hz, C5H4), 4.85 (2H, apparent t, J = 2
Hz, C5H4), 7.19 (1H, s, CH), 7.62 (2H, d, J = 9 Hz, C6H4), 8.22
(2H, d, J = 9 Hz, C6H4).

Compound 3e. From 4e (0.42 mL, 2.98 mmol), obtained as a dark
red oil. Yield: 416 mg, 76%. 1H NMR (CD2Cl2): δ 0.22 (9H, s,
SiMe3); 0.29 (9H, s, SiMe3); 4.19 (5H, s, Cp); 4.38 (2H, apparent t, J
= 2 Hz), 4.83 (2H, apparent t, J = 2 Hz); 6.89 (1H, s, CH dbd=). 13C
NMR (CD2Cl2): δ 0.06 (Cl), 0.11 (Ci), 70.18 (Ca), 70.50 (Cc), 71.14
(Cb), 79.58 (Cd), 92.57 (Ck), 99.30 (Ch), 100.16 (Cg/j), 103.21 (Cg/j),
105.00 (Cf), 147.78 (Ce). ASAP-MS(+): m/z 404.1 [M]+.

Preparation of 3f. To a stirred solution of 3e (0.345 g, 0.853
mmol) in MeOH (10 mL) and THF (10 mL) was added K2CO3
(0.589 g, 4.265 mmol), and the reaction mixture was stirred for 2 h.
The mixture was poured into H2O (20 mL) and extracted with
CH2Cl2 (3 × 15 mL), and the organic phases were combined, dried
over MgSO4, and filtered. The solvent was removed in vacuo to give a
bright red oil that solidified on standing. Yield: 209 mg, 94%. 1H NMR
(CD2Cl2): δ 3.05 (1H, s, CH); 3.45 (1H, s, CH); 4.19 (5H, s,
Cp); 4.42 (2H, apparent t, J = 2 Hz), 4.84 (2H, apparent t, J = 2 Hz);
7.00 (1H, s, CH). 13C NMR (CD2Cl2): δ 70.21 (Ca); 70.52 (Cc);
71.30 (Cb); 75.77 (Cj); 79.05 (Cd); 81.87 (Cg/i); 82.76 (Ch), 83.69
(Cg/i); 96.91 (Cf); 148.49 (Ce). ASAP MS(+): m/z 261.0 [M + H]+.

X-ray Crystallography. Single-crystal X-ray data were collected at
120 K on Bruker SMART CCD 6000 (3d) and Agilent Gemini S-Ultra
(Z-5d) diffractometers equipped with Cryostream (Oxford Cryosys-
tems) open-flow nitrogen cooling devices using graphite-monochro-
mated Mo Kα radiation (λ = 0.71073 Å). Both structures were solved
by direct methods and refined by full-matrix least squares on F2 for all
data using SHELXL32 and OLEX233 software. All non-hydrogen atoms
were refined with anisotropic displacement parameters; H atoms were
found in the difference Fourier synthesis and refined isotropically.
Crystallographic data for the structures have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publica-
tions CCDC-950424 and 950425.

Computational Details. All ground-state structures and proper-
ties and subsequent TDDFT were computed using a version of the
TURBOMOLE 6.4 code34 locally modified by the Berlin group. All
DFT calculations reported in the paper were performed with the
global hybrid functional BLYP35.35
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While not a thermochemically optimized functional, BLYP35 has been
shown to provide a good balance between reduced self-interaction
errors and a simulation of static correlation, thus providing good
agreement with ground- and excited-state experimental data for
organic mixed-valence systems,36 as well as for mixed-valence
transition-metal complexes.28c As experiments were mainly carried
out in dichloromethane (permittivity ε = 8.93), this solvent was
considered by the conductor-like screening solvent model (COSMO)
in TURBOMOLE 6.4.37 For all calculations, split-valence basis sets
def2-SVP were employed.38 Calculated harmonic vibrational frequen-
cies were scaled by an empirical factor of 0.95.39 Spin density and
molecular orbital plots were obtained using the Molekel program.40
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Leary, E.; García, R.; Herranz, M. A.; Rubio-Bollinger, G.; Martıń, N.;
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ABSTRACT: A series of (oligo)pyrroles featuring redox-active terminal
ferrocenyl groups (Fc2-(

cC4H2NPh)n (4, n = 1; 9, n = 2; 16, n = 3; 20, n
= 4)) has been prepared using a Negishi C,C cross-coupling reaction
protocol. The bi-, ter-, and quaterpyrrole wire moieties have been built
up by C,C cross-coupling reactions of trimethylsilyl-protected pyrrole
units in the presence of [Pd(CH2C(CH3)2P(

tC4H9)2)(μ-Cl)]2 as
precatalyst. The structural properties of the title compounds were
investigated by spectroscopic means and single-crystal X-ray diffraction
studies (9, 16, and 20). The influence of the increasing number of N-
phenylpyrrole units on the electronic interaction between the iron
centers was studied using electrochemistry (cyclic (CV) and square wave
voltammetry (SWV)) as well as spectroelectrochemistry (in situ UV/vis/
near-IR spectroscopy). With the exception of the diferrocenyl
quaterpyrrole 20, the application of [NnBu4][B(C6F5)4] as electrolyte allows the discrete oxidation of the ferrocenyl termini
(ΔE°′ = 450 mV (4), ΔE°′ = 320 mV (9), ΔE°′ = 165 mV (16)) in cyclic and square wave voltammograms. However, the iron
centers of 20 were oxidized simultaneously, generating dicationic 202+. Additionally, one (9) or two (16 and 20) pyrrole-related
well-defined reversible one-electron-redox processes were observed. The cyclic voltammetry data reveal that the splitting of the
ferrocene-based redox couples, ΔE°′, decreases with increasing oligopyrrole chain length and, hence, a greater metal−metal
distance. The trends in ΔE°′ with oligopyrrole structure also map to the electronic coupling between the ferrocene moieties, as
estimated by spectroelectrochemical UV/vis/near-IR measurements. Despite the fact that there is no direct metal−metal
interaction in diferrocenyl quaterpyrrole 20, a large absorption in the near-IR region is observed arising from photoinduced
charge transfer from the oligopyrrole backbone to the redox-active ferrocenyl termini. These charge transfer absorptions have
also been found in the dicationic oxidation state of the mono-(4), bi- (9), and terpyrroles (16). Within this series of
diferrocenyl(oligo)pyrroles this CT band is shifted bathochromically with increasing chain length of the backbone motif.

■ INTRODUCTION
During the last four decades significant interest has been
focused on π-conjugated organic materials, which in addition to
offering useful electronic and optical properties, for example,
conductivity and electrochromism, are also finding application
in the growing field of molecular electronics.1−6

A convenient method through which to assess the effective
delocalization of the π-electron density in these extended
organic materials is to assess the mixed-valence characteristics
of model complexes in which the target organic moiety serves
as a bridging unit between two (or more) redox-active
functionalities such as metallocenes7,8 and iron7,9 or ruthe-
nium9,10 half-sandwich compounds. Due to the excellent
thermal stability and electrochemical reversibility of the
ferrocene (Fe(II)/Fe(III)) redox couple, ferrocene is well-
suited to such investigations.11,12 Many such ferrocene-based
model systems with two redox-active termini have been
described featuring a variety of π-conjugated organic bridges,

i.e. diferrocenyl polyenes,13 arenes,14−17 cumulenes,18 and
oligo(phenylenevinylenes),19 and the redox properties and
electronic structures have been correlated with the wirelike
behavior of the bridge. Of particular relevance to the present
study are Sato’s ter- to sexithiophene bridged bis-ferrocene
complexes.20,21 These molecules were accessible by the Negishi
cross-coupling of FcZnCl with the appropriate iodo com-
pounds. However, despite the intuitively appealing chemical
structure, no direct interaction of the ferrocenyl units through
the oligo(thiophene) chain was observed.
In a recent study we were able to show that the electron-rich

pyrrole connecting unit is superior to the thiophene molecule
in terms of promoting electronic interactions between
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ferrocenyl/ferrocenium termini.22 In that earlier work, a series
of 2,5-diferrocenyl-substituted furans, thiophenes, and pyrroles
were prepared and studied by electrochemical and spectroelec-
trochemical methods. The ferrocenyl moieties of these
compounds showed two well-separated reversible one-
electron-redox processes. The separation of the redox
potentials of 2,5-diferrocenyl-N-phenylpyrrole (ΔE°′ = 450
mV, supporting electrolyte [NnBu4][B(C6F5)4]) was found to
be much greater than those of 2,5-diferrocenylthiophene (ΔE°′
= 260 mV) under the same measurement conditions.16,22,23

Given the similar solvation, ion pairing, and inner- and outer-
sphere reorganization energies, the ΔE°′ values likely track
reasonably well with the magniture of “electronic coupling”
between the redox centers.24 This prompted us to investigate
model systems for molecular wires containing oligo(pyrrole)
units, which might offer the possibility to observe electron
transfer between the ferrocene-based redox centers through
relatively long oligo-heterocyclic backbones.
We herein describe the synthesis of a series of diferrocenes

bearing (oligo)pyrrole connecting units. (Spectro)-
electrochemical methods have been used to examine the effect
of an increasing distance between the ferrocenyl moieties on
the intermetallic communication of these complexes.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. Diferrocenyl (oligo)-

pyrroles Fc2-(
cC4H2NPh)n (4, n = 1; 9, n = 2; 16, n = 3; 20, n =

4) have been prepared in two steps (Schemes 1 and 2),
involving assembly of the (oligo)pyrrole backbone (8, 14, and
18) followed by the attachment of the ferrocenyl termini.
Initially, N-phenylpyrrole was treated with 1 or 2 equiv of N-
bromosuccinimide, as described by Gilow et al.25 The
electrophilic bromination selectively forms mono- or dihalo-
genated pyrroles (2, 5). Bipyrrole 7 was synthesized by a
Negishi C,C cross-coupling reaction of 2-bromo-N-phenyl-
pyrrole (5) with the zinc species 2-ZnCl-cC4H3NPh (6), using
[Pd(CH2C(CH3)2P(

tC4H9)2)(μ-Cl)]2 as precatalyst (Scheme
1).17,26 The workup and further reactions were carried out in
neutral or alkaline media to prevent protonation, which in turn
causes decomposition or polymerization of the molecules. In

order to synthesize ter- (14) and quaterpyrroles (18), Me3Si-
protected bromo oligo(pyrroles) 10−12 were used in the cross-
coupling reactions (Scheme 1). Deprotection to give 14 and 18
was carried out with an excess of tetra-n-butylammonium
fluoride under moderate conditions (Experimental Section).
The introduction of the ferrocenyl substituents was realized

by the convenient synthetic methodology shown in Scheme 2.
Compound 1 and the fluorescent (oligo)pyrroles 7, 14, and 18
were treated with 2 equiv of N-bromosuccinimide, resulting in
the formation of dibrominated 2, 8, 15, and 19.25 Ferrocene
was monolithiated according to the procedures reported by
Müller-Westerhoff27 followed by treatment with [ZnCl2·2thf]
to give FcZnCl (3). Subsequent reaction of 3 with 1/3 equiv of
the dibromo compounds 2, 8, 15 and 19 under Negishi C,C
cross-coupling conditions and appropriate workup gave the
(oligo)pyrroles 4, 9, 16, and 20 as orange solids in moderate to
good yields (Experimental Section).
The diferrocenyl (oligo)pyrroles 4, 9, 16, and 20 are stable to

air and moisture both in the solid state and in solution. They
are poorly soluble in nonpolar solvents such as n-hexane,
diethyl ether, and toluene but show good solubility in
dichloromethane and tetrahydrofuran. Each of the compounds
has been identified by NMR (1H, 13C{1H}) and IR spectros-
copy as well as elemental analysis. In addition, high-resolution
ESI-TOF mass spectrometric measurements and single-crystal
X-ray diffraction studies (9, 16, and 20) have been carried out.
The electrochemical behavior of 4, 9, 16, and 20 was

Scheme 1. Synthesis of Oligopyrroles 2, 8, 14, and 18a

aReagents and conditions: (i) 60 °C, 12 h, tetrahydrofuran, 0.25 mol % [Pd(CH2C(CH3)2P(tC4H9)2)(μ-Cl)]2. NBS = N-bromosuccinimide.

Scheme 2. Synthesis of Diferrocenyl (Oligo)pyrroles 4, 9, 16,
and 20a

aReagents and conditions: (i): 60 °C, 12 h, tetrahydrofuran, 0.25 mol
% [Pd(CH2C(CH3)2P(

tC4H9)2)(μ-Cl)]2. NBS = N-bromosuccini-
mide.
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determined by cyclic voltammetry (CV) and square wave
voltammetry (SWV), and the redox products were studied
further by in situ UV/vis/near-IR spectroelectrochemical
methods.
The IR spectra are less meaningful for the determination of

the (oligo)pyrrolic chain length, since they only show typical
absorptions for the pyrrole moieties, the phenyl ring, and the
ferrocenyl units. The Me3Si-protected oligopyrroles 10, 11, 13,
and 17 show typical symmetric (νs‑CH3) and asymmetric
(νas‑CH3) stretching vibrations below 3000 cm−1 (Experimental
Section). In contrast to the IR spectra, 1H NMR spectra are

more informative, with characteristic patterns of phenylpyrrole
resonances clearly indicating the different number of pyrrole
units. The terpyrroles 13−16 show a singlet for the protons of
the middle pyrrole core between 5.72 and 6.36 ppm
(Experimental Section). However, the bipyrroles 8−10 and
quaterpyrroles 17, 19, and 20 give two and four doublets
corresponding to the CH protons of the pyrrole ring.
Furthermore, these resonances are slightly shifted to higher
field with increasing chain length. As expected, the ferrocenyl
units with their C5H5 and C5H4 cyclopentadienyl rings give rise

Figure 1. ORTEP diagram (50% probability level) of the molecular structure of 9 with the atom-numbering scheme. Hydrogen atoms have been
omitted for clarity. Selected bond distances (Å) and angles (deg) and torsion angles (deg): average D−Fe = 1.647, N1−C14 = 1.383(3), C11−C12
= 1.368(3), C12−C13 = 1.396(3), C13−C14 = 1.370(3), C14−C21 = 1.462(3), C10−C11 = 1.464(3), C24−C31 = 1.467(3), N1−C15 = 1.436(3),
N2−C25 = 1.423(3); C11−C12−C13 = 108.6(2), C11−N1−C14 = 108.7(2), N1−C14−C21 = 122.5(2), N1−C11−C12 = 107.1(2), average D−
Fe−D = 178.3; N1−C14−C21−N2 = −155.8(2), C13−C14−C21−N2 = 33.9(4), C10−C11−N1−C15 = 1.0(4), C11−C12−C13−C14 = −0.3(3),
N1−C14−C21−C22 = 36.1(4) (D denotes the centroids of C5H4 and C5H5).

Figure 2. ORTEP diagram (50% probability level) of the molecular structure of 16 with the atom-numbering scheme. Hydrogen atoms and solvent
molecules have been omitted for clarity. Selected bond distances (Å) and angles (deg) and torsion angles (deg): average D−Fe = 1.666, N1−C33 =
1.425(7), N2−C39 = 1.453(6), N3−C45 = 1.443(6), N1−C11 = 1.394(6), N1−C14 = 1.407(6), C11−C12 = 1.373(7), C12−C13 = 1.405(7),
C13−C14 = 1.380(7), C10−C11 = 1.468(7), C14−C15 = 1.446(7), C18−C19 = 1.426(7), C22−C23 = 1.449(7); average D−Fe−D = 177.5, C11−
C12−C13 = 108.6(4), C11−N1−C14 = 108.8(4), N2−C18−C29 = 123.7(5), C18−N2−C39 = 121.4(4), C10−C11−N1 = 125.8(5); N1−C14−
C15−N2 = 156.0(5), N2−C18−C19−N3 = 149.9(5), C10−C11−N1−C33 = 5.6(8), C11−C12−C13−C14 = 0.3(6), N1−C14−C15−C16 =
−26.3(8) (D denotes the centroids of C5H4 and C5H5).
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to one singlet (C5H5) and two pseudotriplets (C5H4, AA′XX′
spin system, J = 1.80 Hz) in each case (Experimental Section).
The structures of the diferrocenyl-substituted oligopyrroles 9,

16, and 20 in the solid state have been determined by single-
crystal X-ray diffraction analysis. Suitable crystals were obtained
by diffusion of methanol (9 and 16) or toluene (20) into a
dichloromethane solution containing the respective compound
at ambient temperature. Important bond distances (Å), bond
angles (deg), and torsion angles (deg) are summarized in the
captions of Figures 1−3, while crystal and structure refinement
data are contained in the Experimental Section. The
oligopyrroles crystallize in the triclinic space group P1 ̅ (9 and
20) and in the monoclinic space group P21/c (16). In the case
of bipyrrole 9, the asymmetric unit contains two independent
molecules. Each of the individual pyrrole heterocyclic moieties
are essentially planar, with rms deviations ranging from 0.0004
to 0.0066 Å (highest deviation observed for N1 (16) with
0.009(3) Å). Furthermore, electron delocalization within the
individual pyrrole moieties can be inferred from the CC bond
lengths, which fall between the distances of isolated single
(d0C−C = 1.54 Å)28 and double bonds (d0C−C = 1.34 Å).28 The
extent of delocalization can be expressed by calculating the
parameter τ as the normalized quotient of the single- and
double-bond lengths (eq 1, where d0C−C = 1.54 Å, d0CC = 1.34

Å; dC−C = distance of the appropriate single bond, dCC =
distance of the appropriate double bond).22 Completely

delocalized systems such as benzene evince a τ value of 1,
while for localized systems τ approaches 0.22 For the
oligopyrroles average τ values of 0.799 (9), 0.878 (16), and
0.803 (20) were obtained, which are in the same range as for
unsubstituted pyrrole (0.830)29 and 2,3,4,5-tetraferrocenyl-1-
phenyl-1H-pyrrole (0.832).23

In the solid state the oligopyrroles adopt a conformation in
which the phenyl substituents point in different directions; in
addition, the pyrrole cores are not coplanar, as interplanar
angles of 36.2(2), 34.0(2)° (9), 27.2(3), 38.3(3)° (16) and
83.1(1), 70.0(1), 77.7(2)° (20) are observed. The CC bond
distances between the cC4N heterocycles are not affected by
this torsion and are similar to those in related compounds.30,31

The ferrocenyl moieties in these compounds adopt an eclipsed
conformation (4.9(2)° (Fe1), −3.2(3)° (Fe2), 6.0(3)° (Fe3),
−9.3(3)° (Fe4), 9; 10.8(4)° (Fe1), 11.3(5)° (Fe2), 16; 4.2(3)°
(Fe1), −1.1(8)° (Fe2), 20) and are rotated by 21.1(1)° (Fe1)
and 35.8(2)° (Fe2) (9), 22.1(4)° (Fe1) and 27.9(3)° (Fe2)
(16), and 9.8(3)° (Fe1) and 12.5(5)° (Fe2) (20) out of the
plane of the adjacent pyrrole.

Electrochemistry. The redox properties of oligopyrroles 7,
13, and 17 and diferrocenyl-substituted (oligo)pyrroles 4, 9, 16,
and 20 have been determined by cyclic voltammetry and
square-wave voltammetry (Figures 4 and 5) and the redox
products studied further by UV/vis/near-IR spectroscopy using
spectroelectrochemical techniques (Figures 6 and 7 and Figures
SI1, SI2, SI4, and SI5 (Supporting Information)). Dichloro-
methane solutions containing the analyte (1.0 mmol L−1) and
[NnBu4][B(C6F5)4] (0.1 mol L−1)32 as supporting electrolyte
were used for all measurements. The cyclic voltammetry

Figure 3. ORTEP diagram (50% probability level) of the molecular structure of 20 with the atom-numbering scheme. Hydrogen atoms have been
omitted for clarity. Selected bond distances (Å) and angles (deg) and torsion angles (deg): average D−Fe = 1.653, N1−C15 = 1.426(4), N2−C25 =
1.428(3), N3−C35 = 1.417(4), N4−C45 = 1.432(3), C6−C11 = 1.453(4), C11−N1 = 1.391(4), C11−C12 = 1.374(4), C12−C13 = 1.411(4),
C13−C14 = 1.366(4), C14−N1 = 1.394(4), C14−C21 = 1.474(4), C24−C31 = 1.475(4), C34−C41 = 1.463(4), C44−C51 = 1.401(7); average
D−Fe−D = 177.6, C11−C12−C13 = 108.1(3), C11−N1−C14 = 109.1(2), N2−C24−C31 = 123.1(2), N3−C34−C41 = 122.6(3), N4−C44−C51
= 129.9(5), C6−C11−N1 = 125.1(3); C31−C32−C33−C34 = 0.0(3), N1−C14−C21−N2 = 98.9(3), N2−C24−C31−N3 = 69.3(4), N3−C34−
C41−N4 = 75.5(4), C7−C6−C11−N1 = −8.7(5), C35−N3−C34−C41 = −5.3(4), C43−C44−C51−C55 = 166.5(7) (D denotes the centroids of
C5H4 and C5H5).
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Table 1. Cyclic Voltammetric Data (Potentials vs FcH/FcH+, Scan Rate 100 mV s−1) at a Glassy-Carbon Electrode of 1.0 mmol
L−1 Solutions of the Analytes in Dry Dichloromethane Containing 0.1 mol L−1 of [NnBu4][B(C6F5)4] as Supporting Electrolyte
at 25 °C

compd E°′1 (mV)b (ΔEp (mV))
c E°′2 (mV)b (ΔEp (mV))c E°′3 (mV)b (ΔEp (mV))c E°′4 (mV)b (ΔEp (mV))c ΔE°′ (mV)d Kc

e

4a −238 (68) 212 (75) 450 4.08 × 107

9 −250 (74) 70 (74) 810 (74) 320 2.58 × 105

16 −230 (68) −65 (74) 480 (74) 1080 (72) 165 6.17 × 102

20 −175 (90) 265 (66) 725 (63)

aSee ref 23. bE°′ = formal potential. cΔEp = difference between oxidation and reduction potentials. dΔE°′ = potential difference between the two
ferrocenyl-related redox processes. eKC = comproportionation constant.
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measurements recorded at a scan rate of 100 mV s−1 are
summarized in Table 1. All redox potentials are referenced to
the FcH/FcH+ redox couple (E°′ = 0.00 mV, FcH = Fe(η5-
C5H5)2).

33

Figure 4 shows the cyclic and square wave voltammograms of
diferrocenyl (oligo)pyrroles 4, 9, 16, and 20. The ferrocenyl
units of 4, 9, and 16 are oxidized subsequently, while for 20 one
reversible redox process was observed. The relatively high ΔEp
value (90 mV) and the larger Ic,p and Ic,a values of this redox
event (Figure 4) indicate that two individual oxidation
processes take place in a close potential range and hence are
not resolved.34 Due to the increasing chain length and,
therefore, the larger metal−metal distance, the redox splitting
ΔE°′ between the ferrocenyl moieties decreases from 450 mV
(4) to 320 mV (9) to 165 mV (16) (Table 1), and the
corresponding comproportionation constants KC (RT ln Kc =
ΔE°′F) have been determined (Table 1).35 The larger Kc values
are indicative of the high thermodynamic stability of the mixed-
valent species with respect to disproportionation. Hence, these
molecules are suitable for spectroelectrochemical investigations
(vide infra), as the chemical equilibrium (eq 2) favors the
mixed-valent form of the mono-oxidized compounds.

In constrast to the oligo(pyrrole) bridged bis(ferrocene)
complexes 4, 9, and 16, the analogous thiophene systems
showed little or no redox splitting between the terminal
ferrocenyl units (ΔE°′ = 260 mV (2,5-diferrocenylthiophene,
dichloromethane, [N(nBu)4][B(C6F5)4] as supporting electro-
lyte);22 ΔE°′ = 130 mV (5,5′-diferrocenyl-2,2′-bithiophene,
dichloromethane, [N(nBu)4][B(C6H3(CF3)2)4] as supporting
electrolyte)16,36). The Sato group has synthesized related ter-,
quater-, quinque-, and sexithiophenes (substituted in position 3
with hexyl or methoxy groups to increase the solubility) with
terminal ferrocenyl moieties to create model systems for
molecular wires, but these complexes also exhibited little or no

separation of the ferrocene-based redox processes.20,21 It seems
likely that the larger redox splitting in the ferrocenyl-
functionalized pyrroles 4, 9, and 16 is caused by the smaller
energy gap between the ferrocenyl moieties and the
heterocyclic bridging moiety as well as the larger delocalization
of the pyrrole unit itself.23 Therefore, the oligopyrroles may
provide a more effective conduit for intermetallic charge
transfer between the ferrocene units through the π-conjugated
backbone.
In addition to the ferrocenyl-related redox events, at higher

potential the oxidation of the pyrrole units could be observed
for 9, 16, and 20. With increasing length of the pyrrolic π
system this oxidation process is shifted to cathodic potentials.
This behavior is not unexpected, as shown by the example of
extended π systems such as benzene, naphthalene, and
anthracene, for which a similar potential shift could be
observed.37,38 To verify the assignment of these additional
redox events, electrochemical measurements of the non-
ferrocenyl-substituted oligopyrroles 7, 13, and 17 have been
carried out (Figure 5, Table 2).
The first cycle in the voltammogram of bipyrrole 7 shows

four irreversible oxidation processes, while further cycles give
only an irreversible oxidation wave at 400 mV. This chemical
behavior is not unexpected, as upon oxidation a reactive radical
cation is formed and polymerization as well as other side
reactions can occur easily through the 5- and 5′-positions. In
contrast, the cyclic voltammogram of the bis(trimethylsilyl)-
substituted quaterpyrrole 17 shows two well-separated
reversible one-electron-redox processes with a potential
difference of ΔE°′ = 200 mV, which is stable over more than
10 cycles. Extension of the oligo(pyrrole) π system leads to the
stabilization of the radical cation and suppresses the
decomposition.
A comparison with other unsubstituted oligopyrroles

reported in the literature is difficult because the cyclic
voltammetry data have been determined under different
measurement conditions (acetonitrile and [NEt4][BF4] as
supporting electrolyte). Hapiot et al. could detect one

Figure 4. Voltammograms of dichloromethane solutions containing 1.0 mmol L−1 of diferrocenyl (oligo)pyrroles 4, 9, 16, and 20 at 25 °C
(supporting electrolyte [N(nBu)4][B(C6F5)4] (0.1 mol L−1): (left) cyclic voltammograms (scan rate 100 mV s−1); (right) square-wave
voltammograms (scan rate 1 mV s−1).
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irreversible redox event for the bipyrrole (E°′ = 600 mV) and
for the terpyrrole (E°′ = 280 mV), while for the quaterpyrrole
two reversible redox processes (ΔE°1′ = 160 mV, ΔE°2′ = 430
mV) with a ΔE°′ value compatible to our measurements (170
mV) was observed.39 Depending on the supporting electrolyte,
a different number of redox processes and varying potential
differences were found. It could also be shown that the use of
different electrolytes has a significant impact on the position
and reversibility of the redox potentials, which has already been
discussed in the literature.17,23,40,41 In comparison to the
ferrocenyl-substituted analogues 9, 16, and 20 the pyrrole-
related oxidation is shifted to cathodic potentials. The
ferrocenyl moieties of 9, 16, and 20 are oxidized at lower
potential than the appropriate oligopyrrole backbone; there-
fore, the ferrocenium units thus formed act as electron-
withdrawing substituents hindering the oxidation of the
heterocyle.
Spectroelectrochemistry. The spectroelectrochemical

studies were performed by stepwise increase of the potential
(step heights 25, 5, and 100 mV) from −200 to +1000 mV vs
Ag/AgCl in an OTTLE (optically transparent thin-layer
electrochemistry) cell42 in dichloromethane solutions of 4,23

9, 16, 17, and 20 (0.002 mol L−1) containing [NnBu4][B-
(C6F5)4] (0.1 mol L−1) as electrolyte at 25 °C. The stepwise

increase of the potential allows, starting from the neutral
(oligo)pyrroles 4, 9, 16, 17, and 20, the in situ generation of
cationic 4n+,23 9n+, 16n+, 17n+, and 20(n+1)+ (n = 1, 2) (Figure 6
and Figures SI1, SI2, SI4, and SI5 (Supporting Information)).
The near-IR data of 4 and its analysis have been published

elsewhere.23 Upon oxidation, diferrocenyl bipyrrole 9 shows an
increasing absorption in the near-IR region at 2000 nm, which
can be assigned to a CT (charge transfer) transition of the
mixed-valent species 9+. A further increase of the potential leads
to the collapse of this absorption envelope, and new bands at
1200 nm assigned to a LMCT (ligand-to-metal charge transfer)
transition can be observed. To determine the physical
parameters (wavenumber (νmax), extinction (εmax), full width
at half maximum (fwhm) (Δν1/2)) of the charge transfer
excitations in the near-IR region, deconvolution assuming
Gaussian-shaped bands has been applied (Table 3).
Surprisingly, upon enlargement of the pyrrolic chain the

characteristics of the charge transfer absorptions change.
Mixed-valent 9+ and 16+ showed much more intense
absorptions and a shift of the excitation maxima toward higher
energy. Deconvolution of the charge transfer bands in 9+ and
16+ revealed that three bands contribute to the absorption in
the near-IR region for both compounds (Table 3, and Figure 6
and Figure SI1 (Supporting Information)). None of these
transitions showed typical characteristics43,44 of an IVCT
(intervalence charge transfer) excitation and are much more
intense than the IVCT band found in 4+23. Therefore, it might
be concluded that the classical two-state model is not applicable
to the elongated pyrrole systems (9, 16), as a more complex
charge transfer behavior is observed. Especially for the
terpyrrole 16+ the characteristics of the CT absorption in the
near-IR resembles that for dicationic 162+, pointing to a strong
involvement of LMCT and interbridge charge transfer
interactions.
Due to the large metal−metal distance, mixed-valent 20+

showed no coupling between its redox-active moieties and is
thermodynamically not stable under the applied conditions;
hence, the ferrocenyl termini in diferrocenyl quaterpyrrole are
oxidized simultaneously. Therefore, the electronic character of
the mixed-valent species cannot be determined by near-IR
spectroscopy. Nevertheless, 202+ and 203+ were generated in
situ within the near-IR measurement setup (Figure SI2
(Supporting Information)), showing remarkably intense CT
absorptions in the spectral range between 1250 and 1700 nm.
To prove the character of these absorptions, their solvatochro-
mic behavior was studied using solvents with different polarities
(dichloromethane (εo = 0.42), tetrahydrofuran (εo = 0.45),
acetonitrile (εo = 0.65)).45 The solvatochromic shifts thus
observed were negligible (<100 nm) and proved the solvent
independency of this charge transfer process (Figure SI3
(Supporting Information)). A deconvolution of the near-IR
spectrum of 202+ gives two large Gaussian-shaped functions at
5900 cm−1 (Δν1/2 = 2500 cm−1; εmax = 17600 L mol−1 cm−1)
and 7800 cm−1 (Δν1/2 = 3600 cm−1; εmax = 21350 L mol−1

cm−1). Comparison with the spectroelectrochemical measure-
ments of 42+, 92+, and 162+ showed that these compounds also
exhibit weak to strong CT bands in a range between 1000 and
1740 nm. Extension of the oligo(pyrrole) π system leads to a
bathochromic shift of these CT transitions, while simulta-
neously increasing their intensity (Figure 7). With a decrease of
the potential gap (electrochemical part Table 1, Figure 4)
between the second ferrocenyl-related redox process and the
first pyrrolic oxidation, the acceptor orbitals, within a ligand-to-

Figure 5. Cyclic voltammograms (scan rate 100 mV s−1) of
dichloromethane solutions containing 1.0 mmol L−1 of oligopyrroles
7, 13, and 17 at 25 °C (supporting electrolyte [N(nBu)4][B(C6F5)4]
(0.1 mol L−1)).

Table 2. Cyclic Voltammetric Data (Potentials vs FcH/FcH+,
Scan Rate 100 mV s−1) at a Glassy-Carbon Electrode of 1.0
mmol L−1 Solutions of the Analytes in Dry Dichloromethane
Containing 0.1 mol L−1 of [NnBu4][B(C6F5)4] as Supporting
Electrolyte at 25 °C

compd

E°′1 (mV)a
(ΔEp

(mV))b

E°′2 (mV)a
(ΔEp

(mV))b

E°′3 (mV)a
(ΔEp

(mV))b

E°′4 (mV)a
(ΔEp

(mV))b
ΔE°1′
(mV)c

7 280 (−) 400 (−) 930 (−) 1095 (−)
13 120 (−) 605 (−) 905 (−) 1190 (−)
17 5 (80) 205 (90) 200

aE°′ = formal potential. bΔEp = difference between oxidation and
reduction potentials. cΔE°′ = potential difference between two redox
processes.
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metal charge transfer process, are raised, while the donor
orbitals are lowered in energy. This results in a lower optical
transition energy and thus a bathochromic shift. A comparable
phenomenon has been described by Zhu and Wolf on the
example of various ethynylferrocenyl (oligo)thiophenes.46 They
could show that a longer thiophene chain leads to a decreased
energy difference between the ferrocenyl-centered acceptor
orbital and the thiophenic donor orbitals.46 The different

behavior of 42+ in comparison to that of 92+, 162+, and 202+

again points to an involvement of interbridge charge transfer
excitations for the elongated pyrroles, while 42+ cannot possess
such absorptions.
For comparison, the potential-depended UV/vis/near-IR

spectra of 5,5‴-bis(trimethylsilyl)quaterpyrrole (17) have been
measured (Figure SI5 (Supporting Information)). While no
absorption could be found in a spectral region similar to that of
the CT absorption, intense π−π* absorptions below 1250 nm
can be observed. Those sharp and intense bands could also be
found in 92+ (624 nm), 162+ (696 nm), and 202+ (830 nm). For
4, 9, and 16 (Figure SI2 (Supporting Information)) 1A1g →
1E1g and 1A1g → 1E2g d−d transitions of the ferrocenyl
substituents47 (465 and 650 nm (4), 450 and 670 nm (9), 520

Figure 6. (left) UV/vis/near-IR spectra of 9 at rising potentials vs Ag/AgCl: (top) −200 to 350 mV; (bottom) 350 to 1000 mV. (right)
Deconvolution of the near-IR absorption at 350 mV (top) of in situ generated 9+ and at 900 mV (bottom) of in situ generated 92+ using three
Gaussian-shaped bands. Measurement conditions: 25 °C, dichloromethane, 0.1 mol L−1 [NnBu4][B(C6F5)4] as supporting electrolyte.

Table 3. Near-IR Data of the Diferrocenyl (Oligo)pyrroles
4n+, 9n+, 16n+, and 20(n+1)+ (n = 1, 2)a

compd transition νmax (cm
−1) εmax (L mol−1 cm−1) Δν1/2 (cm−1)

4+b LMCT 4256 1805 690
IVCT 4820 4200 2369

42+ LMCT 8500 190 900
LMCT 9900 1500 3400

9+ CT 4800 6900 1700
CT 5800 8200 2300
CT 7800 2700 3850

92+ LFc 4700 1950 1500
CT 8200 11400 3900
CT 7400 4000 2700

16+ CT 5400 10700 2100
CT 6650 7450 2700
CT 9100 3600 4050

162+ CT 6200 11750 2800
CT 8050 19900 3800

202+ CT 5900 17600 2500
CT 7800 21350 3600

aIn dry dichloromethane containing 0.1 mol L−1 of [NnBu4][B-
(C6F5)4] as supporting electrolyte at 25 °C. bSee ref 23. cLigand field
transition.

Figure 7. Bathochromic shift of the near-IR spectra of 42+, 92+, 162+,
and 202+ (0.002 mol L−1 in dichloromethane) at 25 °C (supporting
electrolyte [NnBu4][B(C6F5)4] (0.1 mol L−1)).
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and 810 nm (16)) can be detected in the UV/vis region, which
are shifted bathochromically in comparison to ferrocene (322
and 437 nm).48 A bathochromic shift of the d−d transitions
with increasing chain length of the (oligo)pyrroles can be seen,
indicating that less energy is necessary for these excitations.49

■ CONCLUSION
The series of diferrocenyl-substituted (oligo)pyrroles 4, 9, 16,
and 20 could be synthesized using palladium-catalyzed Negishi
C,C cross-coupling reactions. Single-crystal X-ray diffraction
analysis of diferrocenyl bipyrrole (9), terpyrrole (16), and
quaterpyrrole (20) show a decrease in coplanarity in the
heterocyclic chain with a growing number of pyrrole units. The
redox behaviors of the title compounds have been investigated
by electrochemical methods such as cyclic voltammetry and
square wave voltammetry. While the ferrocenyl moieties in
quarerpyrrole 20 are oxidized simultaneously, the terminal units
of pyrroles 4, 9, and 16 show a redox splitting of 450 mV (4),
320 mV (9) and 165 mV (16) in the cyclic and square wave
voltammograms. Additionally, one (9) or two (16 and 20)
pyrrole-related well-defined reversible one-electron-redox pro-
cesses were observed. The metal−metal communication was
further proven by UV/vis/near-IR spectroelectrochemical
measurements, which showed absorptions in the near-IR
region. The characteristics of these absorptions have been
analyzed by deconvolution calculations and solvatochromic
experiments. While the mixed-valent compound 4+ possesses
intense IVCT absorptions, the classical two-state model seems
not to be applicable to the longer oligopyrroles (9+, 16+).
Diferrocenyl (oligo)pyrroles showed weak (4) to intense (9,
16, and 20) CT absorptions in the dicationic oxidation state. In
good agreement with other published examples,46 those bands
showed a bathochromic shift, when the chain length of the
backbone is increased.

■ EXPERIMENTAL SECTION
General Conditions. All reactions were carried out under an

atmosphere of nitrogen using standard Schlenk techniques. Tetrahy-
drofuran, n-hexane, and n-pentane were purified by distillation from
sodium/benzophenone ketyl, and toluene and diethyl ether were
purified by distillation from sodium. Dichloromethane and N,N-
dimethylformamide were purified by distillation from calcium hydride.
Reagents. nBuLi (2.5 M solution in n-hexane), tBuLi (1.6 M

solution in n-pentane), ferrocene, KOtBu, N-phenylpyrrole, N-
bromosuccinimide, trimethylsilyl chloride, and tetra-n-butylammonium
fluoride were purchased from commercial suppliers and used without
further purification. 2-Bromo-N-phenylpyrrole (1), 2,5-dibromo-N-
phenylpyrrole (2),25 and [N(nBu)4][B(C6F5)4]

50 were prepared
according to published procedures. [ZnCl2·2THF] was received by
drying ZnCl2 with thionyl dichloride and additional reaction with dry
tetrahydrofuran. The palladium catalyst [P(tC4H9)2C(CH3)2CH2Pd-
(μ-Cl)]2 was synthesized according to Clark et al.26

Instruments. 1H NMR (500.3 MHz) and 13C{1H} NMR (125.8
MHz) spectra were recorded with a Bruker Avance III 500
spectrometer operating at 298 K in the Fourier transform mode.
Chemical shifts are reported in δ (parts per million) using
undeuterated solvent residues as internal standard (chloroform-d3,
1H at 7.26 ppm and 13C{1H} at 77.16 ppm; acetone-d6,

1H at 2.05
ppm and 13C{1H} at 29.84, 206.26 ppm; dimethyl-d6 sulfoxide,

1H at
2.50 ppm and 13C{1H} at 39.52 ppm). Infrared spectra were recorded
using a FT-Nicolet IR 200 equipment. The melting points of analytical
pure samples (sealed off in nitrogen-purged capillaries) were
determined using a Gallenkamp MFB 595 010 M melting point
apparatus. Microanalyses were performed using a Thermo FLASHEA
1112 Series instrument. Spectroelectrochemical measurements were

carried out in an OTTLE cell42 from dichloromethane solutions
containing 0.1 mol L−1 of [NnBu4][B(C6F5)4] as supporting electrolyte
using a Varian Cary 5000 spectrometer. High-resolution mass spectra
were performed using a micrOTOF QII Bruker Daltonite workstation.

Electrochemistry. Measurements on 1.0 mmol L−1 solutions of
the analytes in dry, air-free dichloromethane containing 0.1 mol L−1 of
[NnBu4][B(C6F5)4] as supporting electrolyte were conducted under a
blanket of purified argon at 25 °C utilizing a Radiometer Voltalap PGZ
100 electrochemical workstation interfaced with a personal computer.
A three-electrode cell, which utilized a Pt auxiliary electrode, a glassy-
carbon working electrode (surface area 0.031 cm2), and an Ag/Ag+

(0.01 mol·L−1 AgNO3) reference electrode mounted 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 into a solution of 0.01 mol L−1 [AgNO3] and 0.1 mol L−1

[NnBu4][B(C6F5)4] in acetonitrile, in a Luggin capillary with a Vycor
tip. This Luggin capillary was inserted into a second Luggin capillary
with Vycor tip filled with a 0.1 mol L−1 [NnBu4][B(C6F5)4] solution in
dichloromethane.32 Successive experiments under the same exper-
imental conditions showed that all formal reduction and oxidation
potentials were reproducible within 5 mV. Experimental potentials
were referenced against an Ag/Ag+ reference electrode, but results are
presented referenced against ferrocene as an internal standard as
required by IUPAC.33 When decamethylferrocene was used as an
internal standard, the experimentally measured potential was
converted into E vs FcH/FcH+ by addition of −0.61 V.51 Data were
then manipulated on a Microsoft Excel worksheet to set the formal
redox potentials of the FcH/FcH+ couple to E°′ = 0.0 V. The cyclic
voltammograms, which are depicted, were taken after typically two
scans and are considered to be steady state cyclic voltammograms, in
which the signal pattern does not differ from the initial sweep.

General Procedure: Protection with Trimethylsilyl Group of
2 and 8. The dibromo (oligo)pyrroles 2 and 8 were dissolved in 50
mL of degassed tetrahydrofuran and treated with 1 equiv of n-
butyllithium at −80 °C. After 1 h of stirring at this temperature the
solution changed from colorless to pale green (10) or deep purple
(11). Then 1.1 equiv of trimethylsilyl chloride was added in a single
portion and the reaction mixture was slowly warmed to ambient
temperature and stirred overnight, whereby the color changed to
yellow. After evaporation of all volatiles the crude product was purified
by column chromatography (column size 3 × 25 cm, alumina
pretreated with triethylamine, n-hexane as eluent). The first fraction
contained the appropriate pure product, and all volatiles were removed
under reduced pressure.

Data for 2-Bromo-5-trimethylsilyl-N-phenylpyrrole (10). 2,5-
Dibromo-N-phenylpyrrole (2; 8.29 g, 27.5 mmol), 1 equiv of n-
butyllithium (11.0 mL, 27.5 mmol) and 1.1 equiv of trimethylsilyl
chloride (3.83 mL, 30.0 mmol). Yield: 2.48 g (8.44 mmol, 31% based
on 2); colorless, air-sensitive solid, soluble in dichloromethane. Anal.
Calcd for C13H16BrNSi (294.26): C, 53.06; H, 5.48; N, 4.76. Found:
C, 53.00; H, 5.52; N, 4.65. Mp: 51 °C. 1H NMR (CDCl3, ppm): δ
−0.04 (s, 9 H, SiC3H9), 6.32 (d,

3JH4−H3 = 3.69 Hz, 1 H, H-4), 6.48 (d,
3JH3−H4 = 3.69 Hz, 1 H, H-3), 7.28 (m, 2 H, C6H5/o-H), 7.46 (m, 3 H,
C6H5).

13C{1H} NMR (CDCl3, ppm): δ −0.29 (SiC3H9), 107.43 (C-
2), 111.38 (C-4), 120.02 (C-3), 128.77 (C6H5), 128.91 (C6H5),
129.30 (C6H5), 136.85 (Ci-C6H5), 140.52 (Ci-C-SiC3H9). IR data
(KBr, cm−1): ν 750 (s, δoop‑C−H), 972 (s, δC−N), 1505 (s, νCC),
1597 (m, νCC), 2895 (w, νs‑CH3), 2954 (w, νas‑CH3), 3098 (w, νC−H).
HR-ESI-MS (m/z): calcd for C13H16BrNSi 295.0210, found 295.0216
[M].

Data for 5-Bromo-5′-trimethylsilyl-N,N′-diphenyl-2,2′-bipyrrole
(11). 5,5′-Dibromo-N,N′-bisphenyl-2,2′-bipyrrole (8; 4.98 g, 11.3
mmol), 1 equiv of n-butyllithium (4.53 mL, 11.3 mmol) and 1.1 equiv
of trimethylsilyl chloride (1.57 mL, 12.5 mmol). Yield: 4.12 g (9.46
mmol, 84% based on 8); colorless, air-sensitive solid, soluble in
dichloromethane. Anal. Calcd for C23H23BrN2Si (435.43): C, 63.44;
H, 5.32; N, 6.43. Found: C, 63.68; H, 5.48; N, 6.39. Mp: 92 °C. 1H
NMR (CDCl3, ppm): δ −0.1 (s, 9 H, SiC3H9), 6.00 (d,

3JH4′−H3′ = 3.81
Hz, 1 H, H-4′), 6.03 (d, 3JH4−H3 = 3.51 Hz, 1 H, H-4), 6.18 (d, 3JH3′‑H4′
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= 3.80 Hz, 1 H, H-3′), 6.36 (d, 3JH3−H4 = 3.62 Hz, 1 H, H-3), 6.84 (m,
2 H, C6H5′), 6.89 (m, 2 H, C6H5), 7.21−7.36 (m, 6 H, C6H5/C6H5′).
13C{1H} NMR (CDCl3, ppm): δ −0.05 (SiC3H9), 103.20 (C-5),
111.53 (C-3), 112.42 (C-3′), 112.70 (C-4′), 119.19 (C-4), 124.27 (Ci-
C-2), 127.64 (C6H5), 127.78 (C6H5′), 128.38 (C6H5), 128.49
(C6H5′), 128.51 (C6H5), 128.63 (C6H5′), 130.36 (Ci-C-2′), 135.60
(Ci-C6H5′), 138.35 (Ci-C6H5), 141.24 (Ci-C-SiC3H9). IR data (KBr,
cm−1): ν 751 (s, δoop‑C−H), 967 (m, δC−N), 1497 (s, νCC), 1595 (m,
νCC), 2889 (w, νs‑CH3), 2948 (w, νas‑CH3), 3100 (w, νC−H). HR-ESI-
MS (m/z): calcd for C23H23BrN2Si 437.0867, found 437.0845 [M]+.
General Procedure: Synthesis of Bipyrrole and Me3Si-

Protected Oligopyrroles. To a solution of the monobromo
(oligo)pyrroles 5 and 11 in 50 mL of degassed tetrahydrofuran was
added dropwise via a syringe 1 equiv of n-butyllithium (2.5 M in n-
hexane) at −80 °C. The reaction mixture was stirred for 1 h. Then
[ZnCl2·2thf] (1 equiv) was added in a single portion to generate in
situ 6 or 12. The reaction mixture was stirred for an additional 30 min
at 0 °C. Afterward, 0.25 mol % of [Pd(CH2C(CH3)2P(

tC4H9)2)(μ-
Cl)]2 and 1 equiv of 5, 10, or 11 were added in a single portion and
the reaction solutions were stirred overnight at 60 °C. The crude
product was worked up by column chromatography (column size 3 ×
25 cm, alumina pretreated with triethyl amine). The first fraction
contained the reactants 5 and 11, while from the second fraction the
appropriate pure product could be obtained. All volatiles were
removed under reduced pressure.
Data for N,N′-Diphenyl-2,2′-bipyrrole (7). 2-Bromo-N-phenyl-

pyrrole (5; 2.95 g, 13.28 mmol), 1 equiv of n-butyllithium (5.4 mL,
13.5 mmol), 1.0 equiv of [ZnCl2·2thf] (3.72 g, 13.5 mmol), 1 equiv of
2-bromo-N-phenylpyrrole (5; 2.95 g, 13.28 mmol), and 0.25 mol % of
[Pd(CH2C(CH3)2P(

tC4H9)2)(μ-Cl)]2 (22.8 mg). For column chro-
matography an n-hexane/diethyl ether mixture of ratio 6/1 (v/v) as
eluent was used. Yield: 2.97 g (10.46 mmol, 77% based on 5);
colorless, fluorescent solid, soluble in dichloromethane. Anal. Calcd for
C20H16N2 (284.35): C, 84.48; H, 5.67; N, 9.85. Found: C, 84.08; H,
5.92; N, 9.90. Mp: 101 °C. 1H NMR (CDCl3, ppm): δ 6.32 (pt,
3JH4−H3 = 3.58 Hz, 3JH4−H5 = 2.96 Hz, 2 H, H-4), 6.44 (dd, 4JH3−H5 =
1.84 Hz, 3JH3−H4 = 3.54 Hz, 2 H, H-3), 6.57−6.59 (m, 4 H, C6H5/o-
H), 6.77 (dd, 4JH5−H3 = 1.80 Hz, 3JH5−H4 = 2.98 Hz, 2 H, H-5), 7.01 −
7.05 (m, 6 H, C6H5).

13C{1H} NMR (CDCl3, ppm): δ 109.13 (C-4),
112.59 (C-3), 122.41 (C-5), 123.90 (C6H5), 125.18 (Ci-C-2), 125.57
(C6H5), 128.56 (C6H5), 140.30 (Ci-C6H5). IR data (KBr, cm−1): ν 718
(s, δoop‑C−H), 1072 (m, νC−N), 1499 (s, νCC), 1599 (m, νCC), 3100
(w, νC−H). HR-ESI-MS (m/z): calcd for C20H16N2 566.2465, found
566.2485 [M]2.
Data for 5,5″-Bis(trimethylsilyl)-N,N′,N″-triphenyl-2,2′:5′,2″-ter-

pyrrole (13). 5-Bromo-5′-trimethylsilyl-N,N′-diphenyl-2,2′-bipyrrole
(11; 1.66 g, 3.8 mmol), 1 equiv of n-butyllithium (1.53 mL, 3.8
mmol), 1.0 equiv of [ZnCl2·2thf] (1.07 g, 3.8 mmol), 1 equiv of 2-
bromo-5-trimethylsilyl-N-phenylpyrrole (10; 1.12 g, 3.8 mmol), and
0.25 mol % of [Pd(CH2C(CH3)2P(

tC4H9)2)(μ-Cl)]2 (6.53 mg). For
column chromatography n-hexane was used as eluent. Yield: 0.91 g
(1.6 mmol, 42% based on 11); colorless, fluorescent solid, soluble in
dichloromethane. Anal. Calcd for C36H39N2Si2 (569.89): C, 75.87; H,
6.90; N, 7.37. Found: C, 75.37; H, 7.26; N, 7.31. Mp: 181 °C. 1H
NMR (CDCl3, ppm): δ −0.12 (s, 18 H, SiC3H9), 6.02 (s, 2 H, H-3′/
4′), 6.03 (d, 3JH4−H3/H4″−H3″ = 3.49 Hz, 2 H, H-4/4″), 6.28 (m, 2 H,
C6H5′), 6.36 (d, 3JH3−H4/H3″−H4″ = 3.54 Hz, 2 H, H-3/3″), 6.62 (m, 4
H, C6H5/C6H5″), 6.96 (m, 2 H, C6H5′), 7.09 (m, 5 H, C6H5/C6H5′/
C6H5″) 7.18 (m, 2 H, C6H5/C6H5″). 13C{1H} NMR (CDCl3, ppm): δ
0.01 (SiC3H9), 112.21 (C-3′/4′), 112.23 (C-3/3″), 119.19 (C-4/4″),
125.87 (C6H5′), 126.03 (C6H5/C6H5″), 127.03 (C6H5′), 127.15
(C6H5/C6H5″), 127.95 (Ci-C-2′/5′), 127.98 (C6H5′), 128.13 (C6H5/
C6H5″), 130.96 (Ci-C-2/2″), 135.07 (Ci-C6H5/Ci-C6H5″), 138.87 (Ci-
C6H5′), 141.24 (Ci-C-SiC3H9/C-SiC3H9″). IR data (KBr, cm−1): ν
756 (s, δoop‑C−H), 1496 (s, νCC), 1595 (m, νCC), 2899 (w, νs‑CH3),
2952 (w, νas‑CH3), 3091 (w, νC−H). HR-ESI-MS (m/z): calcd for
C36H39N3Si2 570.2755, found 570.2701 [M]+.
Data for 5,5‴-Bis(trimethylsilyl)-N,N′,N″,N‴-tetraphenyl-

2,2′:5′,2″:5″,2‴-quaterpyrrole (17). 5-Bromo-5′-trimethylsilyl-N,N′-
diphenyl-2,2′-bipyrrole (11; 1.07 g, 2.47 mmol), 1 equiv of n-

butyllithium (1.0 mL, 2.47 mmol), 1.0 equiv of [ZnCl2·2thf] (0.69 g,
2.47 mmol), 1 equiv of 11 (1.07 g, 2.47 mmol), and 0.25 mol % of
[Pd(CH2C(CH3)2P(

tC4H9)2)(μ-Cl)]2 (4.23 mg). For column chro-
matography an n-hexane/diethyl ether mixture of ratio 10/1 (v/v) was
used as eluent. Yield: 0.99 g (1.4 mmol, 57% based on 11); colorless,
fluorescent solid, soluble in dichloromethane. Anal. Calcd for
C36H39N2Si2 (711.06): C, 77.70; H, 6.52; N, 7.88. Found: C, 77.37;
H, 6.70; N, 7.88. Mp: 211 °C. 1H NMR (CDCl3, ppm): δ −0.13 (s, 18
H, SiC3H9), 5.93 (d, 3JH4−H3/H4‴−H3‴ = 3.64 Hz, 2 H, H-4/4‴), 6.02
(d, 3JH3−H4/H3‴−H4‴ = 3.64 Hz, 2 H, H-3/3‴), 6.04 (d, 3JH3′−H4′/H4″−H3″
= 3.50 Hz, 2 H, H-3′/4″), 6.07 (m, 4 H, C6H5/C6H5‴), 6.36 (d,
3JH4′−H3′/H3″−H4″ = 3.50 Hz, 2 H, H-4′/3″), 6.58 (m, 4 H, C6H5′/
C6H5″), 6.84 (m, 4 H, C6H5/C6H5‴), 6.98 (m, 2 H, C6H5/C6H5‴),
7.08 (m, 4 H, C6H5′/C6H5″), 7.18 (m, 2 H, C6H5′/C6H5″). 13C{1H}
NMR (CDCl3, ppm): δ −0.03 (SiC3H9), 111.98 (C-3′/4″), 112.13
(C-4′/3″), 112.26 (C-3/3‴), 119.16 (C-4/4‴), 125.53 (C6H5/
C6H5‴), 125.92 (Ci-C-2′/5″), 126.11 (Ci-C-5′/2″), 126.75 (C6H5/
C6H5‴), 127.01 (C6H5′/C6H5″), 127.68 (C6H5′/C6H5″), 127.99
(C6H5/C6H5‴), 128.05 (C6H5′/C6H5″), 130.94 (Ci-C-2/2‴), 135.11
(Ci-C6H5/Ci-C6H5‴), 138.52 (Ci-C6H5′/C6H5″), 141.20 (Ci-C-
SiC3H9/C-SiC3H9‴). IR data (KBr, cm−1): ν 756 (s, δoop‑C−H),
1497 (s, νCC), 1596 (m, νCC), 2893 (w, νs‑CH3), 2952 (w, νas‑CH3),
3097 (w, νC−H). HR-ESI-MS (m/z): calcd for C46H46N4Si2
710.3275, found 710.3256 [M].

General Procedure: Deprotection of the Oligopyrroles 13
and 17. The Me3Si-protected oligopyrroles 13 and 17, respectively,
were dissolved in 20 mL of degassed tetrahydrofuran, and 3 equiv of
tetra-n-butylammonium fluoride was added in a single portion at −40
°C. The reaction mixture was slowly warmed to ambient temperature
and stirred for 2 days, whereby the colorless solution changed to pale
blue. After evaporation of all volatiles the crude product was worked
up by filtration (column size 1.5 × 10 cm, alumina pretreated with
triethylamine). For column chromatography an n-hexane/diethyl ether
mixture of ratio 10/1 (v/v) was used as eluent. The first fraction
contained reactant 13 or 17, while from the second fraction the
appropriate pure product could be isolated. All volatiles were removed
under reduced pressure.

Data for N,N′,N″-Triphenyl-2,2′:5′,2″-terpyrrole (14). 5,5″-Bis-
(trimethylsilyl)-N,N′,N″-triphenyl-2,2′:5′,2″-terpyrrole (13; 0.72 g,
1.26 mmol) and 3 equiv of tetra-n-butylammonium fluoride (1.19 g,
3.78 mmol). Yield: 0.51 g (1.19 mmol, 95% based on 13); colorless,
fluorescent solid, soluble in dichloromethane. Anal. Calcd for
C30H23N3 (425.52): C, 84.68; H, 5.45; N, 9.87. Found: C, 84.19; H,
5.77; N, 9.70. Mp: 132 °C. 1H NMR (CDCl3, ppm): δ 5.87 (m, 4Jmeta
= 1.23 Hz, 2 H, C6H5′), 6.19 (pt, 3JH4−H5/H4″−H5″ = 2.94 Hz,
3JH4−H3/H4″−H3″ = 3.61 Hz, 2 H, H-4/4″), 6.23 (dd, 4JH3−H5/H3″−H5″ =
1.82 Hz, 3JH3−H4/H3″−H4″ = 3.60 Hz, 2 H, H-3/3″), 6.36 (s, 2 H, H-3′/
4′), 6.61 (m, 4 H, C6H5/C6H5″), 6.65 (m, 2 H, C6H5/C6H5″), 6.67
(dd, 4JH5−H3/H5″−H3″ = 1.82 Hz, 3JH5−H4/H5″−H4″ = 2.92 Hz, 2 H, H-5/
5″), 6.82 (tt, 4Jmeta = 1.21 Hz, 1 H, C6H5′), 7.04 (m, 6 H, C6H5/
C6H5′/C6H5″). 13C{1H} NMR (CDCl3, ppm): δ 108.82 (C-4/4″),
111.76 (C-3′/4′), 112.99 (C-3/3″), 122.27 (C-5/5″), 123.95 (C6H5/
C6H5″), 125.08 (C6H5′), 125.23 (C6H5′), 125.65 (C6H5/C6H5″),
126.05 (Ci-C-2/2″), 126.31 (C6H5′), 127.50 (Ci-C-2′/5′), 128.56
(C6H5/C6H5″), 138.29 (Ci-C6H5′), 140.33 (Ci-C6H5/Ci-C6H5″). IR
data (KBr, cm−1): ν 757 (s, δoop‑C−H), 1499 (s, νCC), 1599 (m,
νCC), 3055 (w, νC−H). HR-ESI-MS (m/z): calcd for C30H23N3
426.1965, found 426.1962 [M]+.

Data for N,N′,N″,N′′′′-Tetraphenyl-2,2′:5′,2″:5″,2‴-quaterpyrrole
(18 ) . 5 ,5‴ -B i s ( t r imethy l s i l y l ) -N ,N ′ ,N″ ,N‴ - t e t rapheny l -
2,2′:5′,2″:5″,2‴-quaterpyrrole (17; 0.686 g, 0.96 mmol) and 3 equiv
of tetra-n-butylammonium fluoride (0.913 g, 2.88 mmol). Yield: 0.545
g (0.96 mmol, 100% based on 17); colorless fluorescent solid, soluble
in dichloromethane. Anal. Calcd for C40H30N4 (566.69): C, 84.78; H,
5.34; N, 9.80. Found: C, 84.60; H, 5.37; N, 9.80. Mp: 177 °C. 1H
NMR (CDCl3, ppm): δ 5.97 (m, 3Jortho = 7.83 Hz, 4 H, C6H5′/
C6H5″), 6.04 (d, 3JH3′−H4′/H4″−H3″ = 3.55 Hz, 2 H, H-3′/4″), 6.18 (m,
3JH4−H5/H4‴−H5‴ = 3.25 Hz, 2 H, H-4/4‴), 6.21 (m, 3JH5−H4/H5‴−H4‴ =
3.25 Hz, 4JH5−H3/H5‴−H3‴ = 1.80 Hz, 2 H, H-5/5‴), 6.23 (d,
3JH4′−H3′/H3″−H4″ = 3.59 Hz, 2 H, H-4′/3″), 6.56 (m, 3Jortho = 7.83
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Hz, 4 H, C6H5/C6H5‴), 6.65 (m, 4JH3−H5/H3‴−H5‴ = 1.82 Hz, 2 H, H-
3/3‴), 6.73 (m, 3Jortho = 7.83 Hz, 4 H, C6H5′/C6H5″), 6.88 (m, 2 H,
C6H5′/C6H5″), 7.03 (m, 3Jortho = 7.83 Hz, 4 H, C6H5/C6H5‴), 7.08
(m, 2 H, C6H5/C6H5‴). 13C{1H} NMR (CDCl3, ppm): δ 108.83 (C-
4/4‴), 111.51 (C-3/3‴), 112.14 (C-3′/4″), 112.92 (C-4/3″), 122.70
(C-5/5‴), 123.90 (C6H5/C6H5‴), 125.24 (Ci-2/2″), 125.28 (C6H5/
C6H5‴), 125.54 (C6H5′/C6H5″), 126.02 (Ci-C-5″/2‴), 126.31 (Ci-C-
5′/2″), 126.35 (C6H5′/C6H5″), 127.50 (C6H5′/C6H5″), 128.52
(C6H5/C6H5‴), 138.25 (Ci-C6H5′/ Ci-C6H5″), 140.34 (Ci-C6H5/Ci-
C6H5‴). IR data (KBr, cm−1): ν 769 (s, δoop‑C−H), 1500 (s, νCC),
1597 (m, νCC), 3100 (w, νC−H). HR-ESI-MS (m/z): calcd for
C40H30N4 566.2453, found 426.2465 [M].
General Procedure: Synthesis of Dibromo Oligopyrroles 8,

15, and 19. According to a modified procedure from Gilow et al.25

unsubstituted N-phenyl(oligo)pyrroles 7, 14, and 18 were dissolved in
30 mL of degassed tetrahydrofuran, and 2 equiv of N-bromosuccini-
mide was added in a single portion at −78 °C. After 30 min of stirring
at this temperature the solution was slowly warmed to ambient
temperature and stirred for an additional 2 h. Then the pink (8) or
purple (15 and 19) reaction mixture was extracted three times with 20
mL of diethyl ether. The organic phase was washed three times with an
aqueous Na2CO3 solution and dried over MgSO4. The solvent was
evaporated to dryness under oil-pump vacuum, yielding a colorless
precipitate. The crude product was washed twice with cold n-pentane
(0 °C) and finally dried under oil-pump vacuum.
Data for 5,5′-Dibromo-N,N′-diphenyl-2,2′-bipyrrole (8). N,N′-

Diphenyl-2,2′-bipyrrole (3; 2.36 g, 8.31 mmol) and 2 equiv of N-
bromosuccinimide (2.96 g, 16.62 mmol). Yield: 2.88 g (6.54 mmol,
79% based on 3); colorless solid, soluble in dichloromethane. Anal.
Calcd for C20H14N2Br2 (442.15): C, 54.33; H, 3.19; N, 6.34. Found:
C, 54.39; H, 3.36; N, 6.28. Mp: 168.5 °C. 1H NMR (CDCl3, ppm): δ
6.05 (d, 3JH3−H4 = 3.80 Hz, 2 H, H-3), 6.19 (d, 3JH4−H3 = 3.80 Hz, 2 H,
H-4), 6.79 (m, 4 H, C6H5), 7.22−7.27 (m, 6 H, C6H5).

13C{1H} NMR
(CDCl3, ppm): δ 103.56 (C-5), 111.56 (C-3), 113.19 (C-4), 127.13
(Ci-C-2), 127.84 (C6H5), 128.38 (C6H5), 128.55 (C6H5), 137.90 (Ci-
C6H5). IR data (KBr, cm−1): ν 755, 764 (s, δoop‑C−H), 1070 (m,
νC−N), 1496 (s, νCC), 1595 (m, νCC), 3032 (w, νC−H). HR-ESI-
MS (m/z): calcd for C20H14N2Br2 441.9499, found 441.9499 [M].
Data for 5,5″-Dibromo-N,N′,N″-triphenyl-2,2′:5′,2″-terpyrrole

(15). N,N′,N″-Triphenyl-2,2′:5′,2″-terpyrrole (14; 0.43 g, 1.0 mmol)
and 2 equiv of N-bromosuccinimide (0.36 g, 2.0 mmol). Yield: 0.49 g
(0.84 mmol, 84% based on 14); colorless solid, soluble in
dichloromethane. Anal. Calcd for C30H21N3Br2 (583.32): C, 61.77;
H, 3.63; N, 7.20. Found: C, 61.55; H, 3.74; N, 6.89. Mp: 181 °C. 1H
NMR ((CD3)2CO, ppm): δ 5.94 (d, 3JH3−H4/H3″−H4″ = 3.84 Hz, 2 H,
H-3/3″), 5.96 (s, 2 H, H-3′/4′), 6.17 (d, 3JH4−H3/H4″−H3″ = 3.84 Hz, 2
H, H-4/4″), 6.40 (m, 2 H, C6H5′), 6.72 (m, 4 H, C6H5/C6H5″), 7.09
(m, 2 H, C6H5′), 7.19 (m, 1 H, C6H5′), 7.27 (m, 4 H, C6H5/C6H5″),
7.34 (m, 2 H, C6H5/C6H5″). 13C{1H} NMR ((CD3)2CO, ppm): δ
103.24 (C-5/5″), 112.19 (C-3′/4′), 113.34 (C-3/3″), 113.53 (C-4/
4″), 126.63 (Ci-C-2/2″), 127.45 (C6H5′), 128.14 (C6H5/C6H5″),
128.44 (C6H5′), 128.60 (C6H5′), 129.01 (Ci-C-2′/5′), 129.03 (C6H5/
C6H5″), 129.25 (C6H5/C6H5″), 138.69 (Ci-C6H5/Ci-C6H5″), 139.02
(Ci-C6H5′). IR data (KBr, cm−1): ν 757 (s, δoop‑C−H), 1497 (s,
νCC), 1596 (m, νCC), 3059 (w, νC−H). HR-ESI-MS (m/z): calcd
for C30H21N3Br2 584.0157, found 584.0087 [M]+.
Data for 5,5‴-Dibromo-N,N′,N″,N‴-tetraphenyl-2,2′:5′,2″:5″,2‴-

quaterpyrrole (19). N,N′,N″,N‴-Tetraphenyl-2,2′:5′,2″:5″,2‴-quater-
pyrrole (18; 0.53 g, 0.94 mmol) and 2 equiv of N-bromosuccinimide
(0.33 g, 1.88 mmol). Yield: 0.62 g (0.86 mmol, 91% based on 18);
colorless solid, soluble in dichloromethane. Anal. Calcd for
C40H28N4Br2 (724.49): C, 66.31; H, 3.90; N, 7.73. Found: C, 65.31;
H, 3.98; N, 7.50. Mp: 178 °C. 1H NMR (CDCl3, ppm): δ 5.92 (d,
3JH4−H3/H4‴−H3‴ = 3.61 Hz, 2 H, H-4/4‴), 6.03−6.06 (m, 8 H, C6H5/
C6H5‴/H-3/3‴/H-3′/4″), 6.18 (d, 3JH4′−H3′/H3″−H4″ = 3.77 Hz, 2 H,
H-4′/3″), 6.58 (m, 4 H, C6H5′/C6H5″), 6.85 (m, 4 H, C6H5/C6H5‴),
7.00 (m, 2 H, C6H5/C6H5‴), 7.12 (m, 4 H, C6H5′/C6H5″), 7.21 (m, 2
H, C6H5′/C6H5″). 13C{1H} NMR (CDCl3, ppm): δ 102.88 (C-5/5‴),
111.52 (C-3/3‴), 112.02 (C-3′/4″), 112.50 (C-4′/3″), 112.78 (C-4/
4‴), 125.54 (Ci-C-2′/5″), 125.78 (C6H5/C6H5‴), 126.23 (Ci-C-2/

2‴), 126.64 (C6H5/C6H5‴), 127.32 (C6H5′/C6H5″), 127.67 (Ci-C-5′/
2″), 127.85 (C6H5′/C6H5″), 128.14 (C6H5/C6H5′/C6H5″/C6H5‴),
137.88 (Ci-C6H5/C6H5‴), 138.14 (Ci-C6H5′/C6H5″). IR data (KBr,
cm−1): ν 766 (s, δoop‑C−H), 1497 (s, νCC), 1596 (m, νCC), 3042
(w, νC−H). HR-ESI-MS (m/z): calcd for C40H28N4Br2 724.0694,
found 724.0659 [M].

General Procedure: Synthesis of Diferrocenyl Oligopyrroles
9, 16, and 20. Ferrocene and KOtBu (0.125 equiv) were dissolved in
20 mL of tetrahydrofuran, and the solution was cooled to −80 °C.
tButyllithium (2 equiv, 1.6 M in n-pentane) was added dropwise via a
syringe, and the solution was stirred for 1 h. Then [ZnCl2·2thf] (1
equiv) was added in a single portion. The reaction mixture was stirred
for an additional 30 min at 0 °C. Afterward, 0.25 mol % of
[Pd(CH2C(CH3)2P(

tC4H9)2)(μ-Cl)]2 and 1/3 equiv of the bromoo-
ligopyrroles 8, 15, and 19 were added in a single portion, and the
reaction solutions were stirred overnight at 60 °C. The crude product
was worked up by column chromatography (column size 1.5 × 10 cm,
alumina pretreated with triethylamine). The first fraction contained
ferrocene, while from the second fraction 9, 16, or 20 could be
isolated. All volatiles were removed under reduced pressure.

Data for 5,5′-Diferrocenyl-N,N′-diphenyl-2,2′-bipyrrole (9). Fer-
rocene (0.35 g, 1.89 mmol), 0.125 equiv of KOtBu (27 mg, 0.24
mmol), 2 equiv of tert-butyllithium (2.35 mL, 3.78 mmol), 1.0 equiv of
[ZnCl2·2thf] (527 mg, 1.89 mmol), 1/3 equiv of 5,5′-dibromo-N,N′-
bisphenyl-2,2′-bipyrrole (8; 0.28 g, 0.63 mmol), and 0.25 mol % of
[Pd(CH2C(CH3)2P(

tC4H9)2)(μ-Cl)]2 (2.14 mg). As eluent for
column chromatography an n-hexane/diethyl ether mixture of ratio
10/1 (v/v) was used. Yield: 0.3 g (0.45 mmol, 73% based on 8); pale
orange solid, soluble in dichloromethane. Anal. Calcd for C40H32N2Fe2
(652.38): C, 73.64; H, 4.94; N, 4.29. Found: C, 73.61; H, 5.40; N,
4.10. Mp: 221 °C. 1H NMR (CDCl3, ppm): δ 3.84 (pt, JHH = 1.90 Hz,
4 H, C5H4), 3.97 (s, 10 H, C5H5), 3.98 (pt, JHH = 1.90 Hz, 4 H, C5H4),
6.03 (d, 3JH3−H4 = 3.67 Hz, 2 H, H-3), 6.30 (d, 3JH4−H3 = 3.67 Hz, 2 H,
H-4), 6.85 (m, 4 H, C6H5/o-H), 7.22−7.25 (m, 6 H, C6H5).

13C{1H}
NMR (CDCl3, ppm): δ 67.51 (C5H4), 67.56 (C5H4), 69.60 (C5H5),
79.26 (Ci-C5H4), 108.09 (C-4), 112.47 (C-3), 126.65 (C-5), 127.41
(C6H5), 128.27 (C6H5), 129.08 (C6H5), 131.85 (Ci-C-2), 139.41 (Ci-
C6H5). IR data (KBr, cm−1): ν 775 (s, δoop‑C−H), 1105 (m, νC−N),
1500 (s, νCC), 1590 (m, νCC), 3080 (w, νC−H). HR-ESI-MS (m/
z): calcd for C40H32N2Fe2 652.1260, found 652.1263 [M].

Data for 5,5″-Diferrocenyl-N,N′,N″-triphenyl-2,2′:5′,2″-terpyrrole
(16). Ferrocene (383 mg, 2.06 mmol), 0.125 equiv of KOtBu (29 mg,
0.26 mmol), 2 equiv of tert-butyllithium (2.57 mL, 4.12 mmol), 1.0
equiv of [ZnCl2·2thf] (577 mg, 2.06 mmol), 1/3 equiv of 5,5″-
dibromo-N,N′,N″-triphenyl-2,2′:5′,2″-terpyrrole (15; 0.40 g, 0.69
mmol), and 0.25 mol % of [Pd(CH2C(CH3)2P(

tC4H9)2)(μ-Cl)]2
(2.35 mg). As eluent for column chromatography an n-hexane/diethyl
ether mixture of ratio 2/1 (v/v) was used. Yield: 0.3 g (0.38 mmol,
55% based on 15); orange solid, soluble in dichloromethane. Anal.
Calcd for C50H39N3Fe2·0.85Et2O (856.55): C, 74.87; H, 5.59; N, 4.90.
Found: C, 74.56; H, 5.30; N, 4.90. Mp: 185 °C dec. 1H NMR
((CD3)2SO, ppm): δ 3.78 (pt, JHH = 1.88 Hz, 4 H, C5H4), 3.92 (s, 10
H, C5H5), 4.01 (pt, JHH = 1.88 Hz, 4 H, C5H4), 5.70 (d, 3JHH = 3.65
Hz, 2 H, H-3/3″), 5.72 (s, 2 H, H-3′/4′), 6.25 (d, 3JHH = 3.65 Hz, 2 H,
H-4/4″), 6.70 (m, 2 H, C6H5′/o−H), 6.82 (m, 4 H, C6H5/C6H5″/o-
H), 7.21 (m, 3 H, C6H5′), 7.32 (m, 4 H, C6H5/C6H5″/m-H), 7.39 (m,
2 H, C6H5/C6H5″/p-H). 13C{1H} NMR ((CD3)2SO, ppm): δ 66.28
(C5H4), 67.29 (C5H4), 69.20 (C5H5), 78.42 (Ci-C5H4), 107.67 (C4N),
111.34 (C4N), 111.64 (C4N), 125.48 (Ci-C-5/5″), 126.12 (Ci-C-2/
2″), 126.59 (C6H5′), 127.70 (C6H5/C6H5″), 127.86 (C6H5′), 127.98
(C6H5′), 128.34 (C6H5/C6H5″), 128.83 (C6H5/C6H5″), 131.25 (Ci-C-
2′/5′), 138.43 (Ci-C6H5′), 138.59 (Ci-C6H5/Ci-C6H5″). IR data (KBr,
cm−1): ν 768 (s, δoop‑C−H), 1497 (s, νCC), 1596 (m, νCC), 3055,
3098 (w, νC−H). HR-ESI-MS (m/z): calcd for C50H39N3Fe2
794.1918, found 794.1815 [M]+.

Data for 5,5‴ -Diferrocenyl -N,N ′ ,N″ ,N‴ -tetraphenyl-
2,2′:5′,2″:5″,2‴-quaterpyrrole (20). Ferrocene (466 mg, 2.5 mmol),
0.125 equiv of KOtBu (35 mg, 0.31 mmol), 2 equiv of tert-butyllithium
(3.13 mL, 5.0 mmol), 1.0 equiv of [ZnCl2·2thf] (0.70 g, 2.5 mmol), 1/3
equiv of 5,5‴-dibromo-N,N′,N″,N‴-tetraphenyl-2,2′:5′,2″:5″,2‴-qua-
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terpyrrole (19; 0.60 g, 0.84 mmol), and 0.25 mol % of [Pd(CH2C-
(CH3)2P(

tC4H9)2)(μ-Cl)]2 (4.30 mg). For column chromatography
an n-hexane/dichloromethane mixture of ratio 5/1 (v/v) was used as
eluent. Yield: 0.65 g (0.69 mmol, 83% based on 19); orange solid,
soluble in dichloromethane. Anal. Calcd for C40H46N4Fe2 (934.24): C,
77.10; H, 4.96; N, 5.99. Found: C, 77.03; H, 5.36; N, 5.83. Mp: 227
°C dec. 1H NMR (CDCl3, ppm): δ 3.80 (pt, JHH = 1.89 Hz, 4 H,
C5H4), 3.95 (s, 10 H, C5H5), 3.97 (pt, JHH = 1.90 Hz, 4 H, C5H4), 5.95
(d, 3JHH = 3.58 Hz, 2 H, H-4/4‴), 6.03 (d, 3JHH = 3.67 Hz, 2 H, H-3′/
4″), 6.06 (d, 3JHH = 3.56 Hz, 2 H, H-3/3‴), 6.14 (m, 4 H, C6H5/
C6H5‴), 6.30 (d, 3JHH = 3.67 Hz, 2 H, H-4′/3″), 6.55 (m, 4 H, C6H5′/
C6H5″), 6.86 (m, 4 H, C6H5/C6H5‴), 6.97 (m, 2 H, C6H5/C6H5‴),
7.10 (m, 4 H, C6H5′/C6H5″), 7.21 (m, 2 H, C6H5′/C6H5″). 13C{1H}
NMR (CDCl3, ppm): δ 67.47 (C5H4), 67.53 (C5H4), 69.60 (C5H5),
79.09 (Ci-C5H4), 108.09 (C4N), 111.77 (C4N), 112.32 (C4N), 112.41
(C4N), 125.47 (C6H5/C6H5‴), 126.07 (Ci-C-2/2″), 126.10 (Ci-C-2′/
5″), 126.53 (Ci-C-5/5‴), 126.77 (C6H5/C6H5‴), 127.04 (C6H5′/
C6H5″), 127.65 (C6H5′/C6H5″), 127.97 (C6H5/C6H5‴), 128.68
(C6H5′/C6H5″), 131.09 (Ci-C-5′/2″), 138.55 (Ci-C6H5/Ci-C6H5‴),
138.98 (Ci-C6H5′/Ci-C6H5″). IR data (KBr, cm−1): ν 769 (s,
δoop‑C−H), 1498 (s, νCC), 1596 (m, νCC), 3055, 3091 (w,
νC−H). HR-ESI-MS (m/z): calcd for C60H46N4Fe2 934.2419, found
934.2410 [M].
Single-Crystal X-ray Diffraction Analysis. Data were collected

on an Oxford Gemini S diffractometer using graphite-monochromated
Mo Kα radiation (λ = 0.71073 Å) (compound 9) or Cu Kα radiation
(1.54184 Å) (16, 20). The molecular structures were solved by direct
methods using SHELXS-9752 and refined by full-matrix least-squares
procedures on F2 using SHELXL-97.53 All non-hydrogen atoms were
refined anisotropically, and a riding model was employed in the
treatment of the hydrogen atom positions.
Crystal Data for 9. Single crystals of 9 were obtained by diffusion of

methanol into a dichloromethane solution containing 9 at 25 °C:
C40H32Fe2N2, Mr = 652.38, crystal dimensions 0.15 × 0.12 × 0.08 mm,
triclinic, P1 ̅, λ = 0.71073 Å, a = 12.8550(5) Å, b = 16.1262(4) Å, c =
16.9337(6) Å, α = 112.931(3)°, β = 105.841(3)°, γ = 97.547 (3)°, V =
2996.19(17) Å3, Z = 4, ρcalcd = 1.446 g cm−3, μ = 1.001 mm−1, T = 110
K, θ range 2.90−26.00°, 27603 reflections collected, 11692
independent reflections, R1 = 0.0387, wR2 = 0.0772 (I ≥ 2σ(I)).
Crystal Data for 16·0.54MeOH. Single crystals of 16·0.54MeOH

were obtained by diffusion of methanol into a dichloromethane
solution containing 16 at 25 °C: C50.54H41.15Fe2N3O0.54, Mr = 810.75,
crystal dimensions 0.40 × 0.10 × 0.01 mm, monoclinic, P21/c, λ =
1.54184 Å, a = 16.2608(7) Å, b = 23.0890(11) Å, c = 10.5432(4) Å, β
= 98.853(4)°, V = 3910.9(3) Å3, Z = 4, ρcalcd = 1.375 g cm−3, μ = 6.263
mm−1, T = 115 K, θ range 4.66−63.99°, 12779 reflections collected,
6387 independent reflections, R1 = 0.0587, wR2 = 0.1263 (I ≥ 2σ(I)).
Crystal Data for 20. Single crystals of 20 were obtained by diffusion

of toluene into a dichloromethane solution containing 20 at 25 °C:
C60H46Fe2N4, Mr = 934.71, crystal dimensions 0.36 × 0.18 × 0.12 mm,
triclinic, P1 ̅, λ = 1.54184 Å, a = 7.2632(3) Å, b = 15.1417(6) Å, c =
20.1823(8) Å, α = 76.704(3)°, β = 87.070(3)°, γ = 79.227(3)°, V =
2188.19(15) Å3, Z = 2, ρcalcd = 1.419 g cm−3, μ = 5.677 mm−1, T = 115
K, θ range 3.05−62.93°, 12059 reflections collected, 6903 independent
reflections, R1 = 0.0455, wR2 = 0.1122 (I ≥ 2σ(I)).
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(42) Krejcǐk, M.; Daneǩ, M.; Hartl, F. J. Electroanal. Chem. 1991, 317,
179−187.
(43) Hush, N. S. Prog. Inorg. Chem. 1967, 8, 391−444.
(44) Hush, N. S. Electrochim. Acta 1968, 13, 1005−1023.
(45) Snyder, L. R. Gradient elution. In HPLC: Advances and
Perspectives; Horvath, C., Ed.; Academic Press: New York, 1980; Vol.
1, pp 208−316.
(46) Zhu, Y.; Wolf, M. O. J. Am. Chem. Soc. 2000, 122, 10121−
10125.
(47) Gray, H. B.; Sohn, Y. S.; Hendrickson, N. J. Am. Chem. Soc.
1971, 93, 3603−3612.
(48) Dong, T.-Y.; Lin, M.; Chiang, M. Y.-N.; Wu, J.-Y. Organo-
metallics 2004, 23, 3921−3930.
(49) van Haare, J. A. E. H.; Groenendaal, L.; Peerlings, H. W. I.;
Havinga, E. E.; Vekemans, J. A. J. M.; Janssen, R. A. J.; Meijer, E. W.
Chem. Mater. 1995, 7, 1984−1989.
(50) LeSuer, R. J.; Buttolph, C.; Geiger, W. E. Anal. Chem. 2004, 76,
6395−401.
(51) Nafady, A.; Geiger, W. E. Organometallics 2008, 5624−5631.
(52) Sheldrick, G. M. Acta Crystallogr., Sect. A 1990, 46, 467−473.
(53) Sheldrick, G. M. SHELXL-97: Program for Crystal Structure
Refinement; Universitaẗ Göttingen, Göttingen, Germany, 1997.

Organometallics Article

dx.doi.org/10.1021/om4007533 | Organometallics 2013, 32, 6106−61176117



& Electrochemistry

Towards the Fabrication of the Top-Contact Electrode in Molecular
Junctions by Photoreduction of a Metal Precursor
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Santiago Marqu"s-Gonz#lez,[e] Paul J. Low,[e, f] Francesc P"rez-Murano,[g] Richard J. Nichols,[h]

and Pilar Cea*[a, c, d]

Abstract: Langmuir films of 4-{[4-({4-[(trimethylsilyl)ethynyl]-
phenyl}ethynyl)phenyl]ethynyl} benzenaminium chloride
([1 H]Cl) undergo anion metathesis when assembled on an
aqueous auric acid (HAuCl4) subphase. Subsequent transfer
to solid supports gives well-formed Langmuir–Blodgett (LB)
monolayers of [1 H]AuCl4 in which the trimethylsilyl group
serves as the surface contacting group. Photoreduction of
the aurate on these monolayers leads to the formation of
metallic gold nanoislands, which were distributed over the

surface of the film. Electrical properties of these nascent de-
vices were determined by recording current–voltage (I–V)
curves with conductive atomic force microscopy (c-AFM)
using the PeakForce tunneling AFM (PF-TUNA) mode. This
gives consistent sigmoidal I–V curves that are indicative of
well-behaved junctions free of metallic filaments and short
circuits. The photoreduction of a metal precursor incorporat-
ed onto monomolecular films is therefore proposed as an ef-
fective method for the fabrication of molecular junctions.

Introduction

The quest towards further miniaturization of electronic devices
has led to increasing interest in organic molecules as function-
al elements within a hybrid solid-state/molecular technolo-

gy.[1–3] Significant progress in the synthesis of new molecules
with inherent electronic function and compatibility with de-
vicelike architectures has been made in the last decade[4–12] but
many scientific and technological challenges remain to be ad-
dressed before molecular electronics can be considered
a viable technology and reach the market. One of these chal-
lenges is the reliable deposition of the second (“top”) electrode
in two-terminal sandwich-based metal jmolecule jmetal devi-
ces. Several recent papers[13–16] have critically reviewed the
techniques available for the deposition of the top-contact elec-
trode, summarizing the approaches used and highlighting the
advantages and serious limitations of these methods. Perhaps
the most significant problems in the deposition of the second
electrode are those related to damage of the functional mole-
cules during the metallization of a monolayer or penetration of
the second metal through the organic films, which results in
a short circuit, rendering the device unusable.

In contrast to thermal processing methods, such as metal
evaporation and sputtering, photochemical-based approaches
are compatible with both solid-state and molecular materials.
Indeed, photolithography is one of the most important proc-
essing techniques used in conventional (solid-state) electronics
fabrication. Photoreduction of metal precursors to produce
metal nanoparticles (NPs) or clusters incorporated in thin films
has been reported in the literature for different applica-
tions,[17–23] and the compatibility of these methods with molec-
ular substructures has inspired the work described here. In this
work, a metal precursor (AuCl4

!) is incorporated onto a Lang-
muir–Blodgett (LB) film during the fabrication process, with
subsequent photoreduction leading to the formation of metal-
lic gold nanoislands (GNIs) on top of the intact molecular film.
The metal jmolecule jGNI systems are free of metallic inter-
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penetration and short circuits, thereby providing a route to
nascent device structures. Although the concept of photore-
ducing a metal precursor on top of a molecular film could be
applied to monolayers prepared by other approaches (e.g. ,
self-assembled films), we have chosen the LB technique be-
cause the metal precursor can be easily incorporated on top of
the LB film during the transfer of the films from the air–liquid
interface without any additional step in the fabrication pro-
cess.[24, 25] In addition, the LB method has broad applicability to
a wide range of molecular systems since it can be used to
form both chemisorbed and physisorbed films, which signifi-
cantly broadens the range of molecular systems and surfaces
that can be employed in a junction.[26] The ability to assemble
various functionalized molecules onto a diverse range of surfa-
ces is important as systematic studies of different organic–
metal contacts are crucial to determine the role that the inter-
face plays in the performance of molecular devices.[27–31] Direc-
tionally oriented films can also be prepared by the LB tech-
nique, which in turn offers a significant degree of control over
the final architecture and functionality of the devices, and can
be especially important considering that molecules incorporat-
ed into a metal jmolecule jmetal device need to be bifunction-
al to permit strong binding to both metal interfaces.[32, 33] Al-
though electrochemical methods have been successfully used
for the fabrication of metal films on top of self-assembled
monolayers,[34–37] these methods clearly require polarization of
the substrate within an electrochemical cell, which is likely to
be unpractical for many device applications. By contrast, the
photochemical method is “contact” free and requires only opti-
cal illumination over the substrate area.

Results and Discussion

Oligo(phenylene) ethynylene based structures have long been
used as prototype molecular wires and have been shown to
be robust platforms for the exploration of various aspects of
molecular electronics science from the development of mea-
surement methods to length-dependent conductance mecha-
nisms and novel surface contact chemistry.[38–51] The oligomeric
phenylene ethynylene (OPE) derivative used in this work,
[1 H]Cl (Figure 1), contains a hydrophobic group, !C"CSiMe3,
which has been recently shown to serve as an effective surface
anchoring group with a growing body of evidence supporting
a chemical interaction between the terminal Si atom and the
metal substrate.[47, 52–55] The trimethylsilylethynyl moiety has
also been shown to provide effective metal–molecule electron-
ic contacts.[47, 52] The hydrophilic ammonium group facilitates
the anchoring of the molecule at the water surface, which pro-
vides stability to the Langmuir films. In addition, the hydrophi-
licity difference between the two terminal groups is expected
to permit the fabrication of directionally oriented films that
can be further controlled by the nature of the deposition
stroke. The Cl! counter anion associated with the!NH3

+ termi-
nus is readily exchanged for other ions introduced into the
aqueous subphase, such as the AuCl4

! anion. This provides
a convenient method through which to prepare ordered sub-
strate j [1 H] jAuCl4 assemblies.

Figure 1 shows representative surface pressure versus area
per molecule (p–A) isotherms of [1 H]Cl on a pure-water sub-
phase and a 2 ! 10!5 m HAuCl4 aqueous subphase. The p–A iso-
therm obtained for a pure-water subphase features a lift-off at
approximately 0.60 nm2 molecule!1. The monolayer prepared
onto a HAuCl4 aqueous subphase, and therefore comprised of
[1 H]AuCl4 after anion exchange, shows the lift-off at a slightly
higher area, approximately 0.65 nm2 molecule!1. Compression
isotherms from films of both [1 H]Cl and [1 H]AuCl4 show
a monotonic increase of the surface pressure until the collapse
is reached at surface pressures around 45 mN m!1 in both
cases. The higher areas per molecule obtained at the same sur-
face pressure for the isotherm recorded for [1 H]AuCl4-derived
films are indicative of the incorporation of the relatively large
AuCl4

! anions into the monolayer.[24]

Langmuir monolayers of [1 H]AuCl4 were transferred onto
solid substrates that were initially held outside of the aqueous
HAuCl4 subphase by the vertical dipping method at a surface
pressure of 20 mN m!1 to form one-layer LB films. The transfer
ratio (defined as the decrease in the monolayer area during
the deposition divided by the area of the substrate) calculated
using the trough software was 1. Under these transfer condi-
tions (substrates initially outside of the subphase), the trime-
thylsilyl group is directly attached to the substrate[47] with X-
ray photoelectron spectroscopy (XPS) experiments confirming
chemisorption of this group onto gold substrates (see the Sup-
porting Information).[52–54]

Figure 2 shows the UV/Vis spectrum of a pristine one-layer
LB film of [1 H]AuCl4 transferred onto a quartz substrate. This
spectrum features a band at 345 nm, which is likely to result
from unresolved p–p* transitions associated with the OPE
backbone[56] that appears at the same wavelength as the anal-
ogous transitions of [1 H]Cl in solution (see the Supporting In-
formation). Irradiation of the [1 H]AuCl4 LB film with UV light
(254 nm) results in a reduction in the intensity and blueshift of
the absorption envelope at 345 nm. These changes in the
spectrum are accompanied by the appearance of a small
broad peak at approximately 550 nm, attributable to surface

Figure 1. The chemical structure of [1 H]Cl and surface pressure versus area
per molecule isotherms of [1 H]Cl onto a pure-water subphase and
a 2 ! 10!5 m HAuCl4 aqueous subphase.
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plasmon resonance of gold nanoparticles.[57] Further irradiation
of the film yields an increase in the gold plasmon band and
a further decrease and blueshift of the OPE main band. After
90 min of irradiation the maximum absorption band is shifted
to lmax = 328 nm. Further irradiation times did not produce any
significant increase in the gold plasmon band. An Au j [1 H]Cl
LB film (fabricated from a Langmuir film onto a pure-water
subphase) was also subjected to irradiation under the same
conditions as the Au j [1 H]AuCl4 film, with no change in the UV
spectral profile (see the Supporting Information). This suggests
photodamage to the OPE backbone is unlikely the cause of
the change in the spectroscopic profile observed during pho-
tolysis of Au j [1 H]AuCl4 LB films. Rather, the different chemical
environment of the organic moiety together with a possible
change in the tilt angle of the molecules or the interaction of
the molecules with the generated gold nanoislands are more
plausible reasons for the blueshift observed for the main ab-
sorption feature.

The observation of a plasmon band is consistent with the
formation of GNIs on top of the LB film after irradiation. For-
mation of Au0 has also been demonstrated by XPS. Figure 3
shows the XPS spectra of pristine and irradiated [1 H]AuCl4 LB
films on a glass substrate. The Au 4f region for the film after ir-
radiation shows two peaks at 84.1 and 87.8 eV, and the XPS
spectrum of the pristine film exhibits two intense peaks at 84.7
and 88.4 eV. This shift to lower binding energies upon irradia-
tion is consistent with the reduction of the gold precursor to
Au0.[58–61]

The photoreduction process of AuCl4
! is considered to pro-

ceed through the mechanism described by Kurihara et al.[62]

and Yonezawa et al.[63] [Eqs. (1)–(4)]:

2AuCl!4 !
hn

2AuCl!3 þ 2Cl# ð1Þ

2AuCl!3 ! AuCl!4 þ AuCl!2 ð2Þ

2AuCl!2 !
hn

Au0 þ Cl# þ Cl! ð3Þ

AuCl!4 !
hn

Au0 þ 3
2

Cl2ðgÞ þ Cl! ð4Þ

In addition, gold atoms tend to diffuse on the surface and
aggregate to form GNIs.

However, neither UV/Vis spectroscopy nor XPS provide any
information about the distribution of the GNIs on the surface
of the film. To investigate this issue, scanning electron micros-
copy (SEM) images of LB films before and after irradiation have
been obtained (see a representative image in Figure 4). The

pristine film shows a homogeneous surface. In contrast, after
irradiation the film shows the appearance of round and dark
spots distributed all over the film revealing the presence of
GNIs with close to circular appearance, and most of these GNIs
have diameters in the 5–20 nm range.

A frequent problem in the fabrication of the top-contact
electrode is the formation of short circuits due to a metallic
contact between the bottom- and top-contact electrodes.[64–66]

Therefore, it is important to verify whether the metal-contact-
ing strategy proposed in this paper also leads to short circuits

Figure 2. UV/Vis spectra of a pristine [1 H]AuCl4 one-layer LB film and the
same film after irradiation with UV light at 254 nm for the indicated periods
of time.

Figure 3. XPS spectra of Au 4f photoelectrons of pristine and irradiated
(254 nm) [1 H]AuCl4 LB films after 90 min.

Figure 4. SEM image, (500 ! 500) nm2, of a one-layer [1 H]AuCl4 LB film de-
posited onto a glass substrate film before (left) and after (right) 90 min of ir-
radiation with UV light at 254 nm.
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or whether on the contrary it is an effective technique for
avoiding such a problem. To probe the electrical properties of
the metal jmolecule jGNIs sandwich structures fabricated as
described above, current–voltage (I–V) curves were recorded
with conductive atomic force microscopy (c-AFM; Bruker ICON)
using the PeakForce tunneling AFM (PF-TUNA) mode and a PF-
TUNA cantilever from Bruker (coated with Pt/Ir 20 nm, ca.
25 nm radius, 0.4 N m!1 spring constant and 70 kHz resonance
frequency).[67–70] The PF-TUNA operation mode for the AFM
was chosen to avoid lateral forces during the imaging that
would have damaged the tip coating and sample surface,
while at the same time allowing the use of cantilevers with
a low spring constant. Thus, this is a method for the conductiv-
ity mapping of soft or fragile samples and as such it has been
chosen for conductivity probing of our metal jmolecule jGNIs,
rather than using STM or conducting AFM in conventional con-
tact mode. The PeakForce tunneling AFM used here combines
“tapping” mode AFM with a conducting AFM tip and a low-
noise current amplifier to probe current flow through the
metal jmolecule jGNI junctions. A compromise has to be made
in selecting the peak force that is applied during the measure-
ment. Too much force will result in unacceptably large defor-
mation of the monolayer underlying the GNIs, whereas too
little force will result in inadequate electrical contact. There-
fore, before recording the I–V curves, control experiments
were made to determine the most suitable set-point force.
This entailed monitoring the deformation or damage to the
monolayer as a function of the tip-loading force (set-point
force) and these data are presented in the Supporting Informa-
tion. These measurements showed that a peak-force set point
of around 34 nN is required to make a reasonable contact be-
tween the tip and the GNI while avoiding damage or excessive
deformation of the organic layer during the determination of
the electrical properties. By using this force set point, I–V
curves were then recorded with the AFM probe placed on top
of GNIs and a bias between the substrate and the tip was ap-
plied. I–V characteristics were recorded by sweeping the tip
voltage ("1.1 V) with the LB-coated Au substrate held at
ground. To ensure reproducibility and reliability of the results,
the I–V curves were averaged from multiple scans. Figure 5
shows an averaged I–V curve for the metal jmolecule jGNIs
sandwich structures recorded using a peak-force set point of
34 nN. These curves show a shape commonly observed for
metal–molecule–metal junctions, with a linear section only at
relatively low bias voltages and increasing curvature at higher
bias. Most importantly, only curves like this were observed and
no low-resistance traces characteristic of metallic short circuits
were obtained over a wide range of set-point forces. These ob-
servations rule out the presence of short circuits. These results
confirm that robust and reliable top contacts have been pre-
pared without damaging the organic layer or altering/contami-
nating the interfaces, thereby avoiding electronic or structural
rearrangements. Therefore, this shows that the fabrication of
a top-contact electrode by photoreduction of a metal precur-
sor is an alternative to other methods developed to date.

Conclusion

In this paper, photoreduction of a metal precursor ionically
bound to a LB film is shown to be suitable for the fabrication
of top-contact GNIs in molecular junctions. This has proved to
be an efficient and reliable technique for the fabrication of
a top contact of organic monolayers that minimizes the ap-
pearance of short circuits, which is a rather common problem
in other traditional methods for the preparation of top-contact
electrodes. Moreover, this method avoids expensive deposition
techniques for the top-contact electrode. In addition, the pho-
toreduction technique could be easily applicable in other
types of monolayers, including self-assembled ones, and the
use of other metal precursors including silver, platinum,
copper, or palladium ions to form different metal nanoislands
can be envisioned. If needed, these metallic islands could be
used as seeds for deposition of a thicker and contiguous
metal-film top contact using other methods (e.g. , electroless
metal deposition), which leads ultimately to the controlled
preparation of molecular electronic junctions with a significant
inhibition in the formation of short circuits.

Experimental Section

Film fabrication

[1 H]Cl was prepared as described in the Supporting Information. A
Nima Teflon trough with dimensions (720 ! 100) mm2 housed in

Figure 5. Averaged I–V curve over 350 curves obtained by positioning the c-
AFM tip on top of GNIs (Figure S4 in the Supporting Information) generated
by irradiation of an Au jMe3SiC#C-OPE-NH3AuCl4 monomolecular LB film.
The peak-force set point used was 34 nN. The inset top image shows a repre-
sentative example of a (200 ! 200) nm2 image in which GNIs can be clearly
distinguished and which was used to position the c-AFM tip onto the GNIs.
The inset bottom image shows a scheme of the studied metal jmolecule jG-
NIs sandwich structures.
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a clean room at constant temperature (20!1 8C) was used to pre-
pare the films. The surface pressure (p) of the monolayers was
measured by using a paper Wilhelmy plate pressure sensor. Ultra-
pure Millipore Milli-Q water (resistivity 18.2 MW cm) was used as
the subphase. The spreading solutions, 2.5 ! 10"5 m in [1 H]Cl, were
prepared in chloroform (HPLC grade, 99.9 % purchased from
Sigma). To construct the Langmuir films, the solution was spread
using a Hamilton microsyringe held very close to an aqueous sur-
face, which allowed 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.

The films were deposited at a constant surface pressure by the ver-
tical dipping method with a dipping speed of 0.6 cm min"1. The
solid substrates used to support the LB films were quartz, glass,
and gold. Gold substrates were purchased from Arrandee, Schro-
eer, Germany and were flame-annealed at approximately 800–
1000 8C with a Bunsen burner immediately prior to use to prepare
atomically flat Au(111) terraces.[71] UV/Vis spectra were acquired on
a Varian Cary 50 spectrophotometer, and recorded using a normal
incident angle with respect to the film plane. SEM images were ob-
tained with a JEOL JSM 6400 microscope. XPS spectra were ac-
quired on a Kratos AXIS ultra DLD spectrometer with a monochro-
matic AlKa X-ray source (1486.6 eV) using a pass energy of 20 eV. To
provide a precise energy calibration, the XPS binding energies
were referenced to the C 1s peak at 284.6 eV. The electrical proper-
ties of the molecular junctions were recorded with a c-AFM (Bruker
ICON) under humidity control (ca. 30 %), with a N2 flow using Peak-
Force tunneling AFM (PF-TUNA) mode, and employing a PF-TUNA
cantilever from Bruker (coated with Pt/Ir 20 nm, ca. 25 nm radius,
0.4 N m"1 spring constant, and 70 kHz resonance frequency).
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ABSTRACT: The character of the electronic transitions in the ultraviolet−
visible−near infrared (UV−vis−NIR) spectra of platinum-bis(alkynyl)
bridged, bis-triarylamine mixed-valence systems trans-[Pt(C
CC6H4NAr2)2 (PR3)2]

n+ (R = ethyl, Ar = C6H4CH3-4 (1) or
C6H4OCH3-4 (2); R = Ph, Ar = C6H4CH3-4 (3) or C6H4OCH3-4 (4), n
= 0, 1, 2) has been determined from a combination of spectroscopic
measurement and density functional theory calculations. The hybrid
functional BLYP35 in combination with a suitable solvent model (i.e.,
conductor-like screening model (COSMO)) has been used to model the
UV−vis−NIR and IR spectroscopic properties of [1−4]+, to confirm the
description of [1−4]+ as examples of metal-bridged organic mixed-valence
compounds, and to assign the principal features of the electronic spectra,
including the triarylamine-based intervalence charge transfer transition
located in the NIR region. The successful modeling of the charge distribution within the system demonstrates the utility of the
BLYP35-COSMO protocol as a tool for use in the study of intramolecular charge transfer properties in mixed-valence complexes.

■ INTRODUCTION
The study of redox-active systems that exhibit facile intra-
molecular electron transfer (ET) processes continues to attract
attention due to potential applications in electrochromic devices1

and as components in future molecular electronics technology.2

Mixed-valence (MV) complexes represent perhaps the most
widely exploited test beds for such studies, due in no small part to
the models developed by Hush and others that link
experimentally observable spectroscopic parameters to under-
lying details of electronic coupling between the remote sites.3−5

While the great majority of MV molecular compounds feature
metal-complex electrophores and conjugated organic bridging
ligands6−10 borrowing from the designs established by the
Creutz-Taube ion,11,12 there is a growing interest in organic MV
compounds, in which nonmetal-based electrophores serve as the
sites for redox reactions.13 The combination of these concepts
has led to a small number of “inverted” MV complexes being
designed, in which organic redox systems are bridged by a metal-
based complex.14−19 In turn, these complexes serve as models to
study the transmission of electronic effects through metal
complex-based bridges.20−26

Regardless of the constituents and composition of the system,
electronic absorption data are crucial to the characterization of
MV complexes.4,27 While there is a wealth of information
contained in the (often overlooked) metal−ligand charge

transfer (MLCT)/ligand−metal charge transfer (LMCT)
transitions that usually fall in the visible region of the
spectrum,4,28−30 the lower-energy intervalence charge transfer
(IVCT) band typically found in the near infrared (NIR) region is
usually the primary source of information concerning the
electronic character of a MV system.3−5,27,31 The experimental
bandwidth at half height of the NIR band envelope is often used
as the main criterion to classify MV systems following the Robin-
Day scheme32 by comparison with the bandwidth for weakly
coupled systems calculated from the Hush model.33 However,
the observation of a simple, Gaussian-shaped IVCT band is rare
in organometallic MV systems,34,35 and more often the near-
degeneracy of the d orbitals leads to a set of transitions close in
energy and thus to a series of overlapping NIR bands.5 Although
typically complicated by solvent-induced band broadening,
excitation energies and bandwidth are often extracted from the
experimental spectral envelopes by Gaussian deconvolution.
However, a unique analytical solution to the deconvolution is
often not possible, leaving considerable ambiguity in the
spectroscopic assignments and much space for individual
interpretation. Various fits of near-equivalent quality can be
obtained by varying the number, width, and/or position of the
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Gaussian-shaped sub-bands used to model the NIR band
envelope. Another complication to Gaussian-based deconvolu-
tions and spectral fitting occurs in strongly coupled systems,
which often exhibit bands with a pronounced “cutoff” on the low-
energy side of the band, leading to an asymmetric shape of the
NIR band,4,13 making the Gaussian shape of sub-bands an invalid
approximation. Considering these fundamental difficulties in
analytical treatment of the spectroscopic band envelopes, a
quantum-chemical perspective is highly desirable.36,37

To achieve a proper description of the electron-transfer
transitions, it is important to account for effects from both
dynamic and nondynamic correlation, keeping in mind that there
is no clear-cut separation between these extremes. With large
configuration−interaction or coupled-cluster calculations within
an ab initio framework this problem could, in principle, be
addressed. Unfortunately, because of the size of typical MV
systems those methods are computationally too demanding.
Hartree−Fock calculations generally give solutions that are
biased toward localized descriptions, and standard density
functional theory (DFT) calculations generally overemphasize
the delocalized descriptions. In addition, almost all experimental
data are obtained in a polar solvent environment, which
inevitably stabilizes a localized charge-separated situation, raising
further challenges for the computational models, whichmust also
account for the effects of solvation on the relative stability of
different electronic states. On the basis of extensive benchmark-
ing, originally for the ground- and excited-state properties of bis-
triarylamine radical cations containing two N,N-di(4-anisyl)-
moieties as redox centers bridged by various organic units,36,37

later also for transition-metal complexes,38 a quantum-chemical
protocol36 has recently been developed. It employs the BLYP35
(global) hybrid functional with 35% exact exchange, together
with continuum-solvent models, and it has been shown to give a
near-optimum compromise for both class II and class III systems.
While the protocol tends to underestimate transition energies for
localized (Class II) systems andmodestly overestimates them for
molecules exhibiting delocalized (Class III) behavior, the time-
dependent DFT (TDDFT) results may be considered in
reasonable agreement with experimental UV−vis−NIR data
(the different treatment of nonequilibrium solvation may lead to
somewhat different results for various program implementa-
tions).
A previous report by Jones et al. has shown that the closely

related platinum-bis(alkynyl) bridged bis-triarylamine com-

pound trans-[Pt{CCC6H4N (C6H4OCH3-4)2}2(PEt3)2] (Et
= ethyl) undergoes amine-centered oxidations, giving rise to an
unusual metal-bridged organic MV compound, the Pt center
serving to limit extensive delocalization of the radical and
engineering Class II MV character in the one-electron oxidized
species.15 In this earlier work, TDDFT calculations (B3LYP/
LANL2DZ) were performed on the crystallographically
determined structure of trans-[Pt{CCC6H4N (C6H4OCH3-
4)2}2(PEt3)2] to support the spectroscopic observations made
on the family of neutral, mono-, and dicationic complexes, the
latter two being obtained by stoichiometric chemical oxidation.
The key localized orbitals thought to be involved in the IVCT
transition in the MV monocation were derived from a linear
combination of the HOMO and HOMO−1 of the neutral
compound following from a Koopmans’ Theorem-based treat-
ment of the electronic coupling. As a step toward the ultimate
goal of achieving general and universal quantum-chemical
protocols for describing and understanding intramolecular
charge transfer (CT) events, we report here a combined
experimental and computational study of the spectroscopic
properties of the family of platinum-bis(alkynyl) bridged bis-
triarylamine complexes trans-[Pt(CCC6H4NAr2)2 (PR3)2]

n+

(R = Et or Ph, Ar = C6H4CH3-4 or C6H4OCH3-4, 1−4; n = 0,
1, 2) and the model monoamine complex trans-[Pt{C
CC6H4N (C6H4Me-4)2} (C6H4CH3-4)(PPh3)2] (5).

■ RESULTS AND DISCUSSION
Syntheses and Characterization. Compounds 1−5

(Figure 1) were synthesized via CuI-catalyzed dehydrohaloge-
nation reactions of trans-PtCl2(PEt3)2, cis-PtCl2(PPh3)2, or trans-
PtI(C6H4Me-4) (PPh3)2 and the corresponding ethynyl-sub-
stituted triarylamine.15,39 The compounds were isolated in good
yield after purification by preparative thin-layer chromatography
(silica), with all details provided in the Supporting Information.
Compounds 1−5 are each characterized with a single

ν(CC) absorption near 2100 cm−1. Matrix-assisted laser
desorption ionization or atmospheric solids analysis probe
(ASAP) mass spectrometry (MS) for compounds 1−4 gave
signals corresponding to the [M]+ or [M + H]+ molecular ions,
while ASAP MS for compound 5 contained [Pt(C6H4Me)
(PPh3)2 + H]+ as the highest molecular mass fragment. The
31P{1H} NMR spectrum for each compound shows a singlet
resonance with platinum satellites: 1 11.0 (s, 1JP−Pt = 2385 Hz); 2
9.93 (s, 1JP−Pt = 2373 Hz); 3 18.73 (s,

1JP−Pt = 2663 Hz); 4 17.69,

Figure 1. Compounds studied in this work.
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(s, 1JP−Pt = 2671 Hz); 5 20.25 (s,
1JP−Pt = 3003 Hz). The

13C{1H}
NMR spectra of compounds 1, 2, and 4 show characteristic
resonances for alkynyl carbons at 109.05 and 106.13 (1), 108.90
and 105.40 (2), and 113.11 and 108.81 (4). However, due to
poor solubility not all of the quaternary carbons of 3 or 5 could be
observed.
Crystals of compound 1 were grown by slow diffusion of

EtOH into a CH2Cl2 solution of the complex to give pale yellow
needles that were suitable for X-ray diffraction (Figure 2). The
molecule is located in the inversion center and therefore has
trans-configuration of the ligands. The coordination geometry at
the platinum center is square planar. The extended rigid rod
structure is evidenced by the approximately linear C3−C2−C1−
Pt1− C1′−C2′−C3′ chain (Figure 2). The structure also shows
the characteristic propeller arrangement of the phenyl moieties
and the trigonal planar nitrogen geometry associated with the
triarylamine moiety.40−42 The bond lengths and angles are
common with the other known examples of trans-Pt(PR3)2
bis(acetylide) systems,43−48 such as trans-[Pt{CCC6H4N
(C6H4OMe-4)2}2(PEt3)2] (2)15 and trans-[Pt{C
CC6H4NPh2}2 (PBu3)2].

49

(Spectro)Electrochemical Investigations. Electrochemi-
cal methods are potentially useful tools with which to assess the
electronic interactions between two or more redox-active entities
mediated by a common bridging ligand, although the extraction
of electronic information from the myriad of medium effects is
not possible without considerable attention to detail and often
requires comparisons of data from a series of closely related
complexes.6,7,50−53 Nevertheless, electrochemical measurements
provide a simple method for the determination of comproportio-
nation constants and hence of the thermodynamic stability of
individual redox states with respect to disproportionation.54 Bis-
triarylamine compounds featuring various π-conjugated organic-
and organometallic-based bridges have been shown to exhibit
two reversible, one-electron oxidation processes centered on the
amine cores,40−42,55 with the separation of these processes often
large enough to permit study of the organic MV species.13,15 In
line with these general trends, the cyclic voltammograms of the
bis(alkynyl)platinum-bridged compounds 1−4 each exhibit two
reversible triarylamine-localized one-electron redox processes
(Table 1). The moderate degree of separation (ΔE) between the

amine-based oxidation processes in each of the compounds 1−4
in NBu4PF6, measured by both cyclic and differential-pulse
voltammetry, gives rise to small comproportionation constants,
Kc of 10−160 (Table 1). However, these values are consistent in
both 0.1 M NBu4PF6 and the “Geiger electrolyte” 0.1 M
NBu4[B{C6H3-3,5-(CF3)2}4], which features the very weakly
coordinating [B{C6H3-3,5-(CF3)2}4]

− ([BArF4]
−) anion.52,53

Given the likely similar energies of solvation, ion pairing, and
electronic factors across the series of complexes in Table 1, the
moderate ΔE values offered by compounds 1−4 are consistent
with a modest degree of through-bond electronic interaction
between the amine centers.7 This suggestion is also in agreement
with arguments presented earlier based on the observation of a
low-energy IVCT band in [2]+.15 In contrast, the monoamine
compound 5 exhibits a single reversible amine-centered
oxidation due to the presence of a single redox-active amine
moiety.
Spectroscopic data permit a more detailed assessment of the

physical and electronic structures of the redox products than
electrochemical measurements used in isolation. While the UV−

Figure 2. A plot of a molecule of compound 1 showing the atom-labeling scheme, with thermal ellipsoids plotted at 50%. The atom Pt1 is located in a
special position on a center of symmetry. Hydrogen atoms have been omitted, and only one component of a disordered ethyl chain is shown for clarity.
Selected bond lengths (Å) and angles (deg): Pt1−P1 2.2667(19); Pt1−C1 1.999(6); C1−C2 1.194(8); C2−C3 1.453(8); N1−C6 1.423(7); N1−C9
1.423(7); N1−C16 1.409(8); Pt1−C1−C2 175.9(6); C1−C2−C3 178.5(7); C1−Pt1−P1 87.82(18); C1′−Pt1−P1 92.17(18).

Table 1. Oxidation Potentials for Platinum Complexes 1−5
and Related Organic Bis-Triarylaminesa

compound [X]− E1/V E2/V ΔE/V Kc

{C2C6H4N (C6H4OMe-
4)2}2

55
[PF6]

− 0.29 0.39 0.10 50

[C6H4{C2C6H4N (C6H4OMe-
4)2}2]

55
[PF6]

− 0.28 0.34 0.06 10

1 [PF6]
− 0.27 0.40 0.13 160

[BArF4]
− 0.25 0.39 0.14

2 [PF6]
− 0.17 0.23 0.06 10

[BArF4]
− 0.20 0.26 0.06

3 [PF6]
− 0.24 0.36 0.12 108

[BArF4]
− 0.25 0.36 0.11

4 [PF6]
− 0.21 0.27 0.06 10

[BArF4]
− 0.22 0.29 0.07

5 [PF6]
− 0.37

aCV in CH2Cl2 with 0.1 M NBu4[X] at a scan rate of 100 mV/s and
referenced against DMFc at −0.48 V vs FcH (FcH = +0.0 V). Peaks
for the Pt complexes were resolved using differential pulse
voltammetry.
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vis−NIR spectrum of [2]+ has been determined from samples
prepared by chemical oxidation of 2,15 spectroscopic information
for the series [1−4]n+ was conveniently obtained here using
spectroelectrochemical methods.56 The IR spectra of the neutral
complexes 1−4 are characterized by a single weak ν(CC) band
(Table 2), consistent with the highly symmetric distribution of

electron density over the molecular backbone (Figure 3). On
oxidation, the IR band profile evolves through a unique ν(CC)
band pattern associated with the comproportionated equilibrium
mixture of the neutral, monocationic, and dicationic states to a
strong absorption feature characteristic of the dicationic state
(Figure 3). The observation of multiple ν(CC) bands
associated with the monocation, perhaps due to the effects of
Fermi coupling,57 in combination with the low comproportio-
nation constant, which ensures solutions of the monocations also
contain appreciable amounts of the neutral and dicationic forms,
makes definitive assignment of the individual vibrational modes
associated with the monocationic state difficult. The assignment
is assisted, however, as the unique features of the IR spectra
associated with the monocationic states are coupled with a rise
and fall in a unique low-energy (NIR) electronic absorption band
near 5000 cm−1 (the character of which is discussed in more
detail below). The observation of IR spectral band profiles for the
mono-oxidized complexes [1−4]+, which resemble a super-
position of the spectra of the associated neutral and dicationic
forms, suggests a description of these species in terms of a
localized MV structure. This suggestion is also consistent with
the IR spectra of themonoamine compounds [5]n+ (n = 0, 1) that
show a clear shift of the ν(CC) band on oxidation to the
monocationic species from 2103 to 2013 cm−1 (Figure 3b).
The UV−vis−NIR spectra of [1−4]n+ (n = 0, 1, 2) and [5]n+ (n

= 0, 1) were collected using spectroelectrochemical methods
from ca. 1 mM solutions in 0.1 M NBu4PF6/CH2Cl2, and data
were corrected for the comproportionation equilibria.60

Complexes 1−5 exhibit roughly the same overall electronic
absorption pattern in the UV−vis−NIR region in their different
oxidation states (Figure 4). The neutral complexes each feature
two pronounced bands near 33 000 cm−1 and 25 000 cm−1,
arising from the two N→π* transitions commonly observed in
triarylamine complexes of general form NArAr′2.40−42 No
transitions are evident below 22 500 cm−1 in the electronic
spectra of 1−5.
Upon oxidation of 1−4 to [1−4]+, a broad, low-intensity

IVCT band near 6000 cm−1 and a distinct absorption band near
10 000 cm−1 appear in each case (Figure 4). However, the visible
spectra of the tolyl systems 1 (Figures 4a,b) and 3 (Figures 4e,f)
differ noticeably from those of the anisyl derivatives 2 (Figures
4c,d) and 4 (Figures 4g,h). Thus, while the spectra of 1 and 3
exhibit a series of unresolved transitions leading to a broad
featureless absorption band envelope between 15 000 and 20 000

Table 2. Experimental and Calculated CC Stretching
Frequencies/cm−1 for Complexes [1−4]n+ (n = 0, 1, 2) and
[5]n+ (n = 0, 1)a

complex 0 +1 +2

1 exp. 2100 (s) 2018 (s) 2018 (s)
2046 (sh) 2046 (sh)
2070 (sh) 2070 (sh)
2100 (s)

BLYP35 2119 2031 (92) 2043
2098 (100)

B3LYP 2067 1994 2001
2 exp. 2100 (s) 2025 (s) 2025 (s)

2046 (sh) 2046 (sh)
2065 (sh) 2065 (sh)
2100 (s) 2073 (s)

BLYP35 2119 2048 (100) 2072
2110 (19)

3 exp. 2106 (s) 2024 (s) 2024 (s)
2049 (sh) 2049 (sh)
2079 (sh) 2079 (sh)
2106 (s)

BLYP35 2131 2029 (100) 2043
2111 (55)

4 exp. 2106 (s) 2030 (s) 2030 (s)
2050 (sh) 2050 (sh)
2070 (sh) 2070 (sh)
2106 (s)

BLYP35 2130 2050 (100) 2075
2126 (8)

5 exp. 2103 (w) 2013 (s)
2047 (sh)
2076 (sh)

BLYP35 2129 2021
aCalculated IR frequencies were scaled by an empirical factor of
0.95.58,59 Theoretical relative intensities/% for the monocationic forms
in parentheses.

Figure 3. IR spectra of 1 (left) and 5 (right) showing the ν(CC) band in the various oxidation states generated by in situ electrochemical oxidation in
CH2Cl2/0.1 M NBu4PF6 in an OTTLE cell.
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cm−1, for compounds 2 and 4 a much better-resolved band is

apparent below 15000 cm−1 in each case (Figure 4), in addition

to some unresolved bands at higher energy that are similar to

those seen in the tolyl derivatives. For all complexes the two

absorptions at 25 000 cm−1 and 33 000 cm−1 become less

intense, and new features arise between 20 000 cm−1 and 25 000

cm−1 upon oxidation. This change in shape for the localized

amine transitions is consistent with previous studies of the

Figure 4. UV−vis−NIR spectra of compounds 1 (a), 2 (c), 3 (e), 4 (g), and 5 (i) in the various oxidation states generated by in situ electrochemical
oxidation in CH2Cl2/0.1 M NBu4PF6 in an OTTLE cell. Expansions of the NIR region are given in (b), (d), (f), (h), and (j) for [1−5]+, respectively.
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electronic spectra of triarylamine radical cations.40−42,61,62 Upon
further oxidation to the dicationic forms, the low-energy bands
between 5000 and 7000 cm−1 collapse, supporting the IVCT
assignment made here and elsewhere for [2]+,15 and all the other
absorptions below 25 000 cm−1 gain intensity (Figure 4).
Oxidation of compound 5 (Figures 4i,j) gives rise to a spectrum
that shows the changes of all the high-energy features of the
spectra for [1−4]+, with the absence of the lowest-energy
transitions.
Quantum-Chemical Calculations and Electronic Spec-

troscopy. Previously, the electronic and spectroscopic proper-
ties of [2]+ were inferred from gas-phase calculations based on
the crystallographic structure of 2, reflecting the available
computational capacity at the time.15 To better understand the
underlying electronic structure of these prototypical metal-
bridged organic MV systems, we have also turned to quantum-
chemical methods to study the complete series of complexes [1−
4]n+ (n = 0, 1, 2) and the mononuclear system [5]n+ (n = 0, 1),
using the BLYP35 functional and the COSMO solvent model.
Because of the high amount of exact exchange and the inclusion
of a CH2Cl2 solvent model, this protocol is capable of describing
the charge localization/delocalization behavior in the ground
state for organic MV systems with reasonable accuracy, and the
corresponding TDDFT calculations were found to be in good
agreement with experimentally measured UV−vis−NIR spectral
features. Indeed, this approach was developed and validated
initially for the characterization of bis-triarylamine MV systems
close to the Class II/III borderline36,37 and thus should give a
reliable description for the present systems as well. This provides
an alternative to the simpler computational models employed
previously.15 Unrestricted structure optimization of [1′−4′]n+ (n
= 0, 1, 2) and [5′]n+ (n = 0, 1) gave stable minima evidenced by
the absence of imaginary frequencies (the prime notation is used
to distinguish the computational systems from the experimental
complexes). For all neutral and dicationic complexes the singlet
state gave the lowest energy. For the dications [1′−4′]2+ the spin
expectation value ⟨S2⟩ of 1.1 indicates a broken-symmetry (BS)
description for a system with one antiferromagnetically coupled
pair of spins. Indeed the singlet−triplet separation, which is

calculated using the Yamaguchi spin projection procedure,63,64 is
only 1.8 kJ/mol for compound [1′]2+, 0.8 kJ/mol for [2′]2+, 2.4
kJ/mol for [3′]2+, and 0.8 kJ/mol for [4′]2+. The IR frequencies
(e.g., [1′]2+: ν(CC) = 2046 cm−1 for the triplet vs 2043 cm−1

for the singlet) and ground-state properties (e.g., [1′]2+: d(N−
C6) = 1.383 for the triplet vs 1.380 for the BS singlet), which are
discussed in this work, do not appreciably differ for the two spin
states and thus only the singlet states are considered further. For
the very important monocationic (MV) compounds, a doublet
configuration is obtained, as expected, and calculations exhibit
almost no spin contamination with the spin expectation values of
0.78 being only slightly larger than the theoretical value for
doublet systems (0.75).
The neutral and dicationic structures [1−4]n+ (n = 0, 2) are

effectively symmetric, and some general trends can be observed
across the series. In general the distances between the amine
nitrogen atom and the first carbon atom of the bridge, d(N−C6),
are the most influenced by the oxidation state: they contract
upon oxidation (Table 3; for atom labeling, see Figure 2). The
d(N−C6) distances are slightly longer for the neutral tolyl
systems 1′ and 3′ (1.411 Å and 1.413 Å) than they are for the
anisyl complexes 2′ and 4′ (1.407 Å and 1.408 Å), and the d(N−
C6) bond lengths are significantly shorter in the dicationic state
for [2′]2+ and [4′]2+ by some 0.012−0.016 Å (1.395 Å and 1.392
Å) and shorter still for the tolyl derivatives [1′]2+ and [3′]2+ by
0.031−0.036 Å (1.380 Å and 1.377 Å). For 1′, 2′, 3′, [1′]2+, and
[2′]2+ the two phenyl rings of the bridge and the P−Pt−P axis are
in plane, as the averaged dihedral angleΩ (average of∠(P1−Pt−
C3−C4) and ∠(P2−Pt−C3−C8)) reaches a maximum value of
12.6° for [2′]2+. In general this torsion angle is larger (>23°) for
complexes with triphenylphosphine ligands 4′, [3′]2+, and [4′]2+,
as expected, because of the increased steric interactions.
For the MV monocationic structures [1′−4′]+, minima with

clearly localized electronic structures were obtained. In each case
a significant asymmetry in the two halves of the molecule is
observed, and the corresponding d(N−C6) distances differ by at
least 0.16 Å (Table 4), clearly pointing toward a localization of
the redox event in [1′−4′]+ to one amine, consistent with the
large calculated total dipole moment (>25 D; Table 4) in each

Table 3. Calculated Ground State Properties for Complexes 1′−4′ and [1′−4′]2+a

1′ 1 2′ 215 3′ 4′ [1′]2+ [2′]2+ [3′]2+ [4′]2+

μa/D 0.1 0.1 0.0 0.1 97.0 0.2 0.1 0.1
⟨S2⟩ 0.0 0.0 0.0 0.0 1.1 1.1 1.1 1.1
d(N−C6)/Å 1.411 1.423(7) 1.407 1.399(6) 1.413 1.408 1.380 1.395 1.377 1.392

1.411 1.406 1.413 1.408 1.379 1.395 1.377 1.392
d(N−C9/16)/Å 1.418 1.423(7) 1.420 1.442(6) 1.418 1.420 1.421 1.410 1.422 1.412

1.419 1.409(8) 1.421 1.432(6) 1.418 1.420 1.421 1.410 1.422 1.412
d(CC)/Å 1.227 1.194(8) 1.227 1.171(7) 1.225 1.225 1.233 1.230 1.232 1.229

1.227 1.227 1.225 1.225 1.233 1.230 1.232 1.229
d(Pt−C1)/Å 2.028 1.999(6) 2.029 2.008(5) 2.029 2.029 2.010 2.016 2.011 2.015

2.028 2.028 2.029 2.029 2.009 2.016 2.011 2.016
Ω/°b 6.4 6.2(1) 3.2 46.1(1) 11.5 24.8 6.5 12.6 −29.0 −29.3

−1.1 −8.3 −10.7 −23.4 −11.0 −12.3 28.9 30.6
Θ/°b 44.6 50.2(3) 49.0 59.7(3) 44.4 −48.0 45.8 −42.0 −46.7 −42.7

−44.9 −49.4 −44.4 48.2 −45.9 41.9 46.7 42.6
aTotal dipole moment μa, spin expectation value ⟨S2⟩ (theoretical value for singlet systems is 0.0), distance between nitrogen and the neighboring
carbon atom of the bridge d(N−C6), average distance between the two terminal phenyl rings and nitrogen d(N−C9/16), CC bond length d(C
C), platinum−carbon distances d(Pt−C1), the average of dihedral angles ∠(P1−Pt−C3−C4) and ∠(P2−Pt−C3−C8) Ω, and the average of ∠(C6−
N−C9−C10) and ∠(C6−N−C16−C17) Θ. Experimental data from the crystallographically determined structures of 1 and 215 are included for
comparison. bMagnitude of torsion is given by the absolute value; the opposite sign of the dihedral angles is due to the Ci-symmetric input structure
of the optimization.
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case, and with the conclusions reached above on the basis of the
IR data, and with the electronic spectroscopic data described by
Jones et al.15

The localized behavior is further verified by the partial
localization of the canonical orbitals and spin densities obtained
for each of the compounds [1′−4′]+ (cf. Figure 5 and Supporting

Information). The spin density is predominantly centered at one
of the triarylamine units, with only a very small contribution from
the platinum and supporting phosphine ligands. While
calculations exhibit almost no spin contamination, the onset of
spin polarization is observed: contrary to expectations a β-orbital
(not shown in Figure 5) represents the occupied orbital with the
highest energy ([1′]+: −5.55 eV; [2′]+: −5.39 eV; [3′]+: −5.50
eV; [4′]+: −5.34 eV). Taking the overlap as criterion this β
orbital can bematched with the energetically highest-occupied α-
orbital ([1′]+:−5.60 eV; [2′]+:−5.41 eV; [3′]+:−5.54 eV; [4′]+:

−5.35 eV) to give the HOMO. The HOMO and SOMO are
located on opposite halves of the complex (e.g., composition of
the α-part Ar2C6H4CC/Pt(PEt3)2/CCC6H4N

+Ar2 for [1]
+:

HOMO: 0/3/91%; SOMO: 67/9/13%) (Figure 5) and are
similar in topology to the description in reference 15.
The subsequent vibrational frequency calculations show one

ν(CC) band for the neutral and the dicationic complexes and
two bands for the monocationic forms (Table 2). The
frequencies obtained within a harmonic vibrational approach
match the experimentally observed ones reasonably well after
scaling by an empirical factor of 0.95,58,59 although the
calculations suggest a slightly larger intensity for the higher-
energy band in [1′]+, in contrast to the experimental data. For all
other cationic complexes, computations give the correct relative
intensities. Full optimization using the commonly employed
hybrid functional B3LYP leads to a delocalized Class III charge
distribution for [1′]+ and thus to a single ν(CC) band at 1994
cm−1. Note that the calculations do not reproduce the precise
details of the splitting of the various ν(CC) bands, possibly
due to neglect of Fermi coupling in the calculated results.
To gain more insight into the origin of the electronic

transitions observed in the UV−vis−NIR spectroelectrochemical
studies, and to both confirm the identity of the IVCT bands and
test the accuracy of the computational methods, TDDFT
calculations were performed for [5′]+ and the MV monocations
[1′−4′]+ using the same basis sets, functionals, and solvent
models (using nonequilibrium solvation as implemented in
TURBOMOLE 6.4) as described above (Table 5). The results
for [1′]+ and [2′]+ are illustrative for the entire series and will be
discussed by way of example. The assignment of the broad low-
energy NIR band of [1′]+ with its peak center around 5000 to
6000 cm−1 to an IVCT is straightforward on the basis of the
quantum-chemical protocol. TDDFT calculations give the
lowest excitation energy in [1′]+ at 5572 cm−1, arising from the
β-HOMO (231β) to β-SOMO (232β) transition (Figure 6).
This transition has appreciable N→N+ character, with significant
contribution from the ethynyl parts of the bridge (Figure 6, Table
5). As might be expected from other studies reported
elsewhere,15,44 the mixing of platinum d-orbital character with
the alkynyl π system in the ground state is relatively limited, and
there is only a small contribution from the Pt d orbitals to the β-
HOMO (2%) and β-SOMO (6%).
The TDDFT calculations also suggest that the intense

asymmetric band envelope observed in the experimental
spectrum of [1]+ at around 10 000 cm−1 arises from two
excitations, computed at 11 252 cm−1 and 12 046 cm−1 in [1′]+.
The transition at 11 252 cm−1 is calculated to have substantial β-
HOMO-1 (230β)→β-SOMO (69% contribution) and 228β→β-
SOMO (12% contribution) character. The β-HOMO-1 and the
228β orbital are both unevenly distributed over the molecular
backbone (Figure 6), and while the β-HOMO-1 exhibits
noticeable Pt(d)/CC (13/26%) character, there is substan-
tially less d-orbital character (2%) in 228β. Thus the transition at
11 252 cm−1 also exhibits CT character and is best described as a
π→N+ excitation, with considerably more bridge character in the
donor orbital than for the IVCT transition at 5572 cm−1. The
transition at 12 046 cm−1 arises from transitions between 227β
(41% contribution) and 229β (34% contribution) and the β-
SOMO. Both orbitals are mainly localized in the metal
coordination sphere (50% and 24%) and the ethynyl parts of
the bridge (34% and 67%), giving this transition significant
MLCT (Pt→N+) character. Four low-intensity excitations are
computed for [1′]+ between 15 000 and 20 000 cm−1, consistent

Table 4. Calculated Ground State Properties for
Monocationic Complexes [1′−4′]+a

[1′]+ [2′]+ [3′]+ [4′]+

μa/D 25.1 30.9 25.3 31.0
⟨S2⟩ 0.78 0.78 0.78 0.78
d(N−C6)/Å 1.403 1.401 1.405 1.404

1.373 1.385 1.371 1.383
d(N−C9/16)/Å 1.422 1.422 1.421 1.422

1.426 1.416 1.427 1.417
d(CC)/Å 1.228 1.227 1.226 1.225

1.238 1.234 1.237 1.233
d(Pt−C1)/Å 2.017 2.021 2.017 2.021

1.998 2.009 2.002 2.011
Ω/degb 5.7 4.6 12.7 32.5

−11.4 −7.0 −15.3 −29.5
Θ/degb 48.8 51.7 47.8 50.7

−50.1 −45.1 −50.7 −45.3
aTotal dipole moment μa, spin expectation value ⟨S2⟩ (theoretical
value for doublet systems is 0.75), distance between nitrogen and the
neighboring carbon atom of the bridge d(N−C6), average distance
between the two terminal phenyl rings and nitrogen d(N−C9/16), C
C bond length d(CC), the average of dihedral angles ∠(P1−Pt−
C3−C4) and ∠(P2−Pt−C3−C8) Ω, and the average of ∠(C6−N−C9−
C10) and ∠(C6−N−C16−C17) Θ. bMagnitude of torsion is given by
the absolute value; the opposite sign of the dihedral angles is due to
the Ci-symmetric input structure of the optimization.

Figure 5. Spin density isosurface plot (top left, ± 0.002 au) and
isosurface plots (± 0.03 au) of the α-SOMO (top right), α -HOMO
(bottom left) and the β-SOMO (bottom right, virtual orbital) of [1′]+.
Small differences in the α-SOMO and β-SOMO arise from spin
polarization.
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with the observation of multiple transitions in this range (Figure
4). The calculated transitions at 15 790 cm−1 (μt = 1.0 D) and 17
548 cm−1 (μt = 0.2 D) also have significant MLCT character,
while the excitation at 16 162 cm−1 (μt = 1.3 D) corresponds to a
π→N+ transition. The highest energy calculated excitation at 19
679 cm−1 (μt = 1.7 D) can be attributed to an intraligand
transition associated with the oxidized triarylamine moiety (see
Supporting Information).
On the basis of the computed transition dipole moments, the

calculations appear to overestimate the relative intensity of the
IVCT band significantly. (In fact, the computed transition dipole
moment of 15.3 D is larger than the sum of those for the second
(μt = 6.6 D) and third (μt = 4.0 D) transitions, while the
experimentally observed IVCT band at 5000 to 6000 cm−1

exhibits much lower intensity than the band envelope near 10000
cm−1.) The low intensity and the broadening of the IVCT band
in Class II systems is well-known to be caused by vibronic
coupling.4,13 The computations do not take into account and

may thus not be expected to reproduce the relative intensities
faithfully.
The first three transitions of [2′]+ exhibit very similar character

to that of the tolyl analogue [1′]+. Interestingly, the calculated
“IVCT” transition in [2′]+ at 5628 cm−1 (μt = 13.0 D) is blue-
shifted by only 56 cm−1 relative to the analogous transition in
[1′]+ (Table 5). The quantum-chemical treatment thus suggests
a less-pronounced influence of the methoxy groups on the IVCT
band than is found experimentally (Figure 4). The BLYP35/
COSMO combination has been found to moderately but
systematically underestimate the IVCT excitation energies for
related organic Class II mixed valence radical cations.36,37 It is
conceivable that this underestimation will be more pronounced
in excitations with greater “true” charge-transfer character. In
comparison to that of compound [1′]+, the second (π→N+)
transition of [2′]+ is red-shifted by 190 cm−1, while the calculated
third (MLCT) transition for [2′]+ is some 1500 cm−1 higher in
energy and of lower intensity than it is for [1′]+. This compares
well with the experimental observations (Figure 4) with [1]+

featuring the band envelope at 9750 cm−1, while in [2]+

comparable features are observed near 9950 cm−1 (Table 5).
Also consistent with experimental observation, the computed

transitions between 15 000 and 20 000 cm−1 change appreciably
when going from tolyl ([1′]+) to anisyl ([2′]+) substituents on
the amine moieties (Table 5). The experimental data for [2]+ in
this region is dominated by an intense band centered at 14 500
cm−1, which compares with a less-intense broad band in [1]+

between 14 000 and 20 000 cm−1. The TDDFT calculations for
[2′]+ feature two excitations of similar energy at 16 000 cm−1 and
16 529 cm−1. While the first exhibits a relatively low-transition
dipole moment (μt = 1.6 D), the second is more intense (μt = 4.9
D) and thus is likely the major contributor to the experimentally
observed absorption band. However, the character of these two
transitions differs appreciably. The lower-energy, lower-intensity
excitation at 16 000 cm−1 originates from delocalized orbitals
(244β and 246β) and goes to the β-SOMO (248β). It thus is best
described in terms of a π→N+ transition (Table 5). The higher-
energy, more-intense excitation at 16 529 cm−1 originates
essentially from a single orbital, which is distributed over the
same Ar2NC6H4CC moiety (94%) as the β-SOMO. The
excitation thus exhibits no CT character and is better described as
a localized transition arising from the amine radical cation (Table

Table 5. Calculated Excited-State Parameters for [1′]+ and [2′]+a

[1′]+ [2′]+

number Etrans/cm
−1 character Etrans/cm

−1 character

(μt/D) (μt/D)

1 5572 N→N+ intervalence CT 5628 N→N+ intervalence CT
(15.3) (13.0)

2 11 252 π→N+ bridge to amine CT 11 062 π→N+ bridge to amine CT
(6.6) (8.2)

3 12 046 Pt+→N+ metal to amine ligand 13 588 Pt+→N+ metal to amine ligand
(4.0) CT (1.2) CT

4 15 790 Pt+→N+ metal to amine ligand 16 000 π→N+ bridge to amine CT
(1.0) CT (1.6)

5 16 162 π→N+ bridge to amine ligand 16 529 intraligand transition at
(1.3) CT (4.9) triarylamine

6 17 548 Pt+→N+ metal to amine ligand 17 108 Pt+→N+ metal to amine ligand
(0.2) CT (0.2) CT

7 19 679 intraligand transition at 19 112 Pt+→N+ metal to amine ligand
(1.7) triarylamine (0.2) CT

aUV−vis−NIR transition energies Etrans/cm
−1, transition dipole moments μt/D, and character of the excitation.

Figure 6. Isosurface plots (± 0.03 au) of the orbitals involved in the first
three UV−vis−NIR transitions for monocationic radical [1′]+;
transition energies and transition dipole moments are given in
parentheses.
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6). The TDDFT calculations also predict three more low-
intensity excitations at 17 108, 19 112, and 19 562 cm−1 (μt≤ 0.6
D), which are unlikely to have a significant role in determining
the overall appearance of the absorption spectrum.
Turning attention briefly to the triphenylphosphine complex

[3]+, a small blue shift for the two lowest-energy absorption
bands is observed in the experimental spectrum relative to those
in the PEt3 analogue [1]

+ (Figure 4f). This trend is reproduced in
the TDDFT calculations with the computational models [3′]+
and [1′]+ (Tables 5 and 6) and likely reflects the lower electron-
donating ability of the PPh3 ligand, which consequently lowers
the energy of the various donor orbitals. The most obvious
difference in the TDDFT results from [3′]+ relative to [1′]+ is the
character of the calculated transition at 11 295 cm−1 (5.5 D),
which is of mixed π→N+ and MLCT character for [3′]+. The
IVCT excitation calculated at 5716 cm−1 in [3′]+ is at almost the
same energy as that calculated for the PEt3 derivative [1′]+, and
the limited influence of the phosphine substituents on the IVCT
band is a further indication of the limited role the metal center
plays in this transition. The largest energy shift between [1′]+ and
[3′]+ can be observed for the third transition (11 960 cm−1),
which is due to the coupling of π→N+-type and MLCT
transitions for the associated band. Similarly, the character of the
transitions for [4′]+ (e.g., 5626 cm−1, μt = 11.0 D) are nearly
unchanged compared to [2′]+.
As expected, TDDFT calculations from the monocation [5′]+

do not exhibit any transitions below 10 000 cm−1. The
absorption pattern above 10 000 cm−1 exhibits the same features
as [3′]+. The first excitation of [5′]+ is calculated at 10 543 cm−1,
which is red-shifted by about 700 cm−1 compared to [3′]+ (11
295 cm−1). This can be explained by the nature of the involved
orbital. For [3′]+ this transition occurs from a delocalized orbital,
which has significant contributions from the second triarylamine
group (Supporting Information, Tables S5 and S6). As this group
is absent in [5′]+, the orbital is destabilized (−6.41 eV compared
to −6.60 eV for [3′]+) in the ground state and is predominantly
localized at the tolyl ligand (78%) (Supporting Information,
Tables S9 and S10).

■ CONCLUSIONS
This combined spectroscopic and computational study demon-
strates that the nature of the UV−vis−NIR transitions observed
upon oxidation of the platinum-bridged bis-triarylamine
compounds 1−4 are consistent across the series and that the
effect of the phosphine ligand on most of them is relatively
insignificant. These transitions have been accurately modeled
using a computational protocol based on the BLYP35 functional
and a suitable solvent model, allowing a more detailed
investigation than was possible a few years ago. As expected for

localized MV systems, the lowest-energy transition at around
5600 cm−1 corresponds to an IVCT excitation for all bis-
triarylamine complexes [1−4]+. Generally the agreement
between computed and experimentally observed IVCT
excitation energies is better for the tolyl complexes [1]+ and
[3]+ than it is for the anisyl-substituted compounds [2]+ and
[4]+. While the assignment of the second excitation to a CT
transition from a delocalized π orbital and of the third to a CT
from the platinum moiety to the cationic triarylamine unit is
straightforward for [1]+ and [2]+, those excitations start to mix
for the triphenylphosphine complexes [3]+ and [4]+. For
complex [5]+ no IVCT transition is observed due to the absence
of the second triarylamine unit. Here the first excitation
corresponds to a CT transition from a π orbital, which is mainly
tolyl-centered, to the cationic triarylamine unit.
The ability of computational methods based on appropriately

balanced hybrid functionals to successfully model, and hence
predict, the optoelectronic properties of even relatively large and
complex molecular materials promises much not only for the
interpretation of experimental data, but also for computational
screening and molecular design optimization in advance of
synthetic effort, expenditure of chemical resources, and waste
generation. When used sensibly, the predictive power of DFT
methods may now be seen as a viable tool alongside experimental
molecular design and feedback-driven optimization as a route to
molecular materials with designed optoelectronic properties.

■ EXPERIMENTAL SECTION
Computational Details. Full structure optimizations and analysis

of all ground-state properties were performed using a locally modified
version of the TURBOMOLE 6.465 program code enabling the use of
the BLYP35 hybrid functional based on

= + Δ + +E E E E E0.65( ) 0.35XC X
LSDA

X
B88

X
exact

C
LYP

which proved to give accurate results for organic MV systems.36,37,66−68

For comparison with previous studies,15 results obtained using the
B3LYP functional were considered in selected cases.69 Split-valence
def2-SVP basis sets were employed on all lighter atoms, together with
the corresponding def2-SVP effective-core potential and a correspond-
ing valence basis set for platinum.70−72 For molecules 1−4Ci-symmetric
structures were used as starting points for optimizations, and no
constraints were employed. Computed harmonic vibrational frequen-
cies were scaled by an empirical factor of 0.95.58,59 To account for
solvent effects, the conductor-like-screening (COSMO) solvent model
was employed for ground state structure optimizations and analysis as
well as in subsequent TDDFT calculations of excitation energies and
transition dipole moments in TURBOMOLE.73 Dichloromethane (ε =
8.93) was used, as experimental data were collected in this solvent
(nonequilibrium solvation was assumed in the TDDFT calculations).
Spin density and molecular orbital isosurface plots were generated with
the Molekel program.74

Table 6. Calculated Excited State Parameters for [3′−5′]+a

[3′]+ [4′]+ [5′]+

Etrans/cm
−1 character Etrans/cm

−1 character Etrans/cm
−1 character

(μt/D) (μt/D) (μt/D)

5716 N→N+ IVCT 5626 N→N+ IVCT 10 543 π-tolyl→N+ CT
(13.8) (11.0) (7.0)
11 295 mixed π→N+ and 10 928 mixed π→N+ and 11 532 intraligand transition
(5.5) Pt+→N+ MLCT (8.8) Pt+→N+ MLCT (8.7) at triarylamine
11 960 mixed π→N+ and 12 798 mixed π→N+ and 13 892 mixed π-tolyl→N+

(5.8) Pt+→N+ MLCT (2.5) Pt+→N+ MLCT (1.9) and Pt+→N+ MLCT
aUV−vis−NIR transition energies Etrans/cm

−1, transition dipole moments μt/D, and character for the first three excitations.
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Crystal Data for 1. C56H66N2P2Pt, M = 1024.14, triclinic, space
group P1 ̅, a = 9.9533(5), b = 11.0652(7), c = 11.5908(7) Å, α =
76.561(5), β = 88.071(4), γ = 85.292(5)°, U = 1237.3(1) Å3, F(000) =
524, Z = 1, Dc = 1.374 g m−3, μ = 2.937 mm−1, T = 120(1) K. 19 690
reflections (2.69 ≤ θ ≤ 29.5°) were collected on an Agilent Gemini S-
Ultra diffractometer (graphite monochromator, λ Mo Kα, λ = 0.71073
Å, ω scan, 1°/frame) equipped with a Cryostream (Oxford
Cryosystems) open-flow nitrogen cryostat, yielding 6893 unique
reflections (Rmerg = 0.0436). The structure was solved by direct methods
and refined by full-matrix least-squares on F2 for all data using
SHELXTL and OLEX2 software.75,76 All nondisordered non-hydrogen
atoms were refined with anisotropic displacement parameters;
disordered atoms of Et groups were refined isotropically with fixed
SOF = 0.5. H-atoms were located on the difference map and refined
isotropically except the H-atoms of disordered groups, which were
placed in calculated positions and refined in “riding” mode. Final
wR2(F

2) = 0.0636 for all data (349 refined parameters), conventional
R(F) = 0.0292 for 6696 reflections with I ≥ 2σ, GOF = 1.013.
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Long range charge transfer in trimetallic mixed-
valence iron complexes mediated by redox non-
innocent cyanoacetylide ligands†

Josef B. G. Gluyas,a Andrew J. Boden,a Samantha G. Eaves,a Herrick Yua and
Paul J. Low*a,b

The reaction of Fe(CuCCuN)(dppe)Cp (1) with one-half equivalent

of [trans-Fe(NuCMe)2(dppx)2][BF4]2 (dppx = dppe ([2][BF4]2) or

dppm ([3][BF4]2)) affords trimetallic [trans-Fe{NuCCuCFe(dppe)-

Cp}2(dppx)2][BF4]2 (dppx = dppe [4][BF4]2; dppx = dppm [5][BF4]2).

Both [4][BF4]2 and [5][BF4]2 undergo three, one-electron oxidation

processes, arising from sequential oxidation of the two terminal

Fe(CuCR)(dppe)Cp moieties and finally the central Fe(NuCR)2-

(dppx)2 fragment. The redox products [4]n+ and [5]n+ (n = 3, 4) have

been characterised by UV-vis-NIR and IR spectroelectrochemistry.

The shifts in the characteristic ν(CuCCuN) bands upon oxidation

demonstrate not only the localised electronic structure of the tri-

cations, but also the redox non-innocence of the cyanoacetylide

ligands. The trimetallic [formally Fe(II/II/III) mixed-valence] com-

plexes [4]3+ and [5]3+ feature two distinct IVCT transitions, one

associated with charge transfer from the central 18-electron

{Fe(NuCR)2(dppx)2}2+ to terminal {Fe(CuCR)(dppe)Cp}+ moiety,

and a lower energy transition involving charge transfer between

the terminal Fe fragments which are separated by the redox active

9-atom, 10-bond –CuC–CuN{Fe(dppx)2}NuC–CuC– bridge.

The tetracationic complexes [4]4+ and [5]4+ generated by a further

stepwise oxidation exhibit a single {Fe(NuCR)2(dppx)2}2+→
{Fe(CuCR)(dppe)Cp}+ IVCT transition.

Cyanide-bridged bi- and polymetallic complexes have attracted
attention for decades, a time frame extended considerably if
one considers the early fascination with the colours of, and
indirectly the Fe(II/III) IVCT processes in, Prussian Blue and its
analogues. Whilst most attention has focussed on cyanide-

based framework materials and bimetallic complexes, the
properties of discrete trimetallic compounds of the form
M–CuN–M′–NuC–M have also attracted interest. For example,
recent investigations have shown that electronic interactions
between the peripheral metal centres exist in [(py)5Ru]–CuN–
[Ru(py′)4]–NuC–[Ru(py)5] (py = pyridine, py′ = pyridine,
4-methoxypyridine),1 and magnetic interactions are present
between the external iron centres in compounds such as
Cp(dppe)Fe–CuN–[Ru]–NuC–Fe(dppe)Cp (dppe = 1,2-bis-
(diphenyl-phosphino)ethane, [Ru] = Ru(2,2′-bipyridine)2).2

Although similar studies of complexes based on isoelectronic
dicarbon bridging ligands, –CuC–, and its valence isomers are
rather more rare,3–5 longer polyyndiyl ligands –(CuC)n– have
been used in the construction of some truly impressive linear
polymetallic complexes,6–8 with computational and spectro-
scopic methods being used to demonstrate the presence of an
extended ⋯π–d–π⋯ system along the molecular backbone.

Simple synthetic routes to complexes containing cyano-
acetylide, –CuCCuN,9–11 and related cyanobutadiynyl,
–CuCCuCCuN,12 ligands have been established offering
entry to systems with obvious structural and electronic
relationships with both cyanide and polyynyl ligands. Cyano-
acetylide ligands are not only of interest as novel conduits for
the propagation of electronic and magnetic effects between
remote metal centres,9–11 but also for the potential to realise a
wide range of polymetallic complexes through synthetic strat-
egies based on coordination driven self-assembly.

Complex Fe(CuCCuN)(dppe)Cp (1) can be prepared by
reaction of Fe(CuCLi)(dppe)Cp with phenyl cyanate,10 or more
conveniently by treatment of [Fe(vCvCH2)(dppe)Cp]PF6

5

with 1-cyano-4-dimethyl-amino pyridinium tetrafluoroborate
([CAP]BF4).12,13† The reaction of 1 with one half-equivalent of
[Fe(NuCMe)2(dppe)2][BF4]2 ([2][BF4]2)14 or [Fe(NuCMe)2-
(dppm)2][BF4]2 ([3][BF4]2)† in acetonitrile gave trimetallic
[trans-Fe{NuCCuCFe(dppe)Cp}2(dppe)2][BF4]2 ([4][BF4]2, khaki
green, 95%) or [trans-Fe{NuCCuCFe(dppm)Cp}2(dppm)2]-
[BF4]2 ([5][BF4]2, brick red, 62%) as analytically pure precipi-
tates (Scheme 1). A small red-shift in the lowest energy absorp-
tion band of [4][BF4]2 relative to [5][BF4]2 is apparently

†Electronic supplementary information (ESI) available: Details of the prepa-
ration of [1][BF4]2, [3][BF4]2, [4][BF4]2 and [5][BF4]2; estimation of molecular
length and Vis spectra of [4]2+ and [5]2+; UV-Vis-NIR and IR spectroelectrochem-
ical details and spectral plots; Gaussian deconvolutions of the NIR spectra of
[4]3+ and [5]3+; voltammetric details and CV plots; crystal structure analysis of
[3][BF4]2. CCDC 973687. For ESI and crystallographic data in CIF or other
electronic format see DOI: 10.1039/c4dt00614c

aDepartment of Chemistry, Durham University, South Road, Durham DH1 3LE,
United Kingdom
bSchool of Chemistry and Biochemistry, University of Western Australia, Crawley,
Perth 6009, Australia. E-mail: paul.low@uwa.edu.au
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sufficient to lead to the difference in colour of these
complexes.†

The electrochemical response of [4][BF4]2 and [5][BF4]2 in
CH2Cl2/0.1 M NBu4PF6 was broadly similar, each exhibiting
two, reversible one-electron oxidations and a third quasi-
reversible process close to the limit of the accessible solvent
window.† The E1/2 values determined for the dppm-containing
derivative [5][BF4]2 (E1/2(1) −0.05; E1/2(2) 0.07; E1/2(3) 0.83 V) are
slightly less positive than those of [4][BF4]2 (E1/2(1) 0.02; E1/2(2)
0.15; E1/2(3) 0.92 V), which reflects the difference in electron
donating properties of the dppm and dppe ligands at the
central iron moiety. Comparison of the redox potentials with
those of 1 (0.07 V vs. FeCp2/[FeCp2]+)10 and [2][BF4]2 (+1.05 V
vs. FeCp2/[FeCp2]+)15 permitted assignment of the first two
redox processes in the trimetallic complexes to sequential oxi-
dation of the peripheral Fe(CuCR)(dppe)Cp fragments, gener-
ating tricationic ([4]3+, [5]3+) and tetracationic ([4]4+, [5]4+)
species, which would be classically regarded as Fe(II/II/III) and
Fe(III/II/III) mixed valence complexes, respectively. The 120 mV
difference in the redox potentials associated with the periph-
eral Fe(CuCR)(dppe)Cp fragments (|E(1)1/2 − E1/2(2)|) suggests
that there is some through-bond and/or through space inter-
action between these moieties, which are estimated to be sep-
arated by ca. 15 Å.† The third quasi-reversible process is
associated with the central iron moiety to give formally homo-
valent Fe(III/III/III) compounds [4]5+ and [5]5+.

In CH2Cl2/0.1 M NBu4BArF
4 (BArF

4 = B{C6H3(CF3)2-3,5}4)16

small increases in E1/2(1) and E1/2(2) were observed in the case
of both [4][BF4]2 and [5][BF4]2, although the difference between
the first and second redox potentials is only modestly larger in
the electrolyte solution containing the poorly ion-pairing
[BArF

4]− anion (|E1/2(1) − E1/2(2)| = 180 mV) than in NBu4PF6

(120 mV). This suggests that Coulombic and ion-pairing
effects only play a small role in stabilising the charge in the tri-
cationic species: this result is perhaps unsurprising given the

spatial separation of the half-sandwich moieties, and under-
lines the significance of through-bond contributions to the
propagation of electronic information along the molecular
backbone. The E1/2(3) redox couple associated with the central
{Fe(NCR)2(dppx)2}2+ fragment, which yields [4]5+ and [5]5+, is
also sensitive to the ion-pairing interactions with the electro-
lyte, and moves beyond the accessible solvent window in
NBu4BArF

4 electrolyte solutions.
IR spectroelectrochemistry (CH2Cl2/0.1 M NBu4PF6)† was

used to refine the proposed redox assignments and highlight
the important role of the cyanoacetylide ligand in the initial
redox processes. The two band ν(CuCCuN) pattern observed
initially for [4]2+ and [5]2+ splits into a superposition of
ν(CuCCuN) features associated with {Cp(dppe)Fe}(Cu
CCuN){M′Ln} and {Cp(dppe)Fe}+(CuCCuN){M′Ln} complexes
on one-electron oxidation,9–11 clearly supporting the notion of
a ‘localised’ [{Cp(dppe)FeCuCCuN}+–{Fe(dppx)2}2+–{NuCCu
CFe(dppe)Cp}] electronic structure in [4]3+ and [5]3+ (Table 1).†
Although the oxidation processes are clearly not completely
metal in character, with an appreciable degree of ligand contri-
bution evidenced by the ca. 80 cm−1 shift in ν(CuCCuN) fre-
quencies upon oxidation, the general pattern is consistent
with the formal Fe(II/II/III) mixed valence description, which is
a useful if not particularly accurate way of describing the redox
product.17 The ligand non-innocence also highlights the care
that must be exercised in correlations between geometric sep-
aration of the metal centres and the real electron transfer dis-
tance. Further oxidation to the tetracations causes a loss in
intensity of the IR features, and only a single band at 2138
([4]4+) or 2151 ([5]4+) cm−1 is observed.

On one-electron oxidation to the trications [4]3+ and [5]3+,
two new bands were observed in the NIR spectra ([4]3+ 5400
and 9350 cm−1; [5]3+ 5600 and 10 300 cm−1), which were better
resolved in the case of [5]3+ (Fig. 1).† On further oxidation to
[4]4+ and [5]4+ the lower energy band collapsed revealing an
underlying pseudo-Fe(III) dd band (probably better described

Scheme 1 Synthesis of the trimetallic iron compounds [4][BF4]2 and
[5][BF4]2.

Table 1 IR and NIR spectroscopic data obtained spectroelectrochemi-
cally in CH2Cl2/0.1 M NBu4PF6. Weak dπ–dπ transitions: [4]4+

(5200 cm−1 (1000 M−1 cm−1)); [5]4+ (4400 cm−1 (800 M−1 cm−1))

Infrared (IR) Near infrared (NIR)a

ν(CuC)/
cm−1

ν(CuN)/
cm−1

νmax(π–π*)/cm−1

(ε/M−1 cm−1)
νmax(MLCT)/m−1

(ε/M−1 cm−1)

[4]2+ 1958s 2175vs — —
[4]3+ 1875s 2092s 5400 (7000) 9350 (3000)

1957s 2154(sh) [5500]b [9300]b

2177s — —
[4]4+ 2138m 9040 (12 000)

— [9400]b

[5]2+ 1963s 2177vs — —
[5]3+ 1902m 2111m 5600 (5000) 10 300 (5000)

1963vs 2155(sh) — —
2180s — —

[5]4+ 2151m 10 300 (14 200)

a From the apparent NIR band centres. b Data obtained in MeCN/0.1 M
NBu4PF6.
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as an FeCuC dπ–dπ transition given the contribution of the
ligand fragment to the redox processes),18 and the higher
energy absorption bands grew appreciably in intensity, but
with negligible shift in energy.

Given the assignment of the first two oxidation processes to
the peripheral Fe(CuCR)(dppe)Cp moieties, these NIR bands
in the (formally) Fe(II/II/III) and Fe(III/II/III) mixed-valence com-
plexes are attributed to two separate IVCT processes, the lower
energy band corresponding to charge transfer between the
distant Fe(CuCR)(dppe)Cp moieties (out-to-out) which is
unique to the Fe(II/II/III) form, and the one at higher energy to
charge transfer from the central iron(II) Fe(NuCR)2(dppx)2

moiety to the peripheral {Fe(CuCR)(dppe)Cp}+ fragment(s). In
keeping with this assignment, the energy of this latter ‘in-to-
out’ IVCT process shifts to the red on replacement of the dppe
ligands on the central iron atom ([4]3+) with dppm ([5]3+)
Additional spectroelectrochemical investigation of [4][BF4]2 in
acetonitrile showed solvatochromic behaviour of these NIR
bands, again consistent with the proposed IVCT character.†

The extraction of coupling information from the unique
‘out-to-out’ charge transfer processes in [4]3+ and [5]3+ is com-
plicated by the redox non-innocent character of the iron cyano-
acetylide metalloligands. However, taking the metal–metal
distances as proxy for the electron transfer distance, and using
the Hush relationships derived for the two-state case19 with
spectral parameters derived from Gaussian deconvolution,†
coupling parameters Hab can be estimated for [4]3+ (out-to-out
610 cm−1, in-to-out 1845 cm−1) and [5]3+ (out-to-out 665 cm−1,
in-to-out 1469 cm−1). Despite the over-estimation of the
electron transfer distance, these values compare well with
analogous data from the trimetallic, cyanide-bridged
complexes [(py)5Ru]–CuN–[Ru(py′)4]–NuC–[Ru(py)5] (Hab =
700–800 cm−1, 1100 cm−1).1

The effectiveness of the 9-atom, 10-bond –CuC–CuN–Fe–
NuC–CuC– bridge to promote interaction between remote
metal centres, which is no doubt related to the redox-activity
of the ligand fragment, is comparable with cyanide-based
M–CuN–M′–NuC–M type structures,1 and highlights the
great potential of the –CuCCuN moiety in the assembly of
electro-optically active polymetallic structures.
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& Mixed-Valent Compounds

Mixed-Valence Ruthenium Complexes Rotating through
a Conformational Robin–Day Continuum
Matthias Parthey,[a] Josef B. G. Gluyas,[b] Mark A. Fox,[b] Paul J. Low,*[b, c] and Martin Kaupp*[a]

Abstract: The conformational energy landscape and the as-
sociated electronic structure and spectroscopic properties
(UV/Vis/near-infrared (NIR) and IR) of three formally d5/d6

mixed-valence diruthenium complex cations, [{Ru-
(dppe)Cp*}2(m-C!CC6H4C!C)]+ , [1]+ , [trans-{RuCl(dppe)2}2(m-
C!CC6H4C!C)]+ , [2]+ , and the Creutz–Taube ion, [{Ru-
(NH3)5}2(m-pz)]5 + , [3]5 + (Cp = cyclopentadienyl; dppe = 1,2-
bis(diphenylphosphino)ethane; pz = pyrazine), have been
studied using a nonstandard hybrid density functional
BLYP35 with 35 % exact exchange and continuum solvent
models. For the closely related monocations [1]+ and [2]+ ,
the calculations indicated that the lowest-energy conformers
exhibited delocalized electronic structures (or class III mixed-
valence character). However, these minima alone explained
neither the presence of shoulder(s) in the NIR absorption en-
velope nor the presence of features in the observed vibra-
tional spectra characteristic of both delocalized and valence-

trapped electronic structures. A series of computational
models have been used to demonstrate that the mutual
conformation of the metal fragments—and even more im-
portantly the orientation of the bridging ligand relative to
those metal centers—influences the electronic coupling suf-
ficiently to afford valence-trapped conformations, which are
of sufficiently low energy to be thermally populated. Areas
in the conformational phase space with variable degrees of
symmetry breaking of structures and spin-density distribu-
tions are shown to be responsible for the characteristic spec-
troscopic features of these two complexes. The Creutz–
Taube ion [3]5+ also exhibits low-lying valence-trapped con-
formational areas, but the electronic transitions that charac-
terize these conformations with valence-localized electronic
structures have low intensities and do not influence the ob-
served spectroscopic characteristics to any notable extent.

Introduction

Mixed-valence (MV) multinuclear transition-metal complexes
are of central importance in the understanding of electron-
transfer (ET) processes in nature (e.g. , in metalloenzymes), in
catalysis, and in the design of functional materials. They have
thus attracted the unabated attention of experimentalists and
theoreticians[1–5] since the early groundbreaking work on the
Creutz–Taube ion and related systems in the 1960s.[6, 7] More re-
cently, possible applications in molecular electronics (e.g. , as
models for molecular wires) have added to the momentum of
the field,[8] and organic MV systems also have received in-
creased attention.[1] A central question in all of these fields is
that of the localization of charge on a given redox center (end-

cap or bridging ligand) versus delocalization over the molecu-
lar framework. In the important model case of two redox cen-
ters linked by a bridging ligand, the description of electronic
structure is usually made within the Robin–Day scheme,[9]

which is based on the extent of electronic coupling of two dia-
batic localized potential-energy curves to give adiabatic
ground and excited states of the system (Figure 1). The three
primary Robin–Day classes are simply denoted classes I, II, and
III. Class I corresponds to the situation in which there is no
coupling between the diabatic potential-energy curves. Class II
corresponds to partial localization of charge and spin due to
the electronic coupling, 2 Hab, being smaller than the (internal
plus external) Marcus reorganization energy, l. This leads to
a double-well adiabatic ground-state potential curve with an
activation barrier for thermal ET. In contrast, in class III charge
and spin are delocalized over both redox centers, and the
ground-state barrier has vanished as 2 Hab"l.[10–15]

As the optoelectronic properties of a MV system are crucially
dependent on the localization/delocalization of charge, the dis-
tinctions between the behavior of classes II and III, and espe-
cially at the interface between them, has been investigated in
detail, through application of an increasingly wide and sophis-
ticated range of spectroscopic and computational techniques
and theoretical treatments. The shape and position of the in-
tervalence charge-transfer band (IVCT; often also designated as
MMCT owing to the involvement of two metal centers in the
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classical class II M-bridge-M+ complexes) in optical or near-in-
frared (NIR) spectra are typically examined in great detail, but
given the importance a degree of delocalization of charge over
the bridging unit between the two redox centers plays in
many systems, metal–bridge CT (metal–ligand CT, MLCT) transi-
tions are also of interest. Other important spectroscopic tech-
niques for the investigation of the electronic character of MV
complexes, which involve somewhat different energy and
timescales, include vibrational spectroscopies (IR, Raman), Stark
spectroscopy, Mçssbauer spectroscopy, and electron-spin reso-
nance (ESR) spectroscopy. At the borderline between classes II
and III, small activation barriers and fast ET processes may give
rise to contradictory findings with different spectroscopic tech-
niques, owing to the different timescales of the spectroscopic
methods, which can be comparable to the rates of electron
transfer, inner-sphere reorganization processes, and solvent dy-
namics. This convolution of internal reorganization and solvent
dynamics has led Meyer and co-workers to introduce an inter-
mediate class II/III, which accounts for those systems in which
intramolecular electron-transfer rates are faster than outer-
sphere solvent rearrangement.[3] Finally, a class IV was pro-
posed by Lear and Chisholm by taking the vibronic progres-
sion into consideration.[16] The characteristics of class IV, which
might be considered a subclass of class III, include the absence
of (or minimal) vibronic coupling, and the solvent independ-
ence of not only the IVCT but also the MLCT band.

The possibility to derive not only a general description of
the principal electronic character of a system but also the cru-
cial ET parameters from spectroscopic observables on the basis
of the well-known equations of the Marcus–Hush and Mullik-
en–Hush theories using two-state models or their extension to
a three-state scenario (including bridge states in the latter
case) has made the description of MV systems in terms of the
Robin–Day classes almost universal in the field.[10–15] By also
adding information on vibronic coupling, reasonably detailed
descriptions of the ET characteristics can be derived from the
IVCT band. Whereas the IVCT transition typically appears as the
lowest-energy transition in the NIR region for organic MV sys-
tems, the determination of the IVCT band within the NIR band
envelope is more complicated in transition-metal complexes,
not only owing to the effects of solvent dynamics that
characterize complexes in class II/III and near the borderline of
classes II and III, but also owing to the potential presence of
additional electronic transitions of similar energy (e.g. , local-

ized d!d or interconfigurational
bands).[3] The potential for multi-
ple electronic transitions of simi-
lar energy but different electron-
ic origin, together with the
asymmetric IVCT bandshapes
that characterize strongly cou-
pled MV systems, renders the
derivation of the ET characteris-
tics and electronic structure
from NIR spectra alone very diffi-
cult in many MV transition-metal
complexes, despite the populari-
ty of such analyses.

In addition to solvent dynamics and internal vibrational
modes, conformational effects within the molecular frame-
work can also play a part in determining the optoelectronic
properties of an MV complex. For example, in the case of
the polyynediyl-bridged class III MV diruthenium complex
[{Ru(PPh3)2Cp}2(m-C"CC"C)]+ (Cp = cyclopentadienyl), a high-
energy shoulder on the primary IVCT band is observed that
cannot be accounted for easily by models that are based on
the lowest-energy conformation. Although the electronic struc-
ture of [{Ru(PPh3)2Cp}2(m-C"CC"C)]+ is well described in terms
of a delocalized (class III) electronic structure across the confor-
mational space, the additional transition, which has apprecia-
ble MLCT character, gains intensity only for certain mutual ori-
entations of the metal centers.[17] The identification of these
conformational factors prompt reconsideration of other ligand-
bridged bimetallic mixed-valence complexes [M-bridge-M]+ in
which d-p-d overlap along the molecular backbone can be an-
ticipated to be strongly dependent on the relative orientation
of the constituent fragments.

A quantum-chemical methodology that gives a faithful de-
scription of localization/delocalization (see below)[17–23] has
been used here to reconsider the description of three formally
mixed-valence bimetallic ruthenium complexes for which
a wealth of experimental data has been accumulated
(Scheme 1). The organometallic complexes [{Ru(dppe)Cp*}2(m-

Figure 1. Potential-energy surfaces for the three primary Robin–Day classes: class I (top), class II (bottom, left), and
class III (bottom, right).

Scheme 1. Mixed-valence diruthenium cations.
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C!CC6H4C!C)]+ , [1]+ , and [trans-{Ru(dppe)2Cl}2(m-C!CC6H4C!
C)]+ , [2]+ (dppe = 1,2-bis(diphenylphosphino)ethane) both
contain the 1,4-diethynylbenzene (m-C!CC6H4C!C) bridge
but differ in the composition of the supporting ligands, and in
both cases, conflicting evidence exists with regard to the MV
classification.[24, 25] For comparison purposes, the classical coor-
dination complex, the Creutz–Taube ion,[6, 7, 26] [3]5+ , for which
the intermediate class II/III was originally coined,[3] has also
been studied using the same methods. Although a number of
the principal spectroscopic features are reproduced by calcula-
tions based on the lowest-energy conformation, the optical
and vibrational spectra of [1]+ and [2]+ are better modeled by
a series of structures that account for a distribution of relative
conformations of bridge and redox centers in solution
(Figure 2). The thermal population of a conformational phase

space that encompasses both localized and delocalized charge
distributions limits the usefulness of a description of such com-
plexes in terms of a single, static Robin–Day class. A more ac-
curate explanation of the spectroscopic properties and elec-
tronic characteristics requires consideration of the internal ro-
tational dynamics of the molecule and description in terms of
a continuum of classes II and III states rather than a specific
single class.

Computational Methods

Calculations were carried out on the full complexes [1]+ , [2]+ , and
[3]5 + , and in the case of [1]+ and [2]+ also on truncated models
[1-Me]+ and [2-Me]+ , in which the phenyl substituents in the
dppe ligands were replaced by methyl groups (i.e. , 1,2-bis(dime-
thylphosphino)ethane (dmpe) ligands). This allowed us to examine
larger portions of the conformational space at reduced computa-
tional cost. All calculations, including time-dependent density func-
tional theory (TD-DFT),[27–29] have been performed using a version
of the TURBOMOLE 6.4[30] code locally modified by the Berlin
group. For selected cases, additional single-point TD-DFT calcula-
tions were carried out using the Gaussian 09 code,[31] which fea-
tures a somewhat different treatment of the solvent model for ex-
citations.[20] The computational protocol used, which has been de-
veloped specifically to provide accurate ground- and excited-state
properties for organic[18–22] and transition-metal[17, 23] mixed-valence
systems, is based on the adjusted global hybrid functional
BLYP35[21] [Eq. (1)]:

EXC¼ 0:65ðELSDA
X þDEB88

X Þ þ 0:35Eexact
X þELYP

C ð1Þ

in conjunction with polarizable continuum solvent models. While
not a thermochemically optimized functional, BLYP35 has been
shown to provide a good balance between reduced self-interaction
errors and a simulation of static correlation. Although other func-
tionals like the BMK global hybrid[32] or the CAM-B3LYP range
hybrid[33] have been found to provide a similar balance between lo-
calization and delocalization as BLYP35, these are not available in
the TURBOMOLE code used in this study.[19, 20] Experimental mea-
surements of the UV/Vis-NIR and IR spectra of [1]+ and [2]+ were
carried out using samples generated by one-electron oxidation of
1[24] and 2[34] in a spectroelectrochemical cell[33] from solutions in di-
chloromethane (CH2Cl2; permittivity e = 8.93) that contained 0.1 m
NBu4BF4 supporting electrolyte. Spectroscopic data from [3][PF6]5

in acetonitrile (MeCN, e= 37.64) were taken from the literature.[26]

In the computational work, these solvents were considered by the
conductor-like screening solvent model (COSMO)[35] (and by the
closely related CPCM model[36, 37] in the Gaussian 09 TD-DFT calcula-
tions). Notably, the TD-DFT calculations took into account nonequi-
librium solvation.[38, 39]

For all calculations, split-valence basis sets def2-SVP on the lighter
atoms and the associated Stuttgart effective-core potentials with
a corresponding def2-SVP valence basis for ruthenium were em-
ployed.[40–42] Calculated harmonic vibrational frequencies were
scaled by an empirical factor of 0.95.[43, 44]

For [1-Me]+ , a two-dimensional relaxed scan of the potential-
energy surface (PES) with a fixed P-Ru-Ru-P dihedral angle W
(which defines a dihedral angle between the half-sandwich metal
complex end groups) and a fixed P-Ru-C3-C4 dihedral angle Vreal

(dihedral between bridge and a selected end group) was per-
formed (Figure 2). Starting from a Ci-symmetric structure, both di-
hedral angles were varied in steps of 108, from 180 to 08 for W
and from + 50 to &1008 for Vreal, to cover a reasonable phase
space of the relative conformation of the Ru fragments, and of the
phenylene moiety in the bridging ligand. In the lowest-energy
structures, which are found at W= 180 and 08 and correspond to
transoid and cisoid forms of the complex, the plane of the phenyl-
ene moiety in the bridge bisects the P-Ru-P angle in each of the di-
phosphine chelate ligands. In these two structures, the P-Ru-C3-C4

dihedral angle Vreal'418 (Figure 2) can be translated into an effec-
tive X-Ru-C3-C4 dihedral angle Veff'08, in which X is the midpoint
between the two phosphorus atoms of the chosen diphosphine
ligand. As the Veff value gives a somewhat more intuitive picture
of the relative conformations (Figure 2), we have transformed Vreal

to Veff for the entire relaxed scan and will discuss results predomi-
nantly on the basis of conformations defined in terms of Veff. A
perpendicular arrangement of the phenylene plane relative to the
chelate ligands thus translates from a Vreal near &508 to a Veff of
approximately + 908 (Figure 2). Owing to small variations in the re-
maining degrees of freedom throughout the scan and the reduced
symmetry of the system along the scan profile, Veff may deviate by
some fraction of a degree from idealized values at the special
points. For [2-Me]+ , a similar scan has been restricted to a some-
what smaller range of end-group and bridge dihedral angles (08(
W(908 and &508(Vreal( + 508, that is, &8.38(Veff( + 92.28),
thereby reflecting the higher local symmetry of the ligand environ-
ment (C2v) at the ruthenium centers.

Owing to the even higher local symmetry of the coordination
sphere in the Creutz–Taube ion [3]5 + (C4v), the phase space neces-
sary to be covered explicitly was smaller (08(W(458 and 08(
Veff(458) and was surveyed in 58 steps. Here W is the Neq-Ru-Ru-
Neq dihedral angle and Veff = 08 corresponds to the pyrazine plane

Figure 2. Schematic relative orientation of the metal redox centers (black
and gray) and the bridge phenyl plane (dashed lines) of [1-Me]+ at various
values of W, Veff, and Vreal (similar values hold for [2-Me]+).
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bisecting the angle between two equatorial amine ligands. The re-
sulting data were interpolated using the MATLAB grid data
method 4 to construct the PES plots.[45] For crucial points on the
obtained PES, selected minimum and transition-state structures
were subsequently reoptimized without constraints.

For each point on the PES created in this way, single-point TD-DFT
calculations were performed. The results are displayed graphically
not only as stick spectra, but were, for better comparison with the
experimental spectra, additionally convoluted with Gaussian broad-
ening (s= 300 cm!1, full width at half-maximum (FWHM) =
706.4 cm!1) using the Q-Spector program previously designed for
IR spectra.[46]

To take into account the thermal population of different parts of
the considered conformational space, the computed data from all
points were combined in one spectrum on the basis of weighting
of the computed intensities by a Boltzmann factor e

!DE
kB T , in which DE

is the energy relative to the most stable conformer (e.g. , W= 1808
and Veff = 1.78 for [1-Me] +), kB is the Boltzmann constant, and T
was set to 298.14 K to correspond to the room-temperature experi-
mental conditions.

Spin densities are plotted in the form of isosurfaces (with values
"0.002 a.u.) by using light gray for positive and dark gray for neg-
ative values. Similarly, molecular orbitals are presented as isosur-
face plots ("0.03 a.u.) by using light gray and dark gray colors for
positive and negative signs, respectively. These plots were per-
formed with the Molekel program.[47]

Results and Discussion

Analysis of [1]+

Fox et al. have recently reported
the appearance of the IR and
NIR spectra of [1]+ (Figure 3).[24]

Although asymmetry of the NIR
bands on the low-energy side
for class II systems close to the
class II–III borderline is known to
be caused by vibronic coupling
effects,[1, 13] these do not explain
the high-energy features or mul-
tiple n(C#C) bands observed for
[1]+ . Rather, the number and
energy of n(C#C) vibrational
modes together with the shape
of the NIR absorption envelope
was proposed to be due to ther-
mal population of a range of
conformers with distinct (local-
ized/delocalized) electronic char-
acter. These observations could
not be corroborated by the
B3LYP/3-21G* calculations per-
formed on a single conformation
using simplified molecular
models.[24] However, whereas
B3LYP is capable of modeling
molecules with delocalized elec-
tronic structures quite well, in

general density functionals with low exact-exchange admixture
are less well suited to the description of class II situations close
to the border between class II and class III owing to extensive
delocalization errors.[20, 21] Moreover, in the experimental sys-
tems, charge distribution is likely biased by the solvent polarity
and interactions with the counter ion; to accurately model
these situations, computational models must also adequately
address the nature of the medium.

To better model [1]+ , a computational protocol that 1) uses
a functional that is well-balanced with regard to delocalization
errors and dynamic/nondynamic correlation, and 2) includes at
least dielectric solvent effects throughout the entire computa-
tional procedure should be employed. Such a protocol (see
the Computational Methods) has recently been introduced for
organic MV systems, and it has allowed valid descriptions close
to the classes II–III borderline for a wide variety of MV systems
and solvent environments.[18–22] Still more recently, it has been
extended to applications in the modeling of ET processes in
transition-metal MV systems.[17, 23] However, regardless of the
computational methodology employed, any interpretation of
quantum-chemical results based on a single, static, lowest-
energy molecular structure will not accurately model systems
in which molecular dynamics play an important role on the op-

Figure 3. The spectroelectrochemically generated NIR (upper) and IR (lower) spectra of [1]+ (left)[24] and [2]+

(right) in CH2Cl2/0.1 m NBu4BF4.
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toelectronic properties of a molecule. These points are illustrat-
ed further below.

Full BLYP35/def2-SVP/COSMO(CH2Cl2) structure optimization
of [1]+ , starting from a Ci-symmetric input, gave a delocalized
(class III) structure with a trans arrangement of the two redox
centers, denoted trans-[1]+ (Figure 2). The spin density in
trans-[1]+ is evenly distributed over the molecular backbone
with both the bridging ligand (C!C/C6H4/C!C 19/18/19 %)
and the metal centers, Ru(dppe)Cp* (21/21 %), contributing
significantly (the large involvement of the bridge atoms in car-
rying the spin density supports the redox-noninnocent descrip-
tion of this ligand in such delocalized arrangements;
Figure 4).[48, 49] This solution corresponds to lowest-energy

states calculated previously for [1]+ and analogues.[24, 50] The
symmetrical class III situation is further supported by a negligi-
ble dipole moment (m= 0.0 D), and by the computed single
harmonic n(C!C) vibrational frequency at 1978 cm"1 (scaled by
0.95, see the Computational Methods), which compares well
with the very strong band at 1974 cm"1 in the experimental
spectrum (Figure 3). TD-DFT calculations with trans-[1]+ at the
same computational level gave a single, very intense (mtrans =
17.5 D) NIR transition at 6566 cm"1, which is in good agree-
ment with the most intense peak at 5750 cm"1 in the experi-
mentally determined spectrum of [1]+ (even better agreement
is obtained with the slightly different CPCM solvent implemen-
tation in the Gaussian 09 program; see Table S2 in the Sup-
porting Information). This excitation largely corresponds to
a b-HOMO-to-b-SOMO transition that has substantial bridging
p–p* character (Figure 5). However, the additional features on
the high-energy side of the experimental NIR band cannot be
explained from the TD-DFT results.

Several models for mixed-valence complexes have been de-
scribed that can account for the appearance of multiple transi-
tions of similar energy to the IVCT transition predicted from
the Marcus–Hush two-state model. In the case of localized MV
complexes towards the classes II–III boundary, Meyer and col-
leagues have shown that the combination of low symmetry,
substantial metal–bridge orbital overlap, and the use of heavy
metals with high spin–orbit coupling constants (e.g. , OsIII, x

#3000 cm"1) can lead to the appearance of three IVCT and
two dp!dp transitions through the lifting of parity or LaPorte
rules. In the case of lighter metals such as RuIII, the lower spin–
orbit coupling constant (x#1000 cm"1) not only serves to shift
the dp!dp transitions to lower energy (e.g. , into the IR
region) but also decreases the energy difference between the

distinct IVCT transitions that lead to a broad NIR absorption
feature comprised of the overlapping bands.[3] Alternatively, ex-
tension of the two-state model by explicitly including both
symmetric and asymmetric vibrational modes and addressing
explicitly the bridge orbitals as a mediating state for electron
transfer (three-state model) and multiple d electrons (four-
state model) is useful in accounting for the observation of one
or more MLCT/ligand-to-metal charge-transfer (LMCT) transi-
tions in addition to the IVCT band in more weakly coupled MV
systems and the pronounced asymmetry of these bands in
strongly coupled (class III) systems.[13]

However, each of these frameworks assumes that the molec-
ular system under investigation can be placed into one of the
expanded Robin–Day classes, and analysis or fitting of the
spectroscopic data is used to extract the underlying electronic
coupling information. Given the subtle distinctions that can
arise from different treatments of the NIR spectra under local-
ized (class II or II/III) or delocalized (class III or IV) regimes, the
accurate interpretation of the electronic absorption data often
requires supporting evidence for the timescale of the electron-
transfer event or delocalization. To this end, the observation or
absence of IR active modes from both the supporting ligands
on the metal centers and the bridging ligand itself is often crit-
ical in the determination of the choice of method of analysis.

In the present cases of [1]+ and [2]+ , the interpretation of
the NIR spectra (Figure 3) in terms of a series of overlapping
IVCT transitions and a formally RuII/III d6/d5 MV system (at or
near the class II–III borderline) might account for the overlap-
ping transitions that comprise the NIR band envelope, either in
terms of multiple IVCT transitions or the presence of closely
lying MLCT/LMCT transitions. Alternatively, the appearance of
additional features on the NIR band envelope might arise from
a vibronic progression due to coupling with the n(C!C) vibra-
tional modes.[51] However, both the increasing intensity of the
higher-energy features in a closely related series of 1,4-naph-
thyl- and 9,10-anthryl-bridged complexes[24] and the IR spectra
of [1]+ and [2]+ are difficult to reconcile with this interpreta-
tion. For example, in the case of [1]+ , whereas the n(C!C)
bands at 2061 and 1915 cm"1 and the phenylene ring n(C=C)

Figure 4. Spin-density isosurface plot ($0.002 a.u.) of trans-[1]+ .

Figure 5. Isosurface plots ($0.03 a.u.) of the b-SOMO (top) and b-HOMO
(bottom) of trans-[1]+ .
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band at 1564 cm!1 are consistent with a localized MV structure,
the n(C"C) bands at 1997 and 1974 cm!1 are not easily ac-
counted for in terms of a localized model. Similar points apply
to the spectra of [2]+ (Figure 3). Although a more strongly
coupled (delocalized) model might be more consistent with
these latter n(C"C) IR bands, the three-state model predicts
only an IVCT transition with an asymmetric bandshape that
arises from the low-energy “cutoff”, whereas the four-state
model predicts a significant energy difference between the
IVCT and the only MLCT transition with appreciable intensity.
Indeed, the IR spectra are inconsistent with the various argu-
ments that can be put forward solely on the basis of the ap-
pearance of the NIR bands for assignment of [1]+ and [2]+ to
any one of the conventional Robin–Day classes II, II/III, or III.

Given the importance that different molecular conformations
play in the appearance of the UV/Vis-NIR spectrum of the relat-
ed complex [{Ru(PPh3)2Cp*}2(m-C"CC"C)]+ ,[17] we proceeded to
a full 2D relaxed scan (BLYP35/def2-SVP/COSMO(CH2Cl2) level)
of metal-fragment and bridge conformations for the truncated
model [1-Me]+ (see the Computational Methods). Two minima
on this 2D PES were initially identified (Figure 6). These minima

are almost isoenergetic and correspond to the trans (W#1808,
DE = 0.0 kJ mol!1) and the analogous cis (W#08, DE =
0.1 kJ mol!1) orientations of the ruthenium fragments. In both
of these minima, the bridge phenyl plane bisects the two P-
Ru-P angles of the diphosphine ligands (i.e. , Veff#08) and
hence are denoted trans(0)-[1-Me]+ and cis(0)-[1-Me]+ . These
two structures provide optimal overlap between the bridging
ligand p system and the metal d orbitals of similar symmetry
and hence the strongest electronic coupling of the two redox
centers. Consequently, the cis minimum cis(0)-[1-Me]+ also fea-
tures almost symmetrical structural parameters and an even
distribution of the spin density over the molecular backbone
in a manner very similar to that described above for the trans
structure (Figure 7). The apparent third minimum on the upper
side (W#408 ; Veff#1408) of Figure 6 is only part of the trough
of a minimum equivalent to cis(0)-[1-Me]+ . However, the full
optimizations without constraints furnished a third, very shal-
low minimum that is not apparent from data presented in
Figure 6, and which will be discussed further below.

Figure 6 shows that, as expected, rotation of the phenylene
moiety in the bridge relative to the metal centers (i.e. , Veff) has
a larger impact on the energy of the system than rotation of
the metal end groups relative to each other (i.e. , W). Maxima
occur for Veff#908 at W#1808 and W#08. Owing to the per-
pendicular orientation of the phenylene moiety in these
higher-energy model structures (with respect to the mirror
plane bisecting the P-Ru-P angle in the Ru(PP)Cp moiety), elec-
tronic coupling is reduced, and the spin-density distribution
exhibits partial symmetry breaking towards one of the metal
centers (Figure 7). The symmetry breaking is also apparent
from key structural parameters such as the difference in the
Ru!C"C bond lengths for the two halves Dd(Ru!C1) of some
0.03 ! for both maxima. Indeed, most points with perpendicu-
lar bridge orientation (Veff#908) correspond to localized spin-
density distributions (see Figure S1 in the Supporting Informa-
tion and Figures 7 c, d, and 8 a). However, the highest-energy
maximum occurs at only approximately 28.6 kJ mol!1 above
the lowest-energy minimum, and most regions are at much
lower energy. Figure S1 in the Supporting Information illus-
trates the progressive localization of the spin density as Veff!
908 for W= 1808 (i.e. , rotation of the bridge), a process that is
accompanied by a dramatic reduction of the bridge contribu-
tions to the spin density (within the bridging ligand, only the
C"C unit close to the oxidized metal center always bears a sig-
nificant share of the spin). That is, as the phenylene ligand ro-
tates around the long molecular axis, [1-Me]+ and hence by in-
ference [1]+ shifts from strongly coupled class III situations
with large bridge contributions for structures with Veff = 08 to-
wards more weakly coupled class II situations with Veff#908.
As the energy penalty associated with this rotation is so small,
the entire conformational phase space is sampled at room
temperature.

The relative orientation of the metal fragments, defined by
the dihedral angle W, also influences the distribution of spin
density over the molecular framework, and hence the most ap-
propriate Robin–Day classification at each point on the 2D
PES: keeping Veff#08 and rotating the end groups to a perpen-
dicular orientation (W#908) leads to a low-energy ridge
(below 15 kJ mol!1; Figure 6). The perpendicular orientation of

Figure 6. Computed potential-energy surface of [1-Me]+ (BLYP35/def2-SVP/
COSMO(CH2Cl2) level).

Figure 7. Spin-density isosurface plots ($0.002 a.u.) of [1-Me]+ for different
points on the PES (BLYP35/def2-SVP/COSMO(CH2Cl2) level). See Figure 3 for
the definition of dihedral angles and Figure 6 for the PES.
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the end groups also diminishes the electronic coupling to an
extent that the charge may become localized (Figures 7 d, 8 a).

It is worth noting at this point that one-dimensional cuts
through the energy profile at either W!0 or 1808 and also
through Veff!08 superficially resemble the shape of the
double-well ground-state potential in the two-state model of
a class II system. Despite the apparent similarity, there is a fun-
damental difference. Here the minima correspond to delocal-
ized class III situations, whereas the spin density becomes

more and more localized upon approaching W= 908 or Veff =
908 (Figures 6, 7, and 8 a).

The two conformational minima found in the relaxed scan
for [1-Me]+ (Figure 6) have been fully reoptimized (BLYP35/
def2-SVP/COSMO(CH2Cl2) level), initially for the truncated com-
plex [1-Me]+ (with dmpe ligands) and subsequently for the full
complex [1]+ (with dppe ligands), both with comparable re-
sults. The energies of the lowest-energy minima for the trun-
cated system, trans-[1-Me]+ and cis-[1-Me]+ , differ by only
0.1 kJ mol"1. However, the spin densities in these fully opti-
mized structures are not completely symmetrical (Table S3 in
the Supporting Information), and although structural symmetry
breaking is moderate, the differences are sufficiently small that
the electronic character is probably still in line with a class III
situation (differences in the Ru"C1 bond lengths are 0.014 !
for cis-[1-Me]+ and 0.015 ! for trans-[1-Me]+).

A third, very shallow minimum (indicated by the absence of
imaginary frequencies) with perpendicular orientation of the
end groups (W = 908, Veff = 08), which corresponds to the low-
energy ridge in Figure 6 (10.4 kJ mol"1 above the lowest-
energy minimum trans-[1-Me]+), was also identified. Relative
to this minimum energy structure, the energy goes slightly up
when fixing W= 85 or 958, and the structure remains a mini-
mum when improving the integration grid (multiple grid
m5[52]) and when using tighter structure optimization criteria.
Although this is certainly only a short-lived metastable struc-
ture, consideration of such extra minima will be useful for the
interpretation of the IR features (see below). This extra mini-
mum exhibits a localized spin density (Table S3 in the Support-
ing Information) and the structural features of a class II system
(Dd(Ru"C1) = 0.046 !), and it is denoted perp-[1-Me]+ .

Full optimization for the non-truncated complex [1]+ afford-
ed the same three minima, trans-[1]+ (already discussed
above), cis-[1]+ , and perp-[1]+ , each of very similar energy (cis-
[1]+ and perp-[1]+ are 0.1 and 7.5 kJ mol"1, respectively, above
trans-[1]+). The spin-density distributions (Table S3 in the Sup-
porting Information) and structures of trans-[1]+ (Dd(Ru"C1) =
0.002 !) and cis-[1]+ (Dd(Ru"C1) = 0.005 !), are notably more
symmetrical than for the truncated complex, which is in agree-
ment with clear class III behavior, whereas the third, metasta-
ble minimum, perp-[1]+ , remains clearly localized (with a slight-
ly larger bridge contribution than perp-[1-Me]+ ; Table S3 in the
Supporting Information). Together, these results suggest
a somewhat stronger electronic coupling between the redox
centers for the full system (perhaps due to the relatively great-
er electron-donating properties of dmpe ligands that favor
more metal-based redox character and a greater energetic mis-
match with the bridging ligand orbitals) but an overall very
similar situation with regard to the conformational profiles of
[1]+ and [1-Me]+ . This is a useful point to note for future stud-
ies of related systems with a view to managing computational
effort.

The population of low-energy regions on the PES that fea-
ture molecular structures with delocalized to localized elec-
tronic characteristics is expected to heavily influence the ap-
pearance of the NIR spectrum of [1]+ at ambient temperatures.
This proposal has been tested by TD-DFT calculations (BLYP35/

Figure 8. Properties (BLYP35/def2-SVP/COSMO(CH2Cl2) level) as a function of
conformational phase space of [1-Me]+ . a) Color plot of Mulliken spin-densi-
ty differences, DSD, between the two Cp*(dmpe)Ru"C#C units ; 0 % indi-
cates fully delocalized and 100 % fully localized distributions (top). b) TD-DFT
transition dipole moment mtrans of the main p!p* excitation at around
6000 cm"1 (middle). c) TD-DFT transition dipole moment of the IVCT excita-
tion at higher energies 7350–9450 cm"1 (bottom). For W= 508, Veff = 91.78
and for W = 1008, Veff = 101.68, TD-DFT did not converge, and the values
were set to 0 (“holes”).
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def2-SVP/COSMO(CH2Cl2) level) for a large subset of points (a
restriction to 08!Veff!908 is justified due to approximate
symmetry relations) on the 2D PES of [1-Me]+ (Figure 6). The
Boltzmann-weighted superposition (see the Computational
Methods) of the stick spectra for all points sampled with the
experimental band profile for [1]+ are combined in Figure 9.

Additionally, the stick spectra have been convoluted with
Gaussian functions (s= 300 cm"1, full width at half-maximum
FWHM = 706.4 cm"1; gray shaded area). While being aware that
Gaussian broadening and neglect of vibronic effects is not fully
adequate, particularly for the low-energy side of the band,[1, 13]

agreement with the bandshape on the high-energy side is en-
couraging (also given the use of a truncated model).

The computed high-energy shoulder is less intense than in
the experimental spectrum but at the correct position relative
to the main band maximum (Figures 3, 9). This might be
owing to the insufficient description of the band asymmetry of
the main absorption (related to vibronic effects), which would
lead to a broader and “flatter” main feature, a more
pronounced overlap between the bands of the CT
and p–p* excitation, and thus to a higher shoulder.

The contributions from different parts of the con-
formational PES to the NIR spectral bandshape are
further analyzed in Figure 8. The differences in the
Mulliken spin densities on the two metal fragments
(Figure 8 a) show that delocalized class III behavior is
concentrated around the cis(0)-[1-Me]+ and trans(0)-
[1-Me]+ minima. Structures in these areas give rise to
the transitions that dominate the main NIR absorp-
tion near 6000 cm"1 (Figure 8 b). The electronic cou-
pling between the metal centers is weakest, and thus
the localization most pronounced (Figure 8 a) near
the energy maxima at W= 1808, Veff = 908 and W=
08, Veff = 908 (Figure 6). These fully localized struc-
tures give rise to more intense excitations around
3500 and above 12 000 cm"1 and do not contribute

to the band shoulder around 8000 cm"1 (Figures 8 c, 9). The
higher-energy shoulder observed in the experimental spectrum
arises from sections on the PES (yellow peaks in Figure 8 c)
that feature only partly localized spin densities (green areas in
Figure 8 a), but it may nevertheless be viewed as an IVCT band
with considerable MMCT character. For structures in which the
redox centers are nearly perpendicular and the bridge bisects
one of the P-Ru-P angles, a third intense excitation arises (Fig-
ure S2 in the Supporting Information), which corresponds to
an IVCT transition and is very close in energy to the previously
discussed IVCT excitation and thus contributes to the shoulder
as well.

The TD-DFT results for the fully optimized minimum struc-
tures of the truncated system [1-Me]+ may be used to illus-
trate these aspects further. Starting with the truncated system,
conformer trans-[1-Me]+ contributes only one intense transi-
tion in the NIR region, at 6108 cm"1 (mtrans = 17.7 D) with con-
siderable diethynyl benzene p–p* character. Similarly cis-[1-
Me]+ has only one intense transition at 6085 cm"1 (mtrans =
17.8 D). Clearly these “class III” areas of the PES are responsible
for the main feature in the NIR spectrum. In contrast, perp-[1-
Me]+ features one intense transition at 9849 cm"1 (mtrans =
9.0 D) and three lower-intensity transitions at 9334 cm"1

(mtrans = 4.2 D), 10 196 cm"1 (mtrans = 5.9 D), and 14 508 cm"1

(mtrans = 2.5 D); the first three transitions are consistent with ab-
sorptions that give rise to the shoulder area.

The TD-DFT results for the full system [1]+ give very similar
excitations for the trans and cis conformers, systematically
blueshifted by approximately 400 cm"1 relative to the similar
conformations of [1-Me]+ , again with delocalized p–p* charac-
ter (b-HOMO!b-SOMO transition; for a summary, see Table 1).
The most pronounced differences occur for perp-[1]+ . The
main transition appears at 9139 cm"1 (mtrans = 10.6 D) and arises
mainly from the b-HOMO!b-SOMO excitation (75 %), with the
b-HOMO-1!b-SOMO excitation also contributing (11 %).
Whereas the b-SOMO is mainly centered at one Cp*(dmpe)Ru"
C#C unit (64 %) and the aromatic part of the bridge (20 %),
the b-HOMO and the b-HOMO"1 are localized on the opposite
C#C"Ru(dmpe)Cp* center (87, 78 %, respectively), with little

Figure 9. Computed Boltzmann-weighted TD-DFT stick spectra with Gaussi-
an broadened envelope (s= 300 cm"1, FWHM = 706.4 cm"1, gray) for [1-
Me]+ relative to the experimental IVCT band[24] (black line) of [1]+ .

Table 1. Comparison of computed IR and NIR parameters for three conformational
minima of [1]+ with experimental data.[a]

Infrared (IR) Near infrared (NIR)
Conformer n(C#C) [cm"1]

(Irel. [%])
n(aryl) [cm"1]
(Irel. [%])

nmax(p–p*) [cm"1]
(mtrans [D])

nmax(MLCT) [cm"1]
(mtrans [D])

trans-[1]+ 1978 (100) – 6566 (17.5) –
cis-[1]+ 1987 (100) – 6515 (17.6) –
perp-[1]+ 2031 (100) 1566 (59) – 9138 (10.6)

1957 (58) – – 9412 (7.4)
– – – 10 196 (5.9)
– – – 14 248 (2.3)

exptl[24] [1]+ 2061 (w) 1564 (m) 5600[b] 6600[b]

1997 (s) – – 8300[b]

1974 (vs) – – –
1915 (w) – – –

[a] BLYP35/def2-SVP/COSMO(CH2Cl2) level. [b] Estimated from Gaussian deconvolution
of the experimental NIR absorption band envelope (see text).
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contribution from the phenyl ring (3, 7 %, respectively) or the
first ethynyl–metal part (0, 7 %, respectively; Figure 10). This
transition thus exhibits significant charge-transfer character,
but it involves the bridge somewhat more than for the truncat-
ed system. Overall symmetry breaking for this conformer is still

notable but less pronounced than for the truncated complex
(as noted above, the dmpe ligands appear to support some-
what more metal-localized redox character). Two further transi-
tions between 9200 and 20 000 cm!1 are also computed. An
excitation at 9412 cm!1 (mtrans = 7.4 D) contains contributions
both from b-HOMO!1!b-SOMO (71 %) and b-HOMO!b-
SOMO (16 %) excitations. These are the same orbitals that con-
tribute to the main transition, although to a reversed extent,
and hence the transition also has charge-transfer character. Fi-
nally, a mixed b-HOMO!2!b-SOMO (78 %) and b-HOMO!1!
b-SOMO (13 %) transition, again with CT contributions, is found
at 14 248 cm!1 (mtrans = 2.3 D). Agreement of these excitations
with the high-energy shoulder of the experimental IVCT band
(Figure 3) is somewhat inferior relative to the truncated model.
However, it should be noted that the determination of the ex-
perimental shoulder maximum has been based on a Gaussian
fit that may well be inaccurate.[24] Moreover, the TD-DFT excita-
tion energies depend notably on the precise modeling of non-
equilibrium solvation (as demonstrated by lower and thus
more accurate excitation energies obtained with Gaussian 09;
see Table S2 in the Supporting Information).

To experimentally test these proposed assignments, the sol-
vatochromic behavior of the NIR band envelope was also ex-
amined. A sample of [1]PF6 (prepared from 1 by treatment
with AgPF6) was synthesized, and the NIR spectrum was re-
corded in solutions of CH2Cl2 and CH2Cl2/acetone (1:6;
Figure 11). In the more polar mixture the high-energy shoulder
(attributed by the computational study to the IVCT transition
of the class II component; Figure 7) shifts to higher energy and
gains intensity, whereas the main lower-energy feature (attrib-
uted to the b-HOMO-to-b-SOMO transition that has substantial
bridge p–p* character in the class III component; Figure 5) is
essentially not solvatochromic.

Experimentally, the IR spectrum of [1]+ features one very
strong, one strong, and two weak bands in the n(C"C) stretch-
ing region, as well as a medium-strong band assigned to an
aryl breathing mode at lower frequency (Figure 3, see also
Table 1).[24] As noted above, these observations are inconsistent
with a pure sample of a symmetrically delocalized class III com-
plex, which should exhibit only one n(C"C) band, whereas the
aryl breathing mode should be IR-inactive for an essentially
centrosymmetric system. The appearance of the IR spectrum
was previously attributed to the population of structures with
delocalized and localized electronic structures in solution, and
suggested to be due to a distribution of conformers.[24] This
proposal can now be refined through the computational work
undertaken here, with the availability of three fully optimized
conformational minima for [1]+ allowing a detailed analysis of
the experimental IR spectra by performing harmonic vibration-
al frequency analyses for all three structures (analogous results
for the truncated model [1-Me]+ are provided in the Support-
ing Information). Harmonic vibrational frequency analyses for
trans-[1]+ and cis-[1]+ each provide one intense n(C"C) band
at 1978 and 1987 cm!1, respectively (scaled values, see the
Computational Methods), which are consistent with the most

Figure 10. Isosurface plots of the spin density (top left, #0.002 a.u.) and key
orbitals (#0.03 a.u.) involved in the NIR excitations of conformer perp-[1-
Me]+ (BLYP35/def2-SVP/COSMO(CH2Cl2) level).

Figure 11. Overlay plots of the NIR spectra of [1]+ and [2]+ obtained by
chemical oxidation in differing solvent mixtures.
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intense features in the experimental spectrum (Table 1,
Figure 3). Aryl breathing vibrations obtain negligible IR intensi-
ty for both of these minima. In contrast, the calculations for
conformer perp-[1]+ provide two n(C!C) frequencies of 2031
and 1957 cm"1, as well as a n(aryl) mode with significant inten-
sity at 1566 cm"1. The splitting of the n(C!C) mode and the
presence of the aryl breathing mode are fully consistent with
the symmetry-broken class II nature and permanent dipole
moment of this conformer.[53, 54] Given that perp-[1]+ is higher
in energy than either trans-[1]+ or cis-[1]+ and thus will be less
populated, the lower intensities of its features at 2061, 1915,
and 1564 cm"1 in the overall experimental spectrum are easily
understandable. The conformational PES is very shallow in the
area around perp-[1]+ , but such minima may be sufficiently
long-lived on the IR timescale to contribute to the spectrum.
That is, the presence of rotamers with charge-localized charac-
ter explains not only the shape and solvatochromic properties
of the components of the NIR band envelope, but also the
multiple features in the IR spectrum of [1]+ .

Extension to [2]+

The complex [trans-{Ru(dppe)2Cl}2(m-C!CC6H4C!C)]+ ,[25, 34] [2]+ ,
offers a more symmetrical supporting ligand environment than
the half-sandwich moieties in [1]+ . Klein et al.[25] have studied
[2]+ by means of UV/Vis-NIR, IR, and EPR spectroscopies. The
NIR spectrum collected here in CH2Cl2/0.1 m NBu4BF4 is similar
to that reported earlier in THF/0.1 m NBu4PF6,[25] and exhibits
an intense peak with an apparent peak maximum at
6550 cm"1 and a distinct high-energy shoulder near 8290 cm"1,
thus giving a profile similar to that of [1]+ . In addition, a very
weak low-energy shoulder near 4807 cm"1 also appears to be
present in the NIR spectrum of [2]+ [25] (this can be inferred
from Figure 11, lower panel, and Figure S9 in the Supporting
Information). The IR spectrum of [2]+ also exhibited multiple
features that could not be reconciled with a simple class III de-
scription (see below) and that were thought to indicate that
the system was not fully delocalized on the IR timescale.[25]

A similar 2D conformational relaxed scan as discussed above
for [1-Me]+ was performed for the truncated system [2-Me]+ ,
with dmpe replacing the dppe ligands in [2]+ . Given
the more symmetrical metal coordination environ-
ment, the end-group dihedral angle W was varied
only from 0 to 908, and the bridge dihedral angle Veff

from 0 to 908 (both in steps of 108 ; CH2Cl2 solvent
model was again used, see the Computational Meth-
ods). The conformational PES is shown in Figure S3
of the Supporting Information. Interestingly, the sur-
face is even shallower than that obtained above for
[1-Me]+ and all points are within an energy of less
than 8 kJ mol"1. The lowest energy is obtained for W

#08, Veff#08, the highest (at 7.6 kJ mol"1) for W

#108, Veff#908. A wide trough is found around
Veff = 08, but all features are much less pronounced
than for [1-Me]+ . Clearly, the dependence of elec-
tronic coupling between the redox centers on con-
formation is reduced owing to the more symmetric

coordination sphere. Given the extremely flat conformational
profile, the outcome of full structure optimizations markedly
depended on the starting structure, clearly reflecting small nu-
merical inaccuracies (DFT integration grids, thresholds for opti-
mization). Large low-energy motions throughout the entire
conformational phase space should be expected, and less im-
portance attached to the specific structures at true minima on
the PES relative to the deeper minima observed for [1-Me]+ .
Nevertheless, it can be noted that, for example, the lowest-
energy structure obtained from a full optimization with W#08,
Veff#08 (in the following termed deloc-[2-Me]+) exhibits a fully
delocalized and essentially symmetrical spin-density distribu-
tion (Cl(dmpe)2Ru/Ru(dmpe)2Cl : 24/22 %) and differences be-
tween d(Ru"C1) bond lengths in each half of the molecule of
less than 0.003 ! (Figure 12). In contrast, a second minimum

with W#458, Veff#458 (at 2.3 kJ mol"1, in the following
termed sb-[2-Me]+) exhibits incipient symmetry breaking in
both the spin density (Cl(dmpe)2Ru/Ru(dmpe)2Cl : 34/16 %;
Figure 12) and in the d(Ru"C1) bond lengths that differ by
0.025 !. Still more pronounced charge localization is found for
other points on the PES (Figure S4 in the Supporting Informa-
tion; Table 2).

TD-DFT results (BLYP35/def2-SVP/COSMO(CH2Cl2) level) for
points across the entire 2D PES of [2-Me]+ were obtained and
an applied Boltzmann weighting used to compare the compu-
tational results with the experimental NIR band (Figure 13).
The intense peak and the high- and low-energy shoulders seen
experimentally in [2]+ are reproduced by the truncated model
[2-Me]+ , but the high-energy shoulder is somewhat too close
to the main peak.

Figure 12. Spin-density isosurface plots ($0.002 a.u.) of deloc-[2-Me]+ (left)
and sb-[2-Me]+ (right; BLYP35/def2-SVP/COSMO(CH2Cl2) level).

Table 2. Comparison of computed IR and NIR parameters for two conformational
minima of [2-Me]+ with experimental data of [2]+ .[a]

Infrared (IR) Near infrared (NIR)
Conformer n(C!C) [cm"1]

(Irel. [%])
n(aryl) [cm"1]
(Irel. [%])

nmax(p–p*) [cm"1]
(mtrans [D])

nmax(MLCT) [cm"1]
(mtrans [D])

deloc-[2-Me]+ 1982 (100) – 6301 (16.7) –
– – 7392 (2.8)

sb-[2-Me]+ 1990 (31) 1584 (7) 6716 (15.6) –
1974 (100) – – 5931 (1.7)

– – – 8040 (4.1)
exptl [2]+ 2068 (w) 1571 (m) 6550[c] –

2007 (sh) – – 4807[c]

1966 (vs) 1807 (vw)[b] – 8290[c]

1916 (sh) – – –

[a] BLYP35/def2-SVP/COSMO(CH2Cl2) level. [b] Likely from contaminant. [c] Centers of
the experimental NIR absorption band envelope.
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The minima deloc-[2-Me]+ and sb-[2-Me]+ are used to illus-
trate how the shape of the NIR band is affected by conforma-
tional motion, but we again emphasize that structures from
across the entire PES contribute to the observed spectroscopic
profile. TD-DFT calculations for deloc-[2-Me]+ give one very in-
tense (mtrans = 16.7 D) excitation at 6301 cm!1, which can be as-
signed to the main absorption feature in the experimental
spectrum. This p–p* transition occurs from the b-HOMO to the
b-SOMO (Figure S5 in the Supporting Information) and corre-
sponds to the IVCT or charge-resonance band associated with
a delocalized (or class III) complex. A second, weaker excitation
at 7392 cm!1 (mtrans = 2.8 D) is also calculated. This transition is
of mixed character, as both the b-HOMO!2!b-SOMO (64 %)
and b-HOMO!1!b-SOMO (29 %) excitations contribute signifi-
cantly. The b-HOMO!2 and b-HOMO!1 are nearly degenerate
(their energies differ by only 484 cm!1) and are located on op-
posite metal centers. Given the delocalized nature of the b-
SOMO, this transition may be assigned MLCT character, and it
corresponds to a bridge-to-metal hole transfer. However, this
transition appears to be too close in energy to those responsi-
ble for the main absorption band at 6550 cm!1 to fully explain
the observed high-energy shoulder at 8290 cm!1.

TD-DFT calculations on sb-[2-Me]+ reveal a main transition
at 6716 cm!1 (mtrans = 15.6 D) that originates from a b-HOMO!
b-SOMO excitation with p–p* character, which is blueshifted
relative to that in deloc-[2-Me]+ . A second excitation at
8040 cm!1 (mtrans = 4.1 D) originates solely from the b-
HOMO!1!b-SOMO transition with MLCT character (Figure S5
in the Supporting Information) and appears to be better
matched to the 8290 cm!1 absorption. Owing to partial charge
localization, mixing of this excitation with another MLCT transi-
tion is absent here (the near degeneracy of b-HOMO!2 and b-
HOMO!1 is lifted, and their energies differ by 3647 cm!1),
thereby explaining the blueshift and the enhanced intensity of
this excitation relative to deloc-[2-Me]+ . In addition, sb-[2-Me]+

exhibits a third, low-intensity TD-DFT transition at 5931 cm!1

(mtrans = 1.7 D) with more distinct b-HOMO!2!b-SOMO com-
position and also MLCT character (Figure S5 in the Supporting

Information). This transition might be connected to the experi-
mentally observed low-energy shoulder at 4807 cm!1. Thus, in
sb-[2-Me]+ the MLCT transitions associated with the valence
trapped forms occur at both higher and lower energy than the
primary IVCT (or charge-resonance) band associated with the
delocalized (or class III) forms. Overall, it is clear that conforma-
tional motion is again responsible for the weaker features of
the NIR band of [2]+ , albeit in a somewhat different manner
than for [1]+ . The weakly solvatochromic nature of the NIR
spectrum of [2]PF6 when measured in CH2Cl2 and CH2Cl2/ace-
tone (1:6; Figure 11) also supports these assignments drawn
from the models based on various conformations of [2-Me]+ .

Klein et al. reported three experimental IR frequencies for
solutions of [2]+ at 2068 (m), 1966 (vs), and 1570 cm!1 (s) in
CH2Cl2/0.1 m NBu4PF6.[25] Closer inspection of the data from
samples in CH2Cl2/0.1 m NBu4BF4 gave peaks at 2068 (w), 2007
(sh), 1966 (vs), 1916 (sh), 1807 (vw), and 1571 cm!1 (m)
(Figure 3). The two minima deloc-[2-Me]+ and sb-[2-Me]+ allow
a rationalization of the main IR bands. Only one n(C"C) fre-
quency at 1985 cm!1 is computed for deloc-[2-Me]+ , and this
likely contributes to the observed band at 1966 cm!1. In con-
trast, the slight localization and symmetry breaking for sb-[2-
Me]+ suffices to generate two n(C"C) stretching frequencies
at 1990 (relative intensity 31 %) and 1974 cm!1 (100 %), which
might correlate with the experimentally observed features at
2007 and 1966 cm!1, and one aryl breathing mode at
1584 cm!1 (7 %). Owing to the less pronounced localization,
the splitting of n(C"C) stretching frequencies is smaller than
for [1]+ , although we cannot exclude contributions from other
areas of the PES, that might help explain the other smaller fea-
tures at 2068 and 1916 cm!1. The notion of a flatter PES and
more shallow minima calculated for [2-Me]+ is consistent with
the experimental spectrum of [2]+ , as the aryl breathing mode
at 1571 cm!1 and the n(C"C) bands at 2007 and 1966 cm!1,
which can be attributed to a class II form of the complex, are
less intense for [2]+ than the analogous features in [1]+

(Figure 3).

The Creutz–Taube Ion [3]5+

The prototypical MV complex, the Creutz–Taube ion, provides
an obvious means through which to explore conformation ef-
fects in systems that ostensibly resemble [1]+ and [2]+ . The
main differences in [3]5 + relative to [1]+ or [2]+ are the classi-
cal Werner-type coordination environment of the ruthenium
centers (ammonia and pyrazine ligands coordinated to the
metal center by their nitrogen atoms[6, 7, 26, 55]) in the Creutz–
Taube ion, the higher local symmetry at the metal centers (C4v),
and the larger positive charge. No attempt has been made
here to include counter ions in the structural models, but it
can be assumed that some screening of charge is affected by
the continuum solvent treatment. Compound [3]5 + has proba-
bly been investigated more extensively than any other MV
complex through detailed experimental measurements in the
solid state[56–58] and in solution,[26, 59, 60] and also using quantum-
chemical methods.[61–66] The UV/Vis-NIR spectrum of [3]5 + ex-
hibits a single asymmetric band envelope with no notable

Figure 13. Computed Boltzmann-weighted TD-DFT stick spectra with Gaussi-
an broadened envelope (s= 300 cm!1, FWHM = 706.4 cm!1, gray) for [2-
Me]+ relative to the experimental IVCT band (black line) of [2]+ .
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shoulders (thus preventing simple Gaussian fitting). The asym-
metrical bandshape can be explained by vibronic coupling,[1, 13]

which is not considered here.
For comparison with the other two systems of this study,

a 2D relaxed conformer scan was conducted by varying the
end-group Neq-Ru-Ru-Neq dihedral W and the Neq-Ru-Nbridge-C1

bridge dihedral Veff both from 0 to 458 in steps of 58. In con-
trast to [1]+ and [2]+ , the PES of [3]5 + (computed in acetoni-
trile, MeCN, for comparison with experimental conditions; see
Figure S6 in the Supporting Information) is dominated by
a single minimum at W= 08, Veff = 08. In this conformation, the
plane of the bridging pyrazine ring bisects the angle between
neighboring amine ligands. A single maximum is obtained at
W= 08, Veff = 458, thus indicating the eclipsing of the equatori-
al amine ligands by the bridge to dominate the energy profile.
This maximum has a relative energy of approximately
28 kJ mol!1, thus giving the conformational PES an energy
window comparable to that of [1]+ (see above). Full structure
optimization of [3]5+ confirms the W= 08, Veff = 08 as a true
minimum. Interestingly, this structure exhibits slight symmetry
breaking, as indicated by two different Ru!Nbridge bond lengths
(2.027 versus 2.017 !). Nevertheless, the spin-density distribu-
tion is essentially delocalized (Figure 14). In contrast to [1]+

and [2]+ , the BLYP35/def2-SVP/COSMO(MeCN) calculations ex-
hibit appreciable spin contamination <S2> = 0.99 (relative to
0.75 for a pure doublet state). This is manifested in the appre-
ciable (but unphysical) negative spin density on the bridging
pyrazine (Figure 14, top; Table S4 in the Supporting Informa-
tion). Comparable spin-contamination problems in open-shell

transition-metal complexes in other calculations with hybrid
density functionals have been noted previously.[67, 68] In all
cases examined so far, this has been connected with the signif-
icant metal–ligand antibonding character of the singly occu-
pied molecular orbital(s) (Figure 14, middle).

In spite of the spin contamination, TD-DFT calculations for
the minimum energy structure give a single p–p* excitation at
7046 cm!1 (mtrans = 10.4 D), which is in good agreement with ex-
perimental[26] band maximum at 6250 cm!1 (Gaussian 09 with
its different solvent model provides 6210 cm!1, in even better
agreement with experimental results). A complete Boltzmann-
weighted sum of TD-DFT stick spectra across the entire confor-
mational 2D PES provides, in addition to the most intense
peak from the minimum energy structure, blueshifted peaks
that arise from the higher-energy regions of the PES. For exam-
ple, the maximum at W= 08, Veff = 458 exhibits a localized spin
density, ((NH3)5Ru/pyrazine/Ru(NH3)5, 93/!7/9 %) and a single
excitation at 8198 cm!1. However, owing to the lower intensity
(mtrans = 4.4 D) and the Boltzmann weighting, this excitation
barely contributes to the observed NIR spectrum. Therefore, al-
though the calculations suggest that dynamic conformational
processes in [3]5+ can shift the electronic character from local-
ized to delocalized, in contrast to [1]+ or [2]+ , the most local-
ized forms of the Creutz–Taube ion are almost NIR-silent, and
so there is no appreciable distortion of the experimentally ob-
served band envelope by transitions that arise from variations
in the relative orientation of the {Ru(NH3)5}n + and the bridging
ligand.

Conclusion

Delocalized class III and valence-trapped class II structures
might be part of a conformational continuum for mixed-va-
lence transition-metal complexes such as [1]+ , [2]+ , and [3]5+ ,
thus rendering an assignment to a single Robin–Day class in-
appropriate. The present study suggests that conformational
dynamics should be considered when 1) the electronic cou-
pling depends significantly on the conformational degrees of
freedom to allow switching between delocalized and valence-
trapped structures, and 2) the energy landscape associated
with these changes is sufficiently shallow to allow thermal
sampling of delocalized and localized areas at the given tem-
perature. On the basis of a suitable quantum-chemical proto-
col, it has been shown that these conditions hold for the com-
plexes [{Ru(dppe)Cp*}2(m-C"CC6H4C"C)]+ , [1]+ , and [trans-
{RuCl(dppe)2}2(m-C"CC6H4C"C)]+ , [2]+ , to a varying extent.
The conformational dependences in [1]+ and its truncated
model [1-Me]+ were found to be stronger than in [2]+ (or [2-
Me]+), thereby resulting in a particularly shallow conformation-
al profile for the latter in which the significance of minima is
only marginal.

In both [1]+ and [2]+ the conformational sampling of delo-
calized and valence-trapped structures is necessary and suffi-
cient to explain 1) the non-trivial shape of the IVCT band in
the NIR, and 2) the simultaneous observation of vibrational fre-
quencies in the IR consistent with the behavior of classes II
and III. In turn, the ability to simulate these spectra with the

Figure 14. Isosurface plots of the spin density (top, #0.002 a.u.) and b-
SOMO (middle)/b-HOMO (bottom; #0.03 a.u.) of [3]5+ (BLYP35/def2-SVP/
COSMO(MeCN) level).

Chem. Eur. J. 2014, 20, 6895 – 6908 www.chemeurj.org " 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim6906

Full Paper

http://www.chemeurj.org


chosen quantum-chemical approach lends strong support to
its correct description of the delocalized and valence-trapped
portions of the conformational continuum, consistent with pre-
vious successful applications of the protocol to various organic
(and partly transition-metal) mixed-valence systems. The con-
formation analysis for the third system studied in the present
work, the classical Creutz–Taube ion [3]5+ , also showed both
delocalized and valence-trapped structures. However, its simu-
lated NIR spectrum suggests that the bands from valence-
trapped conformers do not affect the overall bandshape signif-
icantly, unlike the observed and simulated NIR bands for [1]+

and [2]+ .
The Robin–Day classification system will, undoubtedly,

remain an important vehicle for the description of MV com-
plexes. The present work serves to highlight that the asymme-
tries observed in NIR bandshapes of MV complexes might be
complicated by the presence of multiple conformers, each
with different electronic couplings. These effects are most sig-
nificant in systems of low symmetry with relatively flat–but not
too flat–potential-energy surfaces. They reinforce the essential
role that the concerted application of vibrational and electron-
ic spectroscopic methods play in determining the best overall
class, or across which range of classes, a complex might
belong. Together with the assignment of MV systems to a con-
tinuum of MV classes, the availability of reliable quantum-
chemical methods to describe localization/delocalization in
mixed-valence systems also opens the door to a much more
detailed combined analysis of spectroscopic data and electron-
ic structure in mixed-valence systems than has hitherto been
possible.
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ABSTRACT: Ferrocenylsiloles of the type 2,5-Fc2-3,4-Ph2-
cC4SiR2

(3a, R = Me; 3b, R = Ph) have been prepared by reductive
cyclization from diethynylsilanes, followed by ferrocenylation using
the Negishi C,C cross-coupling protocol with the silole ring serving
as either the vinyl halogenide species or as the zinc organic
component and the complementary functionality introduced on the
ferrocenyl moiety. The electrochemical behavior of these silacyclic-
bridged bis(ferrocenyl) complexes was investigated by cyclic and
square wave voltammetry, and the nature of the redox products was
studied by in situ UV−vis−near-IR spectroelectrochemical measure-
ments. 3a,b each undergo two sequential ferrocenyl-based redox
processes, the separation of which (ΔE°′ = ΔE2°′ − ΔE1°′ = 300
mV (3a), 280 mV (3b)) is in the range of structural similar systems such as 2,5-diferrocenyl-1-phenyl-1H-phosphole (280 mV)
and 2,5-diferrocenylfuran (290 mV). Interestingly, the more electron rich silole 3b, in comparison to 3a, shows a modestly lower
redox separation between the individual ferrocenyl oxidation processes, which may be due to the capacity of this group to shield
the effect of an adjacent positive charge. An intervalence charge transfer (IVCT) absorption was found in the in situ NIR spectra
of [3a]+ and [3b]+, the analysis of which is consistent with a moderate electronic interaction between the iron atoms through the
cis-diene-like fragment of the silole bridge, allowing their description as Robin and Day class II mixed-valence systems. These
conclusions are supported by results from quantum chemical calculations, which together with NMR studies of 3b, also reveal the
likely presence of a range of molecular conformations in solution.

■ INTRODUCTION

Silicon-containing metalloles (metallacyclopentadienes) are
useful structural and electronic building blocks that can be
used as monomers for the preparation of conjugated
polymers1,2 or copolymers.3,4 For example, Tamao has
presented a π-conjugated thiophene silole copolymer,5 while
polysilole (PS) or silole-containing copolymers, which are
linked through the 2,5-position, exhibit unique conductivity and
semiconducting properties attributed to the small band gap
(Eg),

6−8 with computational studies indicating that PS has an
even smaller band gap than other five-membered polyhetero-
cycles such as polythiophene (PT, Eg = 2.10 eV) and
polypyrrole (PP, Eg = 2.85 eV9).7,10 These properties make
silicon-containing metalloles interesting motifs for use in the
design of organic semiconductors. In addition, due to the high
electron mobility and high photoluminescence quantum yields,
1-silacyclopentadienes have attracted much interest for a
diverse range of other materials applications such as new
display devices or in organic light-emitting diodes (OLEDs),
according to the interaction of the σ* orbital of the Si−C bond
with the π* orbital of the butadiene fragment.11−14

In order to gain a deeper insight into the electron transfer
process that can be propagated through a single repeating unit
of such polymers, and in light of our recent research on
heterocyclopentadienes15−17 and aromatic five-membered
heterocycles,18−23 we became interested in siloles as π-
conjugated bridging units between two redox-active ferrocenyl
termini. Herein, we present the synthesis and structural
characterization of siloles of the type 2,5-Fc2-3,4-Ph2-

cC4SiR2
(R = Me, Ph), together with an electrochemical study of their
redox chemistry and spectroelectrochemical investigation of the
redox products. Computational calculations were carried out to
enhance our understanding of the electronic structure of the
compound in different oxidation states.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. Silacyclopentadienes

2a,b were synthesized by intramolecular reductive cyclization
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from dimethylbis(phenylethynyl)silane (1a) and diphenylbis-
(phenylethynyl)silane (1b) with lithium naphthalenide fol-
lowed by bromination with elemental bromine, forming
dibromide 2a, or the reaction with [ZnCl2·2thf] giving the
organozinc species 2b (Scheme 1). Applying Negishi-
ferrocenylation conditions, the reaction of 2a with FcZnCl
(Fc = Fe(η5-C5H4)(η

5-C5H5)) as the ferrocenyl source and
[Pd(CH2CMe2P

tBu2)(μ-Cl)]2 as the precatalyst gave silole 3a.
The analogous coupling of 2,5-Br2-3,4-Ph2-

cC4SiPh2 with
ferrocenylzinc chloride did not result in the formation of the
desired 3b. The synthesis of 3b was realized by a Negishi C,C
cross-coupling reaction using iodoferrocene as the ferrocenyl
source, while the application of bromoferrocene was
unsuccessful. After the appropriate workup (Experimental
Section), molecules 3a,b were obtained in moderate (3a) to
low (3b) yield as dark red solids.
Siloles 3a,b are stable toward air, light, and moisture in the

solid state and in solution and were characterized by elemental
analysis, UV−vis, IR, and NMR (1H, 13C{1H}, 29Si{1H})
spectroscopy, and mass spectrometry. The molecular structures
of 3a,b in the solid state were determined by single-crystal X-
ray structure analysis. The electrochemical behavior of 3a,b was

examined by cyclic voltammetry (CV), square wave voltam-
metry (SWV), and in situ UV−vis−near-IR spectroelectro-
chemistry. Furthermore, DFT calculations were carried out to
support the conclusions drawn from the spectroscopic
measurements and enhance the understanding of the under-
lying electronic structures of [3a,b]n+ (n = 0−2).
The 1H NMR spectra of 3a,b show the characteristic pattern

for the two equivalent ferrocenyl groups with one singlet
(C5H5) and two pseudotriplets (C5H4) with J = 1.90 Hz, the
latter being characteristic for AA′XX′ spin systems.24 The signal
of the C5H5 group is found at 4.06 ppm for 3a and 3.52 ppm
for 3b. The 13C{1H} and 29Si{1H} NMR spectra show typical
resonances corresponding to the heterocyclic core and the
methyl and the phenyl groups (Experimental Section).25 High-
resolution mass spectrometry (HRMS) displays an anticipated
m/z peak of 630.1298 for 3a and 754.1425 for 3b.
Single crystals of 3a and of 3b in the form 3b·2CH2Cl2

suitable for X-ray diffraction analysis could be obtained by
diffusion of n-hexane into a dichloromethane solution
containing either 3a or 3b at ambient temperature. The
molecular structures of 3a,b in the solid state together with

Scheme 1. Synthesis of 3a,b using Negishi Conditionsa

aLegend: (i) tetrahydrofuran, 16 h, −80 °C; (ii) tetrahydrofuran, 2 h, room temperature; (iii) tetrahydrofuran, [Pd] = [Pd(CH2CMe2P
tBu2)(μ-Cl)]2

(0.25 mol %), 80 °C, 2 days. Abbreviations: LiNp, lithium naphthalenide; Fc, Fe(η5-C5H4)(η
5-C5H5).

Figure 1. ORTEP diagram (50% probability level) of the molecular structures of 3a (left) and 3b (right) with the atom-numbering scheme. The sign
∠ indicates interplanar angles between calculated mean planes of atoms adjoining differently colored areas. All hydrogen atoms have been omitted
for clarity. Selected bond distances (Å) and angles (deg), and torsion angles (deg): 3a, Si1−C1 = 1.8787(16), C1−C2 = 1.359(2), C1−C7 =
1.463(2), Si1−C4 = 1.8817(16), Si1−C5 = 1.8710(17), Si1−C6 = 1.8692(17), C2−C3 = 1.498(2), C2−C27 = 1.494(2), C3−C33 = 1.494(2), C3−
C4 = 1.360(2), C4−C17 = 1.462(2), average D−Fe = 1.649, C2−C1−Si1 = 107.31(11), C1−Si1−C4 = 92.26(7), average D−Fe−D = 177.43; 3b,
Si−C1 = 1.871(4). C1−C2 = 1.353(5), C1−C7 = 1.463(5), Si1−C5 = 1.870(3), C2−C2A = 1.507(6), C2−C27 = 1.491(5), average D−Fe = 1.648,
C2−C1−Si1 = 107.0(2), C1−Si1−C1A = 93.0(2), average D−Fe−D = 177.4. D denotes the centroid of C5H4 or C5H5. Symmetry operation for
generating equivalent atoms: (′) −x + 1/2, y, −z + 5/2.
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selected bond distances (Å) and bond angles (deg) are shown
in Figure 1.
Molecule 3a crystallizes in the orthorhombic space group

Pbca with C1 symmetry and 3b in the monoclinic space group
P2/n with two dichloromethane molecules. In contrast to 3a,
silole 3b possesses a C2 symmetry axis going through the Si1
atom and the middle of the C2−C2′ bond (Figure 1). For 3a,
the ferrocenyl groups are oriented in a syn fashion and are
located on the same side of the silacycle, while in 3b an anti
conformation is observed, similar to the structure determined
for other bis(ferrocenyl)metallacycles.15 In the case of 3b, the
anti configuration is apparently stabilized by intramolecular π
interactions26,27 between the ferrocenyl moieties and the
phenyl groups pendant to the silicon atom (Figure 2). These
π interactions also seem to cause the high-field shift of the
C5H5 protons of 3b, in comparison with 3a (3a, 4.06 ppm; 3b,
3.53 ppm).

In 3a,b the bond distances within the central SiC4
heterocyclic silole cores each display the same short−long
alternation, consistent with the valence bond description of the
silacyclopentadiene (Scheme 1, Figure 1), while the distances
between the silacycle and the ferrocenyl ipso carbon atoms are
indistinguishable (3a, 1.436(2), 1.432(2) Å; 3b, 1.436(5) Å).
Furthermore, the bond distances of the silole core of 3a,b are
identical with those reported for 1,1,2,3,4,5-hexaphenylsi-
lole28,29 and 1,1-dimethyl-2,3,4,5-tetraphenylsilole,30 respec-
tively. These observations might indicate that the substitution
of the 2,3,4,5-bonded phenyl groups by ferrocenyl moieties or
the Si-bonded phenyl groups by methyl groups have a
negligible influence on structural parameters.
The ferrocenyl ligands are almost coplanar with the

heterocyclic core (torsion angles of the C5H4 plane to the
silacyclopentadiene unit: 3a, 2.07(3)° for Fe1, 2.88(3)° for Fe2;
3b, 3.5° for Fe1 and Fe1′). In 3a,b the phenyls in 3,4-positions
are almost orthogonal to the heterocyclic core (torsion angles
of the phenyl plane to the silacyclopentadiene unit: 3a,
88.49(6), 82.47(6)°; 3b, 81.8°). The conformations of the
cyclopentadienyls in all ferrocenyl ligands are almost eclipsed
(3a, −7.64(11)° for Fe1 and 0.80(10)° for Fe2; 3b, −2.30° for
Fe1). In both 3a and 3b the central SiC4 cores are planar, with
the silicon atom possessing as expected a tetrahedral environ-
ment.31

Given the stabilization of the ferrocenyl orientations by π
interactions with the phenyl substituents at the silicon atom,
the free rotation around the silole−ferrocenyl carbon−carbon
bond could be reduced by cooling NMR samples of 3b to −100
°C. The exchange rates of those protons can be determined by
line-shape fitting of the NMR spectra at the appropriate
temperatures (Figure 3). The activation parameters of the
rotation process could be quantified from the exchange rates in
graphical analysis according to Eyring32,33 to ΔH⧧ = 38.6
(±1.5) kJ mol−1 and ΔS⧧= 18.2 (±7) J mol−1 K−1 (Supporting
Information, Figure SI16). Comparison with similar rotation
energy barriers in 2,3,4,5-tetraferrocenyl-N-phenyl-1-H-pyrrole
(ΔH⧧ = 26.8 (±1.2) kJ mol−1 and ΔS⧧ = −94.1 (±4.5) J mol−1
K−1)19 showed that the activation enthalpy of 3b is ca. 12 kJ
mol−1 higher, which in part may be attributed to the T-shaped
π interaction (Figure 2). Sherrill and co-workers showed in
2002 that such aromatic T-shaped interactions can reach

Figure 2. Ball-and-stick model of the molecular structure of 3b
displaying intramolecular π interactions between the aromatic C5H5
and PhSi functionalities. All hydrogen atoms are omitted for clarity.
The sign ∠ refers to the calculated interplanar angle and D to the
distance of the geometrical centroids of π interacting aromatic units.
Symmetry operation for generating equivalent atoms: (′) −x + 1/2, y,
−z + 5/2.

Figure 3. (left) Experimental 1H NMR spectra of 3b between 2.36 and 4.05 ppm in dichloromethane-d2 at various temperatures. (right) Simulated
1H NMR spectra of 3b with different exchange rates. Protons in α,α′-positions of the the C5H4 ring are marked with asterisks.
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stabilization energies of 9−12 kJ mol−1 for the benzene dimer.26

Furthermore, in contrast to the case for 2,3,4,5-tetraferrocenyl-
N-phenyl-1-H-pyrrole19 the activation entropy of the ferrocenyl
rotation in 3b is positive. This is generally the case when the
transition state exhibits more degrees of freedom than the
ground state. The π interaction not only hinders the rotation of
the ferrocenyls but also limits the freedom of rotation for the
C5H5 rings and the phenyl groups. Therefore, the ground states
of the rotation around the silole−ferrocenyl carbon−carbon
bond could be considered entropically unfavorable, hence
resulting in a positive activation entropy. The observations of
dynamic NMR studies not only support the crystallographically
determined π interaction, but also showed that even in solution,
especially at low temperatures, a rotation barrier of the
ferrocenyls is present and should be taken into consideration.
Please note that, due to the absence of a π interaction in 3a, no
rotation barrier could be observed at temperatures down to
−100 °C (Supporting Information, Figure SI17).
Electrochemistry. The electrochemical properties of 3a,b

were investigated by cyclic voltammetry (CV) and square wave
voltammetry (SWV) (Figure 4), and the nature of the redox

products was explored in more detail by in situ UV−vis−near-
IR spectroelectrochemistry (Figure 5). The voltammetric
measurements were carried out in dry dichloromethane
solutions of [NnBu4][B(C6F5)4] (0.1 mol L−1), the latter
being chosen to minimize ion pairing effects34−36 (for examples
of the application of [NnBu4][B(C6F5)4] as supporting
electrolyte within electrochemical measurements see refs 15,
19, 22, and 37−41). Cyclic voltammetry studies were
performed at 25 °C with a scan rate of 100 mV s−1. All
potentials are referenced to the FcH/FcH+ (FcH = Fe(η5-
C5H5)2) redox couple (E°′ = 0.0 mV).42

The ferrocenyl substituents in 3a,b are oxidized separately,
showing two reversible redox events with redox separations
(ΔE°′ = ΔE2°′ − ΔE1°′) of 300 mV (3a) and 280 mV (3b),
respectively, which indicates some through-bond or through-
space electronic interactions between the ferrocenyl/ferroce-
nium termini (Table 1, Figure 4). While for 1,1-dimethyl-
2,3,4,5-tetraphenylsilacyclopentadiene irreversible oxidation
(Epa = 1482 mV) and reduction (Epc = −2174 mV) processes
have been observed by Tracy,31 compounds 3a,b showed no
such redox events within the measured potential range (−2500
to 1800 mV). Within the series of bis(ferrocenyl) complexes
featuring five-membered aromatic heterocyclic bridges, such as
5,36 7,35 and 819 (Chart 1), it could be shown that the

separation of the two ferrocenyl redox waves depends on the
electronic characteristics of the bridging moiety. The more
electron-rich the bridging group, the lower (less positive) the
first ferrocenyl oxidation (E1°′) potential process becomes, and
hence electron-rich heterocycles show higher ΔE°′ values
(Table 1). The cC4Si bridging unit within silole 3b donates
more electron density toward the ferrocenyl moieties in
comparison with 3a, and thus those ferrocenyls are more

Figure 4. Cyclic voltammograms (solid lines) and square wave
voltammograms (dotted lines) of 3a,b in dichloromethane solutions
(1.0 mmol L−1) at 25 °C (scan rate 100 mV s−1; supporting electrolyte
0.1 mol L−1 of [NnBu4][B(C6F5)4]).

Figure 5. UV−vis−near-IR spectra of [3a]n+ (n = 0−2) in
dichloromethane solution (2.0 mmol L−1) at increasing potentials
(vs Ag/AgCl): (top) −200 to 300 mV; (bottom) 300 to 700 mV at 25
°C. The supporting electrolyte was 0.1 mol L−1 of [NnBu4][B(C6F5)4].
Arrows indicates an increase or decrease in the absorptions.

Table 1. Cyclic Voltammetry Data of 3a,b and 4−8 for
Comparison

compd
E1°′ (mV)a (ΔEp

(mV))c
E2°′ (mV)b (ΔEp

(mV))c
ΔE°′
(mV)d

3ae −145 (72) 155 (74) 300
3be −170 (64) 110 (68) 280
4f,43 −35 90 225
5e,44 −94 (65) 166 (65) 260
6e,15 −110 (72) 170 (80) 280
7e,44 −152 (60) 138 (63) 290
8e,44 −206 (65) 204 (65) 410

aE°′ = formal potential of first redox process. bE1°′ = formal potential
of second redox process. cΔEp = difference between oxidation and
reduction potentials. dΔE°′ = potential difference between the two
ferrocenyl-related redox processes. eConditions: potentials vs FcH/
FcH+, scan rate 100 mV s−1 at a glassy-carbon electrode of 1.0 mmol
L−1 solutions in dry dichloromethane containing 0.1 mol L−1 of
[NnBu4][B(C6F5)4] as supporting electrolyte at 25 °C. fConditions:
measured in [NnBu4][B(3,5-C6H3(CF3)2] (0.1 M) in dichloromethane
with a Pt working electrode and Ag/AgI reference electrode,
referenced to FcH/FcH+, at a scan rate 50 mV/s.
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easily oxidized (3a, E1°′ = −145 mV; 3b, E1°′ = −170 mV);
however, 3b possesses a lower redox separation (3a, 300 mV;
3b, 280 mV), which is in contrast to the trends revealed by
other species in this five-membered heterocyclic family (Table
1). The discrepancy between the observed and expected
electrochemical behavior of 3a,b might be explained by the
influence of the cross-hyperconjugation of the SiMe2 moiety to
the butadiene system.12,46−49 Due to the involvement of the
silicon atom in the π conjugation, the electronic interactions
between the respective iron centers might be increased, leading
to some additional stabilization of the mono-oxidized redox
product [3a]+ relative to [3b]+. In order to explore this
hypothesis, the IVCT transitions within the mixed-valent
cations [3a]+ and [3b]+ have been studied using spectroelec-
trochemical methods.
Spectroelectrochemistry. Spectroelectrochemical studies

were performed in an optically transparent thin-layer electro-
chemistry (OTTLE) cell containing 2.0 mmol L−1 of 3a or 3b
and 0.1 mol L−1 of [NnBu4][B(C6F5)4] as the supporting
electrolyte, with stepwise increase of the applied potential from
−200 to 700 mV vs Ag/AgCl. The potential was increased
using varying step heights of 25, 50, and 100 mV. This
procedure allowed the sequential in situ generation of [3a,b]+

and [3a,b]2+ (Figure 5). In their charge-neutral, Fe(II/II) state,
siloles 3a,b are, as expected, transparent in the near-IR region,
while broad intense transitions (IVCT and LMCT) could be
observed as 3a,b were oxidized to [3a]+ and [3b]+ by increasing
the applied potential. Deconvolution of this absorption
envelope required four Gaussian-shaped spectral components,
consistent with an IVCT transition at 4700 cm−1 ([3a]+) or
4650 cm−1 ([3b]+) ([3a]+, εmax = 3150 L mol−1 cm−1, Δν1/2 =
2950 cm−1; [3b]+, εmax = 2270 L mol−1 cm−1, Δν1/2 = 3310
cm−1) and two LMCT bands at 3470 and 4000 cm−1 ([3a]+)
and 3460 and 3930 cm−1 ([3b]+) (Table 2 and Figure 6). The
fourth component was used to simulate the low-energy edge of
higher energy absorptions that protrude into the near-IR
region. Due to the sp3 character of the silicon atom, the silole
fragment cC4Si is rather comparable to a cis-diene system.43

However, the intensity of the IVCT absorption found in [3a]+

exceeds those found in mixed valence [6]+ 15 and [4]+,43 while
the IVCT characteristics (εmax, Δν1/2) of [3b]+ are very similar

to those of the diene analogue [4]+. The higher extinction
coefficient of the IVCT absorption in [3a]+ might be a
consequence of cross-hyperconjugation of the SiMe2 building
block with the butadiene unit causing involvement of the sp3-
hybridized silicon atom in the π-conjugated system, a
phenomenon that has been described in, for example, methyl-
and H-substituted siloles.12,46−49 The fact that the IVCT
transition associated with [3b]+ is less intense and broader than
that of [3a]+ demonstrates a weaker electronic coupling
between the redox centers. In support of this, we note that
although ΔE°′ depends on many factors, including ion-pairing
energies, solvation factors, magnetic effects, and metal−ligand
bonding variations in different oxidation states, in addition to
statistic and electrostatic terms,50,51 these are not expected to
be substantively different in 3a/[3a]+ vs 3b/[3b]+. Hence, the
smaller ΔE°′ value observed for 3b (see Electrochemistry) is
also consistent with a smaller contribution of the resonance
term. Comparison of the characteristics of the IVCT transition
of [3a]+ and [3b]+ with those from other aromatic five-
membered heterocycles revealed that the Δν1/2 values for
[5]+,21,45,52 [6]+,15 [7]+,44 and [8]+44,53,54 are smaller (2300−
2400 cm−1) than those of [3a]+ and [3b]+, while the intensities
are within the same range. Phosphole [6]+,15 which is similar to
siloles 3a,b, also contains a nonaromatic five-membered
heterocycle showing IVCT absorptions with Δν1/2 values
comparable to [3a]+ and [3b]+, respectively.
The electronic coupling parameter Hab can be calculated

according to Hush’s two-state model for a class II system as
shown in eq 1, where rab is the effective electron transfer

Chart 1. Selected Diferrocenyl Molecules for Comparison

Table 2. Near-IR Data of the Absorptions of Siloles [3a]+ and [3b]+ a

compd νmax (cm
−1) (ε (L mol−1 cm−1)) Δν1/2 (cm−1) Δν1/2(theor) (cm−1) Hab(syn conformation) (cm−1)b Hab(anti conformation) (cm−1)b

3a+ IVCT 4700 (3150) 2950 3300 542 500
I LMCT 3470 (2650) 950
II LMCT 4000 (1250) 450

3b+ IVCT 4650 (2250) 3300 3300 482 445
I LMCT 3460 (1450) 800
II LMCT 3930 (800) 450

aConditions: in dry dichloromethane containing 0.1 mol L−1 of [NnBu4][B(C6F5)4] as supporting electrolyte at 25 °C.
bHab was calculated according

to eq 1 with rab(syn) = 7.9438 Å and rab(anti) = 8.6074 Å.

Figure 6. Four-band Gaussian deconvolution of the near-IR
absorption envelope of [3a]+ obtained by spectroelectrochemistry in
an OTTLE cell.

ν ε ν
= ×

Δ−H
r

2.06 10ab
2 max max 1/2

ab (1)
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distance between the two redox-active sites, which is
notoriously hard to determine experimentally.51,55−58 There-
fore, the crystallographic Fe−Fe distances were used to
estimate Hab. Since the ferrocenyl substituents within 3a,b
can adopt both syn and anti conformations, Hab was calculated
using crystallographic data derived from 3a representing the syn
orientation (rab(syn) = 7.9438(18) Å) and anti-oriented 3b
(rab(anti) = 8.6074(9) Å). Please note that the effective
electron transfer distance is expected to be shorter than the
geometric Fe−Fe distances and hence Hab might be under-
estimated.54 As expected, due to the lower rab value, Hab is
higher for the syn conformation for both molecules [3a]+ and
[3b]+, in comparison with the respective anti conformer (Table
2). Silole [3a]+ exhibits higher Hab values in comparison with
[3b]+; nevertheless, the determined values are quite similar,
showing that there are only minor differences in the electronic
coupling caused by the different substitution on the silicon
atom.
The unexpectedly strong IVCT interactions allowed

classification of siloles [3a]+ and [3b]+ as moderately and
moderately to weakly coupled class II systems, respectively,
according to the classification system introduced by Robin and
Day.58

Further oxidation of [3a]+ and [3b]+ to the dications [3a]2+

and [3b]2+ leads to a disappearance of the IVCT bands as
homovalent Fe(III/III) species are formed. In association with
this, two MLCT transitions emerge at ca. 1000 nm (10000
cm−1). The LMCT bands that are determined for [3a]+ and
[3b]+ can also be found in dications [3a]2+ and [3b]2+,
exhibiting a decreased intensity (ca. 200 L mol−1 cm−1)
(Supporting Information).
Computational Studies. To explore the electronic

structures of [3a,b]n+ (n = 0−2) in more detail, the
computational model systems syn-[3a′]n+, anti-[3a′]n+, and
anti-[3b′]+ (where the prime (′) nomenclature is introduced to
distinguish the computational from the real system) were
analyzed (B3LYP using Dunning’s all-electron valence double-ζ
(D95 V) for C and H atoms and the Los Alamos ECP/double-
ζ valence basis set on Fe and Si (LANL2DZ) and a CPCM-
dichloromethane solvent model). Tables giving orbital energies
and compositions are available in the Supporting Information,
together with the results from benchmarking studies carried out
on 3a′ using 3-21G* (all atoms) and 6-31G** (H, C, Si)/
LANL2DZ (Fe) basis sets, which reveal no structural or
electronic differences of any significance to the results reported
in the main body of the paper.
The optimized geometry of syn-3a′ compares very well with

that determined crystallographically for 3a (Figure 7 and Table
3) and differs little from that of anti-3a′, which lies only +0.37
kJ/mol lower in energy. The optimized geometries of the syn
and anti conformers of 3a′ both exhibit pronounced bond-

length alternation in the silacyclopentadiene ring and significant
cis-diene-like character in the bridging moiety linking the two
ferrocenyl fragments, in a manner entirely analogous to the
crystallographically determined stuctures of 3a,b and other
heterocyclic bridged bis(ferrocenyl) complexes. In both the
computational models and the crystallographically determined
structures, the C1−C15, silacyclopentadiene, and C6−C65
rings are essentially coplanar, while the geometry at Si is
distorted from idealized tetrahedral by the inclusion within the
C4Si ring. The HOMO of syn-3a′ features a substantial (ca.
42%) character from the cis-butadiene-like portion of the
silacycle, admixed with contributions from the ferrocenyl
substituents (ca. 28% each) (Figure 8). There is negligible
contribution from both the SiMe2 fragment and the phenyl
groups, the latter being oriented approximately perpendicularly
to the plane of the silacycle. The electronic structure varies little
as a function of the relative disposition of the ferrocenyl
moieties across the silacyclic ring, and the composition and
energy of the frontier orbitals of the anti conformer anti-3a are
essentially the same as those described for the syn form
(Supporting Information).
The monocation syn-[3a′]+ displays a number of structural

and orbital features that are entirely consistent with the
description of this species as an Fe(II/III) mixed-valence (MV)
complex. The C1−C2 bond is rather shorter in the monocation
(1.445 Å) than in the neutral species (1.467 Å), although the
C5−C6 bond lengths are more consistent between the two
oxidation states (3a′, 1.467 Å; [3a′]+, 1.458 Å), while within
the silacyclopentadiene ring the bond length alternation is
modestly less pronounced (Table 3), giving rise to a valence
bond description with more cumulenic character in the diene-
like backbone. There is also a substantial elongation of the Fe−
Cp1 distance in [3a′]+ in comparison with 3a′, consistent with
the oxidation of this site (Table 3). However, there is little
variation in the local geometry at the silicon center. The
composition of the molecular orbitals also supports the MV
description of [3a]+, with the β-LUSO in [3a′]+ essentially
localized (80%) on one ferrocenyl center and a small
contribution (14%) from the diene-like backbone (Figure 9),
while the β-HOSO has more character derived from the other
ferrocenyl moiety (58%) and the diene (30%) with 10% arising
from the formally oxidized ferrocenyl center (Figure 10).
Interestingly, anti-[3a′]+ is essentially isoenergetic with the

syn isomer, lying barely 0.65 kJ/mol lower in energy. This,
together with the virtually barrierless rotation determined from
the dynamic NMR studies, indicates that solutions of [3a]+

contain more than one conformer. The key bond lengths and
angles of anti-[3a′]+ are for all intents identical with those of
the syn isomer, and there would also therefore appear to be
little by way of net reorganization energy in the interconversion
of the two conformers. The composition of the β-LUSO and β-
HOSO in anti-[3a′]+ is, perhaps surprisingly, almost indis-
tinguishable from that of the syn conformer, with the β-LUSO
being largely localized on one ferrocenyl moiety (81%) and the
diene (14%) with the β-HOSO again exhibiting more diene-like
character (Fc 59%, diene 30%, Fc+ 10%) and being somewhat
more delocalized.
In order to probe the possible conformational and chemical

differences of the mixed-valence complexes [2,5-Fc2-3,4-
Ph2-

cC4SiR2]
+ further, the complex anti-[3b′]+ was also

modeled. The presence of the phenyl substituents made
essentially no change to the core geometry of the cis-diene-like
Fc+CCPhCPhCFc fragment in comparison with syn- orFigure 7. Atom-labeling scheme of 3a.
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anti-[3a′]+ (Table 3), although the ferrocenyls are slightly
distorted from coplanarity (FeCp1···FeCp2: anti-[3b′]+,
−172.00°; anti-[3a′]+, −175.25° Me2). This minor geometric
variation and the impact on the electronic structure are
potentially interesting with regards to the suggestion of a
degree of attenuation of the coupling between the ferrocenyl
moieties through the 1,1,3,4-tetraphenylsilacyclopentadiene
scaffold of [3b]+ vs [3a]+ made on the basis of the
electrochemical and near-IR data. While the β-LUSO of this
lowest energy geometry of anti-[3b′]+ exhibits the same
composition as in syn- and anti-[3a′]+ (Fc+ 80%, diene 15%,

Fc 4%), the diene contribution to the β-HOSO in anti-[3b′]+ is
somewhat smaller (Fc 65%, diene 25%, Fc+ 8%). Given that the
IVCT transition is approximated in terms of the β-HOSO→ β-
LUSO transition, the lower overlap between these orbitals may
be responsible for the modestly weaker coupling. Such
suggestions must be tempered against the relatively high
barriers to rotation about the C1−C2 and C5−C6 bonds
determined by dynamic NMR arising from the T-shaped π−π
interactions, taken in light of the likely conformational
distribution in solution. The notion that the SiPh2 moiety
presents a steric barrier to the optimal coplanar arrangement of
the ferrocenyl and silacyclic moieties would be consistent with
the modestly weaker coupling observed in [3b]+ in comparison
to that in [3a]+.
As an aside, we note that at the level of theory employed, a

local minimum with a symmetric (i.e., delocalized or class III)
electronic structure was also found for anti-[3a′]+, which differs
only slightly in individual bond lengths and is only 14 kJ/mol
higher in energy than the class II form described above
(Supporting Information). Given the well-known overestima-
tion of delocalized electronic structures from the B3LYP
functional, it is not appropriate to base any substantive
comment on the apparently low energy difference between
the class II and class III forms of anti-[3a′]+. However, the

Table 3. Selected Bond Lengths (Å) and Bond and Torsion Angles (deg) from the Crystallographically Determined Structure of
3a and the Optimized Geometry of Models [3a′]n+ (n = 0, 1, 2)

3a syn-3a′ anti-3a′ syn-[3a′]+ anti-[3a′]+ anti-[3b′]+ syn-T-[3a′]2+ anti-T-[3a′]2+

Fe−Cp1a 1.647 1.730 1.730 1.800 1.799 1.795 1.798 1.798
Fe−Cp6b 1.648 1.730 1.732 1.731 1.731 1.730 1.796 1.798
C1−C2 1.462 1.467 1.467 1.445 1.445 1.447 1.457 1.458
C2−C3 1.360 1.380 1.380 1.395 1.394 1.391 1.386 1.386
C3−C4 1.498 1.507 1.507 1.487 1.487 1.490 1.497 1.498
C4−C5 1.359 1.380 1.380 1.390 1.390 1.387 1.386 1.386
C5−C6 1.463 1.467 1.467 1.458 1.458 1.457 1.457 1.458
C2−Si 1.882 1.904 1.905 1.902 1.902 1.901 1.906 1.906
C5−Si 1.879 1.904 1.905 1.909 1.909 1.910 1.906 1.906
C1−C2−C3 127.12 127.97 127.88 126.50 126.71 126.94 126.47 126.44
C2−C3−C4 116.33 116.43 116.43 116.70 116.67 116.74 116.00 115.99
C3−C4−C5 116.66 116.43 116.43 115.93 115.97 116.06 115.98 115.99
C4−C5−C6 126.84 127.97 127.88 127.80 127.67 127.83 126.70 126.44
C2−Si−C5 92.26 91.85 91.86 91.16 91.16 91.30 90.73 90.76
CH3−Si−CH3 109.07 111.11 110.89 111.68 111.62 111.71c 112.42 112.09
C12−C1−C2−Si −1.68 −0.88 1.24 4.55 2.68 1.83 2.41 2.90
C62−C6−C5−Si 0.11 0.84 1.25 2.40 0.88 1.14 4.39 2.91

aCp1 is the midpoint of the C1−C15 cyclopentadienyl ring. bCp2 is the midpoint of the C6−C65 cyclopentadienyl ring. c(ipso-C)−Si−(ipso-C).

Figure 8. Plot of the HOMO of 3a′ (isocontour value ±0.04 (e/
bohr3)1/2).

Figure 9. Plot of the β-LUSO of [3a′]+ (isocontour value ±0.04 (e/
bohr3)1/2).

Figure 10. Plot of the β-HOSO of [3a′]+ (isocontour value ±0.04 (e/
bohr3)1/2).
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point to note is not that the B3LYP hybrid functional identifies
a structure with a delocalized electronic structure but rather
that there are only very subtle changes in bond length required
to pass between class II and class III in these complexes (a
point that is implicit in the thermal barrier to electron transfer
associated with class II complexes).
The dication syn-[3a′]2+ proved to be substantially more

stable in the triplet (or high-spin, HS) ground state (ΔET‑S:
−118.6 kJ/mol [3′]2+), and consequently the discussions here
are restricted to this state. The molecular geometry of HS-
[3a′]2+ reflects the homovalent nature of the two iron centers,
with essentially identical geometric parameters observed in each
half of the dication, and a restoration of the more pronounced
bond-length alternation in the cis-diene backbone (Table 3).
The dication is therefore well described as two ferrocenium
moieties pendant to the silacycle.

■ CONCLUSION
The synthesis of 2,5-diferrocenyl-3,4-diphenyl siloles bearing
methyl (3a) or phenyl (3b) groups at the silicon atom are
realized by a reductive cyclization reaction of dimethyl- or
diphenylbis(phenylethynyl)silane with lithium naphthalenide.
The ferrocenyl substituents are introduced to the silole ring by
Negishi C,C cross-coupling reactions, whereas the silole ring
either was applied as a vinyl halogenide or as a zinc organic
component. Electrochemical investigations showed that the
ferrocenyl units of both synthesized siloles can be oxidized
separately. In contrast to findings among the series of aromatic
diferrocenyl five-membered heterocycles,15,18,19,44,45 the more
electron rich siloles showed a lower redox separation between
the individual ferrocenyl oxidation processes. Spectroelectro-
chemical investigations confirmed electron charge transfer
interactions between the individual ferrocenyl termini across
the silole linking unit, which are comparable to those found in
diferrocenyl phosphole15 or diferrocenyl cis-butadiene sys-
tems,43 arguing that the C4 chain at the molecule’s backbone
mediates the electronic coupling. Molecules [3a,b]+ can be
characterized as moderate or moderate to weakly coupled class
II species according to Robin and Day. Despite being more
electron rich, 3b+ showed less intense IVCT absorptions than
the dimethylsilole [3a]+, which may be due to steric
interactions. DFT calculations are consistent with the class II
mixed valence description of [3a,b]+, with the apparent low
differences in energy between syn and anti conformations
suggesting a distribution of molecular geometries, and hence
variation in electronic coupling, in solution.

■ EXPERIMENTAL SECTION
General Conditions. All reactions were carried out under an

atmosphere of argon using standard Schlenk techniques. Tetrahy-
drofuran was purified by distillation from sodium/benzophenone ketyl.
For column chromatography, alumina with a particle size of 90 μm
(standard, Merck KGaA) was used.
Reagents. 2,5-Dibromo-1,1-dimethyl-3,4-diphenyl-1H-silole59 and

diphenylbis(phenylethynyl)silane60 were prepared in analogy to
published procedures. [N(nBu)4][B(C6F5)4] was prepared by metha-
thesis of lithium tetrakis(pentafluorophenyl)borate etherate (Boulder
Scientific) with tetra-n-butylammonium bromide according to ref 35.
[P(tC4H9)2C(CH3)2CH2Pd(μ-Cl)]2

61,62 and iodoferrocene63,64 were
prepared according to published procedures. All other chemicals were
purchased from commercial suppliers and were used as received.
Instrumentation. Infrared spectra were recorded using a FT-

Nicolet IR 200 equipment. The 1H NMR spectra were recorded with a
Bruker Avance III 500 spectrometer operating at 500.303 MHz in the

Fourier transform mode; the 13C{1H} NMR spectra were recorded at
125.800 MHz. Chemical shifts are reported in ppm downfield from
tetramethylsilane with the solvent as reference signal (1H NMR,
δ(CHCl3) 7.26 ppm; 13C{1H} NMR, δ(CHCl3) = δ(CDCl3) 77.16
ppm; 29Si{1H} NMR, δ(TMS) 0.00 ppm). The melting points were
determined using a Gallenkamp MFB 595 010 M melting point
apparatus. Elemental analyses were performed with a Thermo FlashEA
1112 Series instrument. High-resolution mass spectra were recorded
using a micrOTOF QII Bruker Daltonite workstation. UV−vis spectra
were recorded with a THERMO Genesys 6 spectrometer.

X-ray Diffraction. Data were collected with an Oxford Gemini S
diffractometer at 110 K using Mo Kα (λ = 0.71073 Å) radiation. The
structures were solved by direct methods and refined by full-matrix
least-squares procedures on F2.65,66 All non-hydrogen atoms were
refined anisotropically, and a riding model was employed in the
treatment of the hydrogen atom positions.

Electrochemistry. Electrochemical measurements on 1.0 mmol
L−1 solutions of the analytes in dry, air-free dichloromethane
containing 0.1 mol L−1 of [NnBu4][B(C6F5)4] as supporting
electrolyte were conducted under a blanket of purified argon at 25
°C utilizing a Radiometer Voltalab PGZ 100 electrochemical
workstation interfaced with a personal computer. A three-electrode
cell, which utilized a Pt auxiliary electrode, a glassy-carbon working
electrode (surface area 0.031 cm2), and an Ag/Ag+ (0.01 mol·L−1
AgNO3) reference electrode mounted on a Luggin capillary, was used.
The working electrode was pretreated by polishing on a Buehler
microcloth first with a 1 μm and then a 1/4 μm diamond paste. The
reference electrode was constructed from a silver wire inserted into a
solution of 0.01 mol L−1 [AgNO3] and 0.1 mol L−1 [NnBu4][B-
(C6F5)4] in acetonitrile, in a Luggin capillary with a Vycor tip. This
Luggin capillary was inserted into a second Luggin capillary with a
Vycor tip filled with a 0.1 mol L−1 [NnBu4][B(C6F5)4] solution in
dichloromethane.36 Successive experiments under the same exper-
imental conditions showed that all formal reduction and oxidation
potentials were reproducible within 5 mV. Experimentally, potentials
were referenced against an Ag/Ag+ reference electrode, but results are
presented referenced to ferrocene as an internal standard, as required
by IUPAC.42 When decamethylferrocene was used as an internal
standard, the experimentally measured potential was converted into E
vs FcH/FcH+ by addition of −619 mV.67 Data were then manipulated
on a Microsoft Excel worksheet to set the formal reduction potentials
of the FcH/FcH+ couple to ΔE°′ = 0.0 V. Ferrocene itself showed a
redox potential of 220 mV vs Ag/Ag+ (ΔEp = 61 mV) within our
measurements.68,69 The cyclic voltammograms, which are depicted
(Figure 4), were taken after typically two scans and are considered to
be steady-state cyclic voltammograms in which the signal pattern does
not differ from the initial sweep.

Spectroelectrochemistry. UV−vis−near-IR measurements were
carried out in an OTTLE (optically thin layer electrochemistry) cell
with quartz windows similar to that described previously70 in dry
dichloromethane solutions containing 2.0 mmol L−1 analyte and 0.1
mol L−1 of [NnBu4][B(C6F5)4] as supporting electrolyte using a Varian
Cary 5000 spectrophotometer at 25 °C. The Pt-mesh working
electrode, the AgCl-coated Ag wire reference electrode, and the Pt-
mesh auxiliary electrode were melt-sealed into a polyethylene spacer.
The values obtained by deconvolution could be reproduced within
εmax = 100 L mol−1 cm−1, νmax = 50 cm−1, and Δν1/2 = 50 cm−1.
Between the spectroscopic measurements the applied potentials were
increased in a stepwise fashion using a step height of 25, 50, or 100
mV. At the end of the measurements the analyte was reduced at −400
mV for 30 min and an additional spectrum was recorded to prove the
reversibility of the oxidations.

Computational Chemistry. Calculations were carried out with
the Gaussian 0971 package, with GaussView 5.0.872 and Gauss-
Sum3.073 used to further analyze the results. All geometries were
optimized with the B3LYP functional, using the LAN2DZ basis set on
Fe and 6-31G** on all other atoms, with a CPCM (dichloromethane)
solvent model. All optimized geometries were confirmed as true
minima by the absence of imaginary frequencies.
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Synthesis of 2,5-Diferrocenyl-1,1-dimethyl-3,4-diphenyl-1H-
silole (3a). To a solution of 9.52 mmol of ferrocenyl zinc chloride in
40 mL of tetrahydrofuran, prepared by monolithiation of ferrocene
(1.95 g, 10.47 mmol)74 followed by addition of [ZnCl2·2thf] (4.23 g,
15.08 mmol) at −80 °C, was added 2,5-dibromo-1,1-dimethyl-3,4-
diphenylsilole (2.0 g, 10.47 mmol) in a single portion at 25 °C. To the
solution was added 16.3 mg (24 μmol) of [P(tC4H9)2C(CH3)2CH2Pd-
(μ-Cl)]2, and the mixture was stirred for 2 days at 80 °C. After
evaporation of all volatiles, the precipitate was dissolved in 70 mL of
diethyl ether and washed three times with 60 mL portions of water.
The organic phase was dried over MgSO4, and all volatiles were
removed. The remaining crude solid was purified by column
chromatography (column size 20 × 4 cm, on alumina) using a 2/1
(v/v) n-hexane/dichloromethane mixture as eluent. All volatiles were
removed under reduced pressure, and the wine red solid was
crystallized from n-hexane at 68 °C. Yield: 35% (based on 2,5-
dibromo-1,1-dimethyl-3,4-diphenylsilole). Anal. Calcd for C38H34Fe2Si
(M = 630.45: C, 72.39; H, 5.44. Found: C, 71.89; H, 5.38. Mp: 275 °C
dec. IR (KBr, in cm−1): 3087 (w), 3076 (m), 3056 (m), 3022 (m),
2947 (w), 2923 (w), 1682 (w), 1442 (m), 1241 (s), 1106 (s) 1000 (s),
793 (s), 745 (s), 702 (s), 506 (s). 1H NMR (CDCl3, δ in ppm): 0.73
(s, 6H, CH3), 3.71 (pt, JHH = 1.89 Hz, 4H, C5H4), 4.06 (s, 10H,
C5H5), 4.10 (pt, JHH = 1.89 Hz, 4H, C5H4), 6.96−7.00 (m, 4H, o-
C6H5), 7.09−7.14 (m, 2H, p-C6H5) 7.18−7.22 (m, 4H, m-C6H5).
13C{1H} NMR (CDCl3, δ in ppm): −1.0 (CH3), 68.6 (C5H4), 68.7
(C5H4), 69.5 (C5H5), 83.3 (iC-C5H4), 126.4 (o-C6H5), 128.0 (m-
C6H5), 129.3 (p-C6H5), 134.8 (2,5-C4Si), 141.6 (i-C6H5), 152.6 (3,4-
C4Si).

29Si{1H} NMR (CDCl3, δ in ppm): 5.70 (s, Si). UV−vis: 391
nm (12057 L mol−1 cm−1), 507 nm (5073 L mol−1 cm−1). HRMS
(ESI-TOF, m/z): calcd for C38H34Fe2Si 630.1129, found 630.1198
[M]+. Crystal data for 3b: C38H34Fe2Si, Mr = 630.44, orthorhombic,
Pbca, λ = 0.71073 Å, a = 13.036(5) Å, b = 19.934(5) Å, c = 22.598(5)
Å, V = 5872(3) Å3, Z = 8, ρcalcd = 1.426 g m−3, μ = 1.023 mm−1, T =
110 K, θ range 3.13−26.00°, 56340 reflections collected, 5734
independent reflections (Rint = 0.0338), R1 = 0.0258, wR2 = 0.0635 (I
> 2σ(I)).
Synthesis of 2,5-Diferrocenyl-1,1,3,4-tetraphenyl-1H-silole

(3b). Lithium naphthalenide was prepared by stirring 84.5 mg (12.18
mmol) of lithium with 1.56 g (12.18 mmol) of naphthalene in 10 mL
of dry tetrahydrofuran at room temperature for 18 h. To this solution
was added 1.17 g (3.04 mmol) of diphenylbis(phenylethynyl)silane in
a single portion, and the mixture was stirred for 1 h. Afterward, 3.41 g
(12.18 mmol) of [ZnCl2·2thf] was added in a single portion at 0 °C,
10 mL of dry tetrahydrofuran was added, and the mixture was stirred
again for 1 h. Iodoferrocene (1.97 g (6.33 mmol)) and 12 mg (17.5
μmol) of [P(tC4H9)2C(CH3)2CH2Pd(μ-Cl)]2 were added, and the
reaction mixture was stirred for 2 days at 80 °C. After evaporation of
all volatiles, the solid material was dissolved in 40 mL of diethyl ether
and washed three times with 30 mL portions of water. The organic
phase was dried over MgSO4, and all volatiles were removed. The
remaining crude solid was purified by column chromatography
(column size 20 × 2 cm, on alumina) using a 4/1 (v/v) n-hexane/
dichloromethane mixture as eluent. All volatiles were removed under
reduced pressure, and the wine red solid was crystallized from n-
hexane at 68 °C. Yield: 12% (based on diphenylbis(phenylethynyl)-
silane). C48H38Fe2Si (M = 754.59). Mp: 280 °C dec. IR (KBr, in
cm−1): 3089 (w), 3070 (m), 3048 (m), 3021 (m), 1594 (w), 1557
(m), 1483 (m), 1429 (m), 1267 (s), 1112 (s), 1105 (s) 1000 (s), 819
(s), 770 (s) 735 (s), 706 (s), 504 (s). 1H NMR (CDCl3, δ in ppm):
3.52 (s, 10H, C5H5), 3.57 (pt, JHH = 1.89 Hz, 4H, C5H4), 3.95 (pt, JHH
= 1.89 Hz, 4H, C5H4), 7.06−7.09 (m, 4H, o-C6H5), 7.13−7.17 (m, 2H,
p-C6H5), 7.22−7.26 (m, 4H, m-C6H5), 7.52−7.55 (m, 6H, Si−C6H5),
8.00−8.03 (m, 4H, Si−C6H5).

13C{1H} NMR (CDCl3, δ in ppm):
68.6 (C5H4), 69.5 (C5H5), 69.5 (C5H4), 82.8 (iC−C5H4), 126.6 (C-o-
C6H5), 128.1 (C−C6H5), 128.6 (Si−C6H5), 129.4 (C−C6H5), 130.5
(Si−C6H5), 133.5 (C6H5), 133.8 (C6H5), 136.8 (Si−C6H5), 141.6 (i-
C6H5), 154.8 (3,4-C4Si). UV−vis: 398 nm (11846 L mol−1 cm−1), 523
nm (5297 L mol−1 cm−1). HRMS (ESI-TOF, m/z): calcd for
C48H38Fe2Si 754.1442, found 754.1425 [M]+. Crystal data for 3b:
C48H38Fe2Si·2CH2Cl2, Mr = 924.42, monoclinic, P2/n, a = 13.1115(4)

Å, b = 10.8183(4) Å, c = 14.8040(4) Å, V = 2073.56(12) Å3, Z = 2,
ρcalcd = 1.481 g m−3, μ = 1.023 mm−1, T = 110 K, θ range 2.942−
24.997°, 8460 reflections collected, 3644 independent reflections (Rint
= 0.0205), R1 = 0.0520, wR2 = 0.1284 (I > 2σ(I)).
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Palladium-catalyzed formation of secondary and tertiary amines from
aryl dihalides with air-stable ferrocenyl tri- and diphosphines: Synthesis
and X-ray structure of efficient catalysts beyond [PdCl2(DPPF)]
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Robust, air-stable tridentate and bidentate ferrocenylphosphines 1,2-bis(diphenylphosphino)-1′-
(diisopropylphosphino)-4-tert-butylferrocene, L5, and 1,1′-bis(diisopropylphosphino)-3,3′-bis(tert-butyl)ferro-
cene, L9, combined with 1 mol% of [PdCl(η3-C3H5)]2 led to two new catalytic systems which allow the coupling
of aniline derivatives with mono- and dihaloarenes to form functionalized diarylamines and triarylamines. The
excellent selectivity of the reactions avoids the deleterious dehalogenation of the substrates and products. The
X-ray structure characterization of the related complex [PdCl2(L9)] is reported in which ligand L9 in its meso
form is significantly distorted.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Arylamines are common building blocks of many biologically active
natural products and organic materials. The first syntheses of
arylamines were carried out by nitration of arenes followed by catalytic
hydrogenation or a reduction with a metal salt. These procedures that
employ strong acidic and oxidizing conditions are incompatible with
many functional groups, and thus require the use of protective groups
in multiple reaction step. The discovery of palladium-catalyzed aryl–
amine bond forming reactions procedures has enlarged the availability
of these important arylamine compounds [1–3]. The complex [PdCl2
(DPPF)] (DPPF= 1,1′-bis(diphenylphosphino)ferrocene) has been suc-
cessfully employed as a pre-catalyst in the coupling of aryl halides with
primary amine aniline derivatives [4]. This catalyst provided nearly
quantitative yields for electron-rich, electron-poor, hindered or unhin-
dered aryl bromides and iodides. The coupling of the secondary amine

di-n-butylamine with 4-tert-butylbromobenzene was more difficult:
only 40% of coupling productwas obtained employing 5% [PdCl2(DPPF)]
and 15 mol% DPPF, a number of other systems giving better results
[5–7]. The air-stability of ferrocenyl diphosphines, the steric control
and chelating stabilization they provide, nevertheless renders this
class of ligands very convenient for handling and use off-the-shelf [8, 9].

On the other hand, the use of air-stable robust ferrocenyl
polyphosphines (tri- and tetradentate) as ligands in palladium-cata-
lyzed C\C bond formation has led to a diverse range of highly efficient
catalytic systems, which offer activities several orders of magnitude
higher than DPPF-derived catalyst systems for cross-coupling reactions
using electronically and/or sterically demanding organic halides
[10–15]. The efficiency of ferrocenyl phosphines at low catalyst loading
was also recently confirmed in the palladium-catalyzed C\O bond cou-
pling for heteroarylether formation from functionalized phenols and
chloroheteroarenes [16]. We envisioned that ferrocenylphosphine li-
gands (Fig. 1) might be useful for the coupling of aniline derivatives
with bromoarenes, and especially concerning polyfunctionalized sub-
strates, aswell as for thereafter applications to themore difficult forma-
tion of triarylamines [17–21]. The valuable targets we identified are
depicted in Fig. 2. The compounds of formula A may, for instance,
open the access to the formation of bioactive carbazoles [22–24],
while the compounds B and C are pertinent building blocks for con-
struction of redox-active polytriarylamine compounds and materials

Catalysis Communications 51 (2014) 10–14

⁎ Correspondence to: P. J. Low, University of Western Australia, School of
Chemistry and Biochemistry, 35 Stirling Highway, Crawley, 6009 WA, Australia.
Tel.: +61 8 648830 45.
⁎⁎ Correspondence to: J.-C. Hierso, Université de Bourgogne, Institut de Chimie
Moléculaire de l'Université de Bourgogne, UMR-CNRS 6302, 9 avenue Alain Savary,
21078 Dijon, France. Tel.: +33 3 80396107; fax: +33 3 80393682.

E-mail addresses: paul.low@uwa.edu.au (P.J. Low), jean-cyrille.hierso@u-bourgogne.fr
(J.-C. Hierso).

http://dx.doi.org/10.1016/j.catcom.2014.03.012
1566-7367/© 2014 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Catalysis Communications

j ourna l homepage: www.e lsev ie r .com/ locate /catcom

http://crossmark.crossref.org/dialog/?doi=10.1016/j.catcom.2014.03.012&domain=pdf
http://dx.doi.org/10.1016/j.catcom.2014.03.012
mailto:paul.low@uwa.edu.au
mailto:jean-cyrille.hierso@u-bourgogne.fr
http://dx.doi.org/10.1016/j.catcom.2014.03.012
http://www.sciencedirect.com/science/journal/15667367


[25–27]. Therefore,finding efficient and easy tohandle catalytic systems
for the synthesis of these species is timely.

2. Results and discussion

We hypothesized that backbone Amay be the most difficult to syn-
thesize because of selectivity and reactivity reasons (functionalization
in ortho-position). Thus, we investigated the conditions of coupling of
aniline with 1,2-dibromobenzene. Preliminary screening tests showed
that no reaction proceeds in the absence of palladium, or in thepresence
of palladium but without any auxiliary ligand. However, encouraging
screening experiments indicated that with 1 mol% of [PdCl(η3-C3H5)]2
and 2mol% of DPPF, the use of toluene as solvent, at 100 °C, in the pres-
ence of 1.4 equiv. of t-BuOK as base, selectively led to the conversion of
1,2-dibromobenzene (2a) into 2-bromodiphenylamine (3a) in about
30% yield. This amount of palladium and ligand is five to ten times
lower, with conditions generally milder, than the current syntheses
for the coupling of comparable substrates [28–33]. Under these condi-
tions of base, solvent and temperature, the performances of phosphines
L2 to L9 were also examined and compared to DPPF (Table 1).

The ligand dependency of this reaction was clearly established. In-
deed, the ligands L4 and L7 were found fully inefficient (entries 4 and
7). While L2 gave only a modest yield in 3a (entry 2), the performances
of L3match themoderate ones obtained with DPPF (entries 3 and 1, re-
spectively). The conversion of 2a was the most significant in reactions
promoted by [PdCl(η3-C3H5)]2 and ligands L5, L6 and L8; however
only L5 gave a satisfactory selectivity in 3a (entry 5) since the use of
the two other ligands (entries 6 and 8) induces the formation in

significant amount of diphenylamine by dehalogenation of 3a. Further
optimization of the catalytic process was focused thus on L5 ligand as
summarized in Table 2. The optimization of temperature (entries 1–3)
indicated that reaction in refluxing toluene was beneficial. DBU as a
base was inefficient (entry 4). Cation dependence was observed for
the tert-butoxide bases, where t-BuONa (entries 5–8) was found to be
more suitable than t-BuOK. This behavior has been observed before
[34], and may result from the greater solubility of the sodium com-
pound which was reported to be in toluene at 25 °C as t-BuONa,
6 wt.% and t-BuOK, 2.3 wt.% [34]. With these conditions in hands it
was possible to significantly reduce the reaction time, which improves
the final isolated yield (98%) by diminishing the dehalogenation of 3a.

In the presence of an excess of aniline (3. equiv.), bis(amination) of
1,2-dibromobenzene takes place above 80% yields. GC/NMR monitoring
clearly show that the first amination is selectively achieved at 98 yield%
within 2 h, then followed by bis(amination) which is achieved at about
80%within 8 h. Interestingly, it appears thus that the coupling of the sec-
ond equivalent of aniline to the intermediate monobromodiarylamine is
much slower than the addition of the first equivalent of aniline to the
1,2-dibromobenzene. This is in contrast to previously reported results
using the air-sensitive electron-rich monophosphine P(t-Bu)3 [31].

The [Pd]/L5 catalytic system was also used to examine the influ-
ence of the nature of the halide on the cross-coupling partner in
the formation of the building block A (Fig. 3). We found that within
2 h the heterodihaloarenes 2b and 2c are efficiently coupled to ani-
line with high yield. From 2b the reaction is perfectly selective with
only arylation at the iodide position; this shows the influence of
the first substitution in ortho-position on the reactivity of the

Fig. 1. Ferrocenylphosphines tested in C\N bond formation from 1,2-dibromobenzene.

Fig. 2. Targeted diaryl and triaryl amines building blocks.
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resulting compound. Gratifyingly, we observed that the system is even
suitable to selective coupling of 1,2-dichlorobenzene (2d), albeit in lon-
ger reaction time (16 h) with slightly lower yields (90%). The [Pd]/L5
catalyst system was then successfully used for the formation of com-
pounds 4a and 4b (type B). The compound bis(4-methylphenyl)amine
(4a) was synthesized in 84% yield by cross-coupling 4-methylaniline
with 4-bromotoluene (Fig. 3). In similar fashion, bis(4-methoxyphenyl)
amine (4b) was produced in 87% yield by coupling the p-anisidine with
4-bromoanisole. In comparison, by using Pd2(dba)3 (1 mol%) and DPPF
(3 mol%) the conversion obtained were 79% and 50%, respectively.

With the diarylamines 4a and 4b in hand we applied the same con-
ditions with the view of generating the triarylamines 5a and 5b by fur-
ther cross-coupling of the secondary amineswith the dihalide 4-bromo-
4′-iodobiphenyl (Fig. 4). Unfortunately, while our optimized system
[Pd]/L5was found very effective for formation of functionalized second-
ary amines (Fig. 3) it was inefficient for properly producing the tertiary
amines 5a (b5%) and 5b (0%) (Fig. 4). We then turned back to our li-
brary of ferrocenyl phosphine ligands considering some of the proper-
ties of L5, and in particular the combination of iso-propyl groups on
phosphorus and the control of conformation due to the presence of
tert-butyl groups on the ferrocene backbone, was identified as specific
to this ligand compared to L2–L4, L6–L8. Thus, the recently synthesized
diphosphine L9 [34]was tested in the synthesis of triarylamines (Fig. 4),
and was found to be appropriate to produce in good yield the electron-
rich triarylamine 5b (72%), in comparison, by using Pd2(dba)3 (1 mol%)
and DPPF (3 mol%) the conversion obtained of 5b were 29%. It also led
in moderate yield to 5a (27%).

To better assess the structures of the ligand and palladium pre-
catalyst, single crystals of the [PdCl2L9] complex suitable for X-Ray char-
acterization were grown. The molecular structure of the complex is
depicted in Fig. 5 and confirmed the meso nature of the diphosphine
(Fig. 5).

The palladium complex is embedded in a square planar environ-
ment, in which a large bite angle P1-Pd-P2 = 101.35° is observed;

Table 1
Screening of [Pd/Ligand] catalyst activity.

Entry Ligand Conversion of 2a (%) Yield in 3a (%)

1 L1 (= DPPF) 28 25
2 L2 14 12
3 L3 32 30
4 L4 b5 b5
5 L5 55 50
6 L6 40 30
7 L7 b5 b5
8 L8 50 25

Conditions: [Pd]/L (0.02 equiv.), aniline 1a (1 equiv.), 1,2-dibromobenzene 2a (1 equiv.),
t-BuOK (1.4 equiv.), 100 °C, 18 h.

Table 2
Base, solvent and temperature optimization.

Entry Base Temperature Time Conversion of 2a (%) Yield in 3a (%)

1 t-BuOK 100 18 55 50
2 t-BuOK 85 20 30 30
3 t-BuOK 115 18 92 79
4 DBU 115 18 b5 b5
5 t-BuONa 115 16 100 73
6 t-BuONa 115 8 100 79
7 t-BuONa 115 4 100 88
8 t-BuONa 115 2 100 98

Conditions: [Pd]/L (0.02 equiv.), aniline 1a (1 equiv.), 1,2-dibromobenzene 2a (1 equiv.),
base (1.4 equiv.).

Fig. 3. Synthesis of targets A and B from [Pd]/L5.
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this is likely favorable for reductive elimination of triarylated amines
at palladium. In [PdCl2L9] the deformation of the ferrocene back-
bone is noticeable with a Ct1-Fe-Ct2 = 173.63(15)°, which is signif-
icantly distorted from the expected ideal angle of 180°. As shown
in the view from above, despite the steric hindrance generated at
tert-butyl groups a small torsion angle (below 32°) is observed, i.e.
P1-Ct1-Ct2-P2 = −29.93(8).

In summarywe disclosed herein two new catalytic systemsbased on
air-stable robust di- and tridentate ferrocenyl polyphosphines L5 and
L9, which allow the coupling of aniline derivatives with chloro or
bromoarenes to form diarylamines and triarylamines functionalized
with halides. The selectivity of the reactions allows the use of mild reac-
tion conditions and short reaction times, avoiding dehalogenation of the
substrates and products. The X-ray structure characterization of the re-
lated complex [PdCl2(L9)] was also reported.

3. Experimental

The reactions were carried out in oven-dried (115 °C) glassware
under an argon atmosphere using Schlenk and vacuum-line techniques.
The solvents were distilled over appropriate drying and deoxygenating
agents prior to use. Commercial aryl halides and aniline derivatives
were used without further purification. 1H, 31P and 13C NMR spectra
were recorded in CDCl3. All the ferrocenylphosphine ligands were syn-
thesized by methods reported in the literature [10–16, 35], and are
stored and weighed under air without special precautions. The
ferrocenyl ligand L5 is commercially available from STREM Chemicals
under the name HiersoPHOS-4.

4.1. Synthesis and characterization of [PdCl2L9]

A mixture of 1,1′-bis(diisopropylphosphino)-3,3′-di-tert-butyl fer-
rocene (304 mg, 0.573 mmol) and PdCl2 (110 mg, 0.619 mmol) was
heated in refluxing THF (10 mL) for 17 h. The brown solution was
filtrated through silica, and the column washed with dichloromethane.
The solvent was evaporated from the combined organic fractions under
vacuum to give 160 mg of the complex (39%). Fractional crystallization
allows recovering pure meso complex.

1H NMR (CDCl3, rac+meso): δ(ppm)=0.58 (dd, 6H, 3JPH= 7 Hz, i-
Pr-CH3), 0.85 (p-t, 6 H, 3JPH = 6 Hz, i-Pr-CH3), 1.11 (s, 18 H, t-Bu, minor
isomer), 1.16 (s, 18H, t-Bu, major isomer), 1.60 (m, 12 H, i-Pr-CH3), 2.87
(hept, 2H, 3JHH = 7 Hz, i-Pr-CH), 3.07 (hept, 2H, 3JHH = 7 Hz, i-Pr-CH),
4.25, 4.33, 4.38 (m, 2H each, H-Cp, major isomer), 4.15, 4.44 (m, H-Cp,
minor isomer). 31P{1H} NMR (CDCl3): δ (ppm) = 62.15 (s, 2 P-i-Pr2,
minor isomer 17%, racemic compound), 59.35 (s, 2 P-i-Pr2, major isomer
83%,meso compound). 13CNMR (CDCl3): δ (ppm)= 108.3 (s, 2C, CpC-t-
Bu, major isomer 83%), 106.8 (s, 2C, CpC-t-Bu, minor isomer 17%), 74.0
(s, 2C, CpC-Pi-Pr2), 73.4 (s, 2C, Cp-CH), 70.8 (s, 2C, Cp-CH, major iso-
mer), 69.9 (s, 2C, Cp-CH, minor isomer), 67.9 (s, 2C, Cp-CH, major iso-
mer), 67.3 (s, 2C, Cp-CH, minor isomer), 30.6 (s, 6C, t-Bu-(CH3)3,
major isomer), 30.5 (s, 6C, t-Bu-(CH3)3, minor isomer), 29.6 (s, 2C,
C(CH3)3, minor isomer), 29.4 (s, 2C, C(CH3)3, major isomer), 27.8 (m,
2C, CH-i-Pr), 27.7 (m, 2C, CH-i-Pr), 27.4, 27.2 (m, 2C each, CH-i-Pr,
minor isomer), 20.5 (s, 2C, CH3-i-Pr), 20.3 (s, 2C, CH3-i-Pr), 19.4 (s, 2C,
CH3-i-Pr), 18.9 (s, 2C, CH3-i-Pr), 20.8, 20.6, 19.10 (m, 2C each, CH3-i-Pr,
minor isomer). ESI-MS: [M − Cl]+: m/z = 671.16259, simulated =
671.16225, δ = 2.140 ppm; [M + Na]+: m/z = 729.12005, simulat-
ed = 729.12062, δ = 0.375 ppm.

Fig. 4. Ferrocenyl diphosphine L9 for halogenated triaryl amine formation.

Fig. 5. Ortep molecular views of palladium dichloride stabilized by the coordination of diphosphine L9 (hydrogen atoms are omitted for clarity). Selected distances (Å) and
angles (°): Fe-Ct1= 1.663(3); Fe-Ct2= 1.668(3); Ct1-Fe-Ct2= 173.63(15); P1-Pd-Cl1= 85.85(3); P2-Pd-Cl2= 85.76(3); P1-Pd-P2= 101.35(3); Cl1-Pd-Cl2= 87.19(3); P1-Ct1-Ct2-
P2 = −29.93(8); and P1…P2 = 3.5318(11).
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4.2. Catalytic cross-coupling reactions

In a Schlenk tube equipped with a stirring bar, the aniline derivative
(2 mmol, 1 equiv.), the haloarene (2 mmol, 1 equiv.), the complex
[PdCl(η3-C3H5)]2 (0.02 mmol), L5 or L9 (0.04 mmol), and t-BuONa
(2.8 mmol, 1.4 equiv.) were introduced. The tube was purged several
times with argon. Toluene (9 mL) was added to the mixture. The
Schlenk tube was placed in an oil bath at 115 °C and reactants were
allowed to stir under reflux for 2 to 20 h. After filtration, the solvent
was evaporated and the residue was charged onto a silica gel column
for chromatography.
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ABSTRACT: Bipyridyl appended ruthenium alkynyl complexes have
been used to prepare a range of binuclear homometallic ruthenium and
heterometallic ruthenium−rhenium complexes. The two metal centers
are only weakly coupled, as evinced by IR and UV−vis−near NIR
spectroelectrochemical experiments and supported by quantum
chemical calculations. The alkynyl complexes of the type [Ru(C
Cbpy){Ln}] ({Ln} = {(PPh3)2Cp}, {(dppe)Cp*}, {Cl(dppm)2})
undergo reversible one-electron oxidations centered largely on the
alkynyl ligands, as has been observed previously for closely related
complexes. The homometallic binuclear complexes, exemplified by
[Ru(C2bpy-κ

2-N′N-RuClCp)(PPh3)2Cp] undergo two essentially rever-
sible oxidations, the first centered on the (C2bpy-κ

2-N′N-RuClCp)
moiety and the second on the Ru(CCbpy)(PPh3)2Cp fragment,
leading to radical cations that can be described as Class II mixed-valence complexes. The heterometallic binuclear complexes
[Ru(C2bpy-κ

2-N′N-ReCl(CO)3){Ln}] display similar behavior, with initial oxidation on the ruthenium fragment giving rise to a
new optical absorption band with Re → Ru(CCbpy) charge transfer character. The heterometallic complexes also exhibit
irreversible reductions associated with the Re hetereocycle moiety.

■ INTRODUCTION
Molecular electronics involves the use of individual molecules,
or groups of molecules, as functional moieties that may replace
or augment conventional solid-state (usually silicon) electronic
components, and is widely regarded as the ultimate solution to
the growing difficulties facing “top-down” design strategies.1−7

In the construction of hybrid molecular/solid-state electronic
devices, the key challenge lies in the realization of the potential
of single-electron phenomena within hybrid device struc-
tures.8,9 There needs elementary science to be developed that
investigates the fundamental properties of molecules, including
electronic coupling effects, to realize molecule-based electronics
technology.
Many prototypical bimetallic systems have been investigated

to define intramolecular, solution-phase electron transfer
characteristics and identify promising candidate wire-like
molecular moieties,10−12 such as polyynes13−16 and oligo-
(phenylene)ethynylene based structures17 and which have
successfully been translated into designs of organic and
organometallic molecules for study as components in molecular
junctions.18−23

In this regard, the use of organometallic coordinating tectons
in the assembly of large heterometallic complexes, albeit not
with wire-like geometries, by Lang provides conceptual basis for
further development of these synthetic strategies.24,25 Our

proposed organometallic-coordination polymer approach to
molecular electronic components involves the preparation of
modular organometallic “coordinating tectons” that will be used
as the basic repeating unit to form polymetallic complexes of
well-defined length.
Initially, our interest lies in complexes where spectroscopic,

including spectroelectrochemical, and computational methods
will be used to explore molecular electronic structure as a
function of conformation and redox state in these systems and
assess the influence of conformation on intramolecular charge
transfer process.
Herein we describe further steps toward this goal and detail

the preparation of a series of complexes whose role as putative
tectons and molecular electronic structure is investigated
through the formation of bimetallic complexes.

■ EXPERIMENTAL SECTION
General Considerations. All reactions were performed under an

atmosphere of high purity argon or nitrogen using standard Schlenk
techniques. Reaction solvents either were purified and dried using an
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Innovative Technology SPS-400 (THF, ether, hexane, and toluene)
and degassed prior to use or were purified and dried by appropriate26

means prior to distillation and storage under Argon. No special
precautions were taken to exclude air or moisture during workup. The
compounds [trans-Ru(CCbpy)Cl(dppm)2] (3),27 [RuCl(COD)-
Cp],28 [RuCl(PPh3)2Cp],

29 [RuCl(dppe)Cp*],30 [Re(κ2-N′N-
HC2bpy)Cl(CO)3],

31 HCCbpy,32,33 and PhCCbpy34 were
synthesized according to literature procedures (HCCbpy = 5-
ethynyl-2,2′-bipyridine; PhCCbpy = 5-(phenylethynyl)-2,2′-bipyr-
idine). All other materials were obtained from commercial suppliers
and used as received.
The NMR spectra were recorded on 400 MHz Varian, Bruker AV-

500, or Bruker AV-600 spectrometers. 1H and 13C{1H} spectra were
referenced to residual solvent signals, whereas 31P{1H} spectra were
referenced to external phosphoric acid. IR spectra were recorded using
a Thermo Scientific Nicolet 6700 spectrometer as CH2Cl2 solutions in
a cell fitted with CaF2 windows. UV−vis spectra were recorded on a
PerkinElmer Lambda 25 UV−vis spectrophotometer as CH2Cl2
solutions in a quartz cell, or on a Thermo Array UV−vis
spectrophotometer as CH2Cl2 solutions in a cell with CaF2 windows.
MALDI-mass spectra were recorded using an 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 μL of mixture spotted onto a metal target prior to
exposure to the MALDI ionization source. Electrospray mass spectra
were recorded on a Waters LCT Premier spectrometer. Micro-
analytical Services, Research School of Chemistry, Australian National
University, Canberra, Australia, or London Metropolitan University,
London, United Kingdom, performed elemental analyses.
Electrochemical analyses were carried out using either an

EcoChemie Autolab PG-STAT 30 or a Palm Instruments EmStat
potentiostat. A platinum disk electrode with platinum counter and
platinum pseudoreference electrodes were used in CH2Cl2 solutions
containing 0.1 M nBu4NPF6 electrolyte. The decamethylferrocene/
decamethylferrocenium (FeCp*2/[FeCp*2]+) couple was used as an
internal reference, with all potentials reported relative to the
ferrocene/ferrocenium couple (FeCp2/[FeCp2]

+) (FeCp*2/
[FeCp*2]+ = −0.48 V in CH2Cl2). Spectroelectrochemical measure-
ments were made in an OTTLE cell of Hartl design,35 from CH2Cl2
solutions containing 0.1 M nBu4NPF6 electrolyte. The cell was fitted
into the sample compartment of the Thermo 6700 FTIR or Cary 5000
UV−vis−near NIR spectrophotometer, and electrolysis in the cell was
performed with either a PGSTAT-30 or EmStat potentiostat.
Crystallography. The crystal data for 1−3, 5−7, 9, 10, 12−15 are

summarized in Table S2 (Supporting Information) with the complexes
depicted in Chart 1 and in the figures below, where ellipsoids have
been drawn at the 50% probability level, unless otherwise stated.
Crystallographic data for the structures were collected at 100(2) K
(180 K for 3b) on an Oxford Diffraction Gemini diffractometer fitted
with Cu Kα radiation (for 2, 3.2Tol, 3b, 12) or Mo Kα (1,10, and 13).
Data for 9, 14, and 15 were collected on an Oxford Diffraction
XCalibur diffractometer fitted with Mo Kα radiation Following
analytical absorption corrections and solution by direct methods, the
structures were refined against F2 with full-matrix least-squares using
the program SHELXL-97.36 Ligand nitrogen atoms were distinguished
from carbon atoms on the basis of geometries and refinement. All
hydrogen atoms were added at calculated positions and refined by use
of riding models with isotropic displacement parameters based on
those of the parent atoms. Except were mentioned below, anisotropic
displacement parameters were employed throughout for the non-
hydrogen atoms. 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. For complex 3, two structures were obtained and, in the
one containing disordered toluene solvent, one of the two solvent
toluene molecules was modeled as being disordered over two sets of
sites each with site occupancies set at 0.5 after trial refinement. In the
other, 3b, one of the bipyridyl rings was similarly modeled as
disordered. Geometries of the disordered atoms were restrained to

ideal values. Non-H atoms of the disordered atoms were refined with
isotropic displacement parameters only.

In the structure of 9, three of the dichloromethane solvent
molecules were modeled as being disordered. Their geometries were
restrained to ideal values.

The data for compounds 5 and 7 were collected at 120 and 100 K,
respectively, on a Rigaku Saturn 724+ diffractometer at Station I19 of
the Diamond Light Source synchrotron (undulator, l = 0.6889 Å, w-
scan, 1.0°/frame). The data for compound 6 were collected on a
Bruker SMART CCD 6000 diffractometer (graphite monochromator,
λMo Kα, λ = 0.71073 Å) at 100 K. The structures were solved by direct
methods and refined by full-matrix least-squares on F2 for all data
using SHELXTL36 and OLEX2.37

Synthesis of the Complexes. [Ru(CCbpy)(dppe)Cp*] (1).
[RuCl(dppe)Cp*] (200 mg, 0.298 mmol), HCCbpy (65 mg, 0.359
mmol), and NH4PF6 (100 mg, 0.613 mmol) were suspended in dry
MeOH (40 mL) and heated to reflux for 2 h, during which a yellow
suspension became a deep red solution. The solution was cooled to
room temperature before the addition of DBU, followed by 30 min of
stirring, resulting in the formation of an orange precipitate. The
mixture was cooled to 0 °C, and the reaction product was collected on
a glass frit and washed with MeOH (2 × 3 mL) and Et2O (3 mL) to
give the product as an orange powder (214 mg, 88%). Crystals suitable
for X-ray analysis were grown through the vapor diffusion of n-pentane
into a CH2Cl2 solution of the complex. Anal. Calcd for
C48H46N2P2Ru1: C, 70.83; H, 5.70; N, 3.44. Found: C, 70.77; H,
5.64; N, 3.52. 1H NMR (CDCl3, 400 MHz): 1.57 (s, 15H, Cp*),
2.01−2.15 (m, 2H, PCH2CH2P), 2.63−2.73 (m, 2H, PCH2CH2P),

Chart 1. Complexes Prepared and Studied in This Work
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7.05 (d, 1H, H5′), 7.19 (m, 1H, H4′), 7.22−7.26 (m, 8H, Hmeta),
7.29−7.40 (m, 9H, Hortho and H3′), 7.73−7.76 (m, 4H, Hpara), 8.02 (s,
1H, H6), 8.08 (d, 1H, H4, 3JHH = 8 Hz), 8.25 (d, 1H, H3, 3JHH = 8
Hz), 8.61 (dd, 1H, H6′). 13C{1H} NMR (CDCl3, 100 MHz): 10.0 (s,
Me5Cp), 29.4 (m, PCH2CH2P), 92.8 (s, Me5Cp), 107.7 (s, Cβ),
120.1(s, C3), 120.6 (s, C3′), 122.5 (s, C5′), 127.4 (t, Phmeta), 127.6 (t,
Phmeta), 129.2 (s, Phpara), 133.3 (t, Phortho), 136.4 (s, C5), 136.8 (s,
C4′) 137.4 (s, C4), 138.7 (dd, Cipso,

1JCP = 39.7 Hz, 4JCP = 6.4 Hz),
141.0 (t, Cα,

2JCP = 24.4 Hz), 149.0 (s, C2), 149.1 (s, C6′), 151.0 (s,
C6), 157.0 (s, C2′). 31P{1H} NMR (CDCl3, 162 MHz): 79.72 ppm
(s). IR (CH2Cl2 solution): νCC 2067 cm−1 (2044 cm−1 shoulder).
MS (MALDI): m/z 814 ([M]+, 100%), 663 ([Ru(CO)(dppe)Cp*]+,
90%), 635 ([Ru(dppe)Cp*]+, 30%). UV−vis (CH2Cl2) λ (nm) [ε ×
104 M−1 cm−1]: 399 [2.37].
[Ru(CCbpy)(PPh3)2Cp] (2). [RuCl(PPh3)2Cp] (400 mg, 0.551

mmol), HCCbpy (150 mg, 0.826 mmol), and NH4PF6 (200 mg,
1.23 mmol) were refluxed in MeOH for 2 h, during which the yellow
suspension became a deep red solution. The solution was cooled to
room temperature before the addition of DBU (0.5 mL), followed by
30 min of stirring, resulting in the formation of a yellow precipitate.
The mixture was cooled to 0 °C, and the reaction product was
collected on a glass frit and washed with MeOH (2 × 5 mL) to give
the product as a yellow powder (348 mg, 73%). Crystals suitable for X-
ray analysis were obtained through the slow diffusion of hexane into a
CDCl3 solution of the complex. This complex matches the
spectroscopic data presented previously,31 with the following revised
13C{1H} assignments; 13C{1H} (CDCl3, 151 MHz): δ 85.5 (s, Cp),
112.2 (s, Cβ), 120.3 (s, C3), 120.8 (s, C3′), 122.7 (s, C5′), 127.2 (s,
C5), 127.3 (t, 2JCP = 4.4 Hz, Cortho), 128.4 (t, 2JCP = 25.7 Hz, Cα),
128.7 (s, Cpara), 133.9 (t,

3JCP = 4.8 Hz, Cmeta), 136.8 (s, C4′), 138.0 (s,
C4), 138.8 (t, 1JCP = 21.0 Hz, Cipso), 149.2 (s, C6′), 149.7 (s, C2),
151.2 (s, C6), 156.9 (s, C2′).
[Ru(CCbpy-κ2-N′N-RuClCp)(dppe)Cp*] (4). [Ru(CCbpy)-

(dppe)Cp*](1) (50 mg, 0.061 mmol) and [RuCl(COD)Cp] (20
mg, 0.065 mmol) were dissolved in acetone (30 mL) and stirred at
room temperature overnight. The solvent volume was reduced to ca.
10 mL in vacuo, followed by the addition of diethyl ether (30 mL) and
cooling to −15 °C. The precipitate that formed was collected and
washed with diethyl ether (2 × 5 mL) to give the product as purple
crystals (43 mg, 69%). Anal. Calcd for C53H51ClN2P2Ru2: C, 62.68; H,
5.06; N, 2.76. Found: C, 62.55; H, 4.95; N, 2.86. 1H NMR (CD2Cl2,
600 MHz): 1.59 (s, 15H, Cp*), 2.16 (m, 2H, PCH2CH2P), 2.68 (m,
2H, PCH2CH2P), 4.11 (s, 5H, Cp), 6.92 (d, 1H, H3′), 7.18 (ddd, 1H,
H5′), 7.21−7.29 (m, 4H, Hmeta), 7.33−7.43 (m, 8H, Hortho and Hmeta),
7.44−7.48 (m, 4H, Hpara), 7.60 (d, 1H, H4,

3JHH = 8.4 Hz), 7.65 (ddd,
1H, H4′), 7.72−7.80 (m, 5H, Hortho and H3), 8.79 (s, 1H, H6), 9.50
(d, 1H, H6′). 13C{1H} NMR (CD2Cl2, 151 MHz): δ 10.2 (s, Me5Cp),
29.8 (m, PCH2CH2P), 69.2 (s, Cp), 93.5 (s, Me5Cp), 108.6 (s, Cβ),
120.8 (s, C3), 121.1 (s, C3′), 123.4 (s, C5′), 127.9 (m, Cmeta), 129.1
(s, C5), 129.6 (m, Cpara), 133.7 (m, Cortho), 134.6 (s, C4′), 135.8 (s,
C4), 138.8 (dd, Cipso,

1JCP = 72.9 Hz, 4JCP = 34.0 Hz), 148.7 (s, C2),
150.1 (t, Cα,

2JCP = 24.0 Hz), 155.1 (s, C6′), 156.0 (s, C6), 156.8 (s,
C2′). 31P{1H} NMR (CD2Cl2, 243 MHz): 81.17 (d, 3JPP = 16 Hz),
80.90 (d, 3JPP = 16 Hz). IR (CH2Cl2 solution): νCC 2042 cm−1. MS
(MALDI): m/z 981 ([M − Cl]+, 100%), 663 ([Ru(CO)(dppe)Cp*]+,
50%), 635 ([Ru(dppe)Cp*]+, 30%), 1015 ([M]+, 10%), 814 ([M −
RuClCp]+, 10%). UV−vis (CH2Cl2) λ (nm) [ε × 104 M−1 cm−1]: 299
[1.75], 367 [1.42], 450 [1.84].
[Ru(CCbpy-κ2-N′N-ReCl(CO)3)(dppe)Cp*] (5). [Ru(CCbpy)-

(dppe)Cp*](1) (70 mg, 0.086 mmol) and [ReCl(CO)5] (33 mg,
0.091 mmol) were dissolved in toluene (40 mL), and the solution was
refluxed for 2 h, during which a bright yellow solution became deep
purple. The solvent volume was reduced to ca. 10 mL in vacuo,
followed by the addition of hexane (20 mL) and cooling to 0 °C. The
precipitate was collected and washed with hexane (3 × 3 mL) to give
the product as purple crystals (77 mg, 80%). Crystals suitable for X-ray
analysis were obtained through the slow diffusion of hexane into a
CDC l 3 s o l u t i on o f t h e comp l e x . Ana l . C a l c d f o r
C51H46ClN2O3P2Re1Ru1: C, 54.71; H, 4.14; N, 2.50. Found: C,
54.78; H, 4.12; N, 2.60. 1H NMR (CD2Cl2, 600 MHz): δ 1.60 (s, 15H

Cp*), 2.11−2.21 (m, 2H, PCH2CH2P), 2.61−2.69 (m, 2H,
PCH2CH2P), 7.06 (dd, 1H, H3′), 7.15 (ddd, 1H, H5′), 7.18 (d, 1H,
H4), 7.22−7.41 (m, 12H, Hortho and Hpara), 7.41−7.46 (m, 4H, Hmeta),
7.67−7.73 (m, 4H, Hmeta), 7.89−7.94 (m, 2H, H4′ and H3), 8.18 (s,
1H H6), 8.88 (dd, 1H, H6′). 13C{1H} NMR (CD2Cl2, 151 MHz): δ
10.0 (s, Me5Cp), 29.7 (m, PCH2CH2P), 93.9 (s, Me5Cp), 110.2 (s,
Cβ), 122.1 (s, C3), 122.7 (s, C3), 125.2 (s, C5′), 128.1 (m, Cortho),
129.7 (m, Cpara), 131.4 (s, C5), 133.5 (s, Cmeta), 136.3 (m, Cipso), 138.5
(s, C4′), 139.0 (s, C4), 147.0 (s, C2), 152.9 (s, C6′), 154.3 (s, C2′),
156.9 (s, C2′), 160.0 (m, Cα), 190.7 (s, CO), 198.4 (s, CO). 31P{1H}
NMR (CD2Cl2, 243 MHz): 80.86 (d, 3JPP = 16 Hz), 80.62 (d, 3JPP =
16 Hz). IR (CH2Cl2 solution): νCC 2038 cm−1, νCO 2018 cm−1,
νCO 1915 cm−1, and νCO 1893 cm−1. MS (MALDI): m/z 663
([Ru(CO)(dppe)Cp*]+, 100%), 635 ([Ru(dppe)Cp*]+, 70%), 1120
([M]+, 5%). UV−vis (CH2Cl2) λ (nm) [ε × 104 M−1 cm−1]: 387
[1.21], 506 [1.72].

[Ru(CCbpy-κ2-N′N-RuClCp)(PPh3)2Cp] (6). [Ru(CCbpy)-
(PPh3)2Cp] (2) (100 mg, 0.115 mmol) and [RuCl(COD)Cp] (38
mg, 0.123 mmol) were dissolved in acetone (30 mL), and the solution
was stirred at room temperature overnight. The solvent volume was
reduced to ca. 10 mL in vacuo, followed by the addition of diethyl
ether (30 mL) and cooling to −15 °C. The precipitate that formed was
collected and washed with diethyl ether (2 × 5 mL) to give the
product as purple crystals (92 mg, 75%). Crystals suitable for X-ray
analysis were obtained through layer diffusion of hexane into a CH2Cl2
solution of the complex. Anal. Calcd for C58H47ClN2P2Ru2: C, 65.01;
H, 4.42; N, 2.61. Found: C, 64.89; H, 4.51; N, 2.53. 1H NMR
(CD2Cl2, 500 MHz): δ 4.18 (s, 5H, Cpbpy), 4.42 (s, 5H, CpPP), 7.13−
7.21 (m, 13H, Hmeta and H5′), 7.26−7.30 (m, 7H, Hpara and H3′),
7.43−7.52 (m, 12H, Hortho), 7.68 (dd, (1H, H4′), 7.75 (d, 1H, H3),
7.84, (d, 1H, H4), 9.29, (d, 1H, H6), 9.55 (d, 1H, H6′). 13C{1H}
NMR (CD2Cl2, 126 MHz): δ 69.3 (s, Cpbpy), 86.1 (s, CpPP), 112.6 (s,
Cβ), 121.0 (s, C3), 121.3 (s, C3′), 123.6 (s, C5′), 127.8 (m, Cmeta),
128.5 (s, C5), 129.2 (s, Cpara), 134.6 (m, Cortho and C4′), 135.7 (s, C4),
137.0 (t, Cα,

2JCP = 24.3 Hz), 138.9 (m, Cipso), 149.3 (s, C2), 155.2 (s,
C6′), 156.7 (m, C6 and C2′). 31P{1H} NMR (CDCl3, 162 MHz): δ
49.29 (s), 49.26 (s). IR (CH2Cl2 solution): νCC 2045 cm−1. MS
(MALDI): m/z 719 ([Ru(CO)(PPh3)2Cp]

+, 100%), 1036 ([M −
Cl]+, 15%), 774 ([M − PPh3 − Cl]+, 12%), 1072 ([M + H]+, 5%).
UV−vis (CH2Cl2) λ (nm) [ε × 104 M−1 cm−1]: 295 [2.43], 374
[1.31], 434 [2.36].

[Ru(CCbpy-κ2-N′N-ReCl(CO)3)(PPh3)2Cp] (7). [Ru(CCbpy)-
(PPh3)2Cp] (2) (55 mg, 0.063 mmol) and [ReCl(CO)5] (26 mg,
0.072 mmol) were dissolved in toluene (30 mL), and the solution was
refluxed for 2 h, during which a bright yellow solution became deep
red. The solvent volume was reduced to ca. 5 mL in vacuo, followed by
the addition of hexane (20 mL) and cooling to −15 °C overnight. The
precipitate that formed was collected and washed with hexane (3 × 5
mL) to give the product as a red powder (38 mg, 51%). Crystals
suitable for X-ray crystallography were grown through vapor diffusion
of n-pentane into a CD2Cl2 solution of the compound. Anal. Calcd for
C56H42ClN2O3P2ReRu·1.5CH2Cl2: C, 53.00; H, 3.48; N, 2.15. Found:
C, 53.40; H, 3.25; N, 2.14. 1H NMR: δ 4.43 (s, 5H, Cp), 7.10 (ddd,
1H, H5′), 7.15−7.18 (m, 12H, Hortho), 7.26−7.29 (m, 6H, Hpara),
7.38−7.45 (m, 13H, Hmeta and H3′), 7.89 (d, 1H, H4), 8.00 (m, 2H,
H3 and H4′), 8.63 (d, 1H, H6), 8.94 (d, 1H, H6′). 13C{1H} NMR
(CD2Cl2, 151 MHz): δ 86.4 (s, Cp), 113.7 (s, Cβ), 122.3 and 122.9 (s,
C3 and C3′), 125.5 (s, C5′), 127.9 (s, Cortho), 129.3 (s, Cpara), 130.8 (s,
C4′), 131.6 (s, C4), 132.3 (s, C5), 134.0 (m, Cmeta), 138.8 (m, Cipso),
146.6 (m, Cα), 147.8 (s, C2), 153.0 (s, C6′), 154.6 (s, C6), 156.8 (s,
C2′), 190.6 (s, CO), 198.4 (s, CO). 31P{1H} NMR (CDCl3, 162
MHz): δ 49.1 (s). IR (CH2Cl2 solution): νCC 2043 cm

−1, νCO 2019
cm−1, νCO 1916 cm−1 and νCO 1894 cm−1. MS (MALDI): m/z 719
([Ru(CO)(PPh3)2Cp]

+, 100%), 691 ([Ru(PPh3)2Cp]
+, 20%), 1140

([M − Cl]+, 5%). UV−vis (CH2Cl2) λ (nm) [ε × 104 M−1 cm−1]: 302
[1.98], 481 [1.79].

[Ru(CCbpy-κ2-N′N-RuClCp)Cl(dppm)2](8). [Ru(CCbpy)Cl-
(dppm)2] (85 mg, 0.078 mmol) and [RuCl(COD)Cp] (30 mg,
0.097 mmol) were dissolved in acetone (15 mL), and the solution was
stirred at room temperature overnight. The solvent volume was

Organometallics Article

dx.doi.org/10.1021/om500172r | Organometallics 2014, 33, 4911−49224913



reduced to ca. 5 mL in vacuo, and the precipitate was collected and
washed with diethyl ether (3 × 3 mL) to give the product as red
crystals (75 mg, 69%). Anal. Calcd for C67H56Cl2N2P4Ru2 C, 62.57; H,
4.39; N, 2.18. Found: C, 56.79; H, 3.87; N, 1.92. 1H NMR (CD2Cl2,
600 MHz): δ 4.11 (s, 5H, Cp), 4.93−5.03 (m, 4H, PCH2P), 6.21 (d,
1H, H4), 7.17−7.26 (m, 16H, Hortho), 7.31−7.38 (m, 8H, Hpara), 7.40−
7.55 (m, 18H, Hmeta, H3′ and H5′), 7.67 (ddd, 1H, H4′), 7.77 (d, 1H,
H3), 8.25 (s, 1H, H6), 9.53 (d, 1H, H6′). 13C{1H} NMR (CD2Cl2,
151 MHz): δ 49.8 (m, PCH2P), 68.8 (s, Cp), 109.7 (s, Cβ), 120.3 and
120.4 (s, C3 and C3′), 123.1 (s, C5′), 127.2 (m, Cortho), 129.7 (m,
Cpara), 133.3 (m, Cmeta), 134.2 (m, Cipso and C5), 134.8 (s, C4′), 135.3
(s, C4), 144.0 (m, Cα), 148.3 (s, C6), 154.8 (s, C2), 156.0 (s, C6′),
156.3 (s, C2′). 31P{1H} NMR (CDCl3, 243 MHz): −6.32 ppm (s). IR
(CH2Cl2 solution): νCC 2048 cm−1. MS (MALDI): m/z 1251 ([M −
Cl]+, 100%), 933 ([RuCl (CO)(dppm)2]

+, 55%) 1283 ([M]+, 10%),
910 ([RuCl(dppm)2]

+, 10%). UV−vis (CH2Cl2) λ (nm) [ε × 104 M−1

cm−1]: 267 [4.09], 448 [1.72].
[Ru{CCbpy-κ2-N′N-ReCl(CO)3}Cl(dppm)2] (9). [Ru(CCbpy)-

Cl(dppm)2] (50 mg, 0.046 mmol) and ReCl(CO)5 (22 mg, 0.061
mmol) were dissolved in toluene (50 mL), and the solution was
refluxed for 1 h, during which a bright yellow solution became deep
red. The solvent volume was reduced to ca. 5 mL in vacuo, followed by
the addition of hexane (25 mL) and cooling to 0 °C. The precipitate
that formed was collected and washed with hexane (3 × 5 mL) to give
the product as red crystals (59 mg, 90%). Crystals suitable for X-ray
analysis were obtained through the slow evaporation of a CH2Cl2/
hexane (1:1) solution of the complex under an inert atmosphere. Anal.
Calcd for C65H51Cl2N2O3P4ReRu·3CH2Cl2: C, 49.65; H, 3.49; N,
1.70. Found: C, 49.45; H, 3.41; N, 2.13. 1H NMR (CD2Cl2, 600
MHz): δ 4.98 (m, 4H, PCH2P), 6.47 (dd, 1H, H4), 7.18−7.32 (m,
16H, Hmeta), 7.35−7.46 (m, 8H, Hpara), 7.48−7.54 (m, 16H, Hortho),
7.65 (ddd, 1H, H5′), 7.67 (ddd, 1H, H4′), 7.95 (ddd, 1H, H3′), 7.98
(dd, 1H, H3), 8.01 (dd, 1H, H6′), 8.93 (dd, 1H, H6). 13C{1H} NMR
(CD2Cl2, 151 MHz): δ 49.6 (PCH2P), 111.5 (s, Cβ), 121.6 and 121.7
(C3 and C3′), 124.8 and 125.1 (C5 and C5′), 127.7 (Cmeta), 129.6
(Cpara), 132.8 (Cortho), 133.5 (Cipso), 138.2 and 138.4 (C4 and C4′),
146.6 (C2), 152.4 (s, C6′), 153.5 (s, 2JCP = 25.7 Hz, Cα), 154.0 (s,
C6), 156.4 (C2′), 197.6 and 197.8 (CO). 31P{1H} NMR (CD2Cl2, 243
MHz): δ −6.99 (m). IR (CH2Cl2 solution): νCC 2049 cm−1, νCO
2019 cm−1, νCO 1915 cm−1, and νCO 1894 cm−1. MS (MALDI): m/
z 933 ([RuCl(CO)(dppm)2]

+, 100%), 910 ([RuCl(dppm)2]
+, 75%),

1383 ([M]+, 20%). UV−vis (CH2Cl2) λ (nm) [ε × 104 M−1 cm−1]:
261 [4.93], 325 [1.64], 480 [2.35].
[RuCl(κ2-N′N PhC2bpy)Cp] (10). PhCCbpy (100 mg, 0.39 mmol)

and [RuCl(COD)(Cp)] (115 mg, 0.37 mmol) were dissolved in
acetone (20 mL), and the solution was stirred at room temperature for
20 h. The solvent volume was reduced to 10 mL in vacuo, and Et2O
(10 mL) was added before the mixture was cooled to 0 °C for 1 h. The
precipitate that formed was collected and washed with Et2O (2 × 3
mL) to give the product as a bright purple powder (128 mg, 75%).
Crystals suitable for X-ray analysis were obtained through the vapor
diffusion of n-pentane into a CH2Cl2 solution of the complex. Anal.
Calcd for C23H17ClN2Ru: C, 60.33; H, 3.74; N, 6.12. Found: C, 60.24;
H, 3.96; N, 6.12. 1H NMR (CD2Cl2, 500 MHz): δ 4.31 (s, 5H Cp),
7.28 (m, 1H, H5′), 7.18 (d, 1H, H4), 7.39−7.42 (m, 3H, Hortho and
Hpara), 7.58 (m, 2H, H3 and H3′), 7.67 (ddd, 1H, H4′), 7.73 (dd, 1H,
H4), 9.63 (dd, 1H, H6′), 9.77 (d, 1H, H6). 13C{1H} NMR (CD2Cl2,
126 MHz): δ 69.1 (Cp), 84.1 (Cβ), 94.3 (Cα), 120.4 and 120.8 (C3
and C3′), 121.1 (C5), 121.3 (Cipso), 123.9 (C5′), 127.7 (Cortho), 128.5
(Cpara), 131.0 (Cmeta), 133.6 (C4′), 135.6 (C4), 153.5 (C2), 154.2
(C6′), 154.5 (C2′), 156.2 (C6). IR (KBr disk): νCC 2220 cm−1. Mp
≥ 300 °C. MS (MeCN, ES (+)): m/z 464 ([Ru(NCMe)(PhC2bpy)-
Cp]+, 100%), 458 ([M]+, 15%). UV−vis (CH2Cl2) λ (nm) [ε × 104

M−1 cm−1]: 263 [2.98], 330 [7.97], 546 [0.69].
[RuCl(κ2-N′N-HC2bpy)Cp] (11). HCCbpy (63 mg, 0.35 mmol)

and [RuCl(COD)Cp] (101 mg, 0.33 mmol) were dissolved in acetone
(15 mL), and the solution was stirred at room temperature for 22 h.
The solvent volume was reduced to 5 mL in vacuo and cooled to 0 °C.
The precipitate was collected and washed with Et2O (2 × 10 mL) to
give the product as a purple powder (102 mg, 82%). Anal. Calcd for

C17H13ClN2Ru: C, 53.48; H, 3.43; N, 7.34. Found: C, 53.33; H, 3.50;
N, 7.24. 1H NMR (CDCl3, 500 MHz): δ 3.38 (s, 1H, CCH), 4.31
(s, 5H, Cp), 7.31 (m, 1H, H5′), 7.71−7.76 (m, 2H, H3′ and H4′),
7.92−7.97 (m, 2H, H4 and H3), 9.64 (dd, 1H H6′), 9.73 (s, 1H, H6).
13{1H} NMR (CDCl3, 126 MHz): δ 70.3 (Cp), 79.3 (Cβ), 83.1 (Cα),
120.5 (C5), 121.2 (C3), 122.3 (C3′), 125.1 (C5′), 134.6 (C4′), 137.2
(C4), 155.3 (3 signals, C2, C2′, and C6′), 157.8 (C6). IR (KBr disk):
νCCH 3133 cm−1, νCC 2098 cm−1. Mp ≥ 300 °C (dec). MS
(MeCN, ES (+)): m/z 388 ([Ru(NCMe) (HC2bpy)Cp]

+, 100%, 382
([M]+, 15%). UV−vis (CH2Cl2) λ (nm) [ε × 104 M−1 cm−1]: 259
[1.74], 313 [3.88], 367 [0.62], 538 [0.43].

[ReCl(CO)3(κ
2-N′N-PhC2bpy)] (12). PhCCbpy (200 mg, 0.78

mmol) and [ReCl(CO)5] (235 mg, 0.65 mmol) were dissolved in
toluene (100 mL), and the solution was heated to reflux for 2 h, during
which a colorless solution became bright yellow. The solvent volume
was reduced to 20 mL in vacuo, and the mixture was cooled to 0 °C.
The precipitate was collected on a filter and washed with EtOH (3 × 5
mL) to give the product as a yellow powder (285 mg, 78%). Anal.
Calcd for C21H12ClN2O3Re: C, 44.88; H, 2.15; N, 4.98. Found: C,
45.12; H, 2.27; N, 4.81. 1H NMR (CD2Cl2, 500 MHz): δ 7.41−7.47
(m, 3H, Hortho and H5′), 7.56 (m, 1H, Hpara), 7.62 (m, 2H, Hmeta),
8.08−8.12 (m, 2H, H3′, and H4′), 8.15−8.19 (m, 2H, H3 and H4),
9.08 (dd, 1H, H6′), 9.16 (s, 1H H6). 13C{1H} NMR (CD2Cl2, 126
MHz): δ 84.1 (Cβ), 97.8 (Cα), 121.8 (Cipso), 123.1 and 123.9 (C3 and
C3′), 124.7 (C5), 127.6 (C5′), 129.1 (Cortho), 130.3 (Cpara), 132.4
(Cmeta), 139.6 (C4), 141.3 (C4′), 153.5 (C6′), 154.3 (C2), 155.5
(C6), 155.6 (C2′), 189.8 (CO), 197.8 (CO). IR (KBr disk): νCC
2222 cm−1, νCO 2025 cm−1, νCO 1914 cm−1, and νCO 1894 cm−1.
Mp = 281−284 °C. MS (MeCN, ES (+)): m/z 644 ([M + 2 MeCN]+,
20%), 601 ([M + MeCN]+, 20%). UV−vis (CH2Cl2) λ (nm) [ε × 104

M−1 cm−1]: 255 [7.27], 344 [10.13].
[ReCl(CO)3(κ

2-N′N-HC2bpy)] (13).
38 [ReCl(CO)5] (102 mg, 0.282

mmol) and HCCbpy (60 mg, 0.33 mmol) were dissolved in toluene
(40 mL). The solution was heated to reflux for 30 min during which
the colorless solution turned deep red and then developed a yellow
color along with the formation of a yellow precipitate. The yellow
powder was collected and recrystallized from CH2Cl2/toluene to yield
the product (98 mg, 0.20 mmol, 72%). Anal. Calcd for
C15H8ClN2O3Re·0.75CH2Cl2: C, 34.42; H, 1.74; N, 5.10%. Found:
C, 34.26; H, 1.65; N, 5.47%. 1H NMR (CDCl3, 500 MHz): δ 3.53 (s,
1H, CCH), 7.57 (ddd, 1H, H5′), 8.08 (m, 2H, H3′ and H4′), 8.14
(dd, 1H, H4), 8.18 (dd, 1H, H4), 9.08 (ddd, 1H, H6′), 9.12 (dd, 1H,
H6). 13C{1H} NMR (CDCl3, 125.7 MHz): δ 77.7 (Cβ), 85.7 (Cα),
122.4 (C3), 123.2 and 123.4 (C3′ and C5′), 127.4 (C5), 138.9 (C4′),
141.5 (C4), 153.4 (C2), 154.7 and 155.0 (C2′ and C6′), 155.8 (C6).
IR (CH2Cl2, cm

−1): 2121 (w) ν(CC), 2024, 1922, and 1900 (vs)
ν(CO). IR (Nujol): ν(HCC) 3185 (w) cm−1. FAB+ MS: m/z 486
(45%, [M]+), 450 (100%, [M-Cl]+).

■ RESULTS AND DISCUSSION
Alkynyl Complexes. The cyclopentadienyl ruthenium

alkynyl complexes 1 and 2 were prepared using well-trodden
methodologies.39,40 The syntheses of complexes 2,41 3,27 and
1338 have been reported, but in the case of complex 2, a more
concise synthesis is reported here and a reinterpretation of the
13C{1H} NMR assignments is presented and supported with
2D NMR experiments, similarly with complex 13. The X-ray
crystal structures of 2 and 3 are presented here for the first
time.
The bimetallic complexes were accessed through ligand

substitution reactions on [RuCl(COD)Cp], for 4, 6 and, 8 or
[ReCl(CO)5], for 5, 7, and 9, in good yield. Similar reactions
provided access to 10−13, which are cogent examples for the
comparison of physical and spectroscopic properties of 4−9.
In the infrared spectra of the complexes the weak ν(CC)

band of the free ligand (2097 cm−1) shifted to a strong alkynyl
stretch in the range 2038−2222 cm−1, the majority lying in the
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range 2038−2070, for 1−9, with bands for 10−13 between
2098 and 2222 cm−1. Complexes 11 and 13 also displayed weak
ν(CH) bands for at 3122 and 3184 cm−1, respectively.
The binuclear complexes 4−9 had ν(CC) bands that were
some ca. 30 cm−1 lower than those for the mononuclear 1−3,
the lower frequency attributed to a decrease of triple-bond
character on account of withdrawal of electron density to the
coordinated metal moiety at the bipyridyl nitrogens, and
amplified by the increase in mass associated with the addition
of the second metal unit. The ReCl(CO)3 appended
complexes, 5, 7, 9, 12, and 13, all exhibit IR ν(CO) spectra
characteristic of fac coordination of the of the CO ligands.
The proton NMR spectra contained the expected resonances

for the cyclopentadienyl moieties with the methyl groups of the
Cp* ligands at ca. 1.6 ppm. In the spectra of 2, 4, 6−8, 10, and
11, signals for Cp were consistent with those normally observed
for neutral ruthenium complexes and at ca. 4.4 ppm for Cp
ligands attached to Ru(bisphospine) moieties and at ca. 4.1, for
4, 6 and 8, and at ca. 4.3 for 10 and 11 for those Cp ligands
attached to Ru(bpy), notably the complex [RuCl(κ2-N′N-
bpy)Cp] has a resonance at 4.35 ppm for Cp in its 1H NMR
spectrum.28,42 The alkynyl protons of 11 and 13 were observed
as singlets at 3.38 and 3.53 ppm, respectively.
The 13C{1H} NMR spectra obtained for the complexes

contained resonances that were diagnostic of the presence of an
alkyne in all complexes. The revised assignment of the alkynyl
carbons was achieved with the aid of 2-D HMBC experiments
and the observation of coupling to the phosphorus nuclei,
typically ca. 20 Hz. The Cα resonances were observed to be
uniformly downfield of the Cβ peaks for the alkynyl complexes
were all identified with the Cα resonances all uniformly
downfield of Cβ, with the latter at ca. 110 ppm and the former
in the range ca. 150−130 ppm. The 31P{1H}-spectra contained
singlets characteristic of the respective Ru(phosphine) moieties.
Other resonances associated with the respective ligands were
observed in the expected regions.
In an attempt to acquire microanalytical data for complex 8

we analyzed five different samples prepared from three different
repeat reactions and have yet to get acceptable results. For this
reason we have added copies of the characterization data (1H,
13C, and 31P NMR and MALDI-TOF MS) to the Supporting
Information that establish the absence of detectable contam-
inants.
Solid-State Structures. The structures of the alkynyl

complexes 1−3 are depicted in Figure 1, with selected
interatomic parameters collected in the Supporting Information
(Tables S1, S3−S8). These tables also collect the data
associated with the previously reported 241 and 3,27 but for
which no structures have been previously determined. We have
previously published the structure of the dppe analogue of 3,
viz. [Ru(CCbpy)Cl(dppe)2].

27

The bond lengths and angles about the {Ru(PPh3)2Cp} (1),
{Ru(dppe)Cp*} (2), or {trans-RuCl(dppm)2} (3) cores are
unremarkable and consistent with other alkynyl complexes of
this type, and the metal−C2 parameters are also consistent with
other metal−ligand systems. Here also the uncoordinated C
Cbpy units in 1−3 are strictly comparable to the analogous
units in other complexes containing this uncoordinated
ligand.27,38,43,44

Crystals of 3·toluene were mounted on a fiber under an
atmosphere of cold CO2 and transferred quickly to the cold
stream to avoid any solvent loss. Some crystals were allowed to
remain at room temperature for several days, after which they

still appeared to still be crystalline. A second data set on these
crystals, 3b (Supporting Information) showed that, although
they were still crystalline, the b cell length had decreased by
about 12% with the other cell dimensions remaining almost
unaltered. The decrease in the length of the crystal cell b
parameter was clearly due to loss of the toluene solvent. The
geometries of the molecules of the two complexes did not show
any significant differences. The bimetallic complexes 5−7 and 9
also crystallized as solvates.
The chloroform solvate molecule of 5·CHCl3 is closely

associated with the Cp ring; the Me5C5 centroid···H−CCl3
distance is 2.38 Å (Figure 2). These halocarbon H-bonds have
been observed previously, notably in the supramolecular
interactions of sarcophagine45 complexes and metal calixarene
complexes.46−48 Hirshfeld surfaces, calculated using Crystal-
Explorer 3.149,50 provide a convenient method through which to
investigate the nature of intermolecular interactions for many
classes of complexes51−55 and is well-suited to the analysis of
the interactions in solvated structures. Using this approach, we
find that the structure of 9 contains four CH2Cl2 molecules of
solvation.

Figure 1. Molecular representations of the structures of (a) 1, (b) 2
(one of the molecules), and (c) 3. Hydrogen atoms omitted to aid in
clarity. Atomic displacement envelopes shown at the 50% probability
level.
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The structures of the bimetallic complexes 6, 7, and 9 are
depicted in Figure 3. It is clear from the data in Tables S1 and
S3−S8 (Supporting Information) that the coordination of a
metal to the bipyridyl unit has had no significant effect on the
length of the CC triple bond in any of the bimetallic
complexes. Similarly, the structurally characterized, bipyridyl
coordinated monometallic complexes 10 and 12 (Figure 4) and
previously published 13 prepared for structural and spectro-
scopic comparisons show no appreciable differences in
analogous distances. Clearly, the presence of the bpy ligated
metal does not lead to any structurally significant differences in
the formal valence bond representations, nor the evolution of
any substantive degree of cumulenic character in the alkynyl
linker.
To the best of our knowledge, there are no structurally

characterized derivatives of the {Ru(bpy)Cp} moiety to allow
comparison with 6 and 10. Therefore, the known compound
15 was prepared and its structure determined crystallo-
graphically. In this model system, 15, the distance of the Cp
ring from the metal (as measured by the Ru−centroid distance,
Ru−Cp′) is 1.78 Å (1.777−1.781 Å), which is about 0.1 Å
shorter than that found in the {Ru(PPh3)2Cp} core of 6, and
0.6 Å shorter than that for [RuCl(PPh3)2Cp].

56 The Ru−Cl
distance was around 2.45 Å (2.4475(3) to 2.4676(12) Å),
which is consistent with other complexes. The binding of the
bpy ligand was consistent across the three complexes 6, 10, and
15, with Ru−N distances around 2.08 Å (2.0751(10) to
2.109(3) Å) and N−Ru−N bond angles of 76° (76.09 to
76.58). These bond lengths are slightly longer, with a narrower
bond angle than seen in [Ru(bpy)3](PF6)2 with a bond length
of 2.056 Å and an angle of 78.7°.57

There are two independent molecules of 12 in the
asymmetric unit although of opposite chirality in the space
group P212121. Otherwise, the two molecules are similar, the
difference being confined to minor orientations of the phenyl
and bipyridyl rings. The dihedral angles between two pyridyl
rings are 7.2(5) and 0.5(4)° for molecules 1 and 2 respectively.
The dihedral angles between the phenyl ring and each of the
bpyridyl rings are 2.3(5), 5.5(6)° for molecule 1 and 8.3(6) and
7.8(6)° for molecule 2.
The structure of ligand 14 was obtained, with three

independent molecules in the structure. All three molecules
are linear along the axis of the CC bond and have almost
coplanar pyridine rings in the bpy moiety, with the nitrogen
atoms in a transoid configuration and dihedral angles between
the rings of 5.40(8), 4.85(8), and 8.42(8)°. In molecules 1 and
2, the phenyl rings are almost coplanar with the bipyridine
moiety, with dihedral angles of 5.39(8) and 3.37(8)°,
respectively, whereas in molecule 3, the phenyl ring is
considerably rotated form the plane of the bpy moiety, with a
dihedral angle of 40.35(8)°.

Electrochemistry. The redox properties of the mono-
metallic complexes (1−3, 10, 11), bimetallic complexes (4−9),

Figure 2. Molecular representations of the structure of complex 5 (a)
showing the proximity of the solvate CHCl3 to the Cp ring. Atomic
displacement envelopes shown at 50% probability. (b) Hirshfeld
surface of the solvate CHCl3 in relation to 5. The majority of hydrogen
atoms omitted to aid in clarity in (a).

Figure 3. Molecular representations of the structures of (a) 6, (b) 7,
and (c) 9. Hydrogen atoms have been omitted to aid in clarity. Atomic
displacement envelopes shown at 20% probability level.
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and [RuCl(κ2-N′N-bpy)Cp] (15) were measured by cyclic
voltammetry, and relevant data are collected in Table 1.
Typically, ruthenium alkynyl complexes undergo one-

electron oxidations to give the corresponding radical cations
in which the unpaired electron is delocalized over the metal and
alkynyl ligand. As a consequence, the redox potentials of
ruthenium alkynyl complexes are a function of both the ligands

on the ruthenium center and the alkynyl substituent.17,59,60 The
oxidations are apparently reversible or quasi-reversible with the
ratio of peak currents being close to unity and anodic/cathodic
wave separations (ΔEp) between 70 and 130 mV, which
compare with ΔEp = 70 mV for the internal standards
(ferrocene, FeCp2, or decamethylferrocene, FeCp*2). In the
case of 3 there is an additional anodic feature at ca. 0.35 V
observed on the reverse scan that also exhibits a cathodic return
wave at 0.30 V, which indicates an initial EC process.
Expectedly, the electron rich, Cp* derivative 1 is oxidized at

the most negative potential of the monometallic alkynyl species
1−3, whereas E1/2 for the Ru(PPh3)2Cp analogue 2 is some 260
mV more positive. In contrast to the variation in redox
potentials of 1−3, the mononuclear Ru(bpy)Cp complexes 10,
11, and 15 all oxidize at ca. 0 V. Cyclic voltammograms of the
ruthenium, binuclear complexes, 4, 6, 8 all exhibit two
oxidation events the first of which fall near −0.2 V.
Consideration of the relative potentials in Table 1 suggests
the two redox processes in the bimetallic complexes 4, 6, and 8
can be approximated in terms of sequential oxidation of the
{RuCl(bpy)Cp} and {Ru(CCbpy)L2Cp} fragments.
In contrast, the heterometallic binuclear complexes 5, 7, and

9 display greater variation in the first oxidation process, with
E1/2 falling between 0.14 for the {Ru(dppe)Cp*} complex 5
and 0.40 V for the {Ru(PPh3)2Cp} analogue 7. In this case it is
likely that the oxidation is centered on the metal−alkynyl
moiety and shifted to more positive potentials by the effect of
the electron withdrawing {ReCl(CO)3(bpy)} fragment. These
bimetallic complexes also contain an irreversible reduction
event at ca. −2 V associated with the {ReCl(CO)3(bpy)}.

Spectroelectrochemical Studies. IR and UV−vis−near
IR spectroelectrochemical (SEC) investigations were under-
taken to shed further illumination on the nature of these
complexes, their redox chemistry and electronic structures.
The IR spectra of 1−3 each display a ν(CC) band near

2070 cm−1, split by either the Fermi resonance61,62 or the
presence of different rotamers in solution.63 Oxidation of
complexes 1−3 results in the shift ν(CC) from ca. 2070 to
ca. 1920 cm−1 (Figure 5) consistent with the formation of the
ruthenium alkynyl radical cations [1−3]+,17,59,60 together with a
second, presumably ν(CC) band near 2050 cm−1, which was
subsequently consumed on further oxidation. On reduction of
each of [1−3]+ the ν(CC) band associated with the neutral

Figure 4.Molecular representations of the structures of (a) 10 and (b)
12 (one of the molecules). Hydrogen atoms omitted to aid in clarity.
Atomic displacement envelopes shown at 50% probability.

Table 1. Electrochemical Data for the Complexes 1−11 and
15a

first oxid second oxid red.

compd
E1/2
(V)

ΔEp
(mV) Ia/Ic

E1/2
(V)

ΔEp
(mV) Ia/Ic Ep (V)

1 0.00 77 1.09
2 0.26 79 1.24
3 0.14 73 1.09
4 −0.16 76 1.10 0.09 74 1.58
5 0.14 73 1.42 −1.91
6 −0.19 76 1.08 0.07 93 2.08
7 0.40 79 2.55 −1.87
8 −0.16 83 1.04 0.26 119 1.21
9 0.32 127 1.07 −1.95
10 0.07 113 0.99
11 0.05 85 0.90
15 −0.02 85 1.08

aCH2Cl2 solutions containing 0.1 M nBu4NPF6 electrolyte. The
decamethylferrocene/decamethylferricenium (FeCp*2/[FeCp*2]+)
couple was used as an internal reference, with all potentials reported
relative to the ferrocene/ferricenium couple (FeCp2/[FeCp2]

+ = 0 V,
such that FeCp*2/[FeCp*2]+ = −0.48 V in CH2Cl2).

58 Scan rate of
100 mV/s at room temperature.

Figure 5. IR spectral changes accompanying the oxidation of complex
3 in an OTTLE cell, CH2Cl2 /0.1 M nBu4NPF6 electrolyte.
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species at 2070 cm−1 is observed to grow back into the
spectrum, together with the band at 2050 cm−1 of
approximately equal intensity. The identity of these new
species responsible for the persistent ν(CC) band at 2050
cm−1 is still undetermined. Initial theses revolved around the
possibility of contamination but careful attention to detail in
the collection of new data using rigorously purified materials
discounted that possibility. Similarly, the possible ionization of
the remaining halide in 3, in the electrolyte used, giving rise to
closely related alkynyl stretches in the IR spectrum was also
discounted. The appearance of a similarly putative alkynyl band
on oxidation was also observed in the IR SEC study of
[Ru(CCbpy)(dppe)Cp*] (1) and [Ru(CCbpy)-
(PPh3)2Cp] (2) where the formation of ionized products or
solvent stabilized cations can be discounted.
It was posited that the new band is a result of a chemical

process following the initial oxidation of the alkynyl complex on
the relatively long time scale associated with the spectroelec-
trochemical study compared with the voltammetric measure-
ments. Therefore, chemical oxidation of 1 using the
acetylferrocenium ion in CH2Cl2 was performed to test the
hypothesis. The reaction was monitored by IR spectroscopy
and showed the formation of the radical alkynyl cation after
some hours, evinced by the observation of a band at 1920 cm−1

and accompanied by a band for the unknown species at 2030
cm−1. After 16 h, the radical alkynyl cation had decomposed to
the carbonyl cation,64,65 [Ru(CO)(dppe)Cp*]+, giving a new
band at 1972 cm−1, with the band attributed to the unknown
complex unchanged.
The nature of the species present in the solution was probed

by mass spectrometry and analysis of the spectra obtained was
inconclusive, apart from expected daughter ions related to the
[Ru(dppe)Cp*]+ core and ions related to the carbonyl cation.
However, there was a doubly charged ion observed at 1249 m/
2z, which displayed a characteristic Ru2 isotope pattern that led
us to suggest that the oxidation of 3 led to some
oligomerization of the alkynyl radical cation complex, most
likely dimerization. Oxidation of alkynyl complexes leading to
oligiomerisation was demonstrated in many systems,66−69 and
the noninnocent nature of ligands in redox reactions was
highlighted by one of us recently.60

The IR SEC study of the ruthenium, binuclear complexes, 4,
6, and 8, (illustrated for 8 in Figure 6) shows that there is a
slight shift (Δν(CC): 4/[4]+ −9 ; [6]/[6]+ −9; 8/[8]+ −5
cm−1) to lower wavenumber of the ν(CC) band on the first
oxidation of the complex, consistent with initial oxidation
localized on the {RuCl(bpy)Cp} moiety and therefore not
significantly affecting the triple bond character of the alkynyl
complex. However, on further oxidation to the dication the
ν(CC) band loses intensity, becoming almost indistinguish-
able from the baseline in the case of [4]2+ and [6]2+, which
suggests a limited dipole over the alkynyl moiety and shifts to
lower frequency; both observations are consistent with the
second oxidation being more associated with the {Ru-
(PPh3)2Cp} fragment. However, in the case of 8, the ν(C
C) band has enough intensity to be observed at 1947 cm−1 but
is significantly less intense than the neutral species. This feature
is found to be reversible on reduction under the conditions of
the spectroelectrochemical measurements.
The heterometallic binuclear complexes, 5, 7, and 9 all

displayed consistent IR SEC behavior, illustrated here by
complex 9 (Figure 7). Oxidation occurs at the Ru alkynyl
substituent, resulting in the typical shift in ν(CC) frequency

to lower energy and causing it to be largely obscured by the
ν(CO) bands associated with the {Re(CO)3(bpy)} fragment,
which change little in intensity or position. The shoulder at
1940 cm−1 in [9]+ likely arises from the incomplete obstruction
of the ν(CC) stretch.

Figure 6. IR spectral changes accompanying the oxidation of complex
(a) 8 to [8]+ and (b) [8]+ to [8]2+ in an OTTLE cell, CH2Cl2 /0.1 M
nBu4NPF6 electrolyte.

Figure 7. IR spectral changes accompanying the oxidation of complex
9 in an OTTLE cell, CH2Cl2 /0.1 M nBu4NPF6 electrolyte.
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The bimetallic complexes 4−9 were further investigated by
UV−vis−NIR spectroelectrochemical studies, seeking any
additional evidence for interactions between the metallic
centers mediated by the ethynyl bipyridyl bridging moiety.
The homobimetallic ruthenium complexes 4, 6, and 8 all
exhibit similar spectroscopic profiles, with the MLCT
transitions associated with the ruthenium−alkynyl fragment
observed near ca. 450 nm. On oxidation, these bands are only
slightly red-shifted to ca. 500 nm, together with a very low
intensity IVCT band near 1200 nm (8300 cm−1). These trends
are consistent with the initial oxidation of the {RuCl(bpy)Cp}
fragment, which leads to an inductive stabilization of the bpy
ligand π*-system and hence lowering in the MLCT transition
energy. Further oxidation to the dications [4]2+, [6]2+, and
[8]2+ causes a collapse in the lowest energy feature, consistent
with the IVCT assignment, and the 500 nm band, with new
bands at ca. 700−800 nm and a characteristic blue shift in the
MLCT band consistent with the greater degree of RuCC
character in the second oxidation event. In addition, in the case
of [8]2+ a Cl → {RuCC}+ LMCT transition, which is
significantly narrower and more intense than the IVCT band, is
also observed at 1280 nm (7800 cm−1).63

Further investigation of the heterobimetallic Ru−Re
complexes using UV−vis−NIR spectroelectrochemical meth-
ods also supports these assignments. In the case of 5, 7, and 9,
the only accessible oxidation process causes a blue shift in the
ruthenium−alkynyl MLCT band. For [5]+, the dπ−dπ
transition often associated with [Ru(CCR)(L2)Cp′]+ radical
cations was observed clearly near 1500 nm (6650 cm−1),59 with
a Re → {Ru(CCR)}+ CT band observed near 730 nm
(13,700 cm−1), similar processes being known for related Re/
Fe complexes.70,71

Similar transitions are apparent on close inspection of the
spectrum of the Ru(PPh3)2Cp derivative [7]+, although these
features are rather less pronounced. The spectrum of [9]+ also
features low energy transitions at 1230 and 860 nm, assigned to
Cl → {RuCC}+ LMCT and Re → {Ru(CCR)}+ CT
bands. As oxidation proceeds, other features at 990, 640, 383,
and 356 nm grow in, accompanied by a loss of isosbestic points
and indicating a degree of decomposition of the sample over
the time scale of the spectroelectrochemical experiment.

Computational Studies. To aid in the interpretation of
the electrochemical and spectroelectrochemical results, and to
arrive at a more comprehensive description of the electronic
structure of the complexes described here, a series of DFT
calculations (B3LYP/LANL2DZ Ru and Re/6-31G** all other
atoms/CPCM−dichloromethane solvent model) were carried
out on the representative series [2′]n+ (n = 0, 1), [6′]n+ (n = 0,
1, 2), and [7′]n+ (n = 0, 1), where the prime (′) notation is used
to distinguish the computational systems from the physical
samples.
Optimized bond lengths and angles from 2′, 6′, and 7′ were

in good agreement with those of the crystallographically
determined structures (Tables S3−8, Supporting Information)
with overestimation of the Ru−P, Ru−Cl, and Re−Cl, and Ru−
Cp′ bond lengths by ca. 4%. Calculated vibrational frequencies
(scaled here by 0.95),72 particularly the ν(CC) and ν(CO)
modes, provide an excellent point for comparison of the model
and physical systems in the various electrochemically accessible
redox states (Table 1), and the close agreement between these
data give confidence in the conclusions drawn from the
computational work.
Compound 2′ is another member in the now well-studied

family of complexes Ru(CCR)(PR3)2Cp′,59,73−75 and the
electronic structure is, not surprisingly, similar to the many
other examples of this family described earlier at various levels
of theory. Of the various minima of 2′ that can be identified,
differing in the relative orientations of the N atoms relative to
the Ru(PPh3)2Cp fragment and each other, the one represented
by the structure depicted in Chart 1, with the bpy plane
approximately bisecting the P−Ru−P angle, is the global
minimum. The analogous structure with the bpy fragment
oriented as found in the crystallographically determined
structure lies some 2.3 kJ mol−1 eV higher in energy.
The HOMO is distributed over the RuCCbpy

backbone (Ru 33%, CC 29%, bpy 24%) whereas at the
level of theory employed the LUMO is essentially (88%)
composed of the bpy π* system, Figure 8. In comparison with
2′, the 17-e compound [2′]+ offers the usual pattern of
elongated RuP and RuCp′ bond lengths, which reflects
decreases in metalligand π-back-bonding. The shorter Ru
C1 and C2C3 bond lengths and longer C1C2 bond in

Figure 8. Plots of selected molecular orbitals (isocontour value ±0.04 (e/bohr3)1/2): (a) the LUMO (top) and HOMO (bottom) of 2′; (b) the
HOMO and HOMO−1 of 6′; (c) the LUMO (top) and HOMO (bottom) of 7′.
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[2′]+ are consistent with the composition and nodal structure
of the β-LUSO (Ru 38%, CC 26%, bpy 21%), which has
obvious similarities with the HOMO of 2. The calculated
ν(CC) frequencies in 2′ and [2′]+ track the geometric
changes and orbital structure, decreasing from 2034 cm−1 (2′)
to 1922 cm−1 ([2′]+) as the CC character decreases on
oxidation, in very good agreement with the IR spectroelec-
trochemical results. The substantial ethynylbipyridine ligand
character in the radical cation [2′]+ also supports the notion of
interligand coupling proposed above to explain the chemical
behavior of the closely related complexes [1−3]+.
The electronic structure of bimetallic 6′ allows some useful

comparisons of phosphine and bpy ligated RuXL2Cp frag-
ments,28,76,77 a comparison that has additional relevance given
the extensive knowledge of RuX(PR3)2Cp′ chemistry, and
recent proposals for water oxidation catalysts based on the less
well explored {Ru(bpy)Cp′} moiety.78 The coordination of the
RuClCp fragment to the bpy moiety in 2′ has no discernible
structural effect on the Ru(CCbpy)(PPh3)2Cp fragment,
whereas the various bond lengths and angles in the RuCl-
(bpy)Cp fragment in 6′ are similar to those observed
crystallographically for 10. Perhaps of greatest interest is the
contraction of the RuCp′ bond length in the bpy
coordinated fragment vs the phosphine coordinated fragments,
which arises from the extremely efficient σ-donor properties of
the bpy ligand and increased RuCp back-bonding. This back-
bonding contribution is reflected in the structure of the
HOMO of 6′, which is localized on the RuCl(bpy)Cp fragment
(Ru2 62%, Cp 14%). The RuCCbpy moiety that
comprises the HOMO of 2′ features heavily in the HOMO−1
of 6′ (Ru1 31%, CC 23%, bpy 16%), which lies some 0.18 eV
lower in energy than the HOMO, Figure 8. The local
coordinates most appropriate for describing the two RuXL2Cp
fragments are approximately orthogonal (Ru1C1Ru2Cl
99.99°), and consequently there is little mixing between the
metal-based orbitals through the ethynyl-bipyridyl bridge.
The cation radical [6′]+ features bond lengths at the Ru(C

Cbpy)(PPh3)2Cp fragment that are essentially unchanged from
those of 6′ and 2′. In contrast, there is a modest (0.01−0.02 Å)
contraction of the Ru2N bond lengths, and a more
significant shortening of the Ru2Cl bond (reflecting a
greater electrostatic attraction between the formally d5, RuIII

center, and the Cl atom) and elongation of the Ru2Cp′
distance as the metalring back-bonding interactions are
diminished. The orthogonal relationship between the HOMO
and HOMO−1 and localization on each of the two RuXL2Cp
fragments is also evident in [6′]+. On the basis of the structural
characteristics and the distribution of the β-HOSO (Ru1 40%,
CC 25%, bpy 17%) and β-LUSO (Ru2 60%, Cp2 13%, Cl
10%) in [6′]+ and the observation of a low intensity IVCT
band in each of [4]+, [6]+, and [8]+ (vide supra) these
bis(ruthenium) radical cations can be accurately described as
weakly coupled, or Class II, d5/d6 mixed-valence complexes.
This localized electronic structure description is entirely
consistent with the IR spectroelectrochemical observations,
with the limited shift in the ν(CC) frequency between 6 and
[6]+ (Δν(CC) = −8 cm−1) mirrored in the models 6′ and
[6′]+ (Δν(CC) = −16 cm−1).
Although [6]2+ proved to be unstable under the conditions of

the spectroelectrochemical experiment, the localization of the
β-LUSO and β-HOSO on the RuCl(bpy)Cp and RuCCbpy
fragments in [6′]+, respectively, is consistent with the
interpretation of the cyclic voltammogram of 6 in terms of

sequential oxidation of the RuCl(bpy)Cp and RuCCbpy
moieties.
Finally, turning attention to the mixed-metal complexes, 7′

and [7′]+ successfully modeled both the geometric properties
of the crystallographically determined structure of 7 (Tables S3
and S7, Supporting Information) and the ν(CC) and ν(CO)
frequencies from the IR spectroelectrochemical experiments
(Table S10, Supporting Information). Importantly, the ν(C
C) band in 7′ (2020 cm−1), which is well removed from the
three ν(CO) bands (1979, 1878, 1864 cm−1) shifts by some
−94 cm−1 in [7′]+ and falls within the ν(CO) bands, which are
only modestly shifted to higher wavenumbers (ν(CC) 1926
cm−1; ν(CO) 1984, 1887, 1872 cm−1). Clearly, oxidation of 7 is
associated with changes in the electron density in the RuC
Cbpy moiety, which is reflected in the orbital structures of 7′
and [7′]+, Figure 8. Unsurprisingly, the HOMO of 7′ displays
the familiar RuCCbpy character and nodal properties (Ru
37%, CC26%, bpy 20%) associated with the HOMO of 2′
and the HOMO−1 of 6′. Other Ru(PPh3)2Cp based orbitals
contribute to the HOMO−1 and HOMO−2. The ReCl-
(CO)3(bpy) fragment contributes mixed ReCl orbitals to the
HOMO−3 and HOMO−4, which lie ca. 1 eV below the
HOMO, whereas the LUMO is heavily bpy π* in character
(84%). In [7′]+ the β-LUSO retains similar RuCCbpy
character (Ru 42%, CC 22%, bpy 19%) consistent with
oxidation at this metal−organic fragment. This leads to a
degree of orbital reordering, with stabilization of the occupied
β-orbitals localized on the Ru(PPh3)2Cp fragment that now lies
below the ReCl based fragment orbitals, supporting the
assignment of the Re → {Ru(CCR)}+ CT bands observed
in the spectroelectrochemical experiments.

■ CONCLUSIONS
Some new bipyridyl appended ruthenium alkynyl complexes
have been prepared, and these have allowed access to a range of
binuclear homometallic ruthenium and heterometallic ruthe-
nium−rhenium complexes. The coordination of a second metal
center to the alkynyl complexes has little impact on the
structures of these complexes except that imposed by the
packing of these into the crystal lattice.
In the bimetallic complexes, the IR and UV−vis spectroelec-

trochemical experiments showed the two metal centers were
found to be only weakly coupled, as evinced and supported by
quantum chemical calculations. The alkynyl complexes of the
type [Ru(CCbpy){Ln}] ({Ln} = {(PPh3)2Cp}, {(dppe)-
Cp*}, {Cl(dppm)2}) undergo reversible one-electron oxida-
tions centered largely on the alkynyl ligands as has been
observed previously for closely related complexes.
The homometallic binuclear complexes, represented by

[Ru(C2bpy-κ
2-N′N-RuClCp)(PPh3)2Cp] undergo two essen-

tially reversible oxidations, the first centered on the (C2bpy-κ
2-

N′N-RuClCp) moiety and the second on the Ru(C
Cbpy)(PPh3)2Cp fragment, leading to radical cations that can
be described as Class II mixed-valence complexes. The
heterometallic binuclear complexes [Ru(C2bpy-κ

2-N′N-ReCl-
(CO)3){Ln}] display a similar behavior, with initial oxidation
on the ruthenium fragment giving rise to a new optical
absorption band with Re → Ru(CCbpy) charge transfer
character. The heterometallic complexes also exhibit irreversible
reductions associated with the Re hetereocycle moiety.
In summary, we have investigated the electronic structure of

the bimetallic compounds prepared by us.
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  1.     Introduction 

 The continued societal and industrial 
demand for smaller, quicker, and more 
effi cient electronic devices maintains suf-
fi cient economic pressure to drive Moore's 
Law based scaling of electronic circuits. 
However, the intrinsic fi nancial and tech-
nological limitations in top-down scaling 
of conventional solid-state silicon tech-
nology [ 1,2 ]  have begun to demand consid-
eration of alternative technologies and 
design concepts. Alongside More than 
Moore style device packaging, [ 3,4 ]  and revo-
lutionary component designs [ 5,6 ]  the use 
of functional organic molecules as basic 
components in electronic devices, i.e., 
molecular electronics, is gaining support 
as an alternative future technology. [ 7–12 ]  
Although the immense opportunities 
offered by synthetic chemistry together 
with the sophisticated methods that allow 
the assembly of single molecules and 

 In this contribution, a novel method for practical uses in the fabrication 
of the top contact electrode in a metal/organic monolayer/metal device is 
presented. The procedure involves the thermally induced decomposition 
of an organometallic compound, abbreviated as the TIDOC method. Mon-
olayers incorporating the metal organic compounds (MOCs) [[4-{(4-carboxy)
ethynyl}phenyl]ethynyl]-(triphenylphosphine)-gold, 1, or [1-isocyano-4-
methoxybenzene]-[4-amino-phenylethynyl]-gold, 2, were annealed at moderate 
temperatures (1: 150 °C for 2h and 2: 100 °C for 2 h), resulting in cleavage 
of the Au-P or Au-C bond and reduction of Au(I) to Au(0) as metallic gold 
nanoparticles (GNPs). These particles are distributed on the surface of the 
fi lm resulting in formation of metal/molecule/GNP sandwich structures. Elec-
trical properties of these nascent devices were determined by recording  I–V  
curves with a conductive-AFM. The  I–V  curves collected from these metal/
organic monolayer/GNPs sandwich structures are typical of metal-molecule-
metal junctions, with no low resistance traces characteristic of metallic short 
circuits observed over a wide range of set-point forces. The TIDOC method is 
therefore an effective procedure for the fabrication of molecular junctions for 
the emerging area of molecular electronics. 
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assemblies of molecules onto solid supports with a high degree 
of control are promising for the development of molecular elec-
tronics, there are also some signifi cant challenges before this 
technology can begin and journey towards the market. Among 
these challenges, the deposition of the top-contact electrode on 
monomolecular layers of active molecular components (see 
an illustrative example of a bottom electrode/monolayer/or 
top contact electrode in  Scheme    1  ) is of particular relevance to 
the assembly of device structures, as opposed to test junctions 
which can be formed in nanofabrication or scanning probe 
microscopy (SPM) based platforms. [ 7,13 ]  Consequently, the 
metallization of monolayers has been the objective of intensive 
investigations in the last decades, and some excellent reviews 
have summarized the most important methods developed to 
date highlighting their advantages and limitations. [ 14–18 ]  As evi-
denced in these reviews, despite intense investigations on this 
topic a reliable control in the fabrication of molecular junctions 
remains rather limited. The main problems in the deposition 
of the second or top contact electrode are related to damage of 
the functional molecules during the metallization of the mon-
olayer or penetration of the second metal through the organic 
fi lms, which results in a short circuit, rendering the device 
unusable. [ 7,16,17 ]   

 Recently, Chico et al. [ 19 ]  have reported the generation of a 
dispersion of metallic gold nanoparticles (GNPs) by thermal 
annealing of a metal organic compound (MOC) in solution, 
where the GNPs are stabilized by the organic counterparts 
of the pristine material. A thermal annealing strategy is also 
implemented in this contribution for the generation of the 
top metallic electrode. However, the chemical reaction to pro-
duce the gold nanoislands (GNIs) on the monolayer surface 
has been carried out after the MOC had been immobilized on 

a substrate. In this contribution different substrates have been 
used depending on the characterization technique employed. 
As it will be demonstrated throughout the paper the thermal 
decomposition of the organometallic fi lm is a general phenom-
enon that occurs independently of the substrate where the mon-
olayer was immobilized, although for applications in the fi eld 
of molecular electronics a bottom electrode or conductive sub-
strate is required. Two different organometallic gold complexes 
[[4-{(4-carboxy)ethynyl}phenyl]ethynyl]-(triphenylphosphine)-
gold,  1 , and [1-isocyano-4-methoxybenzene]-[4-amino-
phenylethynyl]-gold,  2  (Scheme  1 ) were incorporated into well-
ordered monomolecular fi lms by the Langmuir-Blodgett (LB) 
technique since the LB method permits the fabrication of direc-
tionally oriented fi lms, [ 20,21 ]  which is of vital importance to carry 
out the strategy presented for the fabrication of the top elec-
trode in this paper. Thermal annealing of monomolecular LB 
fi lms of these organometallic compounds causes the rupture of 
the P-Au-C or C-Au-C bonds and reduction of Au(I) to Au(0) as 
metallic GNIs that remain immobilized on the surface of the 
organic monolayer. Scheme  1  illustrates the processes that will 
be demonstrated to occur upon thermally induced decomposi-
tion of an organometallic compound, abbreviated as the TIDOC 
method.  

   2. Results and Discussion  

 Details about the experimental procedure to prepare and char-
acterise the monolayers can be found in the supporting infor-
mation (SI). These Langmuir fi lms were transferred onto mica 
(AFM experiments), glass (XPS and contact angle measure-
ments), quartz (UV-vis), and gold (c-AFM) solid supports. In 
all cases, the optimum surface pressure of transference for 
compound  1  is 10 mN·m −1  for which transfer ratios [ 22 ]  close 
to 1 were obtained (see SI). The area per molecule for  1  at this 
surface pressure, 0.33 nm 2 ·molecule −1 , is in excellent agree-
ment with the theoretical area per  1  unit, 0.32 nm 2 ·molecule −1 , 
according to molecular models (Spartan 08 V 1.0.0). A sys-
tematic study in which the surface supported LB fi lms were 
annealed at different temperatures and during different periods 
of time was performed (see SI). The optimized results for com-
pound  1  were obtained after an annealing process of 2 hours at 
150 °C, and subsequent washing and drying steps. 

 The processes taking place upon annealing were studied 
by a variety of methods. Initial annealing studies were carried 
out on fi lms of  1  immobilised on a quartz crystal microbalance 
(QCM) resonator. The frequency change (∆ f)  for a QCM quartz 
resonator before and after the annealing process was deter-
mined. The Sauerbrey equation establishes that: [ 23 ] 

 

2 0
2

1/2 1/2f
f m

A q qρ µ
∆ = − ⋅ ⋅ ∆

⋅ ⋅
  

(1)
 

 where  f 0   is the fundamental resonant frequency of 5 MHz, 
∆ m (g) is the mass change,  A  is the electrode area,  ρ q   is the 
density of the quartz (2.65 g·cm −3 ), and  µ q   is the shear module 
(2.95·10 11  dyn·cm −2 ). The surface coverage of the organic mon-
olayer is 5.5·10 −10  mol·cm −2  as obtained from Equation  ( 1)   
considering the frequency variation before and after deposition 
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 Scheme 1.    Top: [[4-{(4-carboxy)ethynyl}phenyl]ethynyl]-(triphenylphos-
phine)-gold,  1 , and [1-isocyano-4-methoxybenzene]-[4-amino-
phenylethynyl]-gold,  2 . Bottom: cartoon showing the TIDOC method in 
which rupture of P-Au bonds after annealing of immobilized monolayers 
of  1  occurs leading to the formation of GNIs on the fi lm surface. The 
triphenylphosphine group is eliminated by thoroughly rinsing the nanois-
land decorated fi lm with chloroform. The tolane group remains attached 
to the gold substrate by chemisorption of the acid group.
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of the monolayer. A variation of 14 Hz in the frequency after 
the annealing and subsequent rinsing process with chloro-
form was obtained. If it is assumed that the surface coverage 
of the organic monolayer is maintained after the annealing, 
washing and drying processes, this frequency change of 14 Hz 
is in good agreement with a loss of material of 262 amu, i.e., 
the molecular weight corresponding to the triphenyl phosphine 
(PPh 3 ) ligand. 

  Figure    1   shows the XPS spectra of pristine and annealed LB 
fi lms of  1  on glass (glass was used to avoid any misinterpreta-
tion of the results by using a gold conductive substrate). The 
characteristic energy of phosphorus in the XPS spectrum pro-
vides a useful signal that can be used to follow the annealing 
process. As shown in Figure  1 , the characteristic phosphorus 
peak which is present in the pristine fi lms of  1  disappears 
after the annealing and subsequent rinsing process, indicating 
that the triphenylphosphine (PPh 3 ) group of  1  is lost after the 
thermal treatment. In addition, the Au4f region for the fi lm 
after the annealing process shows two peaks at 83.81 and 
87.48 eV, attributable to Au(0) [ 24–26 ]  whilst the pristine mon-
olayer shows two intense peaks at 85.04 and 88.74 eV, attribut-
able to Au(I), [ 27,28 ]  and two weaker peaks at 83.88 and 87.56 eV 
attributable to Au(0) that is probably formed during the irradia-
tion process necessitated for recording the XPS spectrum.  

 These results clearly show that, after the thermal annealing 
and rinsing of the fi lm, the PPh 3  group is removed and Au(0) is 
obtained. It is important to verify if the thermally induced rup-
ture of the Au-supporting ligand (L) bond is a general property 
of this family of compound Au{(C≡CC 6 H 4 ) n R}L and not just a 
feature unique to compound  1 . Thus, a comprehensive study of 
 2  has also been performed (see SI for details of LB fi lm prepara-
tion and characterization, and optimization of annealing condi-
tions (100 °C, 2 hrs)). Again, the XPS spectra of the Au4f region 
confi rms the reduction of Au(I) to Au(0) once the fi lm has been 
thermally annealed (see SI). In addition, for compound  2  it is 
also possible to discern by XPS that the isocyanide ligand is 
removed after the annealing and subsequent rinsing. Thus, the 
XPS spectrum of  2  in powder shows a peak at 399.0 eV in the 
N1s spectral region attributable to the isocyanide group. [ 29–31 ]  

This peak can also be observed in pristine LB fi lms of  2  but 
disappears in the annealed fi lms. Further evidence of the elimi-
nation of the isocyanide group after the thermal annealing and 
rinsing processes, is provided by the variation in the resonance 
frequency of a QCM substrate modifi ed by pristine and sub-
sequently annealed and rinsed LB fi lms of  2 . After thermal 
annealing of the monolayer under the optimal conditions, 
thorough rinsing with chloroform and drying, the difference in 
resonance frequency of the monolayer (surface coverage,  Γ , of 
7.5·10 −10  mol·cm −2  determined with the QCM as detailed in 
the SI), with respect to the QCM substrate covered by the unan-
nealed monolayer was 11 Hz. This frequency change is con-
sistent with the loss of the 4-methoxyphenylisocyanide ligand 
(MeOC 6 H 4 N≡C), with a molar mass of 133 amu (Equation  ( 1)  ). 

 A comparison of the UV-vis and XPS spectra of the fi lms 
before and after annealing (see SI) reveals that after the 
annealing process the molecular structure remains unchanged 
and no fl ipping or profound rearrangement of the remaining 
organic molecular structure occurs. For instance, the UV-vis 
spectra of the pristine and annealed fi lms of  2  show a similar 
profi le, with the annealing fi lms exhibit a peak at 273 nm char-
acteristic of R-C 6 H 4 -C≡C-C 6 H 4 -R’ derivatives assembled in LB 
fi lms. [ 32 ]  On the other hand, the amine peak in the XPS spec-
trum of pristine fi lms of  2  appears at 399.9 eV, characteristic of 
amine groups being adsorbed onto the substrate surface. This 
peak remains unchanged after annealing which indicates that 
no fl ipping of the molecules occurs. A similar phenomenon 
has been observed for pristine and annealed LB fi lms of  1 , 
where the carboxylic group remains absorbed on the substrate 
surface after annealing (for more details see SI). 

 Thermal annealing of monomolecular LB fi lms of  1  and 
 2  caused signifi cant modifi cation to the appearance, phys-
ical characteristics and composition of the fi lm surface. For 
instance,  Figure    2   shows the AFM images of a pristine and an 
annealed  2  monolayer onto a fl at mica substrate. The increase 
in the root mean square (RMS) roughness of the fi lm (from 0.20 
to 0.89 nm over areas of 9 µm 2 ) together with the appearance 
of bright spots distributed all over the fi lm after the annealing 
process also indicates the presence of GNIs. In addition, a 
bearing analysis of the AFM image of the annealed LB fi lm was 
performed in order to estimate the GNIs surface coverage. In 
a bearing analysis, the depths of all pixels of the image with 
respect to a reference point, i.e., the highest pixel are analyzed. 
This kind of analysis renders the estimation of the surface cov-
erage and the estimation of depths. Thus, taking into account 
the volume of a gold atom and the bearing volume obtained 
from Figure  2  (corrected by the tip convolution), a surface cov-
erage of 7.2·10 −10  moles of gold atoms·cm −1  where obtained, 
which is in good agreement with the initial amount of gold in 
the pristine fi lms (7.5·10 −10  moles of gold atoms·cm −1 ). After 
annealing no mica bare regions are observed which is also in 
good agreement with the UV-vis and XPS results detailed above, 
and further supports that no reorganization of the underlying 
organic monolayer takes place upon annealing. As mentioned 
before, the chemical process behind these observations is the 
rupture of the P-Au-C or C-Au-C bonds and reduction of Au(I) 
to Au(0). After formation of Au(0) atoms, these gold atoms 
must diffuse on the surface to form the observed GNIs. In 
addition, since these GNIs are not protected by ligands they 
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 Figure 1.    XPS spectra of P2p and Au4f photoelectrons of a  1  pristine 
monomolecular fi lm transferred at 10 mN·m −1  onto a glass substrate and 
after annealing at 150 °C for 2 hours.
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might be diffuse on the surface to form larger domains, which 
is a phenomenon that could be very much infl uenced by tem-
perature. To verify this point, monolayers of  2  where annealing 
for 2, 4, and 14 hrs and AFM images of these annealed fi lms 
were obtained. These images (see SI) evidence diffusion of the 
GNIs to form larger clusters with increasing annealing times 
resulting in large areas not covered by GNIs.  

 Contact angle measurements are sensitive indicators of 
the surface properties of a monolayer. [ 33–35 ]  In this work, sur-
face modifi cation of monolayers after annealing is further evi-
denced by differences in water contact angle measurements 
from pristine and annealed fi lms of  2  (by way of example) on 
glass. The contact angle of water on a pristine LB fi lm of  2  is 
67°, consistent with a well-formed hydrophobic LB fi lm. After 
annealing at 100 °C for 2 h, followed by the rinsing and drying 
processes, the contact angle is reduced to 42° indicating a more 
hydrophilic surface. This contact angle is surprisingly close to 
the value associated with a bare gold substrate (39°). 

 One important question concerning the reliability of the 
TIDOC method for the production of GNIs decorated molec-
ular fi lms as nascent device structures has also been addressed: 
does diffusion and penetration of gold through the fi lm cause 
short-circuits between the particle and underlying substrate? To 
answer this question the electrical properties of the junction-
like structures were determined. For this purpose,  I – V  curves 
were recorded with a conductive-AFM (Bruker ICON) using 
the Peak Force Tunneling AFM (PF-TUNA) mode as described 
before for other metal/organic monolayer/metal devices. [ 35 ]  The 
PF-TUNA operation mode for the AFM was chosen, instead 
of a STM or c-AFM in conventional contact mode, because it 
permits conductivity mapping of soft or fragile samples since 
the normal force is accurately controlled and lateral forces are 
avoided. This AFM mode is based in combining high frequency 
intermittent contact mode (several kHz) with AFM probes of 
low elastic constant and high resonance frequency (peak force 
tapping mode). In this way, during the acquisition of images 
the damage suffered by tip and sample due to interaction forces 
is drastically reduced. This is important to precisely position 
the AFM tip on top of the GNI before performing the current 
measurements.  I – V  curves on the metal/organic monolayer/
GNI junctions are recorded using metal coated probes and a 
low-noise current amplifi er. The  I – V  measurements are per-
formed by positioning the AFM tip on top on the particle using 
Peak-Force Tapping, then the scanning is stopped, a contact 
is made between the tip and surface at the selected repulsive 

force, and the tip-sample voltage is swept while recording the 
electrical current. A compromise has to be made in order to 
select the most suitable contact force to be applied during the 
measurement since too much force will result in unacceptably 
large deformation of the monolayer underlying the GNIs, while 
too little force will result in inadequate electrical probing. The 
deformation or damage of the monolayer as a function of tip 
loading force (set-point force) has been investigated and the 
data are presented in the upper inset to  Figure    3   (refer to the 
solid black lines and scale to the right showing the apparent 
GNI height).  

 Figure  3  (inset bottom left) shows an AFM image of a fi lm 
recorded using a set-point force of 3.5 nN. Three gold nanois-
lands labelled as GNI1, GNI2, and GNI3 are clearly visible in 
this image. When set-point forces between 3.5 and 27 nN are 
applied, the section analysis shows practically constant heights 
of 5.5, 5.2 and 4.2 nm for GNI1, GNI2, and GNI3, respectively 
(inset Figure  3  top left). This result indicates that in this set-
point force range no deformation or damage of the monolayer 
is apparent. If the set-point force is increased up to 35 nN, 
the section analysis of the GNIs gives heights of 4.3, 2.6 and 
2.2 nm for GNI1, GNI2 and GNI3 respectively, revealing that 
when this set-point force is applied there is a deformation of 
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 Figure 2.    AFM images of a  2  pristine fi lm onto a mica substrate and the 
same fi lm after annealing.

 Figure 3.    Representative  I–V  curve experimentally obtained by positioning 
the c-AFM tip on top of a GNI when a set-point force of 35 nN was applied 
(black line) and fi tting according to the Simmons equation,  Φ  = 0.69 eV, 
 α  = 0.78 (red line); for further details see SI. Inset top left: height of GNIs 
determined with the c-AFM at the indicated set-point forces together with 
the average conductance values measured locating the tip of the c-AFM 
on the indicated GNIs. Inset bottom left: representative example of a 
200 × 200 nm 2  image where GNIs can be clearly distinguished. These 
types of images were used to position the c-AFM tip onto the GNIs. Inset 
bottom right: conductance histogram built by adding all the experimental 
data from −0.45 to 0.45 V for each  I – V  curve obtained (ca. 350 curves).
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the monolayer, with the GNIs being pushed down into the rela-
tively soft underlying monolayer. If the set-point is increased to 
44 nN, the deformation of the monolayer increases since the 
section analysis shows heights of 3.8, 2.1 and 1.8 nm for GNI1, 
GNI2 and GNI3, respectively. Moreover, if the set-point force 
is adjusted to low values, e.g. to 8.5 nN, the section analysis of 
these GNIs shows heights of 5.3, 5.2 and 4.1 nm which indi-
cates that the deformation produced in the monolayer after a 
high set-point force (35 or 44 nN) is applied is reversible and 
induces no apparent damage of the organic layer. 

 Once the infl uence of the applied set-point force in the mon-
olayer was studied, the  I – V  curves were recorded. To record 
these current-voltage curves, the c-AFM tip was located on the 
GNI and a bias between the sample and the tip was applied. 
When a set-point force below 3.5 nN was used no current 
was detected, inset Figure  3  top left, whilst set-point forces 
between 3.5 and 27 nN the  I – V  curves show low (<4 × 10 −5  G  0 ) 
conductance values. These results suggest that when low set-
point forces are used to record the  I – V  curves the electrical 
contact between the tip and the GNI is poor. Therefore, a set-
point force of 35 nN is required to make a reasonable contact 
between the tip and the GNI while avoiding damage or exces-
sive deformation of the organic layer during the determina-
tion of the electrical properties. Thus, the  I – V  curves were 
recorded by sweeping the tip voltage (±1.1 V), using this force 
set-point once the AFM probe was placed on top of GNIs and 
a bias between the substrate and the tip was applied with the 
LB-coated Au substrate held at ground.  I – V  curves made on 
different GNIs produced fundamentally four distinct fami-
lies of curves (representative curves from each family are 
shown in the SI, and a representative example is illustrated in 
Figure  3 ). Inset bottom right to Figure  3  shows the conduct-
ance histogram built by adding all the experimental data in the 
−0.45 to 0.45 V ohmic region for each of the 350  I – V  curves 
obtained experimentally by placing the AFM tip on top of the 
GNIs applying a set-point force of 35 nN. In addition, all the 
curves measured exhibit the typical shape observed for metal-
molecule-metal junctions, with a linear section only at relatively 
low bias voltages and increasing curve gradients at higher bias. 
Importantly, only curves with this behavior were observed, both 
over GNIs and on the organic monolayer not covered by GNIs 
(see SI), and no low resistance traces characteristic of metallic 
short circuits were obtained over a wide range of set-point 
forces which rules out the presence of short-circuits. In addi-
tion, AFM images of complete areas do not show any evidence 
for protruding features in the organic monolayer which could 
be the tops of fi laments or monolayer damage. The representa-
tive  I – V  curve shown in Figure  3  and also other representative 
curves obtained for the different families of curves fi t in good 
agreement with the Simmons model [ 36 ]  (see details in the SI) 
revealing that the mechanism of transport through these metal/
organic monolayer/GNIs sandwich structures is non-resonant 
tunneling. The determination of the electrical characteristics of 
 1  annealed monolayers was done following the same procedure 
(see SI) and the results were also consistent with the formation 
of metal/molecule/GNIs junctions without evidences of short 
circuits. Therefore, the TIDOC method, or thermal induced 
decomposition of an organometallic compound, is an alterna-
tive route for the solution of the top-contact electrode problem 

without damaging the organic layer or altering/contaminating 
the interfaces.  

   3. Conclusions  

 In conclusion, metal organic compounds,  1  and  2 , containing 
a gold atom in their structure have been synthesized and 
assembled into well-packed monomolecular fi lms by means of 
the LB technique. Annealing of monomolecular fi lms leads to 
the rupture of P-Au-C and C-Au-C bonds. Subsequent rinsing 
with chloroform eliminated the triphenylphosphine or isocya-
nide groups leading to GNIs remaining on the fi lm surface 
as demonstrated by QCM, XPS (in the case of  1 ) and AFM 
imaging.  I – V  curves collected from these metal/organic mon-
olayer/GNIs sandwich structures are typical of metal-molecule-
metal junctions, with no low resistance traces characteristic of 
metallic short circuits observed over a wide range of set-point 
forces. Therefore, the TIDOC method has shown itself as a 
clean, easy, cheap, and effi cient procedure for the fabrication of 
top contact electrodes that minimizes the appearance of short-
circuits which is a rather common problem in other traditional 
methods for the metallization of monolayers. These GNIs can 
be used at a later date as seeds for deposition of a thicker, more 
uniform metal top contact electrode using other methods such 
as electroless deposition, and work towards this goal is pres-
ently underway in our laboratories  
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 Supporting Information is available from the Wiley Online Library or 
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Received:  March 7, 2014 
Revised:  May 8, 2014 

Published online:     June 26, 2014

[1]     D. K.    Aswal  ,   S.    Lenfant  ,   D.    Guerin  ,   J. V.    Yakhmi  ,   D.    Vuillaume  ,  Anal. 
Chim. Acta    2006 ,  568 ,  84 .  

[2]     R. W.    Keyes  ,  Proc. IEEE    2001 ,  89 .  
[3]     P.    Lindner  ,   T.    Glinsner  ,   T.    Uhrmann  ,   V.    Dragoi  ,   T.    Plach  ,   T.    Matthias  , 

  E.    Pabo  ,   M.    Wimplinger  ,  Ieee International Soi Conference    2012 .  
[4]     R. K.    Cavin  ,   P.    Lugli  ,   V. V.    Zhirnov  ,  Proc. of the IEEE    2012 ,  1720 .  
[5]     A.    Kranti  ,   G. A.    Armstrong  ,  Semicond. Sci. Technol.    2006 ,  21 ,  409 .  
[6]     H.    Iwai  ,  Microelectron. Eng.    2009 ,  86 ,  1520 .  
[7]     D.    Vuillaume  ,  C. R. Physique    2008 ,  9 ,  78 – 94 .  
[8]     L. A.    Zotti  ,   T.    Kirchner  ,   J. C.    Cuevas  ,   F.    Pauli  ,   T.    Huhn  ,   E.    Scheer  , 

  A.    Erbe  ,  Small    2010 ,  6 ,  1929 .  
[9]     W.    Wang  ,   A.    Scott  ,   N.    Gergel-Hackett  ,   C. A.    Hacker  ,   D. B.    Janes  , 

  C. A.    Richter  ,  Nano Lett.    2008 ,  8 ,  478 .  
[10]    Editorial ,  Nat. Nanotechnol.    2013 ,  8 ,  377 .  
[11]    Editorial ,  Nat. Nanotechnol.    2013 ,  8 ,  385 .  
[12]     M.    Ratner  ,  Nat. Nanotechnol.    2013 ,  8 ,  378 .  
[13]     H.    Haick  ,   D.    Cahen  ,  Progress in Surf. Sci.    2008 ,  83 ,  217 .  
[14]     D.    Vuillaume  ,  Proc. IEEE    2010 ,  1 .  
[15]     S.    Martin  ,   G.    Pera  ,   L. M.    Ballesteros  ,   A. J.    Hope  , 

  S.    Marqués-González  ,   P. J.    Low  ,   F.    Pérez-Murano  ,   R. J.    Nichols  , 
  P.    Cea  ,  Chem. Eur. J.    2014 ,  20 ,  3421 .  

[16]     H.    Haick  ,   D.    Cahen  ,  Accounts Chem. Res.    2008 ,  41 ,  359 .  

Adv. Mater. Interfaces 2014, 1, 1400128



www.MaterialsViews.comwww.advmatinterfaces.de

FU
LL

 P
A
P
ER

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwileyonlinelibrary.com1400128 (6 of 6) Adv. Mater. Interfaces 2014, 1, 1400128

[17]     H. B.    Akkerman  ,   B.    De Boer  ,  J. Phys.: Condens. Mater.    2008 ,  20 ,  013001 .  
[18]     R. L.    McCreery  ,   A. J.    Bergren  ,  Adv. Mater.    2009 ,  21 ,  4303 .  
[19]     R.    Chico  ,   E.    Castillejos  ,   P.    Serp  ,   S.    Coco  ,   P.    Espinet  ,  Inorg. CHem.   

 2011 ,  50 ,  8654 .  
[20]     L. M.    Ballesteros  ,   S.    Martin  ,   G.    Pera  ,   P.    Schauer  ,   K.    Nicola  , 

  M. C.    López  ,   P.    Low  ,   R. J.    Nichols  ,   P.    Cea  ,  Langmuir    2011 ,  7 ,  3600 .  
[21]     L. M.    Ballesteros  ,   S.    Martín  ,   C.    Momblona  ,   S.    Marqués-González  , 

  M. C.    López  ,   R. J.    Nichols  ,   P. J.    Low  ,   P.    Cea  ,  J. Phys. Chem. C    2012 , 
 116 ,  9142 .  

[22]     G. L.    Gaines  ,  Insoluble monolayers at liquid-gas interface  Intersci-
ence. John Wiley & Sons ,  New York ,    1966 .  

[23]     G.    Sauerbrey  ,  Z. Physik    1959 ,  155 ,  206ff .  
[24]     H.-G.    Boyen  ,   G.    Kästle  ,   F.    Weigl  ,   B.    Koslowski  ,   C.    Dietrich  , 

  P.    Ziemann  ,   J. P.    Spatz  ,   S.    Riethmüller  ,   C.    Hartmann  ,   M.    Möller  , 
  G.    Schmid  ,   M. G.    Garnier  ,   P.    Oelhafen  ,  Science    2002 ,  297 ,  1533 .  

[25]     C.    Shan  ,   H.    Yang  ,   D.    Han  ,   Q.    Zhang  ,   A.    Ivaska  ,   L.    Niu  ,  Biosens. Bio-
electron    2010 ,  25 ,  1070 .  

[26]     G.    Liu  ,   E.    Luais  ,   J. J.    Gooding  ,  Langmuir    2011 ,  27 ,  4176 .  
[27]     M. C.    Bourg  ,   A.    Badía  ,   R. B.    Lennox  ,  J. Phys. Chem. B.    2000 ,  104 , 

 6562 .  
[28]     I.    Fratoddi  ,   I.    Venditti  ,   C.    Battocchio  ,   G.    Polzonetti  ,   C.    Cametti  , 

  M. V.    Russo  ,  Nanoscale Res. Lett.    2011 ,  6 ,  98 .  
[29]     C. G.    Carson  ,   R. A.    Gerhardt  ,   R.    Tannenbaum  ,  J. Phys. Chem. B.   

 2007 ,  111 ,  14114 .  
[30]     M. J.    Irwin  ,   G.    Jia  ,   N. C.    Payne  ,   R.    Puddephatt  ,  Organometallics   

 1996  ,  15 ,  51 .  
[31]     M. A.    Ansell  ,   E. B.    Cogan  ,   C. J.    Page  ,  Langmuir    2000 ,  16 , 

 1172 .  
[32]     G.    Pera  ,   A.    Villares  ,   M. C.    López  ,   P.    Cea  ,   D. P.    Lydon  ,   P. J.    Low  , 

 Chem. Mater.    2007 ,  19 ,  857 .  
[33]     R.    Maoz  ,   J.    Sagiv  ,  J. Coll. Interf. Sci.    1984 ,  100 ,  465 .  
[34]     J.    Gun  ,   J.    Sagiv  ,  J. Colloid Interface Sci.    1986 ,  112 ,  457 .  
[35]     D. L.    Allara  ,   R. G.    Nuzzo  ,  Langmuir    1985 ,  1 ,  45 .  
[36]     J. G.    Simmons  ,  J. Appl. Phys.    1963 ,  281 ,  1793 .   



Combined Spectroscopic and Quantum Chemical Study of [trans-
Ru(CCC6H4R1‑4)2(dppe)2]n+ and [trans-
Ru(CCC6H4R1‑4)(CCC6H4R2‑4)(dppe)2]n+ (n = 0, 1) Complexes:
Interpretations beyond the Lowest Energy Conformer Paradigm
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ABSTRACT: The reaction of trans-RuCl(CCC6H4R
1-4)(dppe)2 (2: R

1 = Me
(a), C5H11 (b), OMe (c), CO2Me (d), NO2 (e), CCSiMe3 (f), CCBut (g),
NH2 (h)), prepared in situ from reactions of [RuCl(dppe)2]OTf ([1]OTf) with
terminal alkynes in CH2Cl2 solutions containing 1,8-diazabicycloundec-7-ene
(DBU) and TlBF4, provides a convenient and rapid route to bis(acetylide)
complexes trans-Ru(CCC6H4R

1-4)2(dppe)2 (3a−h) and trans-Ru(C
CC6H4R

1-4)(CCC6H4R
2-4)(dppe)2 (4, R

1 = CCSiMe3, R
2 = NH2; 5, R

1 =
CO2Me, R2 = NH2; 6, R

1 = CO2Me, R2 = OMe). However, even in the absence of
the chloride abstracting reagent, more strongly electron donating substituents (e.g.,
R1 = OMe (2c), NH2 (2h)) promote sufficient ionization of the Ru−Cl bond in
trans-RuCl(CCC6H4R

1-4)(dppe)2 to lead to slow conversion to bis(alkynyl) complexes 3c,h in the presence of excess alkyne
and DBU. Desilylation of 2f and 3f affords 2i and 3i (R1 = CCH), respectively. The molecular structures of 3a−d,f−i have
been determined and are reported together with the structures of the monoalkynyl complexes 2f,g,i and compared with related
compounds from the literature. Complexes 3a−i and 4−6 undergo one reversible electrochemical oxidation process, which can
be attributed to depopulation of an orbital with significant alkynyl ligand character. The one-electron-oxidation products [3f]•+,
[3h]•+, [4]•+, and [5]•+, chosen to serve as representative examples of this family of complexes, each exhibit a series of NIR
absorptions between 15000 and 5000 cm−1 which on the basis of TDDFT calculations cannot be attributed to a single, static
lowest energy molecular structure. Rather, the transitions that are responsible for the absorption band envelope have varying
degrees of LMCT and inter-alkynyl ligand IVCT or MLCT character that depend not only on the nature of the Rn groups but
also on the ensemble of thermally populated molecular conformers in solution with various relative orientations of the metal
fragment and arylethynyl moieties.

■ INTRODUCTION
The complexes trans-Ru(CCR)2(dppe)2 and differentially
(or unsymmetrically) substituted derivatives trans-Ru(C
CR)(CCR′)(dppe)2 are emerging as important structural
and electronic moieties in a range of molecular electronic1−3

and electrooptic4 applications. These materials properties are
due in no small part to the efficient mixing of the organic
alkynyl π-electron system with the central metal d-orbitals,
which gives rise to polymetallic systems with highly delocalized
electronic structures.5 One-pot methods for the preparation of
the complexes trans-Ru(CCR)2(dppe)2 are often based on
activation of cis-RuCl2(dppe)2 with NaPF6 in the presence of
the precursor alkyne and a suitable base, usually NEt3, over
reaction periods that can extend for several days (Scheme
1).6−9 The bis(alkynyl) complexes trans-Ru(CCR)2(dppe)2
may also be prepared in two steps via intermediate
monoacetylide trans-RuCl(CCR)(dppe)2 or vinylidene

[RuCl(CCHR)(dppe)2]
+ complexes through a sequence of

deprotonation (in the case of vinylidenes), halide abstraction,
alkyne coordination, rearrangement, and deprotonation reac-
tions (Scheme 1a).10,6,11,12 Alternatively, ammine complex
intermediates, [Ru(CCR)(NH3)(dppe)2]

+, which can be
prepared from either trans-RuCl(CCR)(dppe)2, NH4PF6,
and NEt3 (Scheme 1b)13 or trans-Ru(CCR)2(dppe)2 and
NH4PF6 (Scheme 1c),14 may be employed as precursors to
trans-bis(alkynyl) complexes, including differentially (or
unsymmetrically) substituted derivatives (Scheme 1d),14 and
Os analogues.13

Here we report further developments in synthetic routes to
the complexes trans-Ru(CCC6H4R

1-4)2(dppe)2 and trans-
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Ru(CCC6H4R
1-4)(CCC6H4R

2-4)(dppe)2. A combination
of spectroelectrochemical (UV/vis/NIR) and computational
(DFT/TDDFT) methods have been used to explore the
electronic structure of these species, with the oxidation leading
to more or less highly delocalized radical cations, the precise
distribution of spin density within which is highly dependent on
the relative conformation of the metal center and alkynyl ligand
substituents.

■ RESULTS AND DISCUSSION
Synthetic Studies. The complex trans-RuCl2(dppe)2 is

relatively inert to substitution reactions, due to the limited
lability of the chloride ligands,15 and preparations of trans-
Ru(CCR)2(dppe)2 complexes from this precursor are
generally restricted to transmetalation strategies using tri-
methyltin alkynes and CuI catalysts.16 In contrast, one chloride
ligand in cis-RuCl2(dppe)2 is more labile due to the stronger

trans effect of the phosphine ligands. In the presence of a
suitable halide abstracting agent, such as NaPF6, reactions of cis-
RuCl2(dppe)2 with 1-alkynes, HCCR, proceed to give the
corresponding vinylidene trans-[RuCl(CCHR)(dppe)2]

+

(Scheme 1a).12 The strongly electron withdrawing nature of
the vinylidene ligand decreases the lability of the remaining
chloride, allowing ready isolation of the monovinylidene
compounds. The reaction of the five-coordinate complex
[RuCl(dppe)2]OTf (1) with 1-alkynes, HCCR, is also now
well-known to rapidly give the corresponding vinylidene
complexes trans-[RuCl(CCHR)(dppe)2]

+.11,17,18

Deprotonation of trans-[RuCl(CCHR)(dppe)2]
+ gives the

alkynyl complexes trans-RuCl(CCR)(dppe)2, with the
stronger trans effect of the alkynyl ligand again leading to an
increase in lability of the chloride ligand and permitting access
to bis(alkynyl) complexes (Scheme 1a).19 In our hands, efforts
to prepare unsymmetrical substituted complexes trans-[Ru(C

Scheme 1. Conceptual Steps in the Preparation of (a) trans-Ru(CCR)2(dppe)2 from cis-RuCl2(dppe)2, (b) trans-Ru(C
CR)(CCR′)(dppe)2 from trans-RuCl(CR)(dppe)2 via Intermediate Ammine Complexes, (c) trans-Ru(CCR)(C
CR′)(dppe)2 from trans-Ru(CR)2(dppe)2 via Intermediate Ammine Complexes, and (d) trans-Ru(CCR)(CCR′)(dppe)2
via Intermediate Vinylidene Complexes [RuCl(CCHR)(dppe)2]PF6

Scheme 2. Ligand Scrambling over Long Reaction Times Leading to Symmetrical and Unsymmetrical Bis(alkynyl) Complexesa

aLegend: (i) HCCR′, NEt3, NaPF6.
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CR)(CCR′)(dppe)2] are often complicated by ligand
scrambling leading to mixtures of symmetric and unsymmetric
products (Scheme 2), and similar difficulties have been noted in
analogous dppm systems.20,21 The reversibility of the sequence
of reactions shown in Scheme 1d might account for the modest
yields of the unsymmetrical complexes often reported.19 These
complications can be avoided to some extent through the use of
transmetalation-based synthetic strategies,16 or through the use
of activated alkynyl ammine complexes14 and reaction media
containing a strong, non-nucleophilic base to minimize the
accumulation of vinylidene intermediates.11 We have now
directed attention to the factors influencing the lability of the
chloride ligand in trans-RuCl(CCR)(dppe)2 complexes (2)
with a view to developing a rapid method for the preparation of
symmetrical (3) and unsymmetrical (4−6) bis(alkynyl)
complexes.
Treatment of [RuCl(dppe)2]OTf ([1]OTf) with an excess of

a 1-alkyne and DBU in CH2Cl2 gave yellow solutions of the
alkynyl complexes trans-RuCl(CCC6H4R

1-4)(dppe)2, over
ca. 30 min (2a−h; Scheme 3), which were isolated by way of
example for 2d−g (2a,e22 and 2f11,23 already having been
prepared by closely related routes), while treatment of 2f with
tetrabutylammonium fluoride afforded 2i.24,25 Spectroscopic
(31P NMR) analysis detected trace amounts of the bis(alkynyl)
complexes 3 (vide infra) as barely discernible resonances near
54 ppm (see the Supporting Information). However, the
solutions of 2a−h prepared in situ proved to be efficient entry
points to bis(alkynyl) complexes. Spectroscopic (31P NMR)
analysis detected trace amounts of the bis(alkynyl) complexes 3
(vide infra) as barely discernible resonances near 54 ppm (see
the Supporting Information).
Addition of TlBF4 to solutions of 2a−h prepared from

[1]OTf and just over 2 equiv of terminal alkyne resulted in
precipitation of TlCl and formation of the symmetric
complexes trans-[Ru(CCC6H4R-4)2(dppe)2] (3a,15 3b−d,
3e,15 3f,g,26 3h; Scheme 3). Desilylation (NBu4F) of 3f gave
3i27 in good yield. In most instances, a careful filtration proved
sufficient to remove the TlCl and protonated DBU salts from
the reaction mixture, with subsequent precipitation of the
bis(alkynyl) complexes 3a−d,f,g from the reaction mixture
being achieved by addition of the appropriate solvent (see the
Experimental Section). Any remaining trace quantities of
unreacted mono(alkynyl) complexes were evinced in the 31P
NMR spectra as singlets near 49 ppm. However, the addition of
Tl+ salts did not drive the reaction of [1]OTf with 2 equiv of 1-
ethynyl-4-nitrobenzene to completion, yielding instead a
mixture of mono- (2e) and bis(alkynyl) (3e) complexes over
48 h. While the use of NaPF6 in the presence of NEt3 allows
further substitution of the chloride ligand in 2c,28 surprisingly
the Tl+ salts proved less effective in this context. In addition,
the poor solubility of 3e hindered further chromatographic
purification, reducing the final yield to ca. 15%. Also, while the
addition of TlBF4 to a mixture of 2h, DBU, and HC

CC6H4NH2 gave trans-Ru(CCC6H4NH2-4)2(dppe)2 (3h) in
high yield (as judged by in situ monitoring of the reaction by
NMR spectroscopy), any attempt to purify the final product
from the reaction mixture led to decomposition.
As described above, treatment of a CH2Cl2 solution of

[RuCl(dppe)2]OTf ([1]OTf) with an excess of 4-ethynylani-
sole or 4-ethynylaniline and DBU gave yellow solutions of the
alkynyl complexes trans-RuCl(CCC6H4OMe-4)(dppe)2 (2c)
and trans-RuCl(CCC6H4NH2-4)(dppe)2 (2h), respectively
(Scheme 3).17 Over the course of 7 days, and without the
addition of halide abstracting agents, the reaction solutions
deposited a precipitate of pure bis(alkynyl) complexes trans-
Ru(CCC6H4OMe-4)2(dppe)2 (3c) and trans-Ru(C
CC6H4NH2-4)2(dppe)2 (3h) in ca. 45% isolated yield. Similar
reactions of complexes 2 prepared from 1-alkynes bearing less
electron donating substituents or electron withdrawing groups
did not proceed to give bis(alkynyl) complexes 3 to any
synthetically useful extent in the absence of additional reagents.
Clearly, the trans effect of the alkynyl ligands bearing electron-
donating groups plays a significant role in activating the
chloride ligand in 2c,h toward substitution.
In spite of these exceptions, the reaction sequence described

above can be adapted to permit the rapid formation of
unsymmetrically substituted complexes trans-Ru(C
CC6H4R

1-4)(CCC6H4R
2-4)(dppe)2 in expeditious fashion

(Scheme 4). Treatment of a CH2Cl2 solution of the appropriate

mono(alkynyl) complexes trans-RuCl(CCC6H4R
1-4)(dppe)2

(2d,f) and excess DBU with 1 equiv of TlBF4 and subsequent
dropwise addition of a terminal alkyne HCCR2 over 30 min
generated an off-white precipitate (TlCl). Simple filtration to
remove the precipitated salts gave filtrates containing trans-
Ru(CCC6H4R

1-4)(CCC6H4R
2-4)(dppe)2 (4, R1 = C

CSiMe3, R
2 = NH2; 5, R

1 = CO2Me, R2 = NH2; 6, R
1 =

CO2Me, R2 = OMe), which were obtained as pure powders in
moderate to good yield upon addition of hexane (Scheme 4).

Crystallographic Studies. The structures of the bis-
(alkynyl) complexes 3a,15 3b−d, 3f,26 3g,26 3h, and 3i27 were
determined by single-crystal X-ray diffraction, together with
those of the mono(alkynyl) species 2f,23 2g, and 2i.24,25 Single
crystals of the asymmetrically substituted complexes 4−6 were
found to be disordered, impeding conclusive identification of
the alkynyl substituents. Representative molecular plots and

Scheme 3. Synthesis of Symmetrically Substituted Complexes 3a−h

Scheme 4. Synthesis of Unsymmetrically Substituted
Complexes 4−6 from 2d,f using Tl+ as Halide Abstracting
Agent
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atom labeling schemes are given in Figures 1 (2f) and 2 (3h),
while key bond lengths (Å) and angles (deg) are given in
Tables 1 and 2 for these complexes and related systems for
comparison. Crystallographic data and more extensive lists of
bond lengths and angles are summarized in the Supporting
Information, together with figures illustrating all of the
molecular structures reported here.
All the complexes adopt an approximately octahedral

environment at the Ru center, with small distortions arising
from the constrained bite angle of the dppe ligands. Although
the experimental evidence shows that chloride substitution in
trans-RuCl(CCR)(dppe)2 is clearly influenced by the
electronic character of the alkynyl ligand, there is little evidence

for a closely correlated structural trans effect (Table 1). At first
inspection, complexes such as trans-RuCl(CCC6H4NPh2)-
(dppe)2 and 2c bearing electron-donating groups display
elongated Ru−Cl bond lengths, consistent with the electron-
donating ability of the alkynyl ligand located trans to chloride.
Similarly, at the opposite end of the table, shorter Ru−Cl bond
lengths can be found associated with complexes featuring trans
alkynyl ligands bearing electron-withdrawing substituents such
as trans-RuCl{CCC6H3(Me-2)NO2-4}(dppe)2 and 2d.
These structural features, which reflect the π-donor properties
of the chloride ligand and π-donor/weak π-acceptor character
of the alkynyl ligand, are in agreement with the synthetic

Figure 1. Plot of a molecule of trans-RuCl(CCC6H4CCSiMe3-4)2(dppe)2 (2f) with thermal ellipsoids at the 50% probability level. Solvent
molecules and hydrogen atoms have been omitted for clarity.

Figure 2. Plot of a molecule of trans-Ru(CCC6H4NH2-4)2(dppe)2 (3h) with thermal ellipsoids at the 50% probability level. Hydrogen atoms have
been omitted for clarity.
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observations, where electron-donating ligands favor the
substitution of the trans-disposed chloride.
However, Table 1 also contains several examples of

mono(alkynyl) complexes for which the structural data are in
disagreement with the reactivity profiles. For example, the
complex trans-RuCl(CCC6H5)(dppe)2 presents a Ru−Cl
bond length (2.4786(13) Å) which is unexpectedly shorter than
that of the most unreactive complex of the series, trans-
RuCl(CCC6H4NO2-4)(dppe)2 (2e, 2.500(1) Å). On the
other hand, the complex trans-RuCl{CCC6H3(Me-2)NO2-
4}(dppe)2, which is closely related to 2e, presents the shortest
of the Ru−Cl bond lengths observed in Table 1 (2.473(3) Å).
A further remarkable exception concerns the complex trans-
RuCl(CCC6H4Me)(dppe)2 (2a), which presents two
substantially different Ru−Cl bond lengths depending on the
nature of the solvate in the unit cell: 0.5THF, 2.4907(12) Å;
2CH2Cl2, 2.5096(8) Å.

17

A closer analysis of the structural details of these complexes
revealed that for the complex trans-RuCl(CCC6H4Me)-
(dppe)2·0.5THF (2a·0.5THF) the torsion angle between the
plane of the arylethynyl ligand and the plane bisecting the dppe
ligands, θ (Figure 3), is 12° while for trans-RuCl(C
CC6H4Me)(dppe)2·2CH2Cl2 θ = 64°. Previous computational
studies revealed that the Ru-based dxz and dyz orbitals are
involved in the HOMO of trans-RuCl(CCC6H4R)(dppe)2
complexes30 (taking the axial Ru−ethynyl vector as the z
direction and x and y in the plane of the equatorial dppe
ligands). Thus, a θ = 90 or 0° configuration of the aromatic
portion of the alkynyl ligand (italicized entries in Table 1)
provides better overlap of the arylethynyl ligand π and π*
orbitals with respect to the metal center, enhancing the
electronic influence of the ligand on the Ru−Cl bond length
and giving rise to a consistent structure−property relationship.
The structural parameters of complexes which offer θ values

Table 1. Selected Bond Lengths (Å) from Crystallographically Characterized Complexes trans-RuCl(CCR)(dppe)2

Table 2. Selected Bond Lengths (Å) from Crystallographically Characterized Complexes trans-Ru(CCR)(CCR′)(dppe)2
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that deviate substantially from the optimal 0 or 90°
conformations are less well correlated with the simple ideas
of the structural trans effect based on the donor or acceptor
properties of the alkynyl ligand substituent, due to the lack of
extended conjugation between the substituent and the metal
center.
The importance of the ligand orientation (expressed as the

angle θ) is clearly illustrated by the contrasting molecular
structures of the closely related complexes trans-RuCl(C
CC6H4NO2-4)(dppe)2 (2e) and trans-RuCl{CCC6H3(Me-
2)NO2-4}(dppe)2. Although the electronic properties of the
ligands (4-nitrophenyl)ethynyl and (4-nitro-2-methylphenyl)-
ethynyl should be essentially identical, the latter complex
presents a much shorter Ru−Cl bond length (Table 1, 2.500(1)
vs 2.473(3) Å). It appears from inspection of a space-filling
model that the methyl group present in trans-RuCl{C
CC6H3(Me-2)NO2-4}(dppe)2 locks into a groove formed by
the dppe phenyl rings and forces the nitroaromatic moiety to
adopt a θ = 2° configuration, enhancing drastically the trans
effect. On the other hand, the non sterically hindered C
CC6H4NO2-4 adopts a configuration in the crystal such that θ
= 66°, which reduces the ligand influence on the trans-disposed
chloride. The importance of ligand orientation and molecular
conformation on molecular electronic structure is well-known,
and dynamic changes in molecular conformation are becoming
increasingly recognized as a contributing factor to solution-
based spectroscopic properties (vide infra).36 These observa-
tions are supported by the solid-state structure−property
relationships summarized in Table 1.
The bis(alkynyl) complexes 3a−d,f−i and other examples in

Table 2 present a linear rodlike structure with angles along the
−CC−Ru−CC− fragment close to 180° and the aryl rings
of both alkynyl ligands lying in a common plane. In comparison
to their monosubstituted counterparts 2, the bis(alkynyl)
complexes 3 generally exhibit longer Ru−CC bonds and
correspondingly shorter Ru−P bond lengths (Table 2). In a
manner similar to that described for the mono(alkynyl)
complexes, a variety of θ angles from 0 to 90° can be found
across the data set, but few near the optimal angles of 0 and
90°. Due to the importance of orbital overlap on the
propagation of electronic effects through the molecular
backbone, a systematic relationship between the electronic
properties of the alkynyl ligand substituent and bond lengths
cannot be found for these complexes, with θ angles that deviate
from the optimal 0 and 90° positions. However, it appears that
the greater σ- and π-donor properties of the additional alkynyl
ligand in bis(alkynyl) complexes 3 vs the inductive electron-
withdrawing and π-donor properties of the chloride ligand in
complexes 2 leads to an increased amount of electron density at
the metal center and a greater degree of π back-donation to the

phosphine ligands. This in turn leads to shorter Ru−P distances
in the bis(alkynyl) complexes than in the mono(alkynyl)
analogues.

Electrochemistry. The electrochemical response of trans-
RuX(CCR)(dppe)2 (X = Cl, CCR) complexes is
summarized in Table 3, although comparisons with data

reported elsewhere are made difficult by the various
combinations of solvent, electrolyte, and reference potential
employed in these earlier works. As previously reported in
earlier studies of similar complexes, a reversible first oxidation
process E°1 was present in almost every case,6,11,13,15,17,38,45

although the poor solubility of 3e prevented the recording of
accurate voltammetric data in common solvents. One or two
additional oxidation processes (E°2, E°3) were found for amino-
substituted complexes 3h, 4, and 5. The low oxidation potential
of 3i provides a reasonable explanation for the experimental
difficulties found during workup. In most cases an irreversible,
multielectron oxidation wave E4 was also present close to the
anodic solvent limit (Table 3).
The range of potentials E°1 recorded for compounds 2a−g,i

and 3a−i span from 300 mV to over 500 mV, respectively. The
correlation of the electronic character of the remote
substituents on the redox properties of the complexes is
consistent with a strong arylacetylide character of the
HOMO5,46 and the greater conformational freedom offered
by the solution medium as opposed to the solid state that
permits better π conjugation in the molecular backbone. Not
unexpectedly, complexes 2c and 3c,h, which bear the most
electron donating aryl substituents, were more easily oxidized in
the thermodynamic sense than other members of the series,
while the oxidation of 2d and 3d,e, which bear electron-
withdrawing substituents, required considerably more positive
potentials. In comparison to their monosubstituted partners,
only slight variations were found in the electrochemical

Figure 3. Representation of angle θ in trans-RuCl(CCC6H4R)-
(dppe)2.

Table 3. Electrochemical Data from 2a−g,i, 3a−i, and 4−6a

complex E°1 (V) E°2 (V) E°3 (V) E4
ox (V)

2a17 −0.03 0.85
2b17 −0.04 0.83
2c17 −0.10 0.69
2d17 0.10 0.98
2e17 0.20 1.10
2f11,23 0.04 0.98
2g −0.01 0.85
2i24,25 0.06 0.90
3a15 −0.06 0.85
3b −0.09 0.80
3c −0.15 0.65
3d 0.12 0.90
3e15 0.26
3f26 0.05 0.90
3g26 0.00 0.85
3h −0.29 0.10 0.46
3i27 0.05 0.90
4 −0.21 0.20
5 −0.19 0.22 0.61
6 −0.04 0.76

aE1/2 vs ferrocene/ferrocenium (FeCp2/[FeCp2]
+) (CH2Cl2, 0.1 M

NBu4BF4, Pt-dot working electrode). Under these conditions, the
internal reference decamethylferrocene/decamethylferrocenium
(FeCp*2/[FeCp*2]+) appears at −0.53 V vs FeCp2/[FeCp2]

+.

Organometallics Article

dx.doi.org/10.1021/om500265s | Organometallics 2014, 33, 4947−49634952

http://pubsdc3.acs.org/action/showImage?doi=10.1021/om500265s&iName=master.img-010.jpg&w=168&h=96


properties of the bis(alkynyl) complexes. According to Lever’s
early model, the influence of different ligands on the electronic
properties of a coordination complex is frequently found to be
additive.47 However, Heath and Humphrey reported an
attenuation of those additive effects for complexes bearing
trans-disposed π-accepting ligands.48,49 Lever’s model is able to
accurately predict the influence of a ligand on the electronic
properties of a coordination complex when the oxidation
process is located on the metal center. Hence, alkynyl
complexes of Os and Ru, which present a characteristic and
pronounced ligand contribution to the HOMO (vide infra),
often deviate from the predictions of the Lever model,50 and
this is particularly relevant to complexes bearing redox-active
ligands in which the metallic nature of the redox processes is far
from clearly established.
Spectroelectrochemistry and Quantum Chemical

Calculations. Although complexes trans-RuX(CCR)-
(dppe)2 have been the subject of UV/vis/NIR spectroelec-
trochemical studies,28,30,51,52 the use of IR spectroelectrochem-
ical methods to study this class of compounds is relatively
rare,38,53 despite the considerable amount of complementary
electronic and chemical structural detail contained in the IR
spectroelectrochemical response of alkynyl complexes.54 Here
we present an IR spectroelectrochemical study of compounds
3c,f,h and 4−6, together with comparable UV/vis/NIR
spectroelectrochemical studies of the unsymmetrically sub-
stituted complexes 4 and 5 with reference data from 3f,h. These
complexes were selected because of their demonstrated (3f), or
potential (3h, 4), capacity to perform as wires during single-
molecule conductance measurements26 or to serve as reference
compounds with different electron-donating groups (3c) or
vibrational probes (5 and 6). To gain further insight into the
electronic structure, density functional theory (DFT) calcu-
lations were performed on [3f]n+, [3h]n+, [4]n+, and [5]n+ (n =
0, 1).
Molecular and electronic structural changes upon oxidation

were followed by key IR vibrational modes, such as ν(RuC
C) and the noncoordinated ν(CC), together with ν(CO)
and ν(N−H) bands when present (Figure 4). The ν(RuCC)
metal-coordinated alkynyl bands were present between 2054
and 2066 cm−1 for all complexes in the closed-shell, 18e
configuration, while the 17e Ru alkynyl complexes derived by
oxidation were characterized by the appearance of a broad and
asymmetric ν(RuCC) band at 1900 cm−1.38,45,55 The aryl
ring breathing mode gains in intensity on oxidation and appears
as an intense band between 1568 and 1592 cm−1 for all
complexes except 3f, where upon oxidation to [3f]•+ the ν(C
C) mode decreases in intensity and shifts to lower wave-
numbers. The less intense ν(CC) from the noncoordinated
CC moiety in 3f and 4, present at 2148 cm−1, shifted toward
slightly higher wavenumbers (2153 cm−1) and lost intensity on
oxidation. Vibrational frequencies computed within the
harmonic approach at the optimized structures are fully
consistent with the recorded spectra of [3f]n+, [3h]n+, [4]n+,
and [5]n+ (n = 0, 1; Table 4) (see the Supporting Information)
after scaling by an empirical factor of 0.95.56,57 The oxidized
species [3h]•+, [4]•+, and [5]•+ were also characterized by low-
intensity bands between 3400 and 3200 cm−1, attributed to the
ν(N−H) mode. Frequency calculations with computational
models of 3h and 4 confirm the extremely weak oscillator
strength of the ν(N−H) band for these systems (see below).
The calculations also predict a marked increase in the intensity
of the N−H bands on oxidation, in good agreement with the

spectroscopic data recorded. Overall, the IR studies strongly
suggest a great degree of ligand redox activity in these
complexes.
The redox activity of the alkynyl ligands is indicated by the

spin densities obtained from the DFT structure optimizations
of [3f]•+, [3h]•+, [4]•+, and [5]•+ (e.g., Figure 5).58 The
optimized structures, derived from Ci-symmetric starting
geometries, have the ethynyl-aromatic moiety bisecting the
dppe ligands and are now defined here as in-plane-[3f]•+, in-
plane-[3h]•+, in-plane-[4]•+, and in-plane-[5]•+. However, while
the Ru(dppe)2 fragment contributes significantly in all cases
(in-plane structures: [3f]•+, 71%; [3h]•+, 54%; [4]•+, 43%; [5]•+,
57%), the ligand involvement depends strongly on the
substitution of the aromatic unit, and for in-plane-[3f]•+ the
outermost parts of the alkynyl ligands barely contribute (4-
Me3SiCCC6H4/CC/Ru(dppe)2/CC/C6H4C
CSiMe3-4: 7%/11%/71%/6%/5%) (Figure 5). Thus, while the
spin density is high on the CCC6H4NH2-4 ligands in in-
plane-[4]•+ (57%) and in-plane-[5]•+ (40%), the alkyne ligand
bearing the less electron donating substituent is largely
innocent (in-plane-[4]•+, CCC6H4CCSiMe3-4 3%; in-
plane-[5]•+, CCC6H4CO2Me-4 7%). It is also noteworthy
that for in-plane-[3h]•+ the spin density is partially localized on
one ligand and the ruthenium unit but little on the other
alkynyl ligand. The DFT calculations therefore suggest that, at
least in these conformations, the complexes in-plane-[3h]•+, in-
plane-[4]•+ and in-plane-[5]•+ might be considered as further
examples of metal-bridged organic mixed-valence systems.59,60

With this notion of metal-bridged, organic mixed-valence
character in mind, the observation of the low-energy tail of a
NIR electronic transition band in the IR spectra of [3h]•+ and
[4]•+ between 7000 and 5500 cm−1 is intriguing, with similar
low-energy bands having been observed in closely related
complexes by Rigaut, Winter, and colleagues,38,45 prompting
further consideration of the underlying electronic transitions
here.
A series of UV/vis/NIR spectroelectrochemical experiments

(Figure 6), supported by time-dependent DFT (TDDFT)

Figure 4. IR spectra of complexes [trans-Ru(CCC6H4R
1-

4)2(dppe)2]
n+ (R1 = OMe (3c), CCSiMe3 (3f), NH2 (3h)) and

[trans-Ru(CCC6H4R
1-4)(CCC6H4R

2-4)(dppe)2]
n+ (R1 = NH2,

R2 = CCSiMe3 (4); R
1 = NH2, R

2 = CO2Me (5); R1 = OMe, R2 =
CO2Me (6)): (black solid line) n = 0; (red dotted line) n = 1.
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studies, was performed on 3f,h, 4, and 5 as representative
examples. For 3f,h, 4, and 5 a well-defined UV absorption band
was observed for each in the electronic spectrum, at 26667
cm−1 (3f), 31847 cm−1 (3h), 26316 cm−1 (4), and 25839 cm−1

(5), respectively (Figure 6). Upon oxidation in the OTTLE
cell, the main absorption band of four complexes undergoes a
marked intensity loss and several new features develop in the
NIR region of the spectra (Table 5).
Turning attention initially to the symmetrically substituted

complexes, Gaussian09 TDDFT calculations at the fully
optimized structures give only one intense (μtrans > 1.0 D)
transition below 15000 cm−1: at 11316 cm−1 (μtrans = 9.7 D) for
in-plane-[3f]•+ and at 7778 cm−1 (μtrans = 11.7 D) for in-plane-
[3h]•+, arising in each case from the β-HOMO−β-SOMO
excitation (Table 6). While for both complexes the β-HOMO
features significant contributions from both alkynyl ligands
(contribution from 4-RC6H4CC/CCC6H4R-4 for in-plane-

[3f]•+ 44%/41% and for in-plane-[3h]•+ 37%/54%) with the
Ru(dppe)2 unit barely contributing (in-plane-[3f]•+ 8%; in-
plane-[3h]•+ 4%), the β-SOMO is mainly CCRu(dppe)2C
C centered for in-plane-[3f]•+ (75%) but is localized at one C
CC6H4NH2-4 ligand (40%) and the Ru(dppe)2 moiety (39%)
for in-plane-[3h]•+. Hence, the main NIR transition in both
symmetrical complexes in-plane-[3f]•+ and in-plane-[3h]•+ has
appreciable ligand−metal CT (LMCT) character, which is
more pronounced for in-plane-[3f]•+, and is blended with some
interligand IVCT (or L(L+)CT) character in the case of in-
plane-[3h]•+.
In addition to the main NIR transitions at 8333 cm−1, the

spectrum of [3f]•+ features similar shoulders at 9328 and 10417
cm−1, while [3h]•+ exhibits an intense shoulder with a band
center at 10822 cm−1 in addition to the main absorption at
7662 cm−1. Recently the appearance of such shoulders on NIR
(and IR) bands in mixed-valence complexes was assigned on
the basis of quantum-chemical calculations to the presence of
different thermally accessible conformational structures,61−63

and synthetic restriction to a small conformational subspace led
to an appreciable decrease of intensity of the shoulder in
experiments.64 Different configurations of the CCC6H4R-4
ligands found in the crystal structures (Table 2) point toward a
conformational distribution in solution being a possible
explanation for these additional spectral features (vide infra).
TDDFT calculations on the in-plane conformation of the

unsymmetrically substituted complexes [4]•+ and [5]•+ gave
each one intense transition below 15000 cm−1. For in-plane-
[4]•+ the computed β-HOMO−β-SOMO excitation (8999
cm−1, μtrans = 11.2 D) is in good agreement with the
experimentally obtained band at 9191 cm−1 (Table 6).
Analogously to in-plane-[3f]•+ and in-plane-[3h]•+, the β-
HOMO of in-plane-[4]•+ is effectively delocalized over the
molecular backbone (4-NH2C6H4/CCRu(dppe)2CC/
C6H4CCSiMe3-4 24%/46%/20%), while the β-SOMO is
essentially localized on the 4-NH2C6H4CC ligand (60%) and
the Ru(dppe)2 moiety (29%) and the CCC6H4CCSiMe3-
4 ligand barely contributes (5%) (Table 6). This principal
contribution to the NIR spectrum can therefore be
approximated better as an IVCT (interligand, L(L+)CT)
transition between the arylacetylide ligand moieties linked by
the trans-{Ru(dppe)2} bridge with even more IVCT character
than in in-plane-[3h]•+ and not as an LMCT transition, as
proposed for the symmetrically substituted complex in-plane-
[3f]•+. However, once again a high-energy shoulder at 11507
cm−1 and a low-energy feature with low intensity are observed
in the recorded spectrum, which cannot be explained by
TDDFT calculations on the basis of only the lowest energy
conformation. For in-plane-[5]•+ the β-HOMO−β-SOMO
transition at 9286 cm−1 (μtrans = 11.1 D) is also the only
excitation for which appreciable intensity is computed, and it is

Table 4. Experimental and Calculated (Italic Entries) Vibrational Frequencies of [3f]•+, [3h]•+, [4]•+, and [5]•+

Complex ν(Ru−CC) ν(CCaryl) ν(CC) ν(N−H) ν(CO)

[3f]•+ 1899 (m) 1580 (w) 2155 (w)
1981 (s) 1484 (w) 2180 (w), 2177 (w), 2034 (w)

[3h]•+ 1890 (s) 1574 (s) 3370 (m), 3235 (w)
1942 (s) 1583 (m), 1581 (m), 1578 (m) 3458 (w), 3446 (w)

[4]•+ 1912 (m) 1592 (s) 2153 (w) 3360 (m), 3235 (w)
1964 (m) 1587 (s), 1582 (w) 2179 (w), 2078 (w) 3460 (w)

[5]•+ 1933 (w) 1593 (s) 3361 (m), 3242 (w) 1712 (m)
1934 (s) 1576 (s), 1559 (m) 3464 (m) 1735 (w)

Figure 5. Spin-density isosurface plots (±0.002 au) of [3f]•+, [3h]•+,
and [4]•+ (top to bottom) calculated at the BLYP35/COSMO-
(CH2Cl2) level.
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of similar mixed LMCT and interligand IVCT character as the
transition calculated for in-plane-[3h]•+.
As the UV/vis/NIR band envelopes of [3f]•+, [3h]•+, [4]•+,

and [5]•+ cannot be explained by a single minimum energy
conformation, the influence of different conformational forms
on the appearance of the UV/vis/NIR spectrum was
investigated quantum chemically (Table 6) using [3h]•+ by
way of example. The influence of the orientation of the aryl
portion of the CCC6H4NH2-4 ligand relative to the
ruthenium moiety in [3h]•+ was examined by varying the
previously described torsion angle θ in a range from 0 to 90°
(Figure 3). Additionally, the conformation of the two C
CC6H4NH2-4 aryl moieties relative to each other was explored
by varying the torsion angle Ω from 0 to 90° (Figure 7; see
Computational Details). The resulting potential-energy surface
(PES) is shown in the Supporting Information. The minimum
on the PES is found for the conformation θ ≈ 0°, Ω = 20°, and
the maximum (θ ≈ 90°, Ω = 30°) is computed to be only 16.6
kJ/mol higher in energy.
The low energy penalty associated with interchanging the

lowest- and highest-energy conformations of the two C
CC6H4NH2-4 ligands for [3h]•+ helps to account for the
spectroscopic observations. When Ω is varied with one ligand
being fixed at θ ≈ 0°, the rotational barrier is only 3.2 kJ/mol
between the minimum structure at Ω = 20° and the maximum

at Ω = 60°. As the spin density obtained from the full
optimization (see Figure 5) already exhibits slight symmetry
breaking, this low barrier can be explained by the tendency of
[3h]•+ toward charge localization onto one CCC6H4NH2-4
ligand and the metal center. Hence, the CCC6H4NH2-4 unit
not involved in the charge delocalization can rotate almost
freely (Figure 8).
As Ω goes to 90°, the spin density becomes steadily more

localized onto one ligand and the ruthenium center, resulting in
a clearly symmetry-broken structure for Ω = 90°, which is only
2.5 kJ/mol higher in energy than the minimum. For this
structure the frontier orbitals are centered on the Ru(dppe)2
unit and one ligand (Figure 9). In this conformation, the main
electronic excitations at 9900 cm−1 (μtrans = 10.0 D) arise from
the β-HOMO−1−β-SOMO transition. Both of these orbitals
are located at the same aniline unit, the phenyl plane of which
bisects the dppe ligands (β-HOMO-1, 42%; β-SOMO, 24%)
and the CCRu(dppe)2CC unit (β-HOMO-1, 49%; β-
SOMO, 70%). They are of π and π* character, respectively.
Thus, only a small amount of charge is transferred upon
excitation. Obviously, although the experimental excitation
energy of 10822 cm−1 is underestimated, this transition can be
assigned to the high-energy shoulder obtained in the UV/vis/
NIR spectrum.
The rotation of both CCC6H4NH2-4 ligands out of the

plane bisecting the dppe ligands when θ is increased from 0°,
while the relative conformation of the ligands is kept at Ω = 0°,
is associated with a barrier more sizable than that for the
rotation of only one ligand (vide supra). A minimum at θ ≈
90°, which is disfavored by only 3.2 kJ/mol in comparison to
the minimum of the relaxed scan and by 2.6 kJ/mol in
comparison to the lowest-energy structure at θ ≈ 0° of the PES
cut at Ω = 0° also likely contributes to the overall spectral
profile. TDDFT calculations using this local minimum (θ ≈
90°, Ω = 0°) give two excitations below 15000 cm−1 with μtrans
> 1.0 D. The more intense excitation at 7849 cm−1 (μtrans =

Figure 6. UV/vis/NIR spectral changes of (a) 3f, (b) 3h, (c) 4, and (d) 5 during the first oxidation process.

Table 5. UV/Vis/NIR Spectral Data of [3f]•+, [3h]•+, [4]•+,
and [5]•+ Obtained upon Oxidation of 3i,f, 4, and 5

complex νmax/cm
−1 [ε/104 M−1 cm−1]

[3f]•+ 23640 [0.4], 18761 [0.1], 15625 [0.1], 10417 [0.2], 9328 [0.3],
8333 [0.5], 6131 [0.1]

[3h]•+ 24331 [2.1], 22779 [1.4], 18214 [0.3], 16339 [0.3], 13679 [0.3],
10822 [0.7], 7662 [1.6]

[4]•+ 24814 [3.7], 22522 [1.4], 18727 [0.4], 16474 [0.4], 11507 [1.0],
9191 [2.5], 5695 [0.4]

[5]•+ 24691 [2.6], 22573 [0.9], 16155 [0.2], 12062 [0.6], 9551 [1.6]
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12.1 D) arises from the β-HOMO−β-SOMO transition and
appears at very similar energy as for in-plane-[3h]•+. Indeed, the
orbital distribution is comparable to that for the fully optimized
structure (4-RC6H4CC/Ru(dppe)2/CCC6H4R-4: β-
HOMO, 34%/2%/58%; β-SOMO, 45%/34%/17%) (Figure
10), but the orbitals offer a series of nodal planes perpendicular
to those described for the fully optimized structure (Figure 10).

At 11959 cm−1 (μtrans = 1.5 D) a second, less intense excitation
arises from the β-HOMO-5 to the β-SOMO, corresponding to
a metal−ligand CT (the β-HOMO-5 exhibits almost exclusively
metal character, 83%).
To perform vibrational analyses within the harmonic

framework, selected points on the PES were reoptimized
without constraints. The minima, indicated by the absence of
imaginary frequencies, gave computed frequencies very similar
to that for the lowest energy structure in-plane-[3h]•+

(ν(RuCC) 1942 cm−1). Optimizations starting from the
two points [3h]•+ (θ ≈ 0°, Ω = 90°) and [3h]•+ (θ ≈ 90°, Ω =
0°) gave the two minima perp-[3h]•+ and out-of-plane-[3h]•+.
TDDFT calculations give the same main spectral features for
the minima perp-[3h]•+ at 8268 cm−1 (μtrans = 11.6 D) and for

Table 6. Representations of the Molecular Conformations (θ and Ω in deg) of the Key Structures on the PES of Compounds
[3f]•+, [3h]•+, [4]•+, and [5]•+, Summary of the Main TDDFT Excitations, and Contributions to the Involved β Orbitals

Figure 7. Representation of angle Ω in trans-Ru(C
CC6H4R

1)2(dppe)2.

Figure 8. Rotational barrier for [3h]•+ with θ = 0°.

Organometallics Article

dx.doi.org/10.1021/om500265s | Organometallics 2014, 33, 4947−49634956

http://pubsdc3.acs.org/action/showImage?doi=10.1021/om500265s&iName=master.img-014.jpg&w=345&h=404
http://pubsdc3.acs.org/action/showImage?doi=10.1021/om500265s&iName=master.img-015.jpg&w=203&h=122
http://pubsdc3.acs.org/action/showImage?doi=10.1021/om500265s&iName=master.img-016.png&w=174&h=59


out-of-plane-[3h]•+ at 9295 cm−1 (μtrans = 10.7 D), as observed
for the corresponding relaxed-scan structures (Table 6). In
addition, the previously discussed low-intensity MLCT
excitations are computed at 11558 cm−1 (μtrans = 1.2 D) and
11526 cm−1 (μtrans = 1.3 D). However, fully optimized
structures perp-[3h]•+ and out-of-plane-[3h]•+ are slightly
favored energetically (by 2.7 and 2.0 kJ/mol, respectively).
Hence, within the accuracy of the method all three structures
are more or less isoenergetic and all would contribute
significantly to the observed spectroscopic profile. Vibrational

analysis gave ν(RuCC) at 1930 cm−1 for perp-[3h]•+ and
1915 cm−1 for out-of-plane-[3h]•+, which is in good agreement
with the slightly broadened ν(RuCC) peak found exper-
imentally for [3h]•+ (Figure 4). Hence, the finding of different
rotameric forms contributing to the UV/vis/NIR spectrum is
fully consistent with the experimentally observed IR signature.
Extending this method of analysis to complexes [3f]•+, [4]•+,

and [5]•+ and starting from inputs, in which one (θ ≈ 0°, Ω =
90°) or both ligands (θ ≈ 90°, Ω = 0°) are perpendicular to the
plane bisecting the dppe ligands, we optimized structures
without constraints (Table 6). For [4]•+ and [5]•+, the C
CC6H4NH2-4 and the CCC6H4CCSiMe3-4 or C
CC6H4CO2Me-4 ligands, respectively, were investigated in
perpendicular positions with the other corresponding ligand in
the plane bisecting the dppe ligands. For perp-[3f]•+, which is
disfavored by only 1.9 kJ/mol in comparison to the minimum
at θ ≈ 0°, Ω ≈ 0°, the only electronic transition found below
15000 cm−1 is at 12287 cm−1 (μtrans = 8.1 D). This is blue-
shifted by about 1000 cm−1 in comparison to that for in-plane-
[3f]•+ (θ ≈ 0°, Ω ≈ 0°). Analogously to [3h]•+, the main
difference in the spectroscopic properties of the various minima
is seen in the orbital contributions. The excitation of perp-[3f]•+

arises from the β-HOMO-1−β-SOMO transition. Both orbitals
are localized at one C6H4CCSiMe3-4 and the CCRu-
(dppe)2CC unit with the other C6H4CCSiMe3-4 not
contributing (0% for both orbitals) (Table 6). out-of-plane-
[3f]•+, the structure with both ligands rotated out of plane, is
11.3 kJ/mol higher in energy, and thus its contribution to the
spectrum is only minor (the TDDFT calculations gave one
negative excitation energy for this structure). Both in-plane-
[3f]•+ and perp-[3f]•+ exhibit an additional low-intensity
transition (μtrans < 0.5 D) at 8825 and 8517 cm−1, respectively,
arising from metal-centered orbitals. These excitations may
exhibit or even gain intensity for other rotameric forms, and
thus they may offer a possible explanation for the weak lowest-
energy band in the experimental spectrum (Tables 5 and 6).
As expected for [4]•+ and [5]•+, the structures with θ ≈ 0°,

Ω ≈ 90° exhibit spectral features similar to those for the
minimum energy structure (Table 6). For these two examples
we define θ as the angle between the CCC6H4NH2-4 ligand
and the plane bisecting the dppe ligands, noting that the ligands
CCC6H4CCSiMe3-4 in [4]•+ and CCC6H4CO2Me-4 in
[5]•+ are perpendicular to the plane bisecting the dppe ligands
for θ ≈ 0°, Ω ≈ 90°. TDDFT yields an intense β-HOMO-1−β-
SOMO excitation at 9555 cm−1 (μtrans = 10.2 D) for [4]•+ and
at 9709 cm−1 (μtrans = 10.2 D) for [5]•+. While the
contributions to the β-SOMO stay nearly unchanged in
comparison to the minimum structures (see the Supporting
Information), the β-HOMO-1 is localized on the C6H4NH2-4
ligand ([4]•+, 36%; [5]•+, 38%) and the CCRu(dppe)2CC
unit ([4]•+, 56%; ([5]•+, 53%).
For the structure of [4]•+ with θ ≈ 90°, Ω ≈ 90° in which

the CCC6H4NH2-4 ligand is perpendicular to the plane
bisecting the dppe ligands, the dominant feature is again the β-
HOMO-1−β-SOMO transition (10072 cm−1, μtrans = 10.0 D).
This excitation exhibits ligand π−π* character accompanied by
small LMCT contributions and is probably responsible for the
high-energy shoulder observed in the experimental spectrum
(Figure 6). A second low-intensity excitation from the lower-
lying orbitals β-HOMO-5 and β-HOMO-4, which are metal-
centered, to the β-SOMO is computed at 13613 cm−1 (μtrans =
1.2 D). For [5]•+ this structure likely makes only a relatively

Figure 9. Isosurface plots of the spin density (±0.002 au, top) and the
β frontier orbitals (±0.03 au) β-SOMO, β-HOMO, and β-HOMO-1
of [3h]•+ with one CCC6H4NH2-4 ligand in plane and one
perpendicular to the other (second from top to bottom) (θ ≈ 0°, Ω =
90°) calculated at the BLYP35/COSMO(CH2Cl2) level.
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minor contribution to the UV/vis/NIR spectrum, as it is
disfavored by 16.4 kJ/mol.
Again, for both asymmetric complexes the computed

excitations for the out-of-plane structures (θ ≈ 90°, Ω ≈ 0°)
are very similar to those of the in-plane structures (Table 6).
The β-HOMO−β-SOMO transition appears slightly blue-
shifted at 9198 cm−1 (μtrans = 11.1 D) for out-of-plane-[4]•+

and slightly red-shifted at 9024 cm−1 (μtrans = 11.6 D) for out-of-
plane-[5]•+. For out-of-plane-[4]•+ the previously discussed low-
intensity LMCT excitation from the lower-lying orbitals β-
HOMO-5 and β-HOMO-4 is also found at 13461 cm−1 (μtrans
= 1.0 D). Again, low-intensity transitions of mixed LMCT/
IVCT character are found for the different conformers of [4]•+

between 3740 cm−1 (μtrans = 0.9 D, θ ≈ 90°, Ω ≈ 90°) and
5037 cm−1 (μtrans = 0.1 D, in-plane-[4]•+), which may explain
the lowest energy absorption band in the experimental
spectrum (Tables 5 and 6).

■ CONCLUSIONS
The trans effects of alkynyl ligands bearing substituents R1 on
the reactions of trans-RuCl(CCC6H4R

1-4)(dppe)2 with
terminal alkynes were examined. While strongly electron-
donating R1 groups (e.g., NH2, OMe) labilize the trans chloride
ligand sufficiently to promote the slow formation of bis-
(alkynyl) complexes, precursors bearing more modestly
donating groups (R1 = Me) or withdrawing groups (R1 =
NO2, CO2Me) are largely inert to further reaction in the
absence of a suitable halide abstracting agent. In the presence of
Tl+ salts and the noncoordinating base DBU, conversion of
mono(alkynyl) complexes to symmetrically or unsymmetrically
substituted bis(alkynyl) complexes can be achieved in high
yields in a matter of minutes as pure precipitates which can be
isolated from the reaction mixtures by simple filtration. These
complexes undergo one or more electrochemical oxidations,
which are shown by IR spectroelectrochemical methods to be
substantially alkynyl ligand in character.
Quantum-chemical calculations at the DFT and TDDFT

levels on the monooxidized complexes using the BLYP35
functional and continuum solvent models indicate (a)
substantial delocalization of spin density between metal centers

and the acetylide ligand framework, (b) ligand-based mixed-
valence character in some of the symmetrical diacetylide
complexes, and (c) substantial importance of the relative
conformational arrangement of the aromatic rings of the
acetylide ligands for both electronic and vibrational spectra.
That is, the PES of the complexes [trans-Ru(CCC6H4R

n-
4)2(dppe)2]

•+ feature several conformational minima. These
are close in energy with small barriers between them, and many
are likely to be thermally populated in solution at room
temperature. These conformations offer electronic transitions
that differ in energy and character depending on both the
conformation and nature of the aryl ligand substituent. In
general, the lowest-energy transitions are associated with
LMCT (symmetrically substituted complexes such as [3f]•+)
or interaryl ligand IVCT (complexes with redox active ligands
such as [3h]•+ and related asymmetric complexes [4]•+ and
[5]•+) character. The higher-energy shoulders observed in the
experimental spectra arise from the slightly higher energy
conformations in which one or more of the arylalkynyl moieties
has partially lost conjugation with the other side of the
complex. The excitations of these conformers have more
MLCT and ligand π−π* character. These studies have shown
that the NIR absorption band envelopes observed for
symmetrically and unsymmetrically substituted complexes
[trans-Ru(CCC6H4R

n-4)2(dppe)2]
•+ are not accurately

described in terms of transitions of one specific character
(MLCT, LMCT, IVCT, etc.). Rather, the conformational
ensembles present in solution mean that these complex band
envelopes arise from transitions with distinct electronic origin, a
finding that should be of importance in interpreting the optical
and electronic behavior of compounds and materials based on
this motif.

■ EXPERIMENTAL SECTION
General Conditions. All reactions were carried out under an

atmosphere of nitrogen, using standard Schlenk techniques. The
reaction solvent CHCl3 was purified and dried using an Innovative
Technology SPS-400 system and degassed before use. No special
precautions were taken to exclude air during the workup. The metallic
salts [RuCl(dppe)2]OTf ([1]OTf)

17 and TlBF4
65 were prepared by

literature methods. Warning! TlBF4 should always be handled in a well-

Figure 10. Isosurface plots (±0.03 au) of the β-SOMO (top) and the β-HOMO (bottom) for in-plane-[3h]•+ (left) and for the structure at θ ≈ 90°,
Ω = 0° of [3h]•+ (right; both aromatic rings of the ligand are perpendicular to the plane bisecting the dppe ligands) calculated at the BLYP35/
COSMO(CH2Cl2) level.
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ventilated fumehood, and personal protective equipment should be worn
throughout. The ligands were synthesized following variations of
known preparations when not commercially available (Supporting
Information). Compounds 2a−c were prepared by literature
methods.17 Other compounds were purchased and used as received.
Cyclic voltammograms were recorded at v = 100−800 mV s−1 from
approximately 10−4 M solutions in analyte in CH2Cl2 with 10−1 M
NBu4BF4, using a gastight single-compartment three-electrode cell
fitted with a platinum-disk working electrode and platinum-wire
auxiliary and pseudo reference electrodes. The working electrode
surface was polished before scans with alumina paste. The cell was
managed by a computer-controlled Autolab PGSTAT-30 potentiostat.
IR and UV/vis/NIR spectroelectrochemical experiments were carried
out in a CH2Cl2 solution of NBu4BF4 (0.1 M) using an OTTLE cell66

powered by an EmStat2 potentiostat. IR spectra were recorded using a
Nicolet Thermo FT6700 or Nicolet Avatar spectrometer, from
CH2Cl2 solutions or Nujol mulls on CaF2 plates. UV/vis/NIR spectra
were recorded using a Cary 5000 spectrometer from CH2Cl2 solutions.
NMR spectra were recorded on a 400 MHz Bruker Avance
spectrometer from deuterated chloroform solutions. 1H (400 MHz)
and 31P{1H} NMR spectra (162 MHz) were referenced against solvent
resonances or external H3PO4.
Synthesis of trans-RuCl(CCC6H4R-4)(dppe)2 (2d−g). To a

solution of [RuCl(dppe)2]OTf ([1]OTf; 0.100 g, 0.092 mmol) and
DBU (excess) in CH2Cl2 (4 mL) was added the appropriate alkyne
(0.10 mmol). The red solution typically turned yellow (with the
exception of 2e) after stirring at room temperature for 1 h. The final
products were obtained from the reaction mixture after the appropriate
purification (see below).
trans-RuCl(CCC6H4CO2Me-4)(dppe)2 (2d).

17 The yellow solution
was filtered through neutral alumina (Brockmann I). Addition of
hexane to the filtrate yielded a pale yellow precipitate that was
collected by filtration, washed with hexane, and dried in air (97 mg,
97%). 1H NMR: δ 7.76 (d, J = 8 Hz, 2H, o-Ph-CO2Me), 7.45−7.39
(m, 8H, o-PPh2), 7.36−7.30 (m, 8H, o-PPh2), 7.23−7.14 (m, 8H, p-
PPh2), 7.05−6.98 (m, 8H, m-PPh2), 6.98−6.90 (m, 8H, m-PPh2), 6.57
(d, J = 8 Hz, 2H, m-Ph-CO2Me), 3.89 (s, 3H, COO-Me), 2.77−2.59
(m, 8H, dppe). 31P{1H} NMR: δ 48.2 (s, dppe). IR (Nujol, cm−1):
2064 (m) ν(Ru−CC); 1716 (m) ν(CO).
trans-RuCl(CCC6H4NO2-4)(dppe)2 (2e).17 The bright orange

solution was filtered through neutral alumina (Brockmann I). Addition
of hexane to the filtrate yielded an orange precipitate that was collected
by filtration, washed with MeOH, and dried in air (93 mg, 94%). 1H
NMR: δ 7.94 (d, J = 8 Hz, 2H, o-Ph-NO2), 7.41−7.30 (m, 16H, o-
PPh2), 7.24−7.17 (m, 8H, p-PPh2), 7.06−6.99 (m, 8H, m-PPh2),
6.98−6.91 (m, 8H, m-PPh2), 6.44 (d, J = 8 Hz, 2H, m-Ph-NO2), 2.81−
2.58 (m, 8H, dppe). 31P{1H} NMR: δ 47.7 (s, dppe). IR (Nujol,
cm−1): 2052 (m) ν(Ru−CC).
trans-RuCl(CCC6H4CCSiMe3-4)(dppe)2 (2f).11,23 The yellow

solution was filtered through neutral alumina (Brockmann I). Addition
of hexane to the yellow filtrate yielded the pure product as a yellow
precipitate (96 mg, 92%). Single crystals suitable for X-ray diffraction
were obtained from CH2Cl2/hexane.

1H NMR: δ 7.44−7.38 (m, 8H,
o-PPh2), 7.37−7.30 (m, 8H, o-PPh2), 7.23−7.12 (m, 10H, C2−Ph−
C2/p-PPh2), 7.05−6.97 (m, 8H, m-PPh2), 6.95−6.88 (m, 8H, m-
PPh2), 6.49 (d, J = 8 Hz, 2H, C2−Ph−C2), 2.75−2.61 (m, 8H, dppe),
0.26 (s, 9H, SiMe3).

31P{1H} NMR: δ 50.1 (s, dppe). IR (Nujol,
cm−1): 2150 (m) ν(CC); 2068 (s) ν(Ru−CC).
trans-RuCl(CCC6H4CCtBu-4)(dppe)2 (2g). The yellow solution

was filtered through neutral alumina (Brockmann I). Addition of Et2O
to the yellow filtrate yielded the pure product as a yellow precipitate
(74 mg, 72%). Single crystals suitable for X-ray diffraction were
obtained from CDCl3/Et2O.

1H NMR: δ 7.46−7.41 (m, 8H, o-PPh2),
7.36−7.30 (m, 8H, o-PPh2), 7.22−7.12 (m, 10H C2−Ph−C2/p-PPh2),
7.04−6.98 (m, 8H, m-PPh2), 6.95−6.89 (m, 8H, m-PPh2), 6.50 (d, J =
8 Hz, 2H, C2−Ph−C2), 1.33 (s, 9H, CMe3).

31P{1H} NMR: δ 49.2 (s,
dppe). IR (Nujol, cm−1): 2183 (w) ν(CC); 2068 (s) ν(Ru−CC).
trans-RuCl(CCC6H4CCH-4)(dppe)2 (2i).24,25 2f (50 mg,

0.044 mmol) was reacted with TBAF (1 M in THF, 50 μL, 0.050
mmol) in CH2Cl2 at room temperature overnight. The orange solution

was filtered through basic alumina (Brockmann III) and the filtrate
taken to dryness to give the pure product as an orange powder (41 mg,
88%). Single crystals suitable for X-ray diffraction were obtained from
CH2Cl2/Et2O.

1H NMR: δ 7.50−7.42 (m, 8H, o-PPh2), 7.35−7.28 (m,
8H, o-PPh2), 7.25−7.14 (m, 10H, CC-Ph−CC/p-PPh2), 7.05−
6.98 (m, 8H, m-PPh2), 6.98−6.92 (m, 8H, m-PPh2), 6.52 (d, J = 8 Hz,
2H, CC-Ph−CC), 3.11 (s, 1H, CC−H), 2.78−2.59 (m, 8H,
dppe). 31P{1H} NMR: δ 50.3 (s, dppe). IR (Nujol, cm−1): 3270 (s)
ν(CC−H); 2050 (m) ν(Ru−CC).

Synthesis of trans-Ru(CCC6H4R-4)2(dppe)2 (3a−g). To a
solution of [RuCl(dppe)2]OTf ([1]OTf; 0.100 g, 0.092 mmol) and
DBU (excess) in CH2Cl2 (4 mL) was added a slight excess of the
appropriate alkyne (0.20 mmol). The resulting red solution typically
turned yellow after stirring at room temperature for 20 min. To the
yellow solution was added 1 equiv of TlBF4 (0.027 g, 0.092 mmol),
and the off-white precipitate (TlCl) was carefully removed by
filtration. The final products were obtained from the filtrate after the
appropriate purification (vide infra).

trans-Ru(CCC6H4Me-4)2(dppe)2 (3a).
15 The TlCl precipitate was

removed by filtration through neutral alumina (Brockmann I).
Addition of hexane to the yellow filtrate yielded the pure product as
a pale yellow precipitate (72 mg, 69%). Single crystals suitable for X-
ray diffraction were obtained from hot toluene. 1H NMR: δ 7.56−7.48
(m, 16H, o-PPh2), 7.20−7.12 (m, 8H, p-PPh2), 7.05−6.85 (m, 20H,
Ph-Me/o-PPh2), 6.67 (d, J = 8 Hz, 4H, Ph-Me), 2.65−2.56 (m, 8H,
dppe), 2.31(s, 6H, OMe). 31P{1H} NMR: δ 53.2 (s, dppe). IR (Nujol,
cm−1): 2069 (m) ν(Ru−CC).

trans-Ru(CCC6H4C5H11-4)2(dppe)2 (3b). The TlCl precipitate
was removed by filtration through neutral alumina (Brockmann I).
The pure product precipitated out of the filtrate as pale yellow solids
upon addition of MeOH (59 mg, 52%). Crystals suitable for X-ray
diffraction were obtained from CHCl3/MeOH. 1H NMR: δ 7.58−7.47
(m, 16H, o-PPh2), 7.20−7.15 (m, 8H, p-PPh2), 7.00−6.92 (m, 20H,
Ph-C5H11/m-PPh2), 6.70 (d, J = 8 Hz, 4H, Ph-C5H11), 2.65−2.52 (m,
12H dppe/α-CH2), 1.63 (q, J = 7 Hz, 4H, β-CH2), 1.40−1.34 (m, 8H,
γ,δ-CH2), 0.93 (t, J = 7 Hz, 6H, ε-CH2).

31P{1H} NMR: δ 55.0 (s,
dppe). IR (Nujol, cm−1): 2065 (m) ν(Ru−CC). Anal. Calcd: C,
75.46; H, 5.36. Found: C, 75.27; H, 6.08. The discrepancy likely
indicates residual chloroform solvate.

trans-Ru(CCC6H4OMe-4)2(dppe)2 (3c). The TlCl precipitate was
removed by filtration through neutral alumina (Brockmann I). The
pure product was obtained from the filtrate as a yellow precipitate
upon addition of Et2O (67 mg, 63%). Single crystals suitable for X-ray
diffraction were obtained from hot toluene. 1H NMR: δ 7.56−7.50 (m,
16H, o-PPh2), 7.19−7.12 (m, 8H, p-PPh2), 6.97−691 (m, 16H, m-
PPh2), 6.79 (s, 8H, C2−Ph-OMe), 3.80 (s, 6H, OMe), 2.65−2.56 (m,
8H, dppe), 31P{1H} NMR: δ 54.1 (s, dppe). IR (Nujol, cm−1): 2069
(m) ν(Ru−CC). Anal. Calcd: C, 72.46; H, 5.39. Found: C, 72.65;
H, 5.38.

trans-Ru(CCC6H4CO2Me-4)2(dppe)2 (3d). The TlCl precipitate
was removed by filtration through neutral alumina (Brockmann I).
The pure product precipitated from the filtrate as pale yellow solids
upon addition of Et2O (67 mg, 60%). Crystals suitable for X-ray
diffraction were obtained from CH2Cl2/Et2O.

1H NMR: δ 7.81 (d, J =
8 Hz, 4H, o-Ph-CO2Me), 7.51−7.44 (m, 16H, o-PPh2), 7.20−7.14 (m,
8H, p-PPh2), 6.98−6.90 (m, 16H, m-PPh2), 6.71 (d, J = 8 Hz, 4H, m-
Ph-CO2Me), 3.90 (s, 6H, COO-Me), 2.68−2.57 (m, 8H, dppe).
31P{1H} NMR: δ 54.4 (s, dppe). IR (Nujol, cm−1): 2058 (s) ν(Ru−
CC); 1722 (m) ν(CO). Anal. Calcd: C, 71.04; H, 5.13. Found:
C, 70.96; H, 4.97.

trans-Ru(CCC6H4NO2-4)2(dppe)2 (3e).15 The TlCl precipitate
was removed from the red mixture upon filtration through neutral
alumina (Brockmann I). The red solids that precipitated from the
filtrate upon addition of Et2O were collected by filtration and purified
further by preparatory silica TLC using hexane/CH2Cl2 (2/3) as the
eluent. The pure product was obtained as a red powder from the top
red band (15 mg, 14%). 1H NMR: δ 7.94 (d, J = 8 Hz, 4H, o-Ph-NO2),
7.47−7.40 (m, 16H, o-PPh2), 7.25−7.16 (m, 8H, p-PPh2), 7.00−6.93
(m, 16H, m-PPh2), 6.65 (d, J = 8 Hz, 4H, m-Ph-NO2), 2.62 (t, J = 8
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Hz, 8H, dppe). 31P{1H} NMR: δ 52.0 (s). IR (Nujol, cm−1): 2047 (m)
ν(Ru−CC).
trans-Ru(CCC6H4CCSiMe3-4)2(dppe)2 (3f).

26 The TlCl precip-
itate was removed by filtration through neutral alumina (Brockmann
I). The pure product was obtained from the filtrate as a pale yellow
precipitate upon addition of Et2O (96 mg, 81%). Single crystals
suitable for X-ray diffraction were obtained from CH2Cl2/hexane.

1H
NMR: δ 7.52−7.43 (m, 16H, o-PPh2), 7.25 (d, J = 8 Hz, 4H, C2-Ph-
C2), 7.18−7.11 (m, 8H, p-PPh2), 6.97−689 (m, 16H, m-PPh2), 6.62
(d, J = 8 Hz, 4H, C2-Ph-C2), 2.66−2.58 (m, 8H, dppe), 0.26 (s, 9H,
SiMe3).

31P{1H} NMR: δ 53.4 (s, dppe). IR (Nujol, cm−1): 2153 (m)
ν(CC); 2065 (s) ν(Ru−CC).
trans-Ru(CCC6H4CCCMe3-4)2(dppe)2 (3g).26 The TlCl pre-

cipitate was removed by filtration through neutral alumina
(Brockmann I). The pure product precipitated from the filtrate as
pale yellow solids upon addition of Et2O (96 mg, 83%). Single crystals
suitable for X-ray diffraction were obtained from CHCl3/MeOH. 1H
NMR: δ 7.52−7.43 (m, 16H, o-PPh2), 7.20−7.10 (m, 12H, C2-Ph-C2/
p-PPh2), 6.96−6.88 (m, 16H, m-PPh2), 6.63 (d, J = 8 Hz, 4H, C2-Ph-
C2), 2.68−2.56 (m, 8H, dppe), 1.33 (s, 18H, CMe3).

31P{1H} NMR: δ
52.5 (s, dppe). IR (Nujol, cm−1): 2177 (w) ν(CC); 2069 (s) ν(Ru−
CC).
trans-Ru(CCC6H4CCH-4)2(dppe)2 (3i).27 3f (30 mg, 0.023

mmol) was reacted with TBAF (1 M in THF, 46 μL, 0.046 mmol) in
CH2Cl2 at room temperature overnight. The orange solution was
filtered through neutral alumina (Brockmann I) and the filtrate taken
to dryness to give the pure product as an orange powder (24 mg,
91%). Single crystals suitable for X-ray diffraction were obtained from
CH2Cl2/hexane.

1H NMR: δ 7.53−7.43 (m, 16H, o-PPh2), 7.26 (d, J =
8 Hz, 4H, C2−Ph−C2), 7.20−7.13 (m, 8H, p-PPh2), 6.99−6.89 (m,
16H, m-PPh2), 6.64 (d, J = 8 Hz, 4H, C2-Ph-C2), 3.11 (s, 2H, C
CH), 2.66−2.56 (m, 8H, dppe). 31P{1H} NMR: δ 52.6 (s, dppe). IR
(Nujol, cm−1): 3276 (s) ν(CC−H); 2054 (w) ν(Ru−CC).
Halide Abstractor Free Synthesis of trans-Ru(CCC6H4R-

4)2(dppe)2 (3c,h). To a solution of [RuCl(dppe)2]OTf ([1]OTf;
0.100 g, 0.092 mmol) and DBU (excess) in CH2Cl2 (4 mL) was added
the appropriate alkyne (0.20 mmol). The resulting solution was stirred
at room temperature for 7 days. The yellow precipitate was removed
by filtration and washed thoroughly with hexane. Product 3c was
obtained as a yellow solid (47 mg, 44%); and 3h was obtained as an
off-white powder (51 mg, 48%). Single crystals suitable for X-ray
diffraction were obtained from CH2Cl2/hexane.

1H NMR: δ 7.64−
7.57 (m, 16H, o-PPh2), 7.25−7.19 (m, 8H, p-PPh2), 7.04−6.99 (m,
16H, m-PPh2), 6.68 (d, J = 8 Hz, 4H, Ph-NH2), 6.59 (d, J = 8 Hz, 4H,
Ph-NH2), 3.56 (s, 4H, NH2), 2.73−2.61 (m, 8H, dppe). 31P{1H}
NMR: δ 53.2 (s, dppe). IR (Nujol, cm−1): 3351 (m) ν(NH2), 2073
cm−1 ν(CC). A trace amount of the monoacetylide 2h was detected
in the 31P NMR spectrum as a resonance near δ 49 ppm, which could
not be removed due to the pronounced tendency of the sample toward
decomposition (oxidation or protonation) in solution during
recrystallization or column chromatography.
Synthesis of trans-Ru(CCC6H4R1-4)(CCC6H4R2-4)(dppe)2

(4−6). To a solution of the appropriate trans-RuCl(CCC6H4R-
4)(dppe)2 (0.10 g) and DBU (excess) in CH2Cl2 (4 mL) was added
TlBF4 (1 equiv). Subsequent dropwise addition of HCCR′ (1.1
equiv) dissolved in CH2Cl2 (∼3 mL) over 30 min generated an off-
white precipitate (TlCl) that was removed by filtration. The final
products were obtained from the yellow-orange filtrate after
purification (vide infra).
trans-Ru(CCC6H4CCSiMe3-4)(CCC6H4NH2-4)(dppe)2 (4). To

a solution of 2f (0.100 g, 0.083 mmol) was added 4-ethynylaniline
(0.012 g, 0.10 mmol) according to the general procedure. The TlCl
precipitate was removed by filtration through basic alumina
(Brockmann III). The pure product precipitated from the filtrate as
orange solids upon addition of hexane (61 mg, 0.050 mmol, 60%). 1H
NMR: δ 7.67−7.60 (m, 8H, o-PPh2), 7.39−7.34 (m, 8H, o-PPh2), 7.23
(d, J = 8 Hz, 2H, o-Ph-TMSA), 7.20−7.09 (m, 8H, p-PPh2), 7.20−7.09
(m, 8H, m-PPh2), 7.00−6.93 (m, 8H, m-PPh2), 6.68 (d, J = 8 Hz, 2H,
Ph-NH2), 6.56 (m, 2H, m-Ph-TMSA), 6.53 (d, J = 8 Hz, 2H, Ph-NH2)
3.51 (s, 2H, NH2), 2.65−2.58 (m, 8H, dppe), 0.26 (s, 9H, Si-Me3).

31P{1H} NMR: δ 52.8 (s, dppe). IR (Nujol, cm−1): ν(NH2) not
observed; 2151 (w) ν(CC); 2062 (s) ν(Ru−CC). Anal. Calcd:
C, 72.32; H, 5.57; N, 1.15. Found: C, 72.51; H, 5.65; N, 1.29.

trans-Ru(CCC6H4CO2Me-4)(CCC6H4NH2-4)(dppe)2 (5). To a
solution of 2d (0.100 g, 0.092 mmol) was added 4-ethynylaniline
(0.012 g, 0.10 mmol) according to the general procedure. The TlCl
precipitate was removed by filtration through basic alumina
(Brockmann III). The pure product precipitated from the filtrate as
yellow solids upon addition of hexane and was washed with Et2O (50
mg, 0.043 mmol, 47%). 1H NMR: δ 7.79 (d, J = 8 Hz, 2H, o-Ph-
CO2Me), 7.70−7.58 (m, 8H, o-PPh2), 7.41−7.32 (m, 8H, o-PPh2),
7.16 (m, 8H, p-PPh2), 7.01−6.95 (m, 8H, m-PPh2), 6.95−6.88 (m, 8H,
m-PPh2), 6.69 (d, J = 8 Hz, 2H, Ph-NH2), 6.64 (d, J = 8 Hz, 2H, m-Ph-
CO2Me), 6.54 (d, J = 8 Hz, 2H, Ph-NH2), 3.90 (s, 3H, COO-Me),
3.52 (s br, 2H, NH2), 2.66−2.58 (m, 8H, dppe). 31P{1H} NMR: δ 52.8
(s, dppe). IR (Nujol, cm−1): ν(NH2) not observed; 2058 ν(Ru−C
C). Anal. Calcd: C, 71.59; H, 5.24; N, 1.19. Found: C, 71.58; H, 5.26;
N, 1.21.

trans-Ru(CCC6H4CO2Me-4)(CCC6H4OMe-4)(dppe)2 (6). To a
solution of 2d (0.100 g, 0.092 mmol) was added 1-ethynyl-4-
methoxybenzene (0.013 g, 0.10 mmol) according to the general
procedure. The TlCl precipitate was removed by filtration through
basic alumina (Brockmann III). The pure product precipitated from
the filtrate as bright yellow solids upon addition of hexane (95 mg,
0.080 mmol, 87%). 1H NMR: δ 7.79 (d, J = 8 Hz, 2H, o-Ph-CO2Me),
7.65−7.59 (m, 8H, o-PPh2), 7.41−7.35 (m, 8H, o-PPh2), 7.21−7.12
(m, 8H, p-PPh2), 7.01−6.95 (m, 8H, m-PPh2), 6.95−6.89 (m, 8H, m-
PPh2), 6.79−6.71 (m, 4H, o/m-Ph-OMe), 6.65 (d, J = 8 Hz, 2H, m-Ph-
CO2Me), 3.90 (s, 4H, COO-Me), 3.81 (s, 4H, O-Me), 2.66−2.58 (t, J
= 7 Hz, 8H, dppe). 31P{1H} NMR: δ 52.8 (s, dppe). IR (Nujol, cm−1):
2060 ν(Ru−CC); 1704 ν(CO). Anal. Calcd: C, 71.70; H, 5.26.
Found: C, 71.66; H, 5.47.

Computational Details. Calculations have been carried out on
the full complexes 3f,h, 4, and 5 in their neutral and cationic forms.
Structure optimizations and frequency analyses were performed at
DFT levels (see below), using a version of the TURBOMOLE 6.467

code locally modified by the Berlin group. Additional single-point
TDDFT calculations were carried out employing the Gaussian09 code,
as these match the experimental values more closely.68 The
computational protocol used has been developed specifically to handle
the question of delocalization/localization of spin density and charge
in organic69,70 and transition-metal mixed-valence systems,60,61,64,71

and it is known to generally provide accurate ground- and excited-state
properties also for related open-shell systems. The approach is based
on the adjusted global hybrid functional BLYP35,69 which was
constructed analogously to the B1LYP model,72 in conjunction with
polarizable continuum solvent models. While not a thermochemically
optimized functional, BLYP35 has been shown to provide a good
balance between reduced self-interaction errors and a simulation of
nondynamical correlation. In the present work, CH2Cl2 (permittivity ε
= 8.93) was considered by the conductorlike screening solvent model
(COSMO)73 and by the closely related C-PCM model74,75 in the
Gaussian09 TDDFT calculations. Notably, the TDDFT calculations
took into account nonequilibrium solvation.76,77

For all calculations, def2-SVP split-valence basis sets on the lighter
atoms and the associated Stuttgart effective-core potentials with a
corresponding def2-SVP valence basis for ruthenium were em-
ployed.78−80 An empirical scaling factor of 0.95 was applied to
calculated harmonic vibrational frequencies.56,57 Additionally, com-
puted IR stick spectra were convoluted with Gaussian broadening (σ =
15 cm−1) using the Q-Spector program for better comparison with
experimental IR spectra.81

For [3h]•+, a two-dimensional relaxed scan of the PES with a fixed
torsion angle θ between the plane of the aromatic ethynyl substituent
and the plane bisecting the dppe ligands (Figure 3) and a fixed
dihedral angle Ω (Figure 7) (which defines the relative conformation
of the phenyl rings of the two CCC6H4NH2-4 ligands) was
performed. Starting from the structure obtained from a full
optimization, both dihedral angles were varied in steps of 10°, from
0 to 90°. For convenience, the C4−C3−Ru1−P1 dihedral angle (Figure
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3) was varied from 40 to 130° in the relaxed scan and afterward
translated into θ, giving values between −3° and 89°.
Spin densities are plotted as isosurfaces (with values ±0.002 au),

using light gray for positive and red for negative values. Similarly,
molecular orbitals are presented as isosurface plots (±0.03 au) using
light gray and blue colors for positive and negative signs, respectively.
In the ball and stick plots, the atoms are also color-coded (ruthenium,
yellow; phosphorus, green; carbon, gray; nitrogen and silicon, blue;
oxygen, red; hydrogen, white). These plots were done with the
Molekel program.82

Crystallography. Single-crystal X-ray data for all of the
compounds (except 2i) were collected at 120.0 K on a Bruker
SMART 6000 diffractometer using graphite-monochromated Mo Kα
radiation (λ = 0.71073 Å). The data for compound 2i were collected at
120.0 K on a Rigaku Saturn 724+ diffractometer at station I19 of the
Diamond Light Source synchrotron (undulator, λ = 0.6889 Å, ω-scan,
1.0°/frame) and processed using Bruker APEXII software. In all cases
the sample temperature was controlled by Cryostream (Oxford
Cryosystems) open-flow nitrogen cryostats. The structures were
solved by direct methods and refined by full-matrix least squares on F2

for all data using SHELXTL83 and OLEX284 software. All non-
disordered non-hydrogen atoms were refined with anisotropic
displacement parameters; H atoms were placed in calculated positions
and refined in the riding mode. Crystallographic data for the structures
have been deposited with the Cambridge Crystallographic Data Centre
as supplementary publications CCDC 991138−991149.
Crystal data for 2f: C65H61ClP4RuSi·1.5CH2Cl2, Mr = 1258.02,

triclinic, space group P1̅, a = 13.4989(4) Å, b = 14.8937(4) Å, c =
17.8696(5) Å, α = 113.42(1)°, β = 98.65(1)°, γ = 103.32(1)°, U =
3088.00(15) Å3, F(000) = 1298, Z = 2, Dcalc = 1.356 Mg/m3, μ = 0.590
mm−1, 37101 reflections collected, yielding 15588 unique data (Rint =
0.1044), final conventional R1(F) = 0.0627 for 8812 reflections with I
≥ 2σ, wR2(F2) = 0.1132 for all data (699 refined parameters), GOF =
1.012.
Crystal data for 2g: C66H61ClP4Ru, Mr = 1114.55, triclinic, space

group P1, a = 9.2573(4) Å, b = 12.9014(6) Å, c = 13.6270(7) Å, α =
63.759(1)°, β =71.267(1)°, γ = 80.429(1)°, U = 1381.88(11) Å3,
F(000) = 578, Z = 1, Dcalc = 1.339 Mg/m3, μ = 0.489 mm−1, 18235
reflections collected, yielding 15422 unique data (Rint = 0.0195), final
conventional R1(F) = 0.0412 for 13757 reflections with I ≥ 2σ,
wR2(F2) = 0.1099 for all data (641 refined parameters), GOF = 1.081.
Crystal data for 2i: C62H53ClP4Ru, Mr = 1058.44, monolinic, space

group P21/c, a = 11.5037(7) Å, b = 22.4968(8) Å, c = 19.4374(10) Å,
β =94.037(6)°, U = 5017.9(4) Å3, F(000) = 2184.0, Z = 4, Dcalc =
1.401 Mg/m3, μ = 0.534 mm−1, 53556 reflections collected, yielding
13451 unique data (Rint = 0.0386), final conventional R1(F) = 0.0376
for 11213 reflections with (I ≥ 2σ), wR2(F2) = 0.0987 for all data (613
refined parameters), GOF = 1.091.
Crystal data for 3a: C70H62P4Ru, Mr = 1128.15, triclinic, space

group P1̅, a = 9.4458(4) Å, b = 12.9907(6) Å, c = 13.5890(6) Å, α =
117.314(1)°, β = 94.871(1)°, γ = 104.724(1)°, U = 1392.94(11) Å3,
F(000) = 586.0, Z = 1, Dcalc = 1.345 Mg/m3, μ = 0.440 mm−1, 16041
reflections collected, yielding 7679 unique data (Rint = 0.0321), final
conventional R1(F) = 0.0397 for 6410 reflections with I ≥ 2σ,
wR2(F2) = 0.1078 for all data (341 refined parameters), GOF = 1.056.
Crystal data for 3b: C78H78P4Ru·2CHCl3, Mr = 1479.09, triclinic,

space group P1̅, a = 9.6718(2) Å, b = 13.2334(3) Å, c = 15.1804(4) Å,
α = 78.10(1)°, β = 77.00(1)°, γ = 72.33(1)°, U = 1783.81(7) Å3,
F(000) = 766.0, Z = 1, Dcalc = 1.377 Mg/m3, μ = 0.578 mm−1, 31919
reflections collected, yielding 10417 unique data (Rint = 0.0498), final
conventional R1(F) = 0.0330 for 7985 reflections with (I ≥ 2σ),
wR2(F2) = 0.0750 for all data (572 refined parameters), GOF = 0.932.
Crystal data for 3c: C70H62O2P4Ru·C7H8, Mr = 1251.27, triclinic,

space group P1̅, a = 9.1943(4) Å, b = 12.7621(5) Å, c = 13.5658(6) Å,
α = 76.576(1)°, β = 89.853(1)°, γ = 80.994(1)°, U = 1528.27(11) Å3,
F(000) = 651.0, Z = 1, Dcalc = 1.360 Mg/m3, μ = 0.411 mm−1, 20100
reflections collected, yielding 8842 unique data (Rint = 0.0243), final
conventional R1(F) = 0.0348 for 7693 reflections with I ≥ 2σ,
wR2(F2) = 0.0934 for all data (518 refined parameters), GOF = 1.052.

Crystal data for 3d: C72H62O4P4Ru·C7H8, Mr = 1308.30, triclinic,
space group P1 ̅, a = 9.3908(3) Å, b = 12.8371(4) Å, c = 13.8661(4) Å,
α = 97.95(1)°, β = 108.73(1)°, γ = 92.24(1)°, U = 1561.58(8) Å3,
F(000) = 680.0, Z = 1, Dcalc = 1.391 Mg/m3 ,μ = 0.407 mm−1, 20792
reflections collected, yielding 9066 unique data (Rint = 0.0440), final
conventional R1(F) = 0.0347 for 7020 reflections with I ≥ 2σ,
wR2(F2) = 0.0714 for all data (539 refined parameters), GOF = 0.969.

Crystal data for 3f: C78H74Si2P4Ru, Mr = 1292.50, triclinic, space
group P1̅, a = 9.4265(4) Å, b = 13.5130(5) Å, c = 14.2919(6) Å, α =
76.253(2)°, β = 74.292(3)°, γ = 71.596(2)°, U = 1639.6(1) Å3, F(000)
= 674.0, Z = 1, Dcalc = 1.309 Mg/m3, μ = 0.417 mm−1, 18597
reflections collected, yielding 8224 unique data (Rint = 0.0493), final
conventional R1(F) = 0.0453 for 7020 reflections with I ≥ 2σ,
wR2(F2) = 0.1119 for all data (533 refined parameters), GOF = 0.990.

Crystal data for 3g: C84H78Br0.1Cl12P4Ru, Mr = 1745.80, triclinic,
space group P1̅, a = 10.8015(4) Å, b = 12.4654(4) Å, c = 16.4565(6)
Å, α = 94.896(1)°, β = 105.108(1)°, γ = 103.004(1)°, U = 2059.8(1)
Å3, F(000) = 894.0, Z = 1, Dcalc = 1.407 Mg/m3, μ = 0.749 mm−1,
35554 reflections collected, yielding 11468 unique data (Rint =
0.0314), final conventional R1(F) = 0.0429 for 9600 reflections with I
≥ 2σ, wR2(F2) = 0.1141 for all data (463 refined parameters), GOF =
1.083.

Crystal data for 3h: C68H60N2P4Ru, Mr = 1130.13, triclinic, space
group P1̅, a = 9.3537(3) Å, b = 12.9960(4) Å, c = 13.4808(4) Å, α =
117.164(1)°, β = 95.632(1)°, γ = 103.708(1)°, U = 1375.51(7) Å3,
F(000) = 586.0, Z = 1, Dcalc = 1.364 Mg/m3, μ = 0.446 mm−1, 17825
reflections collected, yielding 7635 unique data (Rint = 0.0347), final
conventional R1(F) = 0.0390 for 6328 reflections with I ≥ 2σ,
wR2(F2) = 0.0992 for all data (460 refined parameters), GOF = 1.041.

Crystal data for 3i: C72H58P4Ru·CH2Cl2, Mr = 1233.06, triclinic,
space group P1 ̅, a = 9.6711(2) Å, b = 12.9728(3) Å, c = 23.8066(6) Å,
α = 81.22(1)°, β = 86.79(1)°, γ = 83.99(1)°, U = 2933.2(1) Å3,
F(000) = 1272.0, Z = 2, Dcalc = 1.396 Mg/m3, μ = 0.512 mm−1, 48867
reflections collected, yielding 15586 unique data (Rint = 0.0528), final
conventional R1(F) = 0.0439 for 11224 reflections with I ≥ 2σ,
wR2(F2) = 0.1156 for all data (724 refined parameters), GOF = 1.038.
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Preparation of nascent molecular electronic
devices from gold nanoparticles and terminal
alkyne functionalised monolayer films

Henrry M. Osorio,ab Pilar Cea,ab Luz M. Ballesteros,ab Ignacio Gascón,ab

Santiago Marqués-González,c Richard J. Nichols,d Francesc Pérez-Murano,e

Paul J. Lowcf and Santiago Mart́ın*ag

A metal–molecule–GNP assembly has been fabricated using an acetylene-terminated phenylene–

ethynylene molecular monolayer, namely 4-((4-((4-ethynylphenyl)ethynyl)phenyl)ethynyl)benzoic acid

(HOPEA), sandwiched between a gold substrate bottom electrode and gold nanoparticle (GNP) top

contact electrode. In the first stage of the fabrication process, a monolayer of directionally oriented

(carboxylate-to-gold) HOPEA was formed onto the bottom electrode using the Langmuir–Blodgett (LB)

technique. In the second stage, the gold-substrate supported monolayer was incubated in a solution of

gold nanoparticles (GNPs), which resulted in covalent attachment of the GNPs on top of the film via an

alkynyl carbon–Au s-bond thereby creating the metallic top electrode. Adsorption of the GNPs to the

organic LB film was confirmed by both UV-vis absorption spectroscopy and X-ray photoemission

spectroscopy (XPS), whilst the contact angle showed changes in the physical properties of the film

surface as a result of top-coating of the LB film with the GNPs. Importantly, surface-enhanced Raman

scattering (SERS) confirmed the covalent attachment of the metal particles to the LB film by formation of

Au–C s-bonds via a heterolytic cleavage of the alkyne C–H bond. Electrical properties of these nascent

metal–molecule–GNP assemblies were determined from I–V curves recorded with a conductive-AFM in

the Peak Force Tunneling AFM (PF-TUNA™) mode. The I–V curves obtained from these structures rule

out the formation of any significant number of short-circuits due to GNP penetration through the

monolayer, suggesting that this strategy of self-assembly of GNPs to alkyne-terminated monolayers is an

effective ‘soft’ procedure for the fabrication of molecular junctions without damaging the organic layer.

Introduction
Molecular electronics research has rapidly developed over the
last few years as techniques necessary to measure the electronic
properties of molecules as either single entities or in small
ensembles in various two- and three-electrode test platforms
have been realized.1–3 These test-bed junctions have revealed the

critical roles played by not only the chemical structure of the
backbone of the molecular component but also the nature of
the electrode–molecule contact.4,5 Despite the substantial
number of fundamental problems that have been faced by this
emerging area of science, such as the uctuations in electrode–
molecule contacts and hence coupling, quantum interference
effects and the nature of the tunnelling to hopping transition,6

and challenges for the imminent future including progressing
device designs beyond the mimicry of conventional circuits, the
manipulation of electron spin as well as charge transport
designs and gated charge transport,7 it is now possible to real-
istically contemplate molecular electronics as a potential, albeit
future, technology with which to augment present-day silicon
microelectronics technology.8

Building on the success of measurements of molecular
electronic characteristics in test platforms, the next signicant
challenge to be addressed before molecular electronics can be
considered a truly viable and scalable technology is the
construction of robust and reliable metal–molecule contacts. A
wide variety of molecular functional groups have been tested as
contacting groups for various substrates (principally gold),
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including thiols,9,10 amines,11,12 carboxylic acids,12–14 dithio-
carboxylic acids,15 esters,16 pyridyl,17–19 cyano,20,21 isocyano,22,23

isothiocyanato,24 nitro,20 methylselenide,25 methylthiol,25

dimethylphosphine,25 trimethylsilane,26–31 fullerenes,32,33 etc.
However, most of these metal–molecule contacts exhibit ux-
ional functional-group to surface bonds leading to stochastic
on–off switching, structural rearrangements of the leads,
multiple distinct types of metal–molecule contact arising from
molecule binding to different surface structures resulting in
multiple and signicantly different conductance signals, or
high contact resistance.27,34–37

The second important challenge in molecular electronics is
the fabrication of the top contact electrode in two terminal
sandwich-based metal–organic monolayer–metal devices. The
metallization of organic monolayers has been investigated for
more than 30 years and, like the metal–molecule contact, is still
not a well-resolved problem.37–40 A wide variety of techniques to
deposit the top metal electrode have been described in the
literature including direct and indirect evaporation,38,41–49 use of
liquid metals,38,43,45,50,51 ip chip lamination,45,52 electrodeposi-
tion,53–55 and surface-diffusion-mediated deposition.56 We have
recently shown that adsorption of aurate ([AuCl4]!) onto an
ammonium ion terminated Langmuir–Blodgett lm followed
by photoreduction is also a convenient, “so” method of
assembling metal–molecule–metal structures with potential
applications in the scaleable fabrication of molecular electronic
devices.57 The most signicant problems in the deposition of
the second electrode are those related to damage of the func-
tional molecules during the metallization of a monolayer or
penetration of the second metal through the organic lm,
which results in a short circuit, rendering the device unus-
able.37,40 In addition, in most of these methods the metal–
molecule contact is rather weak, whilst robust metal–organic
junctions are required to improve the device performance,
reproducibility, and stability.

Prompted by the current landscape, in this contribution we
explore the fabrication of a metallic electrode on top of a
monolayer of a ‘wire-like’ bis(phenylene ethynylene) derivative,
leading to the formation of robust and conducting metal–
molecule–metal (or GNP) junctions contacted via a covalent Au–
C bond which results in the easiest electron transfer between
the metal and the organic monolayer. This work is inspired by
the recent experiments of Maity et al.,58,59 who obtained acety-
lide-decorated Au clusters from arylacetylene (–C6H4–C^C–H)
terminated organic compounds and Au nanoparticles weakly
stabilized by polyvinylpyrrolidone (PVP). These authors have
demonstrated that the terminal hydrogen in the alkyne (–C^C–
H) group is lost during this process with concomitant formation
of an Au–C^C s-bond, accompanied by a weakening of the
–C^C– bond of the alkynyl group. The signicant reduction of
the pH value of the aqueous phase observed by these authors
aer the ligand exchange indicated that the ligation of the
alkynyl group proceeds via deprotonation of the alkyne. This
method obviates the need for the formation of aryl radicals (e.g.
from diazonium compounds) or alkynyl anions (e.g. from
abstraction of the alkynyl proton with a strong base) used in
other methods for formation of metal–C bonds.

Complementary DFT calculations concerning the adsorption of
an ethynylbenzene radical on Au(111) have also shown that a
strong covalent bond is formed with the surface upon removal
of the terminal hydrogen-atom of the ethynyl group.60 In addi-
tion, Au–C covalent bonds have been recently studied in metal–
molecule junctions,58,61,62 exhibiting high contact conductance
resulting from the direct metal–carbon coupling,63–65 and
prompting further consideration of this direct Au–C bond as a
surface contacting group.

In the present work, an arylacetylene terminated molecule is
used to fabricate and study metal–monolayer–metal junctions.
A monolayer of an oligo (phenylene–ethynylene) (OPE) deriva-
tive, namely 4-((4-((4-ethynylphenyl)ethynyl)phenyl)ethynyl)
benzoic acid (HOPEA), Fig. 1, assembled as a directionally
oriented Langmuir–Blodgett (LB) monolayer66 has been incu-
bated in a dispersion of unprotected gold nanoparticles (GNPs),
resulting in chemisorption of GNPs to the LB lm through Au–C
bonds to give robust sandwich-like device structures in an
experimentally simple fashion.

Results and discussion
Monomolecular LB lms incorporating HOPEA were deposited
onto quartz, mica, glass and gold substrates initially immersed
in the water subphase that were withdrawn resulting in orga-
nized molecular lms in which the carboxylate group is in
contact with the substrate and the acetylenic (–C^C–H) moiety
is oriented towards the air.66 These lms were incubated in a
dispersion of freshly prepared GNPs for 0.5–4 hours. Immedi-
ately aer the removal of the substrates from the incubation
solution the lms were thoroughly rinsed with Milli-Q® water to
eliminate physisorbed GNPs from the lm surface. Finally, the
lms were allowed to dry. The incubation time was optimized
using quartz crystal microbalance (QCM) experiments (Fig. 2).
The variation in the resonator frequency before and aer the
incubation process is indirectly related to the mass of GNPs
incorporated on the QCM substrate by means of the Sauerbrey
equation which establishes that:67

Df ¼ ! 2f0
2Dm

Arq
1=2mq

1=2
(1)

where f0 is the fundamental resonant frequency of 5 MHz, Dm
(g) is the mass change, A is the electrode area, rq is the density of
quartz (2.65 g cm!3), and mq is the shear modulus (2.95 #
1011 dyn cm!2). A decrease in the frequency with the time
during the incubation process reveals the incorporation of
GNPs onto the LB lm until an incubation time of 2.5 hours,
aer which the frequency remains constant indicating that

Fig. 1 Molecular structure of 4-((4-((4-ethynylphenyl)ethynyl)phenyl)
ethynyl)benzoic acid (HOPEA).
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further incorporation of GNPs onto the LB lm does not
occur.

UV-vis spectra were recorded before and aer the incubation
process in order to verify the assembly of GNPs onto the organic
layer (Fig. 3). For the purpose of comparison, the inset of Fig. 3
shows the UV-vis spectrum of the aqueous dispersion of GNPs.
The UV-vis spectrum of the pristine LB lm features one
absorption band centered at 280 nm, attributable to p–p*
electronic transitions associated with the OPE backbone of
HOPEA.66 The spectrum of the LB lm aer the incubation
process features two absorption bands at 259 nm and at ca. 540
nm,68–71 revealing the incorporation of the GNPs onto the LB
lm. A signicant red-shi of the surface plasmon resonance
(SPR) band from 515 nm in the dispersion to 545 nm for the
immobilized GNPs on the LB lm surface is indicative of a
change in the dielectric constant surrounding the nanoparticle.
In addition, this shi in the maximum absorption position of

the SPR band is consistent with an interaction of the GNPs and
the organic lm.61

The assembly of GNPs onto the lm has also been demon-
strated by XPS. Fig. 4 shows the XPS spectrum of a HOPEA LB
lm on a glass substrate aer the incubation process in a
dispersion of GNPs. The Au4f region shows two peaks at 84.1
and 87.8 eV attributable to the presence of metallic gold.72–75

However, neither QCM, UV-vis spectroscopy nor XPS results
provide any information about the distribution, shape, or size
of the GNPs on the surface of the lm. To investigate these
issues, Atomic Force Microscopy (AFM) and Scanning Electron
Microscopy (SEM) images of LB lms before and aer incuba-
tion in a dispersion of GNPs were obtained (Fig. 5). The pristine
HOPEA lm shows a very homogeneous surface. In contrast,
aer incubation in the dispersion of GNPs both AFM and SEM
images show the appearance of spots distributed all over the
lm revealing the presence of GNPs. The diameter of the GNPs
immobilized on the monolayer surface determined by SEM was
in the 15–30 nm range whilst the GNP height is in the 6–25 nm
range as determined from AFM images. These compare with the
7–28 nm range of particle sizes determined for the initial
dispersions by Dynamic Light Scattering (DLS) methods, see
Experimental section.

In addition, incubation of HOPEA monomolecular LB lms
caused signicant modication to the appearance, physical
characteristics, and composition of the lm surface. Surface
modication is veried by differences in contact angle
measurements from pristine and incubated lms of HOPEA in a
dispersion of GNPs. The contact angle of water onto a pristine
HOPEA LB lm deposited onto a glass substrate is 60!, consis-
tent with a well-formed hydrophobic LB lm. Aer incubation
of the HOPEA monomolecular LB lm in a dispersion of GNPs
for 2.5 h the contact angle is reduced to 43! indicating a more
hydrophilic surface, with a contact angle value surprisingly
close to the value associated with a bare gold substrate (39!).

The previous set of experiments demonstrates the assembly
of GNPs onto the monomolecular lm. Nevertheless, two

Fig. 2 Amount of gold deposited onto a HOPEA monomolecular film
incubated in a dispersion of GNPs as a function of the incubation time.

Fig. 3 UV-vis spectrum of a pristine HOPEA monomolecular LB film
and a spectrum of the same film after incubation in a dispersion of
GNPs for 2.5 hours. The inset figure shows the UV-vis spectrum of the
aqueous dispersion of GNPs.

Fig. 4 XPS spectrum of Au4f photoelectrons of a HOPEA mono-
molecular LB film on a glass substrate after incubation in a dispersion
of GNPs for 2.5 hours.
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further important questions concerning the strategy proposed
in this paper to fabricate the top contact electrode in metal–
organic monolayer–GNP sandwich structures have still to be
addressed: (i) what is the nature of the gold–organic layer
interaction? and (ii) does the fabrication of individual GNP
electrodes induce the formation of short-circuits due to metallic
contact between the bottom and top-contact electrodes or, in
contrast, do the GNPs serve as well-behaved top contact
electrodes?

As mentioned in the Introduction of this paper, it has been
demonstrated58,59,75,76 that terminal alkynes react with GNPs
with simultaneous abstraction of acetylenic hydrogen to give
Au–C^C stabilized structures.51,68,69 With a view to exploring
related processes between the terminal alkyne moiety in surface
bound HOPEA lms and the deposited GNPs vibrational spec-
troscopy is a particularly useful tool, with several Raman and
SERS studies61,63,65,77 having shown evidence for the formation of
a carbon–gold covalent bond in related systems. Fig. 6 shows
the Raman spectra of HOPEA in the solid state as a powder, as
well as the SERS spectrum of a HOPEA pristine LB lm depos-
ited on silver mirrors and the spectrum aer the incubation
procedure in a dispersion of GNPs. All spectra show three major
vibrational bands at 2216, 1598, and 1131 cm!1. The highest
wavenumber band is associated with the localized vibrational
motion of the internal alkyne moiety; the band at 1598 cm!1 is
assigned to the symmetric stretch of the three aromatic rings
along the long axis of the molecule, and the one at 1131 cm!1

arises from symmetric C–H bending of the phenyl C–H bonds
(there are 12 phenyl C–H bonds in HOPEA).78,79 This band at ca.
1131 cm!1 is also present in an analogous compound to HOPEA
without the terminal acetylene group, i.e., (4-[4-(phenylethynyl)-
phenylethynyl benzoic acid).79 The spectrum of the HOPEA LB
lm aer the incubation process exhibits a low intensity band at
399 cm!1 indicative of the presence of a covalent Au–C

s-bond.56 Such a band is not present in the Raman spectrum of
HOPEA powder, nor in the spectra of pristine HOPEA LB lms.
In addition, the small band at 2110 cm!1, due to the terminal
C^C group, in the powder Raman spectrum and the SERS
spectrum of the HOPEA pristine lm is broadened and down-
shied to 1990 cm!1 aer incubation of the lms in a disper-
sion of GNPs, also indicative of the formation of a –C^C–Au
bond.80

The electrical characteristics of the structures fabricated as
described above were determined from collection and analysis
of current–voltage (I–V) curves arising from charge ow across
the organic lms. Analysis of the I–V curves not only gives
information concerning the conductance in the metal–mono-
layer–GNP assemblies but can also be used to rule out the
formation of electrical short-circuits by incursion of the GNPs
through the organic lm that eventually lead to direct metal-to-
metal contacts. As described in a previous paper, I–V curves
were recorded with a conductive-AFM (Bruker ICON) in the Peak
Force Tunneling AFM (PF-TUNA™) mode.57 This operation
mode of the AFM is a valuable method for conductivity mapping
of delicate samples since it avoids lateral forces that may
otherwise damage the tip coating and the so sample surface.
This mode also facilitates the use of cantilevers with low spring
constant. The peak force tunneling AFM used here combines a
conducting AFM tip and associated low-noise current amplier
with a “tapping” mode AFM to probe current ow through these

Fig. 5 AFM (top) and SEM (bottom) images of a pristine HOPEA
monomolecular LB film (left) deposited onto a mica substrate and the
same LB film after incubation for 2.5 hours in a dispersion of GNPs
(right). Images are 2" 2 mm2 in size and the Z range of the AFM images
is 30 nm. For a better view of the size and shape of the GNPs both AFM
and SEM images have been magnified (500 " 500 nm).

Fig. 6 Raman spectrum of HOPEA powder, SERS spectrum of a
pristine HOPEA monomolecular LB film, and SERS spectrum of a
HOPEA monomolecular LB film after incubation in a dispersion of
GNPs.
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metal–molecule–GNP junctions. Nevertheless a compromise
has to be reached with respect to the set-point force before
recording the I–V curves. This compromise involves not
applying a too high peak force during the measurements, which
would result in large deformation of the monolayer underlying
the GNPs, or too little force which would result in inadequate
contact between the tip and the surface leading to ineffective
electrical probing. The deformation or damage of the mono-
layer has been investigated as a function of the tip loading force
(set-point force) to determine the most suitable set-point force
compromise. Fig. 7 shows a c-AFM image of a HOPEA LB lm
aer the incubation process in a GNP dispersion using a set-
point force of 3.35 nN. Four gold nanoparticles labeled as GNP1,
GNP2, GNP3, and GNP4 are clearly visible in this image. In the
set-point force range between 3.35 and 10 nN, the section
analysis shows practically constant heights of 25, 19.5, 13.5, and
11.5 nm for GNP1, GNP2, GNP3, and GNP4, respectively. The
practically constant GNP height in this set-point force range
indicates that no signicant deformation of the monolayer
occurs and that the GNPs are not substantially pushed into the
monolayer by the AFM tip. If the set-point force is increased up
to 16.75 nN, the section analysis of the GNPs gives heights of 21,
16.2, 10 and 9 nm for GNP1, GNP2, GNP3, and GNP4 respec-
tively. These reduced height values reveal deformation of the
monolayer for this applied set-point force. A further increase in
the deformation of the monolayer occurs when a set-point force
of 25.2 nN is applied since the section analysis shows heights of
18.8, 14.3, 8.8, and 7.4 nm for GNP1, GNP2, GNP3 and GNP4,
respectively. Moreover, if the set-point force is tuned down to
low values, e.g. to 6.7 nN, the section analysis of these GNPs
shows heights of 24.2, 19.1, 13 and 11.3 nm. This restoration of
height values indicates that the deformation produced in
the monolayer aer applying a high set-point force (25.2 nN) is
elastic and does not induce permanent damage of the
organic layer.

Having evaluated the inuence of the applied set-point force
on the monolayer, the I–V curves were recorded. To record these
current–voltage curves, the c-AFM tip was located on the
nanoparticle and a bias voltage was applied between the sample
and the tip and tip voltage was swept (!1.1 V) with the
LB-coated Au substrate set to ground. When a set-point force of
3.35 nN was used any resulting current which might have owed
is below the detection limit (see conductance versus force data
in Fig. 7), whilst for a set-point force between 3.35 and 10 nN the
I–V curves show low conductance. These results suggest that
when low set-point forces are used to record the I–V curves, the
electrical contact between the tip and the GNP is not sufficient
to support measureable electrical current ow. Nevertheless,
when a higher set-point force (between 16.7 and 25.1 nN) was
applied, the I–V curves show a signicant conductance (Fig. 7),
revealing that for these set-point forces there is a good electrical
contact between the tip and the GNP, while no damage to the
monolayer occurs. Fig. 8 shows a representative I–V curve of all
the curves (ca. 550) recorded on different GNPs when a set-point
force of 16.7 nm was applied. The bottom inset of Fig. 8 shows
the conductance histogram built from all the experimental data
(10 I–V curves on each of different GNPs) in the "0.45 to 0.45 V
ohmic region for each of the 550 I–V curves obtained experi-
mentally by placing the AFM tip on top of different GNPs
applying a set-point force of 16.7 nN. Different GNPs yield
different I–V curves whose slope (and thereby conductance of
the device) increases with the GNP diameter. All the curves
measured exhibit the typical shape observed for metal–mole-
cule–metal junctions, with a linear section only at relatively low
bias voltages and increasing curve gradients at higher bias.
Importantly, only curves with this behavior were observed, both

Fig. 7 Height of GNPs determined with the c-AFM at the indicated
set-point forces together with the average conductance values
measured by locating the tip of the c-AFM on the indicated GNPs. The
inset top image shows a representative example of a 350 # 350 nm2

image where GNPs can be clearly distinguished and was used to
position the c-AFM tip onto the GNPs; the Z range is 50 nm.

Fig. 8 Representative I–V curve obtained experimentally by posi-
tioning the c-AFM tip on top of a GNP when a set-point force of 16.7
nN was applied. Inset bottom: conductance histogram built from all
the experimental data from "0.45 to 0.45 V for each I–V curve
obtained (ca. 550 curves). Inset top: representative I–V curve obtained
by positioning the c-AFM tip on the organic monolayer not covered by
GNPs when a set point-force of 6.7 nN was applied; if higher set-point
forces are applied damage on the LB film is produced.
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over GNPs and on the organic monolayer not covered by GNPs
(top inset of Fig. 8), and no low resistance traces characteristic
of metallic short circuits were obtained over a wide range of set-
point forces which rules out the presence of short-circuits
conrming that robust and reliable top-contacts have been
constructed without damaging the underlying organic mono-
layer lm.

Experimental
In a previous paper we reported the synthesis of HOPEA as well
as the optimum conditions needed to fabricate well-ordered,
defect-free and directionally oriented LB lms of this
compound on mica, gold and quartz substrates.66 The same
protocols have been used in this contribution to fabricate
Langmuir–Blodgett (LB) lms incorporating HOPEA. A Nima
Teon trough with dimensions (720 ! 100) mm2, which was
housed in a constant temperature (20 " 1 #C) clean room, was
used to fabricate the lms. A Wilhelmy paper plate pressure
sensor was used to measure the surface pressure (p) of the
monolayers. The subphase was a pH 9 NaOH aqueous solution
(Milli-Q water, resistivity 18.2 MU cm). A 1 ! 10$5 M 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 spread onto the aqueous surface. The
spreading solvent was allowed to completely evaporate from the
surface of the subphase over a period of at least 20 minutes
before compression of the monolayer commenced at a constant
sweeping speed of 0.015 nm2 per molecule per min. The solid
substrates used for the transfer were cleaned carefully as
described elsewhere.81,82 The monolayers were deposited by the
vertical dipping method onto several substrates at a constant
surface pressure of 18 mN m$1 and a speed of 3 mm min$1.

The dispersion of GNPs was prepared by adding rapidly
0.5 mL of a 1.0 ! 10$3 M NaBH4 aqueous solution to 30 mL of a
1.0 ! 10$5 M HAuCl4 aqueous solution with vigorous stirring at
2 #C using an ice-water bath. The hydrodynamic diameter of
these GNPs was found to be in the 7–28 nm range, as deter-
mined by Dynamic Light Scattering (DLS). DLS measurements
were carried out using a NanoZS ZEN3600 instrument from
Malvern. Incubation of the LB lms in the dispersion of GNPs
(at 2 #C) took place immediately aer mixing the reactants.

UV-vis spectra were acquired on a Varian Cary 50 spectro-
photometer and recorded using a normal incident angle with
respect to the lm plane. Atomic force microscopy (AFM)
experiments to study the topography of the monolayers were
performed by means of a Multimode 8 AFM system from Veeco,
in tapping mode. The data were collected with a scan rate of
1 Hz and under ambient air conditions by using a silicon
cantilever provided by Bruker, with a force constant of 40 mN
m$1 and operating at a resonant frequency of 300 kHz. Scan-
ning electron microscopy (SEM) images were obtained with a
JEOL JSM 6400 microscope. X-ray photoelectron spectroscopy
(XPS) spectra were acquired on a Kratos AXIS ultra DLD spec-
trometer with a monochromatic Al Ka 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 C1s peak at 284.6 eV. Quartz crystal microbalance (QCM)
measurements were carried out using a Stanford Research
System instrument and employing AT-cut, a-quartz crystals with
a resonant frequency of 5 MHz having circular gold electrodes
patterned on both sides. Contact angle experiments were per-
formed with a commercial optical tensiometer Theta Lite from
Attension. Raman and surface-enhanced Raman scattering
(SERS) spectra were collected using a Confocal Raman Imaging
from Witec, model Alpha300M+ with an excitation wavelength
of 633 nm. Silver islands (thickness 9.1 nm) were prepared in an
Edwards model 306 vacuum coater from a resistively heated
tungsten boat. The substrates were Zuzi glass microscope slides
cleaned in piranha solution for 30 min (3 : 1 97% H2SO4 : 30%
H2O2), rinsed with deionized water, and dried in a stream of N2.
Care: piranha solutions are exceptionally corrosive and highly
oxidizing. Contact between piranha solutions and organic
materials is considered extremely hazardous and must be avoided.
During lm deposition, the background pressure was main-
tained at 5 ! 10$7 Torr, and the deposition rate (0.02 nm3 s$1)
was monitored on an Electron Beam Evaporator Auto 500 from
BOC Edwards. Aer deposition, annealing was performed at
200 #C for 60 minutes. The conducting-AFM (c-AFM) measure-
ments were performed with a Bruker ICON microscope under
humidity control, ca. 30%, with a N2 ow, in the Peak Force
Tunneling AFM (PF-TUNA™) mode, and employing a
PF-TUNA™ cantilever from Bruker (coated with Pt/Ir 20 nm, ca.
25 nm radius, 0.4 N m$1 spring constant and 70 kHz resonance
frequency).

Conclusions
In this contribution, GNPs have been assembled onto an
organic LB lm to give arrays of metal–molecule–GNP devices.
Formation of covalent Au–C s-bonds through a simple wet-
chemical procedure has been demonstrated by SERS whilst I–V
curves ruled out the presence of short-circuits. The terminal
alkyne moiety therefore appears to be a suitable functional
group for the subsequent deposition of metal nanoparticles
which can serve as the top contact electrode. The electrical
measurements averaged over multiple gold–molecule–GNP
assemblies show the suitability of this approach of forming
C–Au bonds to the top GNP contact. This could be a useful
approach for future nano-electronic assemblies which exploit
more robust C–Au junctions rather than the typically more
uxional chemisorption chemical bonds used in conventional
self-assembly. If needed these GNPs could be employed as seeds
for deposition of a contiguous metal lm using complementary
methods such as electroless metal deposition subsequently
leading to a controlled preparation of the top contact electrode
in metal–monolayer–metal devices with a signicant inhibition
in the formation of short-circuits.
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41 L. Costelle, M. T. Räisänen, J. T. Joyce, C. Silien,

L.-S. Johansson, J. M. Campbell and J. Räisänen, J. Phys.
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Abstract Phosphinoalkynes P(C:CC6H4Me-4)Ph2 (1) and P(C:CC6H4C:CC6

H4Me-4)Ph2 (2) have been prepared from CuI catalysed reactions of the corre-
sponding 1-alkyne and PClPh2. The trimethylamine-N-oxide promoted reaction of
PPh3, 1 or 2 with [Fe2(l-pdt)(CO)6] (pdt = propanedithiolate) affords derivatives
[Fe2(l-pdt)(CO)5{PRPh2}] [R=Ph (3), C:CC6H4Me (5), C:CC6H4C:CC6H4Me
(6)] or, at elevated temperatures, [Fe2(l-pdt)(CO)4(PPh3)2] (4). The cyclic voltam-
mograms of compounds 3 and 4 feature almost fully reversible one-electron oxidation
processes and an irreversible reduction, whilst the electrochemical response of the
alkynyl phosphine substituted complexes 5 and 6 is irreversible for both oxidation and
reduction. IR spectroelectrochemical studies of 4 are consistent with an oxidation
processes leading to a delocalized or (Class III) mixed valence [FeFe]3? core in which
the iron centers have an average oxidation state of 1.5. The molecular structures of the
alkynyl phosphine substituted clusters 5 and 6 are also reported.

Keywords Iron-only hydrogenase ! Spectroelectrochemistry ! Phosphino alkyne !
Trimethylamine-N-oxide ! Mixed-valence

Introduction

The ready reaction of [Fe3(CO)12] with dithiols, HSRSH, leading to dithiolate
complexes [Fe2(l-SRS)(CO)6] has been widely exploited in the development of
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models for the active site in iron-only hydrogenases. Whilst the great majority of
bioinorganic models are based on [FeIFeI] or, more rarely, [FeIIFeII] cores [1, 2], in
the active enzyme the [FeFe] subunit is likely in a mixed-valent [FeIFeII] state [3].
However, only a relatively small number of mixed-valent [FeIFeII] model
complexes have been isolated, and despite the use of spectroelectrochemical
methods to study enzyme based systems [4–8], there are surprisingly few
spectroelectrochemical investigations of the model [Fe2(l-SRS)(CO)6-xLx]n sys-
tems [9–15].

As well as being fascinating models for the biological system [16], clusters
[Fe2(l-SRS)(CO)6-x(L)x]n are now attracting great attention as alternative, non-
precious metal-based catalytic platforms for the reduction of water to dihydrogen
for use as a future clean fuel [17–22]. Although examples of compounds with
promising electrocatalytic performance have been explored in laboratory settings, a
particular challenge that has been noted is the incorporation of additional
photosensitizing motifs within the catalytic process [22–26]. These photosensitizing
motifs have been either introduced as a separate molecular component of the
catalyst solution, or covalently attached to the cluster with a view to promoting
improved electronic coupling between the components. Many of these photosen-
sitizing groups have been introduced into the backbone of the dithiolate bridging
ligand, although a more close association with the metallic core might prove more
effective.

Against this background we considered the concept of introducing phosphino
alkynes as wire-like conduits to channel electrons between a remote photosensitizer
and a [Fe2S2] cluster [27–29]. Phosphinoalkynes are an appealing, if under-
explored, class of molecular wire that could be well-suited to the task of tethering a
catalyst center to a remote photosensitizer, with alkyne-based p-conjugated
compounds featuring prominently in the construction of wire-like molecules [30],
and phosphino moieties well established as ligands in transition metal coordination
and cluster chemistry [31]. In this report we detail our first steps in this area,
including the IR spectroelectrochemical investigation of a prototype phosphine-
substituted model cluster.

Results and Discussion

Synthesis

Phosphino alkynes have typically been prepared from reactions of lithiated
acetylenes with mono-, di- or tri-chlorophosphanes [31]. Recently, Beletskaya and
colleagues have shown that Ni(acac)2, PdCl2(PPh3)2 [32], CuI [33] and related
complexes smoothly catalyse the cross-coupling of terminal alkynes with chloro-
phosphanes in the presence of NEt3 to give alkynylphosphanes in excellent yields.
The Beletskaya route [33] was duly employed in the synthesis of the phos-
phinoalkynes P(C:CC6H4Me)Ph2 (1) and P(C:CC6H4C:CC6H4Me)Ph2 (2)
(Scheme 1).
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The phosphine substituted iron clusters 3–6 were synthesized according to
Scheme 2 by treatment of [Fe2(l-pdt)(CO)6] [34] [35] (pdt = propanedithiolate)
with the appropriate phosphine (PPh3, 1, 2). Mono substitution of a carbonyl ligand
(3, 5, 6) could be achieved at room temperature by addition of anhydrous
trimethylamine-N-oxide (TMNO) [27]. Synthesis of the bis(PPh3) complex 4
required prolonged reaction in refluxing toluene even in the presence of TMNO to
achieve even modest conversion, as noted earlier by Wang, Sun and colleagues in
thermally driven phosphine substitution reactions [36].

Compounds 3 and 4 have been described previously, having been prepared from
thermal substitution reactions of [Fe2(l-pdt)(CO)6] with excess PPh3 in refluxing
toluene (6 h: 3, 64 %; 4 20 %) [36]. The milder TMNO activation permits
preparation of 3 (62 %) in comparable yield after only 3 h, although the preparation
of 4 still proceeded sluggishly and not even prolonged reaction times (3 d) could
drive yields of the compound higher, 16 % isolated yield being achieved.
Spectroscopic data for 3 and 4 were similar to those reported earlier [36], and
include characteristic 31P NMR signals at d 64.0 (3) and 61.0 (4) ppm and IR m(CO)
spectra indicative of all terminal CO ligands (CH2Cl2/cm-1: 1 2044, 1984, 1933; 2

Scheme 2 Synthesis of phosphine substituted iron clusters 3 (R=Ph), 4, 5 (R=C:CC6H4C:CC6H4Me-
4), 6 (R=C:CC6H4Me-4)

Scheme 1 Synthesis of alkynyl phosphines 1 and 2
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1998, 1952, 1934). The m(CO) band patterns associated with the phosphinoalkyne
substituted complexes 5 and 6 are characteristic of their general [Fe2(l-pdt)(CO)5L]
composition (CH2Cl2/cm-1: 5 2047, 1988, 1937; 6 2046, 1986, 1936), and the
frequencies suggest that there is little electronic difference between the donor ability
of PPh3 and the phosphinoalkynes 1 and 2. The 31P NMR spectra of 5 and 6
contained singlets at 38.9 and 38.1 ppm, respectively.

The cleavage of the P–C bond in phosphinoalkynes within metal coordination
spheres has been exploited in the preparation of a wide range of phosphido-
supported alkynyl clusters under mild conditions [31]. The thermal stability of 5
was therefore investigated by way of example. A toluene solution of 5 was heated at
reflux for 6 h and monitored by IR spectroscopy (m(CO)). No change could be
detected, and 5 was recovered essentially quantitatively by preparative TLC. This
stability of the P–C bond in 5 is in contrast to the facile thermal reactions of
[Fe3(CO)11(Ph2PC:CR)] systems leading readily to the formation of [Fe2(l-C2R)
(l-PPh2)(CO)6] [37–39].

Molecular Structures

The structures of [Fe2(l-pdt)(CO)6] [40], 3 [36] and 4 [41] have been reported
previously, and those of 5 (Fig. 1) and 6 (Fig. 2) are now described (Tables 1, 2). In
each case, the Fe centers are found in distorted octahedral environments if the Fe–Fe
bond is included in the description of the coordination sphere, although descriptions
in terms of edge-sharing square-pyramidal fragments are more commonly employed
[40]. The phosphine ligands occupy apical positions approximately trans to the
Fe–Fe bond. The propane back bone of the dithiolate ligand in the five-membered
S2–(CH2)3 ring is folded towards the Fe(CO)3 fragment in 6, but is disordered over
both proximal and distal sites in 5 (and likely also in 3 given the large thermal

Fig. 1 A plot of a molecule of 5 showing the atom labeling scheme (thermal ellipsoids are plotted at
50 % and hydrogen-atoms omitted for clarity)
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ellipsoid depicted for this compound [36] ). The Fe–Fe bond length is relatively
insensitive to the nature of the supporting ligands, spanning a range 2.5048(10)–
2.5239(4) Å (Table 2). As might be expected, the Fe–CO bond lengths were more
responsive to the change in ligand environment, averaging ca. 1.80 Å in the
Fe(CO)3 fragments, contracting to ca. 1.77 Å in the Fe(CO)2(PR3) sites. The
phosphinoalkyne ligands displayed typical C:C bond lengths (6 1.209 (3) Å; 5
1.202 (3), 1.197 (3) Å), whilst the Fe2S2 butterfly core was also similar to the many
other examples of clusters of this type [34, 36, 40, 42–44].

Electrochemistry and IR Spectroelectrochemistry

The redox properties of complexes [Fe2(l-dithiolate)(CO)6-nLn] have attracted
considerable interest as part of the strategy to study their capacity to serve as
functional models of the iron-only hydrogenases. Although initial CV investigations
of 5 and 6 revealed only irreversible electrochemical processes in CH2Cl2/0.1 M
NBu4PF6 the PPh3 substituted compounds 3 and 4 were much better behaved. Both
compounds underwent an irreversible reduction, the peak potential of which was
quite sensitive to the degree of substitution (Epc = -2.08 (3), -1.75 (4) V)
corresponding to the reduction of the [FeIFeI] cluster core to (formally) [FeIFe0]. In
contrast to the behavior of 3 in NCMe/0.1 M NBu4PF6 [36], oxidation of this
compound in CH2Cl2/0.1 M NBu4PF6 was almost fully reversible (E1/2(3) ?0.37 V
vs FeCp2/[FeCp2]? = 0.0 V). The greater solubility of 4 in CH2Cl2 than in NCMe
also allowed good oxidative electrochemistry to be observed in this solvent with an
almost fully reversible wave observed (E1/2(4) ?0.58 V).

Although the [FeIFeII] redox state has been implicated in the hydrogenase
enzyme active sites [45, 46], and during electrocatalysis by synthetic models
[47–50], direct spectroscopic observation of complexes featuring this redox state are
limited [49, 51–53]. We therefore took advantage of the comparatively well-
behaved electrochemical response of 4 in CH2Cl2/0.1 M NBu4PF6 to [4]? by IR
spectroelectrochemical methods, and assess the effect of the phosphine ligands on
the nature of the formally [FeIFeII] mixed valence cluster core.

Fig. 2 A plot of a molecule of 6 showing the atom labeling scheme (thermal ellipsoids are plotted at
50 % and hydrogen-atoms omitted for clarity)
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The IR spectrum of 4 is characteristic of the distribution of carbonyl ligands in
L(CO)2Fe–Fe(CO)2L formulations with m(CO) bands, shifting from
2,075–1,975 cm-1 in Fe2(l-pdt) (CO)6 to 2,050–1,920 cm-1 in the case of 3 and
further to 2,000–1,920 cm-1 for the most electron-rich complex 4. Upon oxidation
of 4 to [4]? in a spectroelectrochemical cell, the parent m(CO) band pattern (4 1998,
1952, 1934 cm-1) is shifted by ca. ?50 cm-1 ([4]? 2045, 1985, 1958 cm-1)
(Fig. 3). On re-reduction the spectrum of 4 was largely recovered, confirming the
assignment of the spectroelectrochemically generated spectrum to that of [4]?. The
m(CO) spectrum of [4]? is remarkably similar in band-pattern to that of the related
hydride complex [Fe2(l-H)(l-pdt)(CO)4(PMe3)2] (7) (m(CO) 1948, 1900,
1863 cm-1) generated by reduction from the [FeIIFeII] precursor [Fe2(l-H)(l-pdt)
(CO)4(PMe3)2]? ([7]?; m(CO) 1986, 2031 cm-1) (the lower electron density in [4]?

vs 7 accounting for the ca. 100 cm-1 difference in m(CO) frequencies) [52].
Calculations on a model of neutral 7 indicates that the iron atoms carry ca. 70 % of
the unpaired spin density leading to a description in terms of an average oxidation
state at each iron of 1.5. In the case here, the formal oxidation state of the bimetallic
core is realised by oxidation of the bis-triphenylphosphine supported [FeIFeI] cluster
4 to give a cationic analogue with a similarly delocalized electronic structure. DFT

Table 1 Crystallographic and refinement details for 5 and 6

Compound 5 6

Empirical formula C37H27Fe2O5PS2 C29H23Fe2O5PS2

Formula weight 758.38 658.26

Temperature/K 120 120

Crystal system Monoclinic Monoclinic

Space group P21/c P21/n

a/Å 21.6939 (12) 13.1798 (4)

b/Å 9.8301 (6) 15.6043 (5)

c/Å 16.2886 (9) 14.4029 (4)

b/! 101.6710 (10) 105.205 (3)

Volume/Å3 3,401.8 (3) 2,858.43 (15)

Z 4 4

qcalcmg/mm3 1.481 1.530

m/mm-1 1.065 1.254

F(000) 1,552.0 1,344.0

Reflections collected 43,520 40,261

Independent reflections 9,910 [R (int) = 0.0480] 8,326 [R (int) = 0.0616]

Data/restraints/parameters 9,910/0/507 8,326/0/432

Goodness-of-fit on F2 1.028 1.047

Final R1 indexes [I C 2r (I)] 0.0386 0.0375

Final wR2 indexes [all data] 0.1048 0.0825

Largest diff. peak/hole/e Å-3 0.56/-0.43 0.46/-0.35
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studies of [FeIFeI] complexes of the general type [Fe2(l-pdt)(CO)4L2] typically
feature substantial Fe–Fe bond character in the HOMO [55] [56], and the results
here are consistent with depopulation of such a metal–metal bonding orbital on
oxidation. However, it must be noted that fuller models suggest a more localized
electronic structure within the mixed-valence enzyme active site [57]. Nevertheless,
the work here demonstrates that relatively stable model complexes of the ‘mixed
valence’ [FeIIFeI] type can be accessed from the oxidation of simple [FeIFeI]
precursors and studied spectroelectrochemically.

Conclusion

Phosphinoalkyne substituted complexes [Fe2(l-pdt)(CO)5(Ph2PC:CR)] can be
readily obtained from TMNO-promoted carbonyl ligand substitution reactions. The
presence of the l-pdt ligand appears to engineer substantial thermal resilience to the
cluster core and surprisingly P–C bond activation is suppressed in these complexes.
The simpler, PPh3 derivatives 3 and 4 give rise to relatively stable oxidation
products in an electrochemical cell with [4]? being formulated as a Class III (or
fully delocalized) mixed-valence complex. Further steps towards the use of
phosphine alkynes as robust tethers to secure photosensitizers to the model
hydrogenase site are under way in our laboratory.

Fig. 3 IR data obtained spectroelectrochemically for 4 and [4]? in CH2Cl2/0.1 M NBu4PF6 using an
OTTLE cell [54]
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General Experimental Procedures

All reactions were carried out under an atmosphere of dry nitrogen using standard
Schlenk techniques. Tetrahydrofuran and toluene were purified and dried using an
Innovative Technology SPS-400 and degassed before use, triethylamine was dried
and distilled according to standard procedures and degassed before use, and all other
solvents were reagent grade and used as received. No special precautions were taken
to exclude air or moisture during workup except where otherwise indicated.
Trimethylamine N-oxide was freshly sublimed before use, [Fe2(l-pdt)(CO)6] [35]
and compound 2 [33] were synthesised by minor variation to the procedures
described in the literature, as detailed below. The precursor alkyne 1-ethynyl-4-(p-
tolylethynyl)benzene was prepared as described elsewhere [58]. All other reagents
were commercially available and used as received.

Column chromatography was performed using silica gel. NMR spectra were
recorded at 23 !C on a Varian NMR Systems 700 (1H, 699.7 MHz; 31P,
283.3 MHz) or a Bruker Avance 400 (1H, 400.1 MHz; 31P, 162.0 MHz) spectrom-
eter using CDCl3 as the solvent. Chemical shifts were determined relative to internal
CHCl3 (1H, d = 7.26 ppm; CDCl3) [59] or external H3PO4 (85 %, 31P,
d = 0.00 ppm). MALDI-MS spectra were measured on a Bruker Daltonik Autoflex
II ToF/ToF MS and ASAP-MS (APCI) spectra were recorded on an LCT Premier
XE mass spectrometer. MS data was processed using MassLynx 4.1. IR spectra
were recorded on a Nicolet Avatar 6700 FT-IR from samples in solution cells fitted
with CaF2 windows.

Cyclic voltammetry was carried out using an EcoChemie Autolab PG-STAT 30
potentiostat, with a platinum disc working electrode, a platinum wire counter
electrode, and a platinum wire pseudo-reference electrode, from solutions in
dichloromethane containing 0.1 M NBu4PF6 as the electrolyte. Either the ferrocene/
ferrocinium (FeCp2/[FeCp2]?; 0.00 V) couple or decamethylferrocene/decamethyl-
ferrocinium (FeCp*2/[FeCp*2]?; -0.55 V vs. FeCp2/[FeCp2]? at 0.00 V) couple
was used as an internal reference for potential measurements. Spectroelectrochem-
ical measurements were made in an OTTLE cell of Hartl design [54] from
dichloromethane containing 0.1 M NBu4PF6 as the electrolyte. The cell was fitted
into the sample compartment of a Nicolet Avatar 6700 FT-IR and electrolysis in the
cell was performed with an EcoChemie Autolab PG-STAT 30 potentiostat.

Crystal data and experimental details are listed in Tables 1 and 2. The single-
crystal X-ray data for the compounds 5 and 6 were collected at the temperatures of
120.0(1) K on a Bruker SMART CCD 6000 and an Agilent Gemini S-Ultra
diffractometers respectively (graphite monochromator, k MoKa, k = 0.71073 Å).
The structure was solved by direct method and refined by full-matrix least squares
on F2 for all data using SHELXTL [60] and OLEX2 [61] software. All non-
disordered non-hydrogen atoms were refined with anisotropic displacement
parameters, non-disordered H-atoms were located on the difference map and
refined isotropically. Disordered atoms were refined isotropically with fixed
SOF = 0.5 and the hydrogen atoms there were placed into the calculated positions
and refined in riding mode. Crystallographic data for the structural analyses have
been deposited with the Cambridge Crystallographic Data Centre, CCDC Nos.
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996300 and 996301 for compounds 5 and 6. Copies of this information may be
obtained free of charge from The Director, CCDC 12 Union Rd, Cambridge, CB2
1EZ, UK (or http://www.ccdc.cam.ac.uk).

Preparation of [Fe2(l-pdt)(CO)6]

1,3-Propanedithiol (pdtH2, 1.20 mL) was added to a solution of triiron dodecacar-
bonyl (3.00 g, 5.96 mmol) in toluene (40 mL) and the reaction mixture was heated
to reflux. The reaction mixture was stirred at reflux for 15 min resulting in colour
change from dark green to dark red. Heating was continued for 1.5 h whereupon IR
spectroscopy and TLC analysis indicated complete consumption of the starting
material. Following cooling to ambient temperature the solvent was removed under
reduced pressure and the residue purified by column chromatography (eluent 80:20,
hexanes/dichloromethane (v/v); isolation of an intense red band) followed by
recrystallization from hexanes to afford [Fe2(l-pdt)(CO)6] in 85 % yield (1.96 g,
5.09 mmol) as a dark red crystalline powder. 1H NMR (400.1 MHz, CDCl3)
d = 1.81 (2H, m, CH2CH2CH2), 2.14 (4H, t, 3JH–H = 7 Hz, CH2) ppm. IR
(CH2Cl2): m(CO) 2073, 2033, 1999, 1990(sh) cm-1. ASAP-MS: 358.1 [M - CO]?,
281.1 [M - pdt]?.

Preparation of Diphenyl(p-tolylethynyl)phosphine (1)

A Schlenk flask was charged with 1-ethynyl-4-methylbenzene (1.91 g, 16.4 mmol)
in toluene (25 mL), before copper(I) iodide (3.10 mg, 164 imol), chlorodiphenyl-
phosphine (3.62 g, 16.4 mmol) and triethylamine (10 mL) were added sequentially
in single portions at ambient temperature resulting in a thick mixture with a cream
precipitate. The reaction mixture was stirred at ambient temperature for 18 h
whereupon IR spectroscopy indicated complete consumption of the starting
material. Subsequently the solvent was removed under reduced pressure and the
residue crystallised from methanol to afford 1 in 57 % yield (2.80 g, 9.31 mmol) as
a white crystalline solid. 1H NMR (699.7 MHz, CDCl3): d = 2.37 (3H, s, Me), 7.16
(2H, d, 3JH–H = 8 Hz, Ph), 7.33–7.38 (6H, m, PPh), 7.45 (2H, d, 3JH–H = 8 Hz, Ph),
7.69 (4H, m, PPh) ppm. 31P NMR (283.3 MHz, CDCl3): d = -33.3 ppm. IR
(CH2Cl2): m(C:C) 2,158 (m) cm-1.

Preparation of Diphenyl((4-(p-tolylethynyl)phenyl)ethynyl)phosphine (2)

In a manner similar to that described for 1, 1-ethynyl-4-(p-tolylethynyl)benzene
(600 mg, 2.77 mmol), copper(I) iodide (5.00 mg, 18.0 mmol) and chlorodiphenyl-
phosphine (612 mg, 2.77 mmol) were added sequentially in single portions to a
mixture of toluene (20 mL) and triethylamine (10 mL) at ambient temperature
resulting in a thick mixture with a cream precipitate. The reaction mixture was
stirred at ambient temperature for 18 h whereupon IR spectroscopy indicated
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complete consumption of the starting material. Subsequently the solvent was
removed under reduced pressure and the residue crystallised from methanol to
afford 2 in 81 % yield (893 mg, 2.23 mmol) as a pale yellow crystalline solid. 1H
NMR (400.1 MHz, CDCl3): d = 2.37 (3H, s, Me), 7.16 (2H, d, 3JH–H = 8 Hz, Ph),
7.33–7.46 (12H, m, PPh), 7.68 (4H, m, Ph). 31P NMR (162.0 MHz, CDCl3): d =
–34.1 ppm. ASAP-MS: 401.1 [M]?, 323.1 [M - Ph]?. IR (CH2Cl2): m(C:C)
2,159 (w), 2,218 (w) cm-1.

Preparation of Fe2(l-pdt)(CO)5(PPh3) (3)

Trimethylamine N-oxide was added portionwise to a stirred solution of triphenyl-
phosphine (680 mg, 2.59 mmol) and [Fe2(l-pdt)(CO)6] (1.00 g, 2.59 mmol) in
tetrahydrofuran (10 mL). Addition was continued over a period of 3 h until the
complete consumption of both starting materials was determined by TLC analysis.
Subsequently the volatile components of the reaction mixture were removed under
reduced pressure and the crude product was purified by preparative TLC (eluent
80:20, hexanes/dichloromethane (v/v); isolation of an intense red band) followed by
crystallisation (layer diffusion hexanes/dichloromethane) to afford 3 in 62 % yield
(1.00 g, 1.61 mmol) as dark red crystals. 1H NMR, (699.7 MHz, CDCl3):
d = 1.26–1.51 (4H, m, SCH2), 1.73 (2H, s, CH2CH2CH2), 7.42 (9H, brs, Ph),
7.68 (6H, brs, Ph). 31P NMR (283.3 MHz, CDCl3): d = 64.8 ppm. MALDI-MS (m/
z): 638.2 [M ? CO]?. IR (CH2Cl2): m(CO) 2044, 1984, 1933 cm-1.

Preparation of Fe2(l-pdt)(CO)4(PPh3)2 (4)

A mixture of triphenylphosphine (272 mg, 1.04 mmol), TMNO, [Fe2(l-pdt)(CO)6]
(100 mg, 260 lmol) in toluene (10 mL) was heated at reflux for 3 d. Following
cooling to ambient temperature the volatile components of the reaction mixture
were removed under reduced pressure and the crude product was purified by
preparative TLC (eluent 80:20, hexanes/dichloromethane (v/v); isolation of an
intense red band) followed by crystallisation (layer diffusion hexanes/dichloro-
methane) to afford 4 in 16 % yield (35.8 mg, 41.9 mmol) as a dark red powder. 1H
NMR (699.7 MHz, CDCl3): d 0.74 (4H, m, CH2), 1.56 (2H, m, CH3), 7.25–7.84
(30H, m, Ph) ppm. 31P NMR (162.0 MHz, CDCl3): d 61.0 ppm. IR (CH2Cl2):
m(CO) 1998, 1952, 1934 cm-1.

Preparation of Fe2(l-pdt)(CO)5{P(C:CC6H4Me-4)Ph2} (5)

Trimethylamine N-oxide was added portionwise to a stirred solution of 1 (212 mg,
697 lmol) and [Fe2(l-pdt)(CO)6] (269 mg, 697 lmol) in tetrahydrofuran (10 mL).
Addition was continued over a period of 1 h until the complete consumption of both
starting materials was determined by TLC analysis. Subsequently the volatile
components of the reaction mixture were removed under reduced pressure and the

Alkynyl-Phosphine Substituted Fe2S2 Clusters 243

123



crude product was purified by flash column chromatography (eluent 80:20, hexanes/
dichloromethane (v/v); isolation of an intense red band), followed by crystallisation
(layer diffusion dichloromethane/methanol) to afford 5 in 40 % yield (180 mg,
279 lmol) as a dark red solid. 1H NMR (400.1 MHz, CDCl3): d 1.60 (2H, m, CH2),
1.89 (4H, m, CH2), 2.40 (3H, s, CH3), 7.20 (2H, d, 3JH–H = 8 Hz, PhMe), 7.43–7.50
(8H, m, Ph), 7.96 (4H, m, Ph) ppm.31P NMR (162.0 MHz, CDCl3): d 38.1 ppm.
MALDI-MS (m/z): 714.2 [M ? 2CO]?, 567.3 [M - PhMe]?. IR (CH2Cl2): m(CO)
2046, 1986, 1936 cm-1.

Preparation of [Fe2(l-pdt)(CO)5{P(C:CC6H4C:CC6H4Me-4)Ph2}] (6)

Trimethylamine N-oxide was added portionwise to a stirred solution of 2 (104 mg,
260 lmol) and [Fe2(l-pdt)(CO)6] (100 mg, 260 lmol) in tetrahydrofuran (10 mL).
Addition was continued over a period of 1 h until the complete consumption of both
starting materials was determined by TLC analysis. Subsequently the volatile
components of the reaction mixture were removed under reduced pressure and the
crude product was purified by flash column chromatography (eluent 70:30, hexanes/
dichloromethane (v/v); isolation of an intense red band), followed by preparative
TLC (eluent 70:30, hexanes/dichloromethane (v/v); isolation of an intense red band)
and finally by crystallisation (layer diffusion dichloromethane/methanol) to afford 6
in 16 % yield (31.2 mg, 40.9 lmol) as dark red crystals. 1H NMR (699.7 MHz,
CDCl3): d 1.61 (2H, m, CH2), 1.89 (4H, m, CH2), 2.39 (3H, s, CH3), 7.18 (2H, m,
PhMe), 7.44–7.58 (12H, m, Ph), 7.95 (4H, m, Ph) ppm. 31P NMR (162.0 MHz,
CDCl3): d 38.9 (s) ppm. IR (CH2Cl2): m(CO) 2047, 1988, 1937 cm-1.
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a b s t r a c t

The Pt-halide complex trans-PtI{C6H4NAr2}(PPh3)2 (Ar = C6H4OMe-4, 3) was prepared by oxidative
addition of N(C6H4I)Ar2 (2) to Pt(PPh3)4. Reactions of trans-PtI{C6H4NAr2}(PPh3)2 (3) with 1-alkynes under
CuI catalysed dehydrohalogenation conditions allows the preparation of a range of platinum ethynyl
compounds containing up to four redox-active triarylamine centres. The compounds trans-Pt(C„CAr)
(C6H4NAr2)(PPh3)2 (4a), trans-Pt(C„CC6H4NAr2)(C6H4NAr2)(PPh3)2 (4b), {trans-Pt(C6H4NAr2)(PPh3)2}2

(l-C„C-1,4-C6H4C„C) (5) and N{C6H4C„CPt(C6H4NAr2)(PPh3)2}3 (6) undergo a single electrochemical
event for each chemically distinct type of triarylamine in the molecular backbone. The complete revers-
ibility of the larger systems means that they can be used for charge storage materials capable of releasing
up to four electrons. A combination of electrochemical, spectroelectrochemical and quantum chemical
analyses reveal weak electronic coupling between the amine moieties in the redox products derived from
one-electron oxidation.

! 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Complexes of general form PtX(Aŕ)(PR3)2 (X = halide, pseudo
halide; Ar0 = aryl; R = aromatic, alkyl) have a long history, and can
be prepared by numerous synthetic methods, including reactions
of [PtX2{bis(olefin)}] with aryl Grignard reactions and phosphine
[1–3], or Pt(X)2(PR3)2 with ArLi [4], by disproportionation reactions
of PtCl(MPh2)(PPh3)2 (M = Sn, Pb) [5], reaction of cis-PtPh(PPh3)2

(PbPh3) with Br2 or HBr [6], decarbonylation of PtX(COAr)(PR3)2

[7], ligand exchange reactions of {Pt(l-Cl(tht)(C6F5)}2 [8], and per-
haps most simply by oxidative addition of arylhalides to Pt(PR3)n

(R = Ph, Et; n = 3, 4) [9–13]. These aryl platinum(II) complexes have
served as models through which to explore key reaction steps in
various catalytic transformations [14–17], and as structurally well
defined building blocks for the assembly of molecular nanostruc-
tures [18–20], scaffolds and redox-innocent end-caps for polyynes,

some of quite extraordinary length [3,8,21–26]. Alkynyl complexes
trans-Pt(C„CR)(Ar0)(PR3)2 have also demonstrated a range of inter-
esting and potentially useful optoelectronic properties, leading to
the design of soluble and processable materials with low band-
gaps for solar cell applications [27–34], and significant two-photon
absorption cross-sections [35], whilst the heavy atom effect leads
to effective intersystem crossing [36] and efficient triplet sensi-
tised processes such as visible light induced ring-closing of Irie-
style molecular switches [37], efficient optical limiting [38] and
(electro)phosphorescence [39–42]. The preparation of a penta-
(platinum alkynyl) complex of corannulene further demonstrates
the vast scope for use of the trans-PtXAr0(PR3)2 motif to assemble
and stabilise complex structures [43].

We were attracted to the synthetic, structural and electronic
properties of Pt(II) aryl complexes as potential scaffolds for the con-
struction of structures in which two or more organic electrophores,
specifically triarylamine moieties, could be linked into larger struc-
tures of well defined geometry with a view to exploring further
examples of metal-bridged organic mixed-valence compounds
[44,45,46]. We report here the synthesis of the redox-active build-
ing block trans-PtI(C6H4NAr2)(PPh3)2 (3, Ar = C6H4OMe-4), and its
use in the preparation of mono-, bi- and trimetallic complexes from
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CuI catalysed reactions with terminal alkynes. Electrochemical and
spectroelectrochemical investigations, supported by DFT calcula-
tions on representative examples, have been used to explore the
redox chemistry and electronic structures of these complexes and
their redox products. These studies reveal sequential oxidation of
the {Ar2NC6H4–} and {–C„C-C6H4NAr2} centres, which are only
weakly coupled through the trans-Pt(PPh3)2 bridge.

2. Results and discussion

2.1. Syntheses

The key triarylamine building blocks 1 [47] and 2 [48,49] were
assembled using the sequence of Ullmann and iodination reactions
as illustrated in Scheme 1. These compounds were characterised in
the usual manner by 1H and 13C NMR spectroscopy and EI-mass spec-
trometry, with the data fully consistent with that previously reported.

Compound 2 reacted smoothly with Pt(PPh3)4 [50] in refluxing
toluene to give trans-PtI(C6H4NAr2)(PPh3)2 (3) in excellent (95%)
isolated yield (Scheme 2). The trans geometry of 3 was established
by the observation of a singlet in the 31P NMR spectrum at d
20.67 ppm, with Pt satellites (JPt–P = 3074 Hz). The complex was
further characterised by 1H and 13C NMR spectroscopy, which were
fully assigned on the basis of NOESY, COSY, HSQC and HMBC
methods. MALDI-MS and elemental analytical results were also
fully consistent with the proposed structure.

Complexes of general form trans-PtX(Ar0)(PR3)2 are known
to undergo CuI-catalysed dehydrohalogenation reactions with

terminal alkynes in the presence of amine solvents (X = Cl
[2,3,8,21–24,26,41,42,51,52]; I [11]) In keeping with these general
observations, reaction of 3 with 4-ethynyl anisole or 4-ethynyle-
nephenylenedi-p-anisylamine (prepared from 2 by Sonogashira
cross-coupling with trimethylsilylacetylene and subsequent desi-
lylation) [53] in NHEt2 and catalytic (ca. 15%) CuI gave the alkynyl
complexes trans-Pt(C„CAr)(C6H4NAr2)(PPh3)2 (4a, 87%) and trans-
Pt(C„CC6H4NAr2)(C6H4NAr2)(PPh3)2 (4b, 63%) as precipitates of
analytical purity (Scheme 2). The acetylide ligand gave rise to a
strong m(C„C) band at 2107 (4a) or 2105 (4b) cm!1, with whilst
the trans geometry was again confirmed by the observation of a
singlet in the 31P NMR spectrum in each case (4a 20.84 (JPt–P

2985 Hz); 4b 20.95 (JPt–P 2981 Hz)). The alkynyl carbons were
not observed in the 13C NMR spectra, with the weak signals from
these quaternary carbons presumably being further reduced by
coupling to both 31P and 195Pt. The chemically distinct OMe groups
on both aryl and arylacetylide ligands were, however, readily
observed in both 1H and 13C NMR spectra, and further confirm
the presence of the alkynyl ligand.

In an entirely analogous manner, the CuI-catalysed reaction of
two equivalents of 3 with 1,4-diethynyl benzene gave the bimetal-
lic complex {trans-Pt(C6H4NAr2)(PPh3)2}2(l-C„C-1,4-C6H4C„C)
(5, 54%) whilst 3:1 stoichiometric reaction of 3 with redox-active
tris(4-ethynylphenyl)amine gave trimetallic N{C6H4C„CPt(C6H4-

NAr2)(PPh3)2}3 (6, 67%) (Scheme 2). The identity of these multime-
tallic systems was also readily confirmed by multinuclear NMR and
IR spectroscopies, MALDI-MS and elemental analysis, or in the case
of 5, ESI-HRMS. In addition to the observation of the [M]+ (5) or

Scheme 1. The preparation of 1 and 2.

Scheme 2. The preparation of 3, 4a, 4b, 5 and 6. (a) CuI (cat)/NHEt2/HC„CC6H4R. (b) CuI (cat)/NHEt2/HC„CC6H4C„CH. (c) CuI (cat)/NHEt2/N(C6H4C„CH-4)3.
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[M+H]+ (6) ions, the presence of the fully metallated bis- and tris-
alkynyl ligands was confirmed by the observation of a single
m(C„C) band at 2103 (5) or 2105 (6) cm!1 and the absence of
m(„C–H) bands in the IR spectra of these complexes. The protons
of the aryl rings of the bridging ligand were observed as a singlet
(5: 5.72 ppm) or doublets (6: 5.93, 6.31 ppm; JHH = 9 Hz) whilst
the other spectroscopic features were similar to those of the mono-
metallic complexes 4a and 4b.

2.2. Molecular structures

Pale yellow crystals of 4a (Fig. 1) and 4b (Fig. 2) that were
suitable for study by X-ray diffraction were grown by slow

diffusion of EtOH into a CH2Cl2 solution of the compound.
Selected bond lengths (Å), bond and torsion angles (!) are given
in Table 1.

The molecular structures of 4a and 4b confirm the anticipated
connectivity and trans-geometry of the complexes. The Pt centre
displays the expected square-planar arrangement whilst the tria-
rylamine fragments are arranged in the usual propeller-like geom-
etry. [54–56] The greatest significant differences in the two
structures arise in the alkynyl fragment with some evidence for a
degree of cumulenic character in the N2–C26" " "C22–C21 portion
of 4b, although the relatively low precision of the later structure
prohibits detailed analysis. The Pt1–C21 bond in 4a is slightly
shorter than in 4b, perhaps reflecting a greater degree of

Fig. 1. A plot of a molecule of 4a showing the atom labelling scheme, with thermal ellipsoids plotted at 50%. Hydrogen atoms have been omitted for clarity.

Fig. 2. A plot of a molecule of 4b showing the atom labelling scheme, with thermal ellipsoids plotted at 50%. The disorder in the C91 ring is shown (see Experimetal), and
hydrogen atoms have been omitted for clarity.
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electrostatic attraction between Pt1–C1 brought about by the elec-
tron donating OMe group at C26.

2.3. Electrochemical characterisation

The triarylamine moiety is a well-known organic electrophore
[54–57] which features prominently in the design of organic hole-
transporting materials [58]and mixed-valence compounds
[44,46,59–61]. The presence of one or more triarylamine groups
in compounds 4–6 prompted consideration of their electrochemical
response. Cyclic voltammograms were recorded in CH2Cl2/0.1 M
NBu4[PF6] solutions at Pt microdot working electrodes, and refer-
enced against an internal decamethylferrocene/decamethylferroce-
nium couple to ferrocene [62] (Fig. 3). In each case peak currents
displayed a linear relationship with m1/2 (for scan rates m = 100,
200, 400, 800 mV s!1), with peak current ratios 0.98 < ipa/ipc < 1.0.

Taking 4a as a model system, the presence of the r-bonded Pt moi-
ety results in less positive oxidation potential for the triaryl amine
moiety than in simpler organic derivatives [56]. The forward and
reverse waves display a separation DEp(1) of 87 mV which is com-
parable to that of the internal FeCp⁄2/[FeCp⁄2]+ reference couple
(84 mV) (Table 2). The introduction of a second, ethynyl substituted
triarylamine in 4b causes a small (+40 mV) shift in the half-wave
potential of the metallated triarylamine (Table 2), with a second
reversible wave arising from the ethynyl triarylamine at 189 mV. In
the case of the bis(triarylamine) derivative 5, only a single redox
wave could be observed for the two equivalent triarylamine moieties,
with the characteristics of a one-electron process pointing to the
complete independence of these moieties through the Pt–C„CC6H4-

C„C–Pt chain. In keeping with this proposition, the voltametric wave
shape was unchanged in the very weakly ion-pairing electrolyte
NBu4[B{C6H3-3,5-(CF3)2}4]– [63–66]. The electrochemical response

Table 1
Selected bond lengths (Å), bond and torsion angles (!) for 4a and 4b.

4a 4b 4a 4b

Pt1–P1 2.2944(7) 2.286(3) C1–Pt1–C21 178.66(10) 176.6(3)
Pt1–P2 2.2892(7) 2.313(3) P1–Pt1–P2 169.73(3) 175.48(10)
Pt1–C1 2.057(3) 2.144(5) C1–Pt1–P1 94.14(7) 90.90(19)
Pt1–C21 2.072(3) 1.993(10) C1–Pt1–P2 93.44(7) 89.88(19)
N1–C4 1.438(4) 1.464(9) P1–Pt1–C21 87.20(7) 88.1(3)
N1–C7 1.415(4) 1.431(10) P2–Pt1–C21 85.22(7) 90.8(3)
N1–C14 1.438(4) 1.418(9)
C21–C22 1.138(4) 1.236(12) C2–C1–C23–C24 41.49 55.48
C22–C23 1.479(4) 1.435(10) C3–C4–C7–C8 120.47 144.59
N2–C26 1.457(8) C3–C4–C14–C15 42.10 79.69
N2–C29 1.460(8) C25–C26–C29–C30 101.11
N2–C36 1.414(9) C25–C26–C36–C37 121.26

Fig. 3. Plots of the cyclic votammograms of 4a, 4b, 5 and 6 in CH2Cl2 with 0.1 M NBu4[PF6] at a scan rate of 100 mV/s and referenced against [FeCp⁄2/FeCp⁄2]+ at !0.48 V vs
FeCp2/[FeCp2]+ = + 0.0 V.
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of the branched molecule 6 was consistent with the points noted for
the smaller analogues, with an initial oxidation event at +38 mV
(DEp(1) = 80 mV) being followed by a second process of 1/3rd the
peak current at + 204 mV (DEp(2) = 76 mV). These processes can
clearly be associate with the near simultaneous oxidation of the three
external, metallated triarylamine moieties, and the internal tris(ethy-
nyl)triarylamine core.

2.4. Spectroelectrochemical investigations

To further explore the redox products derived from 4–6 a series
of IR (Fig. 4, Table 3) and UV–Vis–NIR (Fig. 5, Fig. 6) spectroelectro-
chemical experiments were conducted. IR spectroelectrochemical
investigations carried out with ca. 1 mM solutions in 0.1 M NBu4

[PF6]/CH2Cl2 show that the neutral complexes 4a, 4b, 5 and 6 all
give rise to a single m(C„C) band near 2100 cm!1 (Table 3), which
provides a convenient spectroscopic marker for redox induced

structural changes in this series of compounds.[67] Oxidation of
the reference compound 4a to [4a]+ results only a decrease in the
intensity of the m(C„C) band, with no discernable change in fre-
quency. An entirely analogous decrease in intensity with the most
modest of shifts to higher wavenumber accompanies oxidation of 5
to [5]2+, which is consistent with the conclusions drawn from the
electrochemical analysis concerning the independence of the
amine sites.

In contrast, oxidation of 4b to [4b]+ results in both a small
decrease in intensity of the initial m(C„C) band, together with
the appearance of a broad, poorly structured m(C„C) band enve-
lope between 2071–2027 cm!1. Further oxidation to [4b]2+ results
in a substantial increase in the intensity of this lower energy band
envelope. These IR features are accompanied by the appearance of

Table 2
Oxidation potentials for platinum complexes 4–6 in CH2Cl2 with 0.1 M NBu4[PF6] at a
scan rate of 100 mV/s and referenced against [FeCp⁄2/FeCp⁄2]+ at !0.48 V vs FeCp2/
[FeCp2]+ = + 0.0 V.

Compound E1/2(1)/mV DEp(1) E1/2(2)/mV DEp(2) |E2–E1|/mV

4a 4 87
4b 44 84 189 83 145

5 12 93
6 38 80 204 76 166

Fig. 4. IR spectra of (a) [4a]n+, (b) [4b]n+, (c) [5]n+ and (d) [6]n+ showing the m(C„C) band in the various oxidation states generated by in situ electrochemical oxidation in
CH2Cl2/0.1 M NBu4PF6 in an OTTLE cell.

Table 3
Summary of IR spectra from compounds [4–6]n+ in their electrochemically accessible
redox states.

Compound n = 0 n = 1 n = 2

[4a]n+ 2107(s) 2107(m)
[4b]n+ 2105(s) 2105(m)

2071(s)
2052(sh)
2027(sh)

2071(vs)
2052(sh)
2027(sh)

[5]n+ 2103(s) 2105(m)
n = 0 n = 3 n = 4

[6]n+ 2105(s) 2107(m) 2068(s)
2027(sh)
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a weak NIR band unique to [4b]+ with an apparent band centre at
8000 cm!1, which collapses on oxidation to [4b]2+ (Fig. 4) and
therefore suggestive of {Ar2NC6H4C„C} ? {PtC6H4N+Ar2} IVCT
character and hence description of [4b]+ as a weakly coupled
mixed-valence complex (rudimentary analysis of the NIR band
using the Hush expressions and taking the crystallographically
determined N1–N2 distance as a proxy for the electron-transfer
distance gives Hab = 170 cm!1).

Similarly, initial three-electron oxidation of 6 to [6]3+ gives the
same pattern of behaviour, with oxidation accompanied by a
decrease in intensity of the m(C„C) band and a subtle shift to
higher wavenumbers, but now with a weaker m(C„C) band enve-
lope at lower wavenumbers, together with a NIR band
(vmax = 8700 cm!1) of now appreciable intensity. However, further
oxidation to [6]4+ results in the NIR region being masked by the tail
of a higher energy optical band. Nevertheless, assuming the NIR
feature in [6]3+ is due to an IVCT-like transition, a Hab value of ca.
130 cm!1 (allowing for the three possible transitions) is obtained.
The m(C„C) IR band envelope of [6]4+ is similar to that of the linear

Fig. 5. An expansion of the NIR region of [4b]+ on oxidation to [4b]2+ showing the
collapse of the IVCT band.

Fig. 6. UV–Vis–NIR spectra of (a) [4a] ? [4a]+, (b) [4b] ? [4b]+, (c) [4b]+ ? [4b]2+, (d) [5] ? [5]2+, (e) [6] ? [6]3+ and (f) [6]3+ ? [6]4+ showing the changes in the various
oxidation states generated by in situ electrochemical oxidation in CH2Cl2/0.1 M NBu4PF6 in an OTTLE cell.
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model [4b]2+. The observation of multiple m(C„C) features in these
highly charged systems could be a result of Fermi coupling, as
often observed by Lapinte in studies of open-shell iron complexes
[68], or may arise from contributions to the spectral profile from
multiple conformers [69,70].

To complement the IR spectra and to further investigate the
electronic structures of these complexes, UV–Vis–NIR spectroelect-
rochemical studies of 4a, 4b, 5 and 6 were undertaken from ca.
1 mM solutions in 0.1 M NBu4PF6/CH2Cl2 (Fig. 6). The complexes
4–6 all feature similar electronic absorption spectra with bands
near 33000 cm–1 and 25000 cm–1, arising from the two N ? p⁄

transitions commonly observed in triarylamine complexes of gen-
eral form NArAr02 (Fig. 6). [54–57]. As a result of the first oxidation
events, in each case this band envelope is shifted somewhat to
lower energy, with a new band envelope between 20000–
10000 cm!1 characteristic of an {NArAr02}+ fragment and arising
from p ? N+ transitions, possibly admixed with some Pt?N+ char-
acter in these cases [46], in addition to the low energy IVCT bands
noted earlier for [4b]+ and [6]3+. Further oxidation of the com-
plexes [4b]+ to [4b]2+, and [6]3+ to [6]4+ resulted in a collapse of
the IVCT feature (more clearly evident in the case of
[4b]+ ? [4b]2+) and the appearance of a second set of p ? N+/
Pt ? N+ bands at lower energy.

2.5. Quantum chemical calculations

To complete the description of these redox-active Pt-ethynyl/
triarylamine assemblies, we turned to quantum-chemical calcula-
tions using the BLYP35 functional and COSMO (dichloromethane)
solvent model. The combination of a high amount of direct
exchange in the functional and the inclusion of a solvent model
has been shown to allow the accurate description of charge local-
ization/delocalization now in a wide range of organic and organo-
metallic mixed-valence complexes spanning the weakly to
strongly coupled regime.

As expected, complexes [4a]+ and [4b]+ exhibit spin densities
localised at one triarylamine unit in their monocationic forms,
and in the case of [4b]+ this localization takes place at the triaryl-
amine moiety which is directly connected to the platinum (Fig. 7).
This amine-localised redox behaviour is in agreement with previ-
ous studies of platinum-bridged mixed-valent triarylamine sys-
tems. Vibrational analysis within a harmonic framework provides
excellent agreement between the computed m(C„C) frequency at
2075 cm–1 and the experimental at 2071 cm!1 for [4b]+ after scal-
ing by an empirical factor of 0.95. In contrast for [4a]+ no intensity
is calculated for m(C„C), as the ethynyl-unit is not involved in the
redox event, consistent with the decrease in intensity of this band
observed experimentally.

To characterise the UV–Vis–NIR transitions we turned to TDDFT
calculations employing the same BLYP35/COSMO(CH2Cl2) combi-
nation as for the ground-state analysis. We note in passing that
despite the elaborately discussed failure of TDDFT in describing
charge transfer excitations, this quantum-chemical approach has
proven to yield reliable results for Class II systems [71]. All com-
plexes exhibit localised charge distributions in the ground-state,
and the reasonable agreement between experimental bands and
calculated excitations is consistent with previous observations at
this level for Class II systems. A recently published study has exten-
sively discussed the general electronic and spectroscopic features
of platinum alkynyl complexes featuring triarylamine redox cen-
tres [46]. We therefore refrain from a detailed discussion of [4a]+

and [4b]+. We note simply that these two complexes exhibit a typ-
ical b-HOMO–b-SOMO transition at 9996 cm!1 ([4a]+, exp. ca.
10000 cm–1), and at 6514 cm!1 ([4b]+, exp. ca. 7000 cm!1), respec-
tively. These transitions arise from charge transfer between the
alkynyl ligand and its substituent to the oxidised triarylamine

moiety directly coordinated to Pt. At higher energies characteristic
excitations associated with the oxidised triarylamine unit and
MLCT transitions are computed (see SI). Interestingly the ethynyl
unit contributes more to the orbitals involved in the excitations
for [4a]+ than [4b]+ (see SI).

Although [5]+ was not sufficiently thermodynamically stable to
be observed in the spectroelectrochemical experiments, some
information concerning this unusual mixed-valence complex can
be obtained from quantum chemical calculations using a truncated
model {trans-Pt(C6H4NAr2)(PMe3)2}2(l-C„C-1,4-C6H4C„C) ([5-
Me]+). The compound [5-Me]+ is calculated to exhibit a N?N+ IVCT
transition at 6692 cm!1 with only modest intensity (ltrans = 0.8 D)
as expected for a weakly coupled system. The b-HOMO–1 ! b-
SOMO charge-transfer excitation at 9808 cm!1 (ltrans = 3.8 D) from
the oxidised triarylamine moiety to the diethynylbenzene bridge is
responsible for the next lowest-energy excitation (Fig. 8). The two
most intense transitions are computed at 14,966 cm–1 (ltrans = 7.4 -
D) and 16258 cm!1 (ltrans = 5.5 D) as is commonly observed for
oxidised triarylamine compounds. The first corresponds to a
p ? N+ CT excitation with one triarylamine unit (43%), the neigh-
bouring platinum (20%) and the diethynylbenzene (19%) contribut-
ing significantly to the p-type orbital. The second excitation is best
described in terms of an IC excitation at the charged triarylamine.

For [5-Me]2+, which was observed in the spectroelectrochemical
experiments (Fig. 5d), the calculations provide almost degenerate
broken-symmetry (BS, ‘‘open-shell singlet’’) and triplet state, with
the former being slightly lower with spin-density distribution
illustrated in Fig. 9. Given that hybrid functionals with increased
exact exchange admixture tend to favour high-spin states, the
negligible energy difference of only 0.04 kJ/mol (calculated using

Fig. 7. Plots of the spin density in (a) [4a]+ and (b) [4b]+.
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the Yamaguchi spin projection procedure) in combination with the
onset of spin-contamination (<S2>singlet = 1.06) indicate that both
states likely contribute significantly to the spectra. But as expected,
the two spin states exhibit very similar spectral features both in
the ground- (e.g. m(C„C)singlet = 2124 cm!1 and m(C„C)triplet =
2124 cm!1) and the excited state. TDDFT gives very similar transi-
tion energies for the BS (e.g. 11057 cm!1, ltrans = 5.9 D) and triplet
state (e.g. 11073 cm!1, ltrans = 6.1 D), which likely correspond to
the low energy shoulder observed near 10000 cm!1 (Fig. 6d). But
while excitations arise mainly from and to a-orbitals for the BS
state, transitions involve almost exclusively b-orbitals for the trip-
let. The lowest-energy transition arises in both cases from orbitals
located at the diethynylbenzene unit. But while the charge is trans-
ferred upon excitation from one triarylamine in the case of the BS
state, both triarylamine moieties contribute significantly (30% and
41%) to the orbital involved in the transition for the triplet.

With this background understanding of the spectroscopic fea-
tures of the smaller model complexes [4a]+, [4b]+ and the calcu-
lated results from [5-Me]+ and [5-Me]2+ it is possible to readily
assign the spectroscopic features in the larger systems [6]3+ and
[6]4+. The observation of the characteristic intense triarylamine
bands between 10000–20000 cm!1 together with the current
ratios described in the electrochemistry section are consistent with
the oxidation of the peripheral amine moieties in [6]3+, with the
less intense NIR feature at 5500 cm!1 arising from IVCT like pro-
cesses from the inner to outer amines, all of which are similar to
the analogous transitions in [4b]+. Further oxidation of the central
amine moiety in [6]4+ gives rise to a second set of amine based
transitions similar to those observed in [4b]2+.

3. Conclusion

The synthesis of mono-ethynyl platinum species with redox
active triarylamine ligands, 4a, 4b, 5 and 6, has successfully been
achieved through the oxidative addition of the triarylamino iodide
with the platinum precursor Pt(PPh3)4 and then CuI-catalysed cou-
pling to the respective 1-alkyne. These compounds have been stud-
ied electrochemically and spectroelectrochemically, revealing
weak interactions between the amine electrophores when bridged
by the {–Pt(C„C–)(PPh3)2} moiety.

4. Experimental

4.1. Synthesis

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. Reaction solvents were purified and dried using an
Innovative Technology SPS-400, and degassed before use, but no
special precautions were taken during work up, isolation or crys-
tallisation. The compounds 4-ethynylenephenylenedi-p-anisyl-
amine [53], Pt(PPh3)4 [50] and Pd(PPh3)4 [72] were prepared by
the literature methods.

NMR spectra were recorded on a Bruker Avance (1H 400.13 MHz,
13C 100.61 MHz, 31P 161.98 MHz) spectrometer from CDCl3 solu-
tions unless otherwise indicated, and referenced against solvent
resonances (CDCl3

1H 7.26 13C 77.0). IR spectra (CH2Cl2) were
recorded using a Nicolet 6700 spectrometer from cells fitted with
CaF2 windows. Electrospray ionisation mass spectra were recorded
using Thermo Quest Finnigan Trace MS-Trace GC or WATERS Micro-
mass LCT spectrometers. 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. ASAP mass spectra were recorded from solid
aliquots on LCT Premier XE mass spectrometer (Waters Ltd, UK)
or Xevo QToF mass spectrometer (Waters Ltd, UK) in which the ali-
quot is vaporised using hot N2, ionised by a corona discharge and
carried to the TOF detector (working range 100–1000 m/z).

4.1.1. Synthesis of N(C6H5)(C6H4OMe-4)2 (1) [47]

An oven dried Schlenk flask was charged with o-xylene (30 mL) and
the solvent degassed. To this solution, 4-iodoanisole (15.00 g,
64.1 mmol), CuCl (0.201 g, 2.03 mmol), 1,10-phenanthroline
(0.274 g, 1.5 mmol) and aniline (2.78 mL, 30.5 mmol) were added,
the mixture was heated at reflux for 35 min, KOH (13.70 g,
244 mmol) was added and the mixture heated at reflux for 28 h,
cooled, poured into H2O (150 mL) and extracted with CH2Cl2

(3 " 60 mL). The organic layers were combined and dried over
MgSO4, filtered and the solvent removed in vacuo. The residue was
suspended in hexane and purified by silica column chromatography
eluting with hexane increasing to hexane:CH2Cl2 (50:50), removal
of the solvent and crystallisation from hot hexane gives the title

Fig. 8. Isosurface plots (± 0.03 a.u.) of the b-SOMO (top) and b-HOMO!1 (bottom)
of [5-Me]+. Hydrogen atoms have been omitted for clarity.

Fig. 9. Spin density isosurface plot (±0.002 a.u.) of the (broken-symmetry) low-spin
state of [5-Me]2+. Hydrogen atoms have been omitted for clarity.
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compound as a white solid. Yield 3.29 g, 32%. 1H NMR (400 MHz,
CDCl3) d 7.16 (d, J = 7 Hz, 2H), 7.05 (d, J = 9 Hz, 4H), 6.94 (d,
J = 7 Hz, 2H), 6.90–6.85 (m, 1H), 6.82 (d, J = 9 Hz, 4H), 3.80 (s, 6H).
Literature:[47] 1H NMR (CDCl3): d = 7.25–6.79 (m, 13H, Ar),
3.79 ppm (s, 6H, OCH3). ESI-MS: 305.6 [M]+.

4.1.2. Synthesis of N(C6H4I-4)Ar2 (2) [73]

An oven dried Schlenk flask was charged with chloroform (90 mL)
and the solvent degassed. To this solution, 1 (3.00 g, 9.8 mmol) and
NIS (2.430 g, 10.8 mmol) were added with the exclusion of light fol-
lowed by acetic acid (60 mL) and the mixture stirred at room tem-
perature for 30 h and quenched with aqueous sodium thiosulphate
(300 mg in 30 mL H2O) and extracted with CH2Cl2 (3 ! 30 mL). The
organic layers were combined and dried over MgSO4, filtered and
the solvent removed in vacuo to give an off-white solid. Yield
3.14 g, 75%). 1H NMR (400 MHz, CDCl3) d 7.40 (d, J = 8 Hz, 2H),
7.02 (d, J = 8 Hz, 4H), 6.82 (d, J = 8 Hz, 4H), 6.67 (d, J = Hz, 2H),
3.79 (s, 6H). Literature: 1H NMR (250 MHz, CDCl3): d 7.40/6.67
(m, AA0, 2 H/m, BB0, 2H; I–C6H4), 7.03/6.82 (m, AA0 ± BB0, 8H;
H3CO–C6H4), 3.79 (s, 6H; MeO) ESI-MS: 431.5 [M]+.

4.1.3. Synthesis of trans-PtI(C6H4NAr2)(PPh3)2 (3)

An oven dried Schlenk flask was charged with dry toluene (20 cm3)
and the solvent degassed. To this solution, Pt(PPh3)4 (1.00 g,
0.804 mmol) and 4-iodophenylene-p-dianisylamine (0.693 g,
1.60 mmol) were added and the mixture stirred for 16 h at reflux.
The mixture was cooled to ambient temperature and added to vig-
orously stirred hexane (150 cm3) and the off-white precipitate was
filtered and washed with hexane (2 x 10 mL). Yield 880 mg, 95%. 1H
NMR (CD2Cl2) d 3.76 (s, 6H, Ha), 5.98 (d, J = 8 Hz, 2H, Hh), 6.71 (m,
10H, Hc,d and g) 7.34 (vt, J = 8 Hz, 12H, Hk), 7.41 (t, J = 8 Hz, 6H,
Hm), 7.62 (m, 12H, Hl). 31P NMR (CD2Cl2): 20.67 (JPt-P = 3074 Hz).
13C NMR (CD2Cl2): 154.72 (Cb, s), 142.22 (Ce, s), 141.78 (Cf, s),
136.17 (Cg, s), 135.08 (Cl, t, JC-P = 5 Hz), 131.80 (Cj, t, JC-P = 28 Hz),
129.88 (Cm, s), 127.58 (Ck, t, JC-P = 5 Hz), 125.19 (Cc, s), 122.99
(Ch, s), 113.99 (Cd, s), 55.39 (Ca, s). MALDI-MS(+) m/z: 1151.1
[M+H]+. Anal. Calc. for: C, 58.44; H, 4.20; N, 1.22. Found: C, 58.60;
H, 4.04; N, 1.29%.

4.1.4. Synthesis of trans-Pt(C„CAr)(C6H4NAr2)(PPh3)2 (4a)

An oven dried Schlenk flask was charged with dry HNEt2 (10 cm3)
and the solvent degassed. To this solution, 4-ethynylanisole
(0.017 g, 0.13 mmol), 3 (150 mg, 0.13 mmol) and CuI (4 mg) were
added and the solution stirred at room temperature for 17 h. The
precipitate was filtered, washed with ethanol (3 ! 5 cm3) and
methanol (3 ! 5 cm3) and dried under airflow for 1 h. Yield
131 mg, 87%. 1H NMR (CD2Cl2): d 3.64 (s, 3H, Ht), 3.76 (s, 6H, Ha),
6.11 (d, J = 8 Hz, 2H, Hh), 6.15 (d, J = 9 Hz, 6H, Hr), 6.43 (d,
J = 9 Hz, 2H, Hq), 6.71 (d, J = 8 Hz, 2H, Hg), 6.73 (m, 8H, Hc and d)
7.32 (vt, J = 8 Hz, 12H, Hk), 7.40 (t, J = 8 Hz, 6H, Hm), 7.64 (m,
12H, Hl). 31P NMR (CD2Cl2): 20.84 (JPt-P = 2985 Hz). 13C NMR (CD2-

Cl2): 156.77 (Cs, s), 154.29 (Cb, s), 142.31 (Ce, s), 141.55 (Cf, s),
139.55 (Cg, s), 134.84 (Cl, t, JC-P = 5 Hz), 131.79 (Cj, t, JC-P = 28 Hz),
131.35 (Cq, s),129.75 (Cm, s), 127.58 (Ck, t, JC-P = 5 Hz), 124.10 (Cc,
s), 123.94 (Ch, s), 121.74 (Cp, s), 113.92 (Cd, s), 112.71 (Cr,s),
55.40 (Ca, s), 54.96 (Ct, s). MALDI-MS(+) m/z: 1155.3 [M+H]+. IR
(CH2Cl2) m(C„C) 2107 cm"1. Anal. Calc. for: C, 67.58; H, 4.80; N,
1.21. Found: C, 67.45; H, 4.74; N, 1.17%.

4.1.5. Synthesis of trans-Pt(C„CC6H4NAr2)(C6H4NAr2)(PPh3)2 (4b)

An oven dried Schlenk flask was charged with 4-ethynylenepheny-
lenedi-p-anisylamine (0.043 g, 0.13 mmol) in dry CH2Cl2 and the
solvent removed in vacuo. Dry HNEt2 (10 cm3) was added and the
solvent degassed. To this solution, PtI(C6H4N(C6H4OCH3-
4)2)(PPh3)2 (150 mg, 0.130 mmol) and CuI (4 mg) were added and
the solution stirred at room temperature for 2 h. The precipitate
was filtered, washed with methanol (3 ! 5 cm3), ethanol
(3 ! 5 cm3) and hexane (3 ! 5 cm3) and dried under airflow for
1 h. Yield 109 mg, 63%. 1H NMR (CD2Cl2): d 3.76 (s, 12H, Ha and
x), 6.03 (d, J = 8 Hz, 2H, Hq), 6.11 (d, J = 8 Hz, 2H, Hh), 6.44 (d,
J = 8 Hz, 2H, Hr), 6.68 (d, J = 8 Hz, 2H, Hg), 6.73 (m, 8H, Hc and d),
6.76 (d, J = 8 Hz, 4H, Hv), 6.89 (d, J = 8 Hz, 4H, Hu), 7.32 (vt,
J = 8 Hz, 12H, Hk), 7.39 (t, J = 8 Hz, 6H, Hm), 7.64 (m, 12H, Hl). 31P
NMR (CD2Cl2): 20.95 (JPt-P = 2981 Hz). 13C NMR (CD2Cl2): 155.48
(Cw, s), 154.29 (Cb, s), 145.33 (Ct, s), 142.31 (Ce, s), 141.59 (Cf, s),
141.12 (Cs, s), 139.53 (Cg, s), 134.84 (Cl, t, JC-P = 5 Hz), 131.781 (Cj,
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t, JC-P = 28 Hz), 130.97 (Cq, s), 129.76 (Cm, s), 127.59 (Ck, t, JC-

P = 5 Hz), 125.86 (Cu, s), 124.11 (Cc, s), 123.93 (Ch, s), 120.45 (Cr,
s), 114.37 (Cv, s), 113.92 (Cd, s), 55.40 (Ca, s), 55.36 (Cx, s).
MALDI-MS(+) m/z: 1352.3 [M+H]+. IR (CH2Cl2) m(C„C) 2105 cm!1.
Anal. Calc. for: C, 69.27; H, 4.92; N, 2.07. Found: C, 69.05; H, 4.84;
N, 2.11%.

4.1.6. Synthesis of {trans-Pt(C6H4NAr2)(PPh3)2}2(l-C„C-1,4-
C6H4C„C) (5)

An oven dried Schlenk flask was charged with dry HNEt2 (10 cm3)
and the solvent degassed. To this solution, PtI(C6H4N(C6H4OCH3-
4)2)(PPh3)2 (100 mg, 0.087 mmol), CuI (3 mg) and 1,4-diethynyl-
benzene (5 mg, 0.043 mmol) were added and the solution stirred

at room temperature for 16 h. The precipitate was filtered, washed
with ethanol (3 " 5 cm3), hexane (3 " 5 cm3) and methanol
(3 " 5 cm3) and dried under airflow for 1 h. Yield 50 mg, 54%. 1H
NMR (CD2Cl2): d 3.74 (s, 12H, Ha), 5.72 (s, 4H, Hq), 6.08 (d,
J = 8 Hz, 4H, Hh), 6.67 (d, J = 8 Hz, 4H, Hg), 6.71 (m, 16H, Hc and
d) 7.28 (vt, J = 8 Hz, 24H, Hk), 7.37 (t, J = 8 Hz, 12H, Hm), 7.59 (m,
24H, Hl). 31P NMR (CD2Cl2): 20.73 (JPt-P = 2971 Hz). 13C NMR (CD2-

Cl2): 154.27 (Cb, s), 142.29 (Ce, s), 141.42 (Cf, s), 139.50 (Cg, s),
134.78 (Cl, t, JC-P = 5 Hz), 131.70 (Cj, t, JC-P = 28 Hz), 129.71 (Cq, s),

129.23 (Cm, s), 127.55 (Ck, t, JC-P = 5 Hz), 124.08 (Cc, s), 123.90
(Ch, s), 113.90 (Cd, s), 55.39 (Ca, s). MALDI-MS(+) m/z: 2170.6
[M]+. IR (CH2Cl2) m(C„C) 2103 cm!1. ESI-HRMS (m/z) found
1085.8011, calculated 1085.7977.

40 K.B. Vincent et al. / Polyhedron 86 (2015) 31–42



4.1.7. Synthesis of N{C6H4C„CPt(C6H4NAr2)(PPh3)2}3 (6)
An oven dried Schlenk flask was charged with dry HNEt2

(10 cm3) and the solvent degassed. To this solution, PtI(C6H4N(C6-

H4OCH3-4)2)(PPh3)2 (150 mg, 0.130 mmol), CuI (3 mg) and triethy-
nylphenylamine (13 mg, 0.043 mmol) were added and the solution
stirred at room temperature for 16 h. The precipitate was filtered,
washed with ethanol (3 ! 5 cm3), hexane (3 ! 5 cm3) and metha-
nol (3 x 5 cm3) and dried under airflow for 1 h. Yield 98 mg, 67%.
1H NMR (CD2Cl2): d 3.76 (s, 18H, Ha), 5.93 (d, J = 9 Hz, 6H, Hr),
6.11 (d, J = 8 Hz, 6H, Hh), 6.31 (d, J = 9 Hz, 6H, Hq), 6.69 (d,
J = 8 Hz, 6H, Hg), 6.73 (m, 24H, Hc and d) 7.32 (vt, J = 8 Hz, 36H,
Hk), 7.39 (t, J = 8 Hz, 18H, Hm), 7.62 (m, 36H, Hl). 31P NMR (CD2-

Cl2): 20.93 (JPt-P = 2998 Hz). 13C NMR (CD2Cl2): 154.29 (Cb, s),
142.30 (Ce, s), 143.90 (Cs, s), 141.66 (Cf, s), 139.55 (Cg, s), 134.83
(Cl, t, JC-P = 5 Hz), 131.76 (Cj, t, JC-P = 28 Hz), 130.96 (Cr, s), 129.78
(Cm, s), 127.60 (Ck, t, JC-P = 5 Hz), 124.11 (Cc, s), 123.93 (Ch, s),
122.73 (Cq, s), 113.92 (Cd, s), 55.40 (Ca, s). MALDI-MS(+) m/z:
3385.6 [M+H]+. IR (CH2Cl2) m(C„C) 2105 cm"1. Anal. Calc. for: C,
68.10; H, 4.64; N, 1,65. Found: C, 67.87; H, 4.48; N, 1.69%.

5. Computational details

Full structure optimizations and analysis of all ground and
excited state [74–76] properties were performed using a locally
modified version of the TURBOMOLE 6.4 program code [77]
enabling the use of the BLYP35 hybrid functional [78] based on

EXC ¼ 0:65ðELSDA
X þ DEB88

X Þ þ 0:35Eexact
X þ ELYP

C

which has been shown to give accurate results for organic [78–82]
and inorganic [46,83–85] MV systems. Split-valence def2-SVP basis
sets were employed on all lighter atoms, together with the corre-
sponding def2-SVP effective-core potential and a corresponding
valence basis set for platinum [86–88]. Computed harmonic vibra-
tional frequencies were scaled by an empirical factor of 0.95
[89,90]. To account for solvent effects, the conductor-like-screening
(COSMO) solvent model was employed for ground state structure
optimizations and analysis as well as in subsequent TDDFT calcula-
tions of excitation energies and transition dipole moments [91].
Dichloromethane (e = 8.93) was used, as experimental data were
collected in this solvent (non-equilibrium solvation was assumed
in the TDDFT calculations). Spin-density and molecular-orbital iso-
surface plots were generated with the GaussView or Molekel pro-
grams [92]. For complex [5]+ a truncated model [5-Me]+, in which
the PPh3 ligands were replaced by PMe3, was used to reduce com-
putational cost.

6. Crystallographic details

The X-ray single crystal data for compounds 4a and 4b have
been collected at 120.0 K on an Agilent XCalibur diffractometer
(graphite monochromator, kMoKa, k = 0.71073 Å) equipped with
a Cryostream (Oxford Cryosystems) open-flow nitrogen cryostat.
The structures was solved by direct method and refined by full-
matrix least squares on F2 for all data using Olex2 [93] and SHELXTL

[94] software. All non-disordered non-hydrogen atoms were
refined anisotropically, hydrogen atoms were placed in the calcu-
lated positions and refined in riding mode. During the preliminary
stages of refinement, the extremely elongated thermal ellipsoids of
carbon atoms of one of the Ph-rings in the structure 4b indicated
the disorder of the group. The different parts of the disordered
group differ by their orientation around the P2-C91 bond. The dis-
ordered atoms were split in two groups and the group occupancies
were allowed to refine freely while the isotropic a.d.p. of the atoms
remained fixed at equal values. Then the occupancies of the disor-
dered groups were fixed at the refined values and both

components of the disordered group were refined as regular hexa-
gons (AFIX 66) and with isotropic a.d.p. for all carbon atoms.

6.1. Crystal data for 4a

C65H55NO3P2Pt, M = 1155.13, triclinic, space group P!1,
a = 10.2066(3), b = 14.5412(4), c = 18.8204(6) Å, a = 70.667(2)!,
b = 85.206(2)!, c = 85.756(2)!, V = 2623.33(12) Å3, Z = 2, l(MoKa) =
2.784 mm"1, Dcalc = 1.462 g/mm3, 41162 reflections measured,
12,659 unique (Rint = 0.0472) were used in all calculations. The
final R1 was 0.0293 (>2r(I)) and wR2 was 0.0641 (all data).

6.2. Crystal data for 4b

C78H66N2O4P2Pt, M = 1352.36,monoclinic, space group P21/c,
a = 22.8460(15), b = 9.9786(5), c = 31.3485(17)Å, b = 110.108(7)!,
V = 6710.9(7) Å3, Z = 4, l(MoKa) = 2.189 mm"1, Dcalc = 1.338 g/mm3,
70643 reflections measured, 15348 unique (Rint = 0.2724) were
used in all calculations. The final R1 was 0.0882 (6961 > 2r(I))
and wR2 was 0.1729 (all data). The structure contains severely
disordered solvent molecules (H2O/methanol). Their contribution
to the structural factors was taken into account by applying MASK
procedure of OLEX2 program package.

Appendix A. Supplementary data

CCDC 989928 and 989929 contains the supplementary crystal-
lographic data for 4a and 4b. These data can be obtained free of
charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk. Supplementary data associated with this
article can be found, in the online version, at http://dx.doi.org/
10.1016/j.poly.2014.04.035.
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a b s t r a c t

DFT calculations at the B3LYP/Def2-SVP level have been conducted on the half-sandwich cycloheptatrie-
nyl molybdenum complexes [Mo(CO)3(g-C7H7)]+, [1]+ and [MoBrL2(g-C7H7)]n+ (L2 = 2 CO, n = 0, 2;
L2 = bpy, n = 0, 3; L2 = bpy, n = 1, [3]+; bpy = 2,20-bipyridyl). In all cases, strong d-bonding interactions
operate between the e2 level of the C7H7 ring and metal dxy and dx2!y2 orbitals resulting in a metal-centred
HOMO with substantial dz2 character in the 18-electron, closed shell systems. The experimental
electronic UV–Vis spectra of [1]+, 2 and 3 are accurately reproduced by TD-DFT methods. For complexes
2 and 3, assignments made with the assistance of calculated spectra indicate that absorptions in the
region 390–770 nm originate from a series of MLCT (metal–ligand charge transfer) or ILCT (inter-ligand
charge transfer) transitions in which carbonyl, C7H7 and 2,20-bipyridyl ligands act as acceptor systems
from the metal or mixed metal and bromide donor groups. The metal-centred, one-electron oxidation
of 3 to 3[PF6] results in almost complete quenching of the visible region MLCT/ILCT absorptions of 3
and replacement with weak transitions probably arising from bromide to metal LMCT (ligand to metal
charge transfer) processes.

! 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The cycloheptatrienyl ligand, C7H7, has occupied an important
role in the development of the organometallic chemistry of
metal-sandwich and half-sandwich systems such as [M(g-C5H5)
(g-C7H7)] (M = Ti, Zr, Hf, V, Cr, Mo, W) and [ML3(g-C7H7)]n+

(M = Cr, Mo or W) [1–6] and offers the potential for advances in
f-block organometallic chemistry, where the large size of the
C7H7 ring is key to enhanced stability of lanthanide and actinide
complexes relative to examples with smaller ring ligands [7–9].
By comparison with the more commonly encountered cyclopenta-

dienyl (C5H5) ligand, the cycloheptatrienyl ligand is distinguished
by its significant steric requirements [10], the facility of intercon-
version between hapticity modes [11–13] and more fundamen-
tally, effects on electronic structure. Essentially the larger ring
size of C7H7 by comparison with C5H5 results in a lowering in the
energy of the ring e2 MO’s [14] leading to strong d-interactions
with metal valence d orbitals. The importance of metal-ring d-
interactions in the electronic structure of cycloheptatrienyl
metal-sandwich complexes is well established [2–4,8,15] but very
little attention has been given to the extension of this principle to
half-sandwich systems [16] such as [ML3(g-C7H7)]n+ where poten-
tially the impact on the tripodal L3 ligand set could be even more
pronounced. In this context, a recent series of investigations on
half-sandwich vinylidene [Mo(C = CHR)(dppe)(g-C7H7)]+ [17]
(dppe = Ph2PCH2CH2PPh2) and carbon chain complexes [Mo{(C„C)x–
C„CR)L2(g-C7H7)]n+ (n = 0 or 1; x = 0 or 1, L2 = dppe; x = 1,
L2 = bpy) [18,19], has demonstrated a re-ordering of the d-orbital
manifold arising from metal-ring d-bonding, leading to a metal-
centred HOMO with significant dz2 character. This in turn is
reflected in the novel structural and redox chemistry of these sys-
tems [18–21].

http://dx.doi.org/10.1016/j.poly.2014.05.027
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A further distinction between C7H7 and cyclopentadienyl
ligands is a difference in formal charge of the co-ordinated ligand.
Although the assignment of a formal charge to the C7H7 ligand,
ranging from +1 to !3, remains an issue of debate [3b,7a,9,
10,22], the positive charge formalism, C7H7

+, may have some valid-
ity in the half-sandwich series [ML3(g-C7H7)]n+ (M = Cr, Mo or W)
for which selected examples exhibit properties typical of d6 metal
centres [17]. On this basis, it has been suggested that the cyclohep-
tatrienyl ligand can act as a good acceptor group in MLCT and ILCT /
LLCT processes [23,24]. To examine this premise, and to explore
further the control of electronic structure by metal–C7H7 d-bond-
ing over an extended series, [Mo(CO)3(g-C7H7)][PF6] and the
bromide complexes [MoBrL2(g-C7H7)]n+ (L2 = 2 CO, n = 0; L2 = 2,
20-bipyridyl (bpy), n = 0 or 1 [25]) have been investigated by DFT
and TD-DFT methods and the results correlated with experimental
electronic spectra. The halide complexes feature a ligand set which
combines the donor properties of the bromide ligand with a range
of potential acceptor ligands, CO, C7H7 or 2,20-bipyridyl, appropri-
ate to the promotion of MLCT and ILCT excitations. Although
the complexes [Mo(CO)3(g-C7H7)][PF6] and [MoX(CO)2(g-C7H7)]
(X = halide) are fundamental examples of organometallic cyclohep-
tatrienyl derivatives, the work presented here details the first full
DFT treatment of these important half-sandwich systems.

2. Results and discussion

2.1. Synthetic and structural Investigations

The complexes [MoBrL2(g-C7H7)]n+ (L2 = 2 CO, n = 0, 2; L2 = bpy,
n = 0, 3; L2 = bpy, n = 1, [3]+) were obtained by previously reported
synthetic protocols, starting from [Mo(CO)3(g-C7H7)][PF6], 1[PF6],
as outlined in Scheme 1. The conversions are accompanied by a
sequence of colour changes from yellow (1[PF6]) to green (2) to
intense purple (3) and finally orange (3[PF6]).

To facilitate optimisation of calculated structures, experimen-
tally determined structural data for the series of complexes under
investigation was examined. Structural data for 1[BF4] and 2 are
available in the literature [26,27]. In addition, the X-ray crystal
structure of the 17-electron, 2,20-bipyridyl complex, 3[PF6], was
obtained in the current work; the molecular geometry of 3[PF6]

is illustrated in Fig. 1 together with important bond lengths and
angles. The data for 3[PF6] complement previous investigations
on the structural effects of one-electron oxidation within the
[MoX(bpy)(g-C7H7)]n+ family of complexes and the Mo–N dis-
tances in 3[PF6] (2.187(5), 2.193(6) Å) appear to correspond more
closely with those determined for 17-electron [Mo(C„C–
C„CR)(bpy)(g-C7H7)]+ (2.19(1), 2.15(2) Å) than for 18-electron
[Mo(C„C–C„CR)(bpy)(g-C7H7)] (2.134(2), 2.142(2) Å) [19].

2.2. Electronic structure calculations

A computational study of the electronic structure of the model
systems [Mo(CO)3(g-C7H7)]+, [1A]+, [MoBr(CO)2(g-C7H7)], 2A,
[MoBr(bpy)(g-C7H7)], 3A, and the open-shell, 17-electron radical
[MoBr(bpy)(g-C7H7)]+, [3A]+, (denoted A to distinguish the compu-
tational and experimental systems) was conducted at the DFT
level. Starting from the crystallographic structures of the experi-
mental systems 1[BF4], 2, and 3[PF6], full geometry optimisations
were performed using the B3LYP functional [28] and the Def2-
SVP basis obtained from the Turbomole library [29]. Time-
dependent DFT (TD-DFT), as implemented in the Gaussian suite
of programs [30], was used to obtain transition energies and
oscillator strengths which were convoluted to produce absorption
spectra using the GaussSum software [31].

There is generally good agreement between the crystallograph-
ically determined structures of the experimental systems and the
DFT optimised geometries; metrical parameters from the DFT opti-
mised geometries and comparisons with experimental, crystallo-
graphic data are presented in Table 1. The one-electron oxidation
of 3A to [3A]+ is predicted to result in a decrease in the Mo–Br bond
length and corresponding increase in the Mo–N (bpy) distance in
accord with experimental (R = SiMe3) and calculated (R = H) data
for the related redox pair [Mo(C„C–C„CR)(bpy)(g-C7H7)]n+

(n = 0 or 1) [19]. Figs. 2–4 illustrate the plots of the key frontier
orbitals for [1A]+, 2A, and 3A, (HOMO!2, HOMO!1, HOMO, LUMO,
LUMO+1).

Before the specific effects of the tripodal ligand set are
discussed, the general features of electronic structure, common
to all of the systems investigated should be noted. For, [1A]+, 2A,
and 3A, the principal components of the frontier orbitals are simi-
lar throughout the series. Thus the LUMO and LUMO+1 incorporate
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Scheme 1. Reagents and conditions (i) NaBr in acetone; (ii) 2,20-bipyridyl in toluene,
reflux 3 h. (iii) [FeCp2][PF6] in CH2Cl2.

Fig. 1. Molecular structure of complex 3[PF6], with thermal ellipsoids plotted at
50% probability. Hydrogen atoms are omitted for clarity. Key bond lengths (Å) and
angles (!): Mo(1)–Br(1), 2.568(1); Mo(1)–N(1), 2.187(5); Mo(1)–N(2), 2.193(6);
N(1)–Mo(1)–N(2), 73.3(2); N(1)–Mo(1)–Br(1), 82.9(2); N(2)–Mo(1)–Br(1), 86.2(2).
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substantial character of the p-acceptor ligands (CO, C7H7 or 2,20-
bipyridyl) whilst the HOMO is strongly metal centred, based on
the dz2 orbital (the z axis in these complexes is directed along

the axis connecting Mo with the centroid of the C7H7 ring). By con-
trast, HOMO!1 and HOMO!2 feature a significant contribution
from the metal and C7H7 ring as a result of the strong metal-ring

Table 1
Selected bond lengths (Å) and bond angles (!) for [1A]+, 2A, 3A and [3A]+ obtained at the B3LYP/SVP level compared with experimental systems [crystallographic data in
parentheses].

[1A]+ (1[BF4]) 2A (2) 3A [3A]+ (3[PF6])

Bond lengths
Mo–CO 2.054

[2.029(10), 2.036(9), 2.032(13)]
2.027
[2.10(3), 2.06(3)]

– –

Mo–Br – 2.639
[2.629(3)]

2.644 2.553
[2.568(1)]

Mo–N – – 2.159, 2.159 2.236
[2.187(5), 2.193(6)]

C„O 1.139
[1.137(12), 1.120(12), 1.130(15)]

1.147
[1.08(4), 1.11(4)]

– –

Bond angles
(OC)–Mo–(CO) 85.8

[85.2(4), 85.0(5), 85.1(4)]
82.1
[82.6(11)]

– –

Br–Mo–(CO) – 83.6
[87.9(8), 83.7(8)]

– –

N–Mo–Br – – 85.8 83.3
[82.9(2), 86.2(2)]

LUMO+1LUMO

HOMO

HOMO-2HOMO-1

Fig. 2. LUMO+1, LUMO, HOMO, HOMO!1 and HOMO!2 of [1A]+ at B3LYP/Def2-SVP plotted as an isosurface of 0.04 au.
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d-bonds between metal dxy and dx2!y2 orbitals and the e2 molecular
orbitals of the cycloheptatrienyl ligand. These results complement
our previous DFT treatments of the alkynyl complex [Mo(C„CPh)
(dppe)(g-C7H7)]n+ [18] and butadiynyl complexes [Mo(C„
C–C„CH)L2(g-C7H7)]n+ (L2 = dppe, bpy) [19] and confirm the
importance of metal to C7H7 ring d interactions in regulating
electronic structure in these half-sandwich systems, independent
of the identity of the tripodal L3 ligand set.

Superimposed upon this basic description, the electronic struc-
ture of [1A]+ is sequentially modified by the substitution of the tri-
podal carbonyl ligands with bromide and 2,20-bipyridyl.
Considering first the replacement of CO by bromide in the tricar-
bonyl cation, [1A]+, the character of HOMO and HOMO!1 in 2A
is modified by strong, four-electron repulsive p-interactions
between the filled halide p-orbitals and the metal dz2 and dxy orbi-
tals; these orthogonal orbital overlaps are very similar to those
described for the metal alkynyl bond in [Mo(C„CPh)(dppe)(g-
C7H7)], [18] so endorsing comparisons between the two isolobal
ligand types. Introduction of a strong p-acceptor 2,20-bipyridyl
ligand on conversion of 2A to 3A significantly alters the composi-
tion of LUMO and LUMO+1. In [1A]+ and 2A, the LUMO and
LUMO+1 feature the dual acceptor character of CO and C7H7

ligands. However in 3A, where CO is replaced by the 2,20-bipyridyl
ligand, the LUMO and LUMO+1 are essentially localised on the
strongly p-accepting bipyridyl unit.

2.3. UV–Vis electronic absorption spectroscopy

The UV–Vis spectra of the experimental systems were taken
from literature data (1[PF6]) [23] or recorded in CH2Cl2 (2, 3, and
3[PF6]) for comparison with calculated spectra obtained via TD-
DFT methods. Experimental and calculated spectra for 2/2A and
3/3A, are shown in Figs. 5 and 6 and visible region experimental
and calculated data are summarised in Table 2.

2.4. [Mo(CO)3(g-C7H7)][PF6] and [MoBr(CO)2(g-C7H7)]

The calculated and experimental spectra for 1[PF6] and 2 (Fig. 5)
show good agreement, particularly in the region 400–800 nm.
Starting with 1[PF6], inspection of Table 2 shows that the main cal-
culated components of the experimental absorption at 379 nm
arise from excitations from HOMO!1/HOMO!2 to LUMO+1/
LUMO. The excited state therefore has a combination of C7H7 and
CO p⁄ character and this broadly concurs with the literature report

LUMO+1LUMO

HOMO

HOMO-2HOMO-1

Fig. 3. LUMO+1, LUMO, HOMO, HOMO!1 and HOMO!2 of 2A at B3LYP/Def2-SVP plotted as an isosurface of 0.04 au.
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for 1[PF6] which assigns the experimental absorption at 379 nm to
a Mo?C7H7

+ MLCT (metal to ligand charge transfer) transition [23].
In the bromide complex 2, a related absorption involving
HOMO!1/HOMO!2 to LUMO+1/LUMO transitions is also observed
(387 nm) but additionally there are two broad, low intensity bands
centred at 458 and 648 nm which give rise to the green colour of
the complex. The origin of these low energy bands in the visible
spectra of [MoX(CO)2(g-C7H7)] (X = iodide) has been the focus of
previous investigations [24] and the TD-DFT treatment here pre-
sented now provides a more detailed interpretation of this work.

On the basis of the calculated spectrum, the principal excita-
tions giving rise to the low energy absorptions in the visible spec-
trum of [MoBr(CO)2(g-C7H7)] are HOMO?LUMO (648 nm) and
HOMO?LUMO+1 (458 nm). Examination of Fig. 3 reveals that
the HOMO of 2A has significant metal and bromide character,
whereas LUMO/LUMO+1 incorporate mainly C7H7 and CO p⁄ com-
position. The transitions can therefore be considered in terms of
MLCT/ILCT processes in which charge transfer from the halide
donor ligand to the acceptor C7H7 and CO ligands is mediated
through the metal centre. It is not possible to exclude totally a

direct LLCT process from the halide donor to the C7H7 acceptor as
previously described [24] but the frontier MO’s derived from the
DFT work support substantial involvement of the metal centre in
the charge transfer transitions. To demonstrate the importance of
the contribution of the halide ligand to these processes, the
UV–Vis spectra of an extended series of complexes [MoX(CO)2

(g-C7H7)] (X = Cl, Br, I) were examined (see Table 3 for visible
region data). The broad and weak nature of the visible region
absorptions presents some limitations to precise measurements
but progression along the series X = Cl, Br, I results in a small blue
shift in absorption maximum of the low energy band and an
increase in absorption intensity in all three bands consistent with
the more intense green-black colour of the iodide derivative by
comparison with the paler green colour of the chloride analogue.

2.5. [MoBr(bpy)(g-C7H7)]n+(n = 0 or 1)

As shown in Fig. 6, the visible region of the electronic absorp-
tion spectrum of 18-electron [MoBr(bpy)(g-C7H7)], 3, exhibits
three principal bands centred at 771, 544 and 434 nm. These are

LUMO+1LUMO

HOMO

HOMO-2HOMO-1

Fig. 4. LUMO+1, LUMO, HOMO, HOMO!1 and HOMO!2 of 3A at B3LYP/Def2-SVP plotted as an isosurface of 0.04 au.
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very similar to bands previously reported for the analogous but-
adiynyl complex [Mo(C„C–C„CSiMe3)(bpy)(g-C7H7)], (777, 542,
452 nm) [19] with the distinction that the absorption intensities
are larger for the bromide complex 3. This spectral signature of 3
is well reproduced at the B3LYP level with three calculated absorp-
tions in the visible region at 715, 527 and 397 nm, slightly blue
shifted from experimental values. As evident from Table 2, the
orbital components contributing to these absorptions in 3 corre-
spond closely to those discussed for the dicarbonyl analogue 2 with
both complexes exhibiting three bands in the region 390–770 nm.
However the absorptions for 3 are red shifted and of much higher
intensity than those of 2; a rationalisation for these differences is
apparent from a comparison of the electronic structures of the
two complexes. In complex 2A, the main acceptor components in
the LUMO+N orbitals (N = 0, 1 or 2) consist of CO and C7H7 groups
whereas in 3A, their function is totally replaced by the strongly
accepting 2,20-bipyridyl ligand. This change in the character of
the excited state orbitals lowers transition energies and enhances
intensities resulting in strong absorptions across the visible region
which give rise to the intense purple colour of the complex. As with
complex 2, the lowest energy excitations at 771 nm (HOMO?
LUMO) and 544 nm (HOMO?LUMO+2) retain significant net
charge transfer between donor and acceptor ligands with the dis-
tinction that in 3, this is from the halide donor to a bipyridyl accep-
tor ligand. Therefore, whilst investigations on complex 2 confirm
the capacity of the C7H7 ligand to function as an acceptor in MLCT

or ILCT processes, in complex 3 the C7H7 ring is unable to compete
effectively as an acceptor with the 2,20-bipyridyl ligand.

The one electron oxidation of 3 to 3[PF6] is accompanied by a
colour change from intense purple to pale orange, evident in the
visible region of the electronic absorption spectrum by a collapse
of the bands at 771 and 544 nm and replacement with very weak
(e < 103 dm3 mol!1 cm!1) absorptions at 770 and 550 nm (see
Fig. 6(a)). The third visible region band around 408 nm retains sig-
nificant intensity and, based on the DFT results, may originate from
bpy p?p⁄ transitions. The calculated spectrum of the 17-electron
open shell radical [3A]+ (Fig. 7) is much less successful than for
closed shell 3A in modelling the form of the experimental spec-
trum although the absence of any strong absorption over a major
part of the visible region is successfully predicted.

Experimentally, the significant changes in the visible region of
the spectrum resulting from one-electron oxidation of 3 to 3[PF6]
can be rationalised by the quenching of low energy MLCT/ILCT
processes as a result of oxidation at the metal centre. However
conversely the redox process 3?3[PF6] should promote the opera-
tion of LMCT transitions as reported for [Mo(C„C–C„CSiMe3)
(bpy)(g-C7H7)] which exhibits new absorptions around 500 nm
assigned to butadiynyl to metal LMCT processes. The calculated
spectrum of the bromide complex [3A]+ predicts low intensity
excitations centred at 951 nm (HOMO!2?HOMO in the b-spin

Fig. 5. UV–Vis spectra of [MoBr(CO)2(g-C7H7)], 2/2A (a) experimental, CH2Cl2

solution, and (b) calculated TD-DFT oscillator strengths (green) and simulated
absorption spectrum (blue). (Color online.)

Fig. 6. UV–Vis spectra of [MoBr(bpy)(g-C7H7)], 3/3A (a) experimental, in CH2Cl2/
0.1 M NnBu4PF6 solution, showing spectroelectrochemical, one-electron oxidation
to [3]+ and (b) calculated TD-DFT oscillator strengths (green) and simulated
absorption spectrum (blue). (Color online.)
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manifold) and 513 nm (HOMO!3?HOMO in the b-spin manifold)
which are in modestly good agreement with the principal features
in the experimentally observed spectrum (Table 2); the orbital
components of this latter transition are illustrated in Fig. 8.

The character of this HOMO!3 to HOMO b-spin transition is
clearly LMCT from bromide to metal. Moreover the orbital compo-
nents have a very close similarity to the corresponding LMCT (alky-
nyl ligand to metal) process in open shell [Mo(C„CPh)(dppe)
(g-C7H7)]+, [18] which is mainly responsible for the deep blue
colour of the complex. For [Mo(C„CPh)(dppe)(g-C7H7)]+ the
intensity (e = 4800 dm3 mol!1 cm!1) of the experimental LMCT
transition at 592 nm is enhanced by the alkynyl phenyl substituent
but the corresponding transition at 500 nm in the alkylalkynyl
complex [Mo(C„CBut)(dppe)(g-C7H7)]+ is much weaker (e =
720 dm3 mol!1 cm!1) and similar to the experimental extinction
coefficients determined for candidate LMCT absorptions at 770
and 550 nm in the visible region of the spectrum of [MoBr(b-
py)(g-C7H7)][PF6]. Interestingly, a related comparison between
LMCT transitions in analogous 17-electron alkynyl and halide com-
plexes [FeX(dppe)Cp⁄]+ (X = C„CR or Cl) has been noted by Lapinte
and co-workers [32]. Here again, the effect of substitution of C„CR
with a halide ligand is both a blue shift and reduction in extinction
coefficient of the LMCT transition. In summary, although the agree-
ment between experimental and calculated electronic absorption
spectra of [MoBr(bpy)(g-C7H7)][PF6] is relatively poor, there is
some evidence to suggest that the weak bands observed in the vis-
ible region originate from LMCT processes involving the bromide
ligand. Finally it should be noted that the reversible interconver-
sion of 3 and 3[PF6] provides an example of redox switching
between strong and weak absorption in the visible region. The
redox switch is readily initiated (E½ = !0.65 V versus FeCp2/

Table 2
Experimental and calculated (TD-DFT) electronic absorption spectra in the visible region for complexes 1[PF6], 2, 3 and 3[PF6].

Complex Experiment k/nm
(e)/dm3 mol!1cm!1 a

Theory k/nm (f) d Assignment of principal transitionse

[Mo(CO)3(g-C7H7)][PF6], 1[PF6]b 379 (1200) 398 (0.003) HOMO!2?LUMO (0.48)
HOMO!1?LUMO+1 (0.51)

390 (0.002) HOMO!2?LUMO+1 (0.66)
HOMO!1?LUMO (0.23)

298 (22400) 287 (0.251) HOMO!2?LUMO (0.40)
HOMO!1?LUMO+1 (0.38)

[MoBr(CO)2(g-C7H7)], 2 648 (150) 673 (0.002) HOMO?LUMO (0.68)
458 (350) 505 (0.001) HOMO?LUMO+1 (0.66)
387 (920) 412 (0.006) HOMO!2?LUMO (0.54)

HOMO!1?LUMO+1 (0.41)
370 (0.020) HOMO!3?LUMO (0.52)

HOMO!1?LUMO+1 (0.37)

[MoBr(bpy)(g-C7H7)], 3c 771 (15500) 715 (0.062) HOMO?LUMO (0.60)
544 (10300) 527 (0.031) HOMO?LUMO+2 (0.64)

521 (0.028) HOMO!2?LUMO (0.23)
HOMO?LUMO+1 (0.59)

434 (10650) 397 (0.099) HOMO!3?LUMO (0.55)
HOMO!1?LUMO+2 (0.37)

[MoBr(bpy)(g-C7H7)][PF6], 3[PF6]c 770 (890) 951 (0.001) HOMO!2(b)?HOMO(b) (0.9)
HOMO!2(b)?LUMO(b) (0.26)

550 (850) 513 (0.017) HOMO!3(b)?HOMO(b) (0.92)
493 (0.008) HOMO!1(a)?LUMO(a) (0.87)
482 (0.007) Multiple transitions

408 (5630) 417 (0.002) Multiple transitions
415 (0.002) HOMO!5(a)?LUMO(a) (0.57)

HOMO!5(b)?HOMO(b) (0.64)
HOMO!5(b)?LUMO(b) (0.44)

a Experimental data recorded in solution in CH2Cl2 unless stated otherwise.
b Data from Ref. [23], recorded in EtOH solution.
c In solution in CH2Cl2/0.1 M NnBu4PF6.
d Calculated absorptions in the gas phase by TD-DFT (B3LYP/Def2-SVP), figures in parentheses indicate oscillator strength.
e Calculated transition assignments (see Figs. 2–4 for orbital diagrams). Figures in parentheses indicate fractional contribution to calculated absorption, (a) = alpha spin

manifold, (b) = beta spin manifold.

Table 3
Electronic absorption data for [MoX(CO)2(g-C7H7)] (X = Cl, Br, I) in the visible region.

X Absorption maxima (nm)a

Cl 657 (130) 456 (283) 384 (818)
Br 648 (150) 458 (350) 387 (920)
I 645 (370) 463 (499) 387 (1984)

a Extinction coefficients e (dm3 mol!1 cm!1) in parentheses.

Fig. 7. Calculated (TD-DFT, B3LYP/ Def2-SVP) UV–Vis spectrum of [MoBr(bpy)(g-
C7H7)]+, [3A]+. TD-DFT oscillator strengths (green) and simulated absorption
spectrum (blue). (Color online.)
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[FeCp2]+) consistent with the low redox potentials conferred by the
Mo(bpy)(g-C7H7) support unit [25].

3. Conclusions

DFT calculations at the B3LYP/Def2-SVP level on the half-sand-
wich cycloheptatrienyl molybdenum complexes [Mo(CO)3

(g-C7H7)]+, [1A]+ and [MoBrL2(g-C7H7)] (L2 = 2 CO, 2A; L2 = bpy,
3A) reveal a common electronic structure for the frontier molecu-
lar orbitals. Strong d interactions between the e2 level of the C7H7

ring and metal dxy and dx2!y2 orbitals stabilise the HOMO!1 and
HOMO!2, resulting in a HOMO with substantial metal dz2 charac-
ter. The composition of the LUMO and LUMO+1 is ligand depen-
dent with CO/C7H7 character replaced by 2,20-bipyridyl character
on progression from 2A to 3A. In both 2A and 3A, filled–filled
p-interactions between bromide and the metal centre are evident
in the HOMO and HOMO!1. The electronic UV–Vis spectra of the
experimental systems [1]+, 2 and 3 are accurately reproduced by
TD-DFT methods. For complexes 2 and 3, assignments made with
the assistance of calculated spectra indicate that absorptions in
the visible region 390–770 nm, originate from a series of MLCT/
ILCT processes. The distinction between the dicarbonyl complex
2 and the 2,20-bipyridyl complex 3 lies in the identity of the accep-
tor group. Whereas in 2, the C7H7 ligand makes a substantial con-
tribution to the LUMO and LUMO+1, in complex 3 its function as an
acceptor group is totally overridden by the 2,20-bipyridyl ligand
resulting in absorptions which are also of lower energy and
enhanced intensity. The metal-centred, one-electron oxidation of
3 to 3[PF6] results in almost complete quenching of visible region
MLCT/ILCT absorptions of 3 and replacement with low intensity
absorptions which may likely be assigned to bromide to metal
LMCT processes. As such the interconversion of 3 and 3[PF6]
represents a redox-switch for control of absorption intensity in
the visible region.

The assignment of a formal charge to the cycloheptatrienyl
ligand in the half-sandwich complexes described in this paper
remains a difficult issue. The MLCT transitions observed for com-
plexes 1[PF6] and 2 do involve the cycloheptatrienyl ligand as an
acceptor group but it is probably an over-simplification to attribute
this property to a formal positive charge on the ligand. However a
tri-negative charge for the C7H7 ligand (as generally proposed for
mixed sandwich systems of the type [M(g-C5H5)(g-C7H7)], [1b])
resulting in the assignment of a Mo(IV), d2 configuration also does
not seem to be consistent with the reactivity of some Mo(C7H7)
half-sandwich systems which can promote alkyne to vinylidene
isomerisation typical of a d6 or d4 metal centre [18,33]. One useful
approach may be the assignment of a covalent bond classification
[22] which is intimately linked with the contribution of the d-inter-
action to the metal-cycloheptatrienyl bond (see Ref. [22], Table 1
and Fig. 4). Alternatively, the relative metal d and cycloheptatrienyl

fragment contributions to the frontier MO’s involving d-interac-
tions have been considered [1b]. For the sandwich complex
[Zr(g-C5H5)(g-C7H7)], the relevant contributions are: (HOMO),
Zr, 32%; C7H7, 64% and this distribution has been attributed to an
orbital energy ordering in which the C7H7 e2 level is of lower
energy than the metal d orbitals consistent with a formal -3 charge
on the C7H7 ligand [1b]. However for the half-sandwich complex
[Mo(C„CPh)(dppe)(g-C7H7)], the relative contributions of C7H7

and ML3 fragments to the d-interactions are very different with a
much smaller overall contribution from the C7H7 ligand [18]; this
result may be explained by an energy ordering in which the C7H7

e2 level is of higher energy than the metal d orbitals. In summary
it is probable that neither a tri-negative nor the opposite extreme
of a positive charge formalism are fully appropriate for the cyclo-
heptatrienyl ligand in the half-sandwich molybdenum complexes
investigated in the current work but there is some evidence to
suggest that the character of the metal to g7-C7H7 d-interaction
is modified on progression from a sandwich complex of an early
d-block metal to a half-sandwich complex of a group 6 metal.

4. Experimental

4.1. General procedures

The preparation, purification and reactions of the complexes
described were carried out under dry nitrogen using standard
Schlenk techniques. The complexes [MoX(CO)2(g-C7H7)] (M = Mo,
X = I, Br, Cl) [34,35] and [MoBr(bpy)(g-C7H7)]n+ (n = 0 or 1) [25]
were prepared by published procedures. UV–Vis spectroelectro-
chemistry was performed at room temperature with an air-tight
OTTLE cell of Hartl design [36] at the University of Durham. The
cell was equipped with Pt minigrid working and counter elec-
trodes, a Ag wire reference electrode and CaF2 windows and spec-
tra obtained using either a Nicolet Avatar spectrometer or a Perkin
Elmer Lambda 900 spectrophotometer.

4.2. Crystallography: X-ray crystal structure of [MoBr(bpy)(g-
C7H7)][PF6], 3[PF6]

Crystal Data for 3[PF6]: C17H15MoN2BrPF6, Mr = 568.13, mono-
clinic, space group P121 1, a = 8.5063(3) Å, b = 14.3654(4) Å,
c = 15.7993(4) Å, b = 103.981(3)!, U = 1873.42(10) Å3, Z = 4, l = 2.981
mm!1, 6323 reflections collected, final wR2(F2) = 0.1033 for all
data, conventional R1 = 0.0411 for 4524 reflections with I > 2r(I),
S = 1.014.

Single crystals of 3[PF6] were obtained as orange plates by
vapour diffusion of diethylether into a MeCN solution of the com-
plex and a crystal of dimensions 0.40 " 0.40 " 0.10 mm was
selected for analysis. Single crystal X-ray data were collected at
100 K on an Oxford Diffraction X-Calibur 2 Diffractometer

Fig. 8. b-Spin orbital transition (HOMO!3?HOMO) in [3A]+ assigned to the calculated band at 513 nm.
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equipped with an Oxford-Cryosystems low temperature device, by
a means of Mo Ka (k = 0.71073 Å) radiation and x scans. Data were
corrected for Lorentz, polarisation and absorption factors. Data col-
lection, cell refinement and data reduction were carried out with
CRYSALIS CCD and CRYSALIS RED, Oxford Diffraction Ltd. software; SHELXS-
97, [37] was employed for the computing structure solution and
SHELXL-97, [38] for the computing structure refinement. The struc-
ture was solved by direct methods with refinement based on F2.
The asymmetric unit of 3[PF6] contains two independent mole-
cules; no significant disorder was encountered and important bond
lengths and angles in the two molecules are very similar.

4.3. Electronic structure calculations

DFT calculations were performed in the generalised gradient
approximation (GGA) with the B3LYP hybrid exchange–correlation
functional [28]. Starting from the crystallographic structures of the
experimental systems 1[BF4], 2, and 3[PF6], full geometry optimisa-
tions were performed using the Def2-SVP basis obtained from the
Turbomole library [29]. For H, C and P atoms, this constitutes an all
electron split valence plus polarisation basis, while for Mo an effec-
tive 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
UV–Vis spectra (via time-dependent density functional theory,
TD-DFT) as implemented in the GAUSSIAN suite of programs [30]).
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ABSTRACT: Monomolecular films of an oligo(phenylene)ethynylene, OPE, derivative [2-
isocyano-1,3-dimethylbenzene][4-(4′-aminophenylethynyl)phenylethynyl]gold, 1, containing a
gold atom in the molecule backbone have been prepared by the Langmuir−Blodgett (LB)
method in order to study how the electrical properties can be modulated in monolayers of
OPEs by incorporation of a gold center in their structures. UV−vis reflection spectra of
Langmuir monolayers of 1 at the air−water interface reveal strong aurophilic interactions
between neighboring molecules that increase upon compression. Monolayer Langmuir−
Blodgett (LB) films were readily fabricated by the transfer of Langmuir films of 1 onto solid
substrates. Quartz crystal microbalance (QCM) experiments conclusively demonstrate
formation of monolayer LB films with a high surface coverage. The morphology of these
films was analyzed by atomic force microscopy (AFM), revealing formation of homogeneous
layers with an optimum surface pressure of transference of 6 mN·m−1. Film homogeneity and
integrity was confirmed by cyclic voltammetry, with efficient blocking of gold electrodes by
these well-formed monolayers of 1. The electrical properties of LB films of 1 were investigated by scanning tunneling microscopy
(STM) using a “tip-to-contact” method. Characteristic shape for a tunneling junction (Simmon’s type behavior) I−V curves were
observed, with analysis of the pseudolinear (ohmic) region giving a conductance value G = 3.9 × 10−5 G0, which is relatively high
for an OPE derivative and may indicate a beneficial role of metal atom incorporation within the wire-like system.

■ INTRODUCTION
Oligo(phenylene)ethynylenes (OPEs) represent one of the
most widely investigated classes of molecules in the nascent
field of molecular electronics.1−9 The ethynyl phenylene (or
more generally, ethynyl arylene)10 backbone offers a highly
conjugated π-electron system, which can be tuned through
conformational effects,11,12 although demonstration of such
events must be carefully extracted from stochastic switching of
the molecule−surface contact.13,14 Introduction of pendant
moieties15 or changes to the nature of the arylene fragment to
modulate quantum interference pathways16 permits assembly of
wire-like molecules of a wide range of lengths17,18 that are
synthetically compatible with a diverse range of surface
contacting groups.19−21 The conductance of the OPE scaffold
can also be modulated through introduction of metal
centers22−29 or metallocene30,31 fragments within this π-
conjugated pathway, which augments a fast growing area of
study concerning metal coordination complexes as components

in molecular electronics.32−42 To date, the vast majority of
metal compounds and complexes studied within metal|
molecule|metal junctions or related sandwich structures formed
by contacting monolayer films have been based on the Group 8,
9, and 10 metals, for reasons of synthetic availability and redox
activity, in an axially substituted arrangement within the wire-
like assembly. The presence of supporting equatorial coligands
is a synthetic necessity, and while these can be used to create
structures that bear topological resemblance to “insulated”
wires,43 the steric bulk of these equatorial ligands may also
prevent close packing of the components.
With these parameters in mind, gold complexes LAuCCR

offer several appealing features. The linear Au(I) fragment can
be supported by a range of donor ligands, L, such as phosphines

Received: October 6, 2014
Revised: November 25, 2014
Published: December 3, 2014

Article

pubs.acs.org/JPCC

© 2014 American Chemical Society 784 dx.doi.org/10.1021/jp510078w | J. Phys. Chem. C 2015, 119, 784−793

pubs.acs.org/JPCC
http://pubs.acs.org/action/showImage?doi=10.1021/jp510078w&iName=master.img-000.jpg&w=114&h=133


and isocyanides, while the alkynyl moiety is readily
incorporated into OPE-type structures44 and can be used to
support surface binding groups. The generic linear structure
LAuCCR is also well suited to formation of well-ordered
molecular films using either self-assembly or Langmuir−
Blodgett methods and further supported by intermolecular
π−π and aurophilic interactions. While the use of self-
assembled monolayers (SAMs) in molecular electronics is
well documented in the current literature45,46 the Langmuir−
Blodgett (LB) technique is also an excellent tool with which to
fabricate mono- and multilayer structured films with high
internal order. The LB method has been widely used to
fabricate monolayer films with attractive features including the
ability to assemble well-ordered molecular monolayers from
molecules which cannot be prepared by conventional self-
assembly and control of the monolayer film ordering and
directionality through the conditions of LB film formation. As a
result, LB films have formed the basis of many studies in
molecular electronics, including studies of rectifying molecular
junctions,47,48 exciton migration control,49 molecular switching
behavior,50,51 top-contact metallization,52−54 optical and
optoelectronic applications,55,56 modulation of the electrical
properties of the junction,52 and electrical measurements to the
single-molecule level.52,57,58

This paper reports the synthesis of [2-isocyano-1,3-
dimethylbenzene][4-(4′-aminophenylethynyl)phenylethynyl]-
gold, 1, the Langmuir and LB film forming behavior of this
compound, and electrical characterization of the resulting films.
A number of methods are suited to characterization of electrical
properties of LB films or SAMs forming 2D layers on flat
substrates. This can be achieved by direct contact between a
conducting atomic force microscope (c-AFM) probe and the
molecular monolayer, with the number of molecules being
probed depending on the radius of curvature of the conducting
tip, the contact force, and the molecular packing density.59,60 In
an alternative approach, which also uses the c-AFM, gold
nanoparticles are adsorbed to chemical contacting groups on
the upper periphery of the monolayer.61 The conducting AFM
probe makes electrical contact with the gold nanoparticle
(GNP) as it is pressed under controlled force onto the top of
the GNP, and the electrical properties of the ensuing GNP|
molecule|metal junction are measured. Using mixed molecular
monolayers and statistical analysis of the data from many
nanoparticle contacts, the conductance of junctions containing
just single molecules can be determined.61 A further approach
uses an STM tip, which is lowered to just make contact with the
molecular monolayer.57,58,62 Under these conditions multiple
I−V curves are recorded and statistically analyzed. It has been
shown that if careful distance and monolayer thickness
calibration is applied then predominantly single-molecule
junctions result.57,58,62 It is this STM technique that is used
in this present study for electrical characterization of molecules
within the LB film. Since we wish to avoid pulling molecules
out of the LB monolayer upon tip retraction a weakly (physi-)
adsorbing aryl top contact group is used (Figure 1, left side of

molecular structure), rather than a more “conventional”
contacting group such as those based on, for example, thiol,
pyridyl, or amine functional groups and which are widely used
in single-molecule electronics with gold electrodes. It has been
previously shown that the phenyl moiety, −C6H5, can be used
as a contacting group in formation of molecular junctions.63

The contact formation here was presumed to involve
interaction of the π electrons of the terminal phenyl ring
with the gold contact.63 We call this method for making
conductance measurements on monolayer LB films the “STM
touch-to-contact” method, since it involves bringing the STM
tip precisely into contact with the molecular film to distinguish
from other STM-based methods of measuring electrical
properties of molecules and molecular films.64

■ EXPERIMENTAL SECTION
Synthesis. All reactions were carried out in oven-dried

glassware under an oxygen-free nitrogen atmosphere using
standard Schlenk techniques. Dichloromethane (CaH2) and
triethylamine (KOH) were dried and distilled under nitrogen
prior to use. Compounds AuCl(tht),65 Pd(PPh3)4,

66 HC
CC6H4NH2,

29 BrC6H4CCSiMe3,
29 and HCCC6H4C

CC6H4NH2
7,67 were prepared by literature methods or with

minor variation as described below. Other reagents were
purchased and used as received. NMR spectra were recorded in
deuterated solvent solutions on a Varian Mercury 400 or
Bruker Avance 400 spectrometer and referenced against solvent
resonances (1H, 13C). ESI mass spectra were recorded using a
TQD mass spectrometer (Waters Ltd., U.K.). Samples were (1
mg/mL) in analytical grade methanol. Infrared spectra were
recorded using a Nicolet Thermo FT6700 or a Nicolet Avatar
spectrometer.

Preparation of Me3SiCCC6H4CCC6H4NH2. To a 100
mL Schlenk flask charged with NEt3 (40 mL), 4-ethynylaniline
(1.25 g, 10.7 mmol), BrC6H4CCSiMe3 (2.71 g, 10.7 mmol),
Pd(PPh3)4 (0.610 g, 0.528 mmol), and CuI (0.118 g, 0.621
mmol) were added. The resulting suspension was heated at
reflux overnight. The black mixture was taken to dryness under
reduced pressure, and the residue was purified by silica gel
column chromatography (hexane:CH2Cl2 1:1). Yield 2.5 g, 8.6
mmol, 80%. 1H NMR (CDCl3): δ 7.41 (s, 4H, i/j); 7.32 (d, J =
9 Hz, 2H, d); 6.63 (d, J = 9 Hz, 2H, c); 3.82 (br s, 2H, NH2);
0.26 (s, 9H, n). 13C{1H} NMR (CDCl3): δ 147.0 (b); 133.2,
132.0, 131.2 (d/i/j); 124.2, 122.3 (h/k); 114.9 (c), 112.4 (e),
105.0, 96.0, 92.4, 87.3 ( f/g/l/m), 0.1 (n). IR (Nujol)/cm−1:
ν(NH2) 3483, 3395m; ν(CC) 2153, 2144w.

Preparation of HCCC6H4CCC6H4NH2. A solution of
Me3SiCCC6H4CCC6H4NH2 (2.41 g, 7.14 mmol) in 50
mL of THF:MeOH (1:1) was treated with K2CO3 (3.00 g, 21.7
mmol), and the reaction was stirred at rt overnight. The orange
precipitate was collected by filtration and washed thoroughly
with water and then acetone. The orange solid (1.4 g, 6.4
mmol, 90%) was used in subsequent reactions without further
purification. 1H NMR (CDCl3): δ 7.44 (s, 4H, i/j); 7.33 (d, J =
9 Hz, 2H, d); 6.64 (d, J = 9 Hz, 2H, c); 3.85 (br s, 2H, NH2),

Figure 1. [2-Isocyano-1,3-dimethylbenzene][4-(4′-amino-phenyle-
thynyl)-phenylethynyl]-gold, 1.
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3.15 (s, 1H, n).13C{1H} NMR (CDCl3): δ 147.0 (b); 133.2,
132.1, 131.3 (d/i/j); 124.6, 121.3 (h/k); 114.9 (c); 112.4 (e);
92.5, 87.1, 83.6, 78.7 ( f/g/l/m). IR (nujol)/cm−1: ν(NH2)
3482w, 3389m; ν(C−H) 3249m; ν(CC) not observed.

Preparation of 1. To a Schlenk flask charged with a solution
of AuCl(tht) (0.20 g, 0.62 mmol) in CH2Cl2 (10 mL), 2,6-
dimethylphenyl isocyanide (0.08 g, 0.62 mmol) was added. The
clear solution was allowed to stir at room temperature
overnight. To the reaction mixture, NEt3 (0.5 mL) and
HCCC6H4CCC6H4NH2 (0.14 g, 0.64 mmol) were added
and allowed to react overnight. The precipitate was removed by
filtration, and the filtrate was taken to dryness under reduced
pressure. The orange residue was purified by silica gel column
chromatography using hexane:CH2Cl2 (1:1) as the eluent.
Removal of solvent from the main fraction yielded the pure
product as an orange solid. Yield 0.20 g, 0.37 mmol, 60%. 1H
NMR (CDCl3): δ 7.41, 7.36 (2 × d, J = 9 Hz, 2 × 2H, i/j);
7.34−7.31 (m, 3H, d/s); 7.16 (br d, J = 8 Hz, 2H, r); 6.63 (d, J
= 9 Hz, 2H, c); 3.82 (br s, 2H, a); 2.44 (s, 6H, q).13C{1H}
NMR (CDCl3): δ 160.1 (t, J = 24 Hz, n); 146.8 (b); 136.4 (p);
133.1, 132.5, 131.1 (d/i/j); 131.00 (s); 128.6 (r); 124.5 (t, J =
13 Hz, m); 124.3 (o); 124.0, 122.5 (h/k); 114.9 (c); 112.8 (e);
104.1, 91.6, 87.6 ( f/g/l); 18.8 (q). MS (ESI)+ m/z (%): 586.2
(100, [M + H + MeCN]+). IR (CH2Cl2)/cm

−1: 3485, 3394 (br
w); 2208 ν(s) ν(NC).
Films Fabrication and Characterization. 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 Millipore Milli-Q water, resistivity 18.2 MΩ·cm.
A solution of 1 in chloroform (purchased from LabScan HPLC
grade 99.8%) was delivered from a Hamilton 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
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 com-
pression isotherm was recorded at least three times to ensure
reproducibility of the results so obtained. Under the described
experimental conditions the isotherms were highly reprodu-
cible. 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 direct visualization of
the monolayers at the air/water interface, and a commercial
UV−vis reflection spectrophotometer, details described else-
where,68 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.69,70 Monolayers were
deposited onto glass, freshly cleaved mica, and gold substrates
at a constant surface pressure by the vertical dipping method
(dipping speed 3 mm·min−1). 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 to study the topography of
the monolayers were performed by means of a Multimode 8
AFM system from Veeco using the tapping mode. Data were
collected in air conditions with a silicon cantilever provided by
Bruker with a force constant of 40 N·m−1 and operating at a
resonant frequency of 300 kHz.
Cyclic voltammetry (CV) experiments were carried out in an

electrochemical cell containing three electrodes as described
before.71 The working electrode was a gold electrode with the
deposited LB film. Gold substrates were purchased from
Arrandee, Schroeer, Germany.
An Agilent STM running Picoscan 4.19 software was used for

characterization of the electrical properties of the LB films by
recording current, I, as a function of 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 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.72

■ RESULTS AND DISCUSSION
Formation of aggregates of large π-conjugated organic materials
due to the attractive π−π interactions between the conjugated
skeletons of neighboring molecules, even in highly dilute
solutions, is well known,73 and this phenomenon has been
recognized as one of the main difficulties in the preparation of
true monomolecular films of such compounds at the air−water
interface.74,75 In the case of 1 aggregation phenomena are
potentially augmented by additional aurophilic interac-
tions.76−78 Thus, the Beer−Lambert law is only followed at
concentrations of 1 lower than 7.5 × 10−5 M (Figure 2) in
chloroform, with higher concentrations leading to deviations

Figure 2. UV−vis spectra of 1 in chloroform for the indicated
concentrations. Molar absorptivities at 332 and 248 nm are 30 900 and
23 300 L·mol−1·cm−1, respectively.
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from linearity in the absorbance vs concentration plot.
Consequently, highly diluted solutions are required to fabricate
true monolayers of 1 at the air−water interface. The UV−vis
spectrum of 1 in solution features an absorption band at 332
nm (molar absorptivity 30 900 L·mol−1·cm−1) arising from
intramolecular charge transfer between the amino tolan-based
HOMO and isocyanide π*-based LUMO and a vibronically
structured π−π* band in the 240−270 nm region (molar
absorptivity 23 300 L·mol−1·cm−1) characteristic of the amino-
tolan fragment.79−84 These assignments are consistent with
TDDFT calculations on 1 (B3LYP, LANL2DZ on Au, 6-
31G** on all other atoms, CHCl3 continuum solvent model).
A preliminary investigation of the formation of Langmuir

films of 1 involving both the concentration and the volume of
the spreading solution concluded that only solutions of
concentration 5 × 10−5 M or lower and initial surface densities
lower than 9.2 × 10−11 mol·cm−2 yield reproducible isotherms.
Under these experimental conditions a reproducible surface
pressure vs area per molecule (π−A) isotherm is shown in
Figure 3. The π−A isotherm of 1 is characterized by a zero

surface pressure in the 1.60−0.45 nm2·molecule−1 range,
featuring a lift off at ca. 0.44 nm2·molecule−1 followed by a
monotonous increase of the surface pressure upon compres-
sion. Figure 3 also shows the normalized surface potential
(surface potential multiplied by the area per molecule), ΔVn, vs

area per molecule isotherm. The surface potential isotherm can
often provide useful information relating to the molecular order
within the monolayer. Compression of 1 monolayer results in a
region, at areas per molecule higher than 0.5 nm2, characterized
by fluctuations in the surface potential. This might be due to
the presence of domains in the gas phase. After the coalescence
of these domains a region without fluctuations in 0.5−0.4 nm2

exhibits a practically linear increase of the normalized surface
potential. This observation may be explained in terms of the
appearance of significant intermolecular attractive forces
between 1 molecules upon compression even in the gas
phase (π−π interactions between the aromatic units as well as
aurophilic interactions), leading to an increase in the
hydrophobic environment of the molecules. This in turn
leads to a decrease in the local dielectric constant of the
headgroup region,85 which is consistent with an increase in the
normalized surface potential. At ca. 0.4 nm2 a change in the
slope of the normalized surface potential isotherm occurs, in
agreement with a phase change in the monolayer that
transforms to the liquid phase. An almost linear decrease in
the normalized surface potential values with decreasing area per
molecule in the 0.4−0.3 nm2 range is observed and attributed
primarily to the reorientation of the amine group and the water
molecules at the interface. Finally, the sudden decrease in ΔVn
at areas per molecule lower than 0.3 nm2 (∼7 mN·m−1) is
consistent with the appearance of local collapses of the
monolayer with dipole moments randomly distributed in
three-dimensional arrangements of 1 molecules. Stability
studies of the monolayer are also indicative of the appearance
of local collapses at areas per molecule higher than 6 mN·m−1

(inset of Figure 3). Thus, the percentage reduction in the area
per molecule at a constant surface pressure of 6 mN·m−1 is ca.
1% after 6 h. However, at a surface pressure of 8 mN·m−1 the
monolayer is rather unstable with a reduction in the area per
molecule of 14% after 6 h.
Reflection spectroscopy is a useful method for the in situ

characterization of the monolayer at the air−water inter-
face.68,86,87 Aggregation phenomena associated with 1 at the
air−water interface were investigated by in situ UV−vis
reflection spectroscopy through reflection of unpolarized light
under normal incidence. Reflection spectra, ΔR, at different
values of the area per molecule upon compression were
recorded and are shown in Figure 4a. As can be seen in Figure
4a, there is a red shift of the reflection spectra recorded at the
air−water interface relative to the solution spectrum, which is

Figure 3. Surface pressure vs area per molecule (π−A) and normalized
surface potential vs area per molecule (ΔVn−A) for 1 isotherms
recorded at 20 °C. (Inset) Percentage in the reduction of the area per
molecule with time at the indicated surface pressures.

Figure 4. (a) Absorption spectrum of 1 in chloroform (dark blue curve and left axis) and reflection spectra of Langmuir films upon compression
(remaining curves and right axis). (b) Normalized reflection spectra upon compression at the indicated areas per molecule.
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more significant at high surface pressures. The red shift of 1 in
the Langmuir films could be due to several factors.
(i) Solvatochromic ef fect. In order to understand the

influence of polarity in aggregation, 1 was dissolved in
solvents such as hexane, chloroform, ethanol, and
acetonitrile. A red shift was observed, from 330 (hexane)
to 332 (chloroform), 339 (ethanol), and 343 nm
(acetonitrile). This result indicates that the gradual red
shift observed upon compression is not attributable to
changes in the environment polarity since the polarity of
the film decreases with increasing surface pressure.

(ii) Formation of J aggregates. Aggregate formation may result
in a significant change in the electronic absorption
spectra. In H aggregates molecules align face to face,
yielding a sandwich-type arrangement which results in
blue-shifted absorption bands.88 In contrast to H
aggregates, J aggregates give rise to red-shifted absorption
bands. J aggegates are composed of molecules staggered
in an edge-to-edge configuration.89 OPE derivatives
arranged in L and LB films tend to form H
aggregates.62,75,90,91 It has been noted that, for some
compounds that tend to form H aggregates, e.g.,
merocyanines92,93 and azo compounds,94,95 incorpora-
tion of certain functional groups capable of forming
hydrogen bonds leads to formation of J aggregates
exhibiting a red shift in the absorption spectrum with
respect to the solution spectrum. However, other similar
highly conjugated OPE derivatives also containing −NH2
groups lead to formation of H aggregates,57,90,91 which
rules out that the presence of the amine group could
induce formation of J aggegates and therefore be the
cause of the red shift observed for 1 Langmuir films.

(iii) Conjugation length. It has been experimentally observed
that OPE derivatives exhibit a red shift when the
conjugation increases.96 Compound 1 is characterized by
the presence of strong aurophilic interactions between
neighbor molecules which could constrain the phenylene
rings to adopt more planar orientations, resulting in a
more extended π-electron delocalization.97,98 This
phenomenon has been previously observed in highly
conjugated OPE derivatives capable of forming lateral
hydrogen bonds with neighbor molecules.52 In contrast,
other OPE derivatives of similar length lacking such

aurophilic interactions do not exhibit any red shift in the
absorption band of the LB films with respect to the
solution.90 Therefore, aurophilic interactions may be the
main cause of the red shift observed in Langmuir films
with this effect being more significant upon the
compression effect since these interactions increase.

The normalized reflection, ΔRn, defined as ΔRn = ΔR·A,
where A is the area per molecule, more clearly demonstrates
changes of orientation, aggregation, multilayer formation, or
loss of material into the subphase than the directly measured
spectra, ΔR. Figure 4b shows the normalized reflection spectra
upon compression. No significant changes in the ΔRn values are
observed in the region between 0.85 and 0.31 nm2, indicating
that no changes in the orientation of the dipole transition
moment occur during the compression process. However, at
surface areas below 0.31 nm2 a decrease in the ΔRn values is
observed. This is consistent with the material being expelled
from the monolayer into the subphase, probably due to collapse
of the film leading to micelle formation and loss of material into
the subphase.99

Langmuir monolayers were transferred onto solid substrates
by the vertical dipping method onto cleaved mica at several
surface pressures of transference. 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
of 1 monomolecular LB films transferred at 4, 6, 10, and 14
mN·m−1 are shown in Figure 5. Films transferred at 4 mN·m−1

show large uncovered areas and a high root-mean-square
(RMS) roughness of 0.42 nm. Films transferred at 6 mN·m−1

are homogeneous with no evidence of holes and a low RMS
roughness of 0.10 nm. The higher spots observed in this image
could be due to a few local collapses. In films transferred at 10
and 14 mN·m−1 the RMS roughness increases again up to 0.48
and 0.54 nm, respectively, with the images clearly indicating
multilayered films. From these results it was concluded that 6
mN·m−1 is an optimum surface pressure of transference.
Electrochemical electron transfer currents at electrodes under

controlled potential provide an indirect measure of defect
densities in thin films100,101 where electron transport by
tunneling directly through the film is significantly blocked.
This can be conveniently studied by cyclic voltammetry for the
film-coated electrodes. Cyclic voltammograms (CV) obtained

Figure 5. AFM images and profile section of one-layer LB films of 1 transferred at the indicated surface pressures.
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from aqueous solutions 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 6, 10, and 14 mN·
m−1 surface pressures of transference are shown in Figure 6.

The electrochemical response of a bare gold electrode exhibits a
clear voltammetric wave for the ferrocyanide redox probe. The
faradaic current, on the other hand, is blocked for the electrode
modified by the LB film transferred at 6 mN·m−1. This result is
consistent with a low density of holes or defects in the
monolayer in agreement with the AFM observations. Higher
surface transference pressures give rise to much more
significant voltammetric waves, indicating that they offer a
substantially lower current blockage due to local collapse of the
monolayer and higher number of defects in the monolayer.
These electrochemical results confirm that 6 mN·m−1 is an
optimum surface pressure of transference for formation of well-
ordered monolayer films of 1.
During the upstroke of the film transfer process the

deposition ratio (defined as the decrease in monolayer area
during deposition divided by the area of the substrate)
determined by the software of the Langmuir trough is close
to unity for a transference surface pressure of 6 mN·m−1. This
transfer ratio 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 and results interpreted through the relation-
ships found in the Sauerbrey equation102

ρ μ
Δ = −

Δ
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), and μq is the shear modulus (2.95
× 1011 dyn·cm−2). The molecular weight of 1 (544 g·mol−1)
gives a surface coverage (Γ) of 5.4 × 10−10 mol·cm−2 through
application of the Sauerbrey equation. This is in good
agreement with the estimated value for the saturated surface

coverage, 5.3 × 10−10 mol·cm−2, determined from the
molecular area of 1 at the air−water interface at 6 mN·m−1.
The UV−vis spectrum of monolayer LB films of 1 transferred
at a surface pressure of 6 mN·m−1 shows an absorption band at
352 nm with a similar profile to the reflection spectra obtained
from the Langmuir films at the air−water interface (band at 358
nm at a surface pressure of 6 mN·m−1).
To determine the electrical characteristics of the LB films the

“STM touch-to-contact” method mentioned in the Introduc-
tion and described in detail elsewhere57,58,62 has been
used.57,58,62 In brief, this involves bringing the STM tip just
into contact with the top of the LB film and hence requires
calibration of the tip−substrate separation and film thickness.
With this knowledge of the tip−substrate distance and
monolayer thickness the STM tip is positioned just above the
LB film, avoiding either penetration of the STM tip into the
film or allowing a gap between the STM tip and the monolayer.
I−V curves were then recorded using a scanning tunneling
microscope (STM) and averaged from multiple (ca. 450) scans
at different locations on each substrate and across a number of
different samples to ensure the reproducibility and reliability of
the measurements.
For calibration of the “STM touch-to-contact” method the

thickness of the LB films on a gold electrode was estimated by
AFM tip lithography, in which the tip was used to scratch and
determine the thickness of the monolayer (2.02 ± 0.05 nm).
The tip−substrate distance was next calibrated by converting
the set-point parameters of the STM (I0 ≡ set-point current
and Ut ≡ tip bias) to an absolute tip-to-substrate
separation.103−105 To achieve this calibration, current−distance
scans were recorded at a sufficiently high set-point current (I0 =
60 nA and Ut = 0.6 V) to ensure that the tip was embedded
within the film before retracting it, and only current−distance
traces which displayed a monotonic exponential decrease of the
tunneling current were selected for quantitative estimate the
current decay d ln I/ds within the LB film. These d ln I/ds data
were recorded at different substrate locations and at regular
intervals during the measurements, and any curves showing
current plateaux synonymous with molecular-wire formation
were rejected since they are unsuited for quantification of
d ln I/ds within the film. Then, these monotonic exponential
decay curves were plotted as ln I versus s. Averaging the slope
of these collected ln I versus s plots gave d ln I/ds values
typically in the range of 5.7 ± 0.6 nm−1, which is in good
agreement with those reported for similar highly conjugated
compounds incorporated in molecular films.52,57,58,63,90,103,106

Using the d ln I/ds value for the LB film and assuming that the
conductance at the point where metal−tip contact occurs is G0
(G0 = 2e2/h = 77.4 μS) provides the basis for an absolute
calibration of the gap separation according to the following
equation

= ×
s

G U I
I s

ln( / )
d ln( )/d

0 t 0

(2)

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 knowledge of the

thickness of 1 LB films (2.02 nm), I−V curves can be
measured with the tip directly in contact with the monolayer at
I0 = 0.5 nA and Ut = 0.6 V as the set-point parameters (s = 2.02
nm). Figure 7 shows a representative I−V curve obtained for a
one-layer LB film transferred onto Au(111) at 6 mN·m−1 using

Figure 6. Cyclic voltammograms of 1 monolayers deposited on gold
electrodes at the indicated surface pressures of transference and a bare
gold electrode for comparison. An electrochemical potential was
applied to the LB films deposited on a working gold electrode
immersed in aqueous solutions containing 1 mM K3[Fe(CN)6] and
0.1 M KCl. Scan rate was 0.05 V·s−1, and initial scan direction was
negative. Reference electrode was Ag|AgCl|satd KCl, and counter
electrode was a Pt sheet.
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these derived set-point parameters. The profile of the I−V
curve is nearly symmetrical and exhibits a characteristic shape
for a tunneling junction (Simmon’s type behavior) I−V curve
profile over the full voltage region in spite of the inherent
asymmetry of the molecule. Nevertheless, the I−V curve
becomes approximately linear in the low-voltage region (from
−0.6 to +0.6 V), that is, the ohmic region, where the
conductance is 3.9 × 10−5 G0. This conductance is significantly
higher than that exhibited by other three-ring OPE derivatives
assembled by the LB technique52,57,58,90 (in the 0.26 × 10−5 to
1.48 × 10−5 G0 range), although the comparison is tentative
since other contacting groups have been used.52,57,58,90 This
increase in the conductance value may arise from a better
alignment of the molecular states of the organometallic
molecule with the Fermi levels of the gold contacts.23,24

■ CONCLUSIONS
An organometallic gold complex, 1, has been synthesized and
assembled into Langmuir and Langmuir−Blodgett films.
Langmuir films were prepared at the air−water interface and
characterized by surface pressure and surface potential vs area
per molecule isotherms and reflection spectroscopy, which
revealed that 1 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
unity.
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. These I−V curves reveal
that the presence of the gold atom in the backbone of the 1
increases considerably the conductance value of the junctions
with respect to other OPE derivatives without a metal in the
backbone. While the mechanism of conductance through
compound 1 remains to be fully elucidated, the observations
here add further momentum to the study of metal complexes
and organometallic compounds as components within molec-
ular junctions and ultimately in a molecular electronics
technology. Further studies to more precisely define the role

of the gold atom in 1 and related compounds are now
underway.
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Organization of an amphiphilic azobenzene derivative in monolayers at
the air-water interface. J. Phys. Chem. B 2002, 106, 2583−2591.
(88) Emerson, E. S.; Conlin, M. A.; Rosenoff, A. E.; Norland, K. S.;
Rodriguez, H.; Chin, D.; Bird, G. R. Geometrical structure and
absorption spectrum of a cyanine dye aggretate. J. Phys. Chem. 1967,
71, 2396−&.
(89) Jelley, E. E. Spectral absorption and fluorescence of dyes in the
molecular. Nature 1936, 138, 1009.
(90) Pera, G.; Martín, S.; Ballesteros, L. M.; Hope, A. J.; Low, P. J.;
Nichols, R. J.; Cea, P. Metal-molecule-metal junctions in Langmuir-
Blodgett films using a new linker: trimethylsilane. Chem.Eur. J.
2010, 16, 13398−13405.
(91) Villares, A.; Lydon, D. P.; Robinson, B. J.; Ashwell, G.; Royo, F.
M.; Low, P. J.; Cea, P. Langmuir-Blodgett films incorporating
molecular wire candidates of ester-substituted oligo(phenylene-
ethynylene) derivatives. Surf. Sci. 2008, 602, 3683−3687.
(92) Ikegami, K. Dye aggregates formed in Langmuir-Blodgett films
of amphiphilic merocyanine dyes. Curr. Appl. Phys. 2006, 6, 813−819.
(93) Hirano, Y.; Tokuoka, Y.; Kawashima, N.; Ozaki, Y. Origin of
formation of blue-shifted aggregates including H-aggregates in mixed
Langmuir-Blodgett films of merocyanine dye investigated by polarized
visible and infrared spectroscopy. Vib. Spectrosc. 2007, 43, 86−96.
(94) Karukstis, K. K.; Perelman, L. A.; Wong, W. K. Spectroscopic
characterization of azo dye aggregation on dendrimer surfaces.
Langmuir 2002, 18, 10363−10371.
(95) Haro, M.; del Barrio, J.; Villares, A.; Oriol, L.; Cea, P.; Lopez, M.
C. Supramolecular architecture in Langmuir and Langmuir-Blodgett
films incorporating a chiral azobenzene. Langmuir 2008, 24, 10196−
10203.
(96) Tang, X.; Schneider, T. W.; Walker, J. W.; Buttry, D. A.
Dimerized pi-complexes in self-assembled monolayers containing
viologens: An origin of unusual wave shapes in the voltammetry of
monolayers. Langmuir 1996, 12, 5921−5933.
(97) Hu, W.; Zhu, N.; Tang, W.; Zhao, D. Oligo(p-
phenyleneethynylene)s with hydrogen-bonded coplanar conformation.
Org. Lett. 2008, 10, 2669−2672.
(98) Hu, W.; Yan, Q.; Zhao, D. Oligo(p-phenylene-ethynylene)s with
backbone conformation controlled by competitive intramolecular
hydrogen bonds. Chem.Eur. J. 2011, 17, 7087−7094.
(99) Martin, S.; Haro, M.; Lopez, M. C.; Royo, F. M.; Cea, P. Charge
transfer complex formation at the air-water interface ″in situ″ studied
by means of UV-vis reflection spectroscopy. Surf. Sci. 2006, 600,
3045−3051.
(100) Porter, M. D.; Bright, T. B.; Allara, D. L. Spontaneously
organized molecular assemblies. 4. Structural characterization of
normal-alkyl thiol monolayers on gold by optical ellipsometry,
infrared-spectrsocopy, and electrochemistry. J. Am. Chem. Soc. 1987,
109, 3559−3568.
(101) Cea, P.; Lopez, M. C.; Martin, S.; Villares, A.; Pera, G.; Giner,
I. The use of cyclic voltammetry to probe the passivation of electrode
surfaces by well-ordered self-assembly and Langmuir-Blodgett films an
advanced undergraduate laboratory experiment in surface science and
nanomaterials chemistry. J. Chem. Educ. 2009, 86, 723−725.
(102) Sauerbrey, G. Z. Phys. 1959, 155, 206−222.
(103) Haiss, W.; Wang, C.; Grace, I.; Batsanov, A. S.; Schiffrin, D. J.;
Higgins, S. J.; Bryce, M. R.; Lambert, C. J.; Nichols, R. J. Precision
control of single-molecule electrical junctions. Nat. Mater. 2006, 5,
995−1002.
(104) Haiss, W.; Martin, S.; Leary, E.; van Zalinge, H.; Higgins, S. J.;
Bouffier, L.; Nichols, R. J. Impact of junction formation method and

surface roughness on single molecule conductance. J. Phys. Chem. C
2009, 113, 5823−5833.
(105) Sedghi, G.; Sawada, K.; Esdaile, L. J.; Hoffmann, M.; Anderson,
H. L.; Bethell, D.; Haiss, W.; Higgins, S. J.; Nichols, R. J. Single
molecule conductance of porphyrin wires with ultralow attenuation. J.
Am. Chem. Soc. 2008, 130, 8582−8583.
(106) Holmlin, R. E.; Haag, R.; Chabinyc, M. L.; Ismagilov, R. F.;
Cohen, A. E.; Terfort, A.; Rampi, M. A.; Whitesides, G. M. Electron
transport through thin organic films in metal-insulator-metal junctions
based on self-assembled monolayers. J. Am. Chem. Soc. 2001, 123,
5075−5085.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp510078w | J. Phys. Chem. C 2015, 119, 784−793793



9362 | Chem. Commun., 2015, 51, 9362--9365 This journal is©The Royal Society of Chemistry 2015

Cite this:Chem. Commun., 2015,
51, 9362

Rapid Markovnikov addition of HCl to a pendant
alkyne: evidence for a quinoidal cumulene†

Samantha G. Eaves,ab Sam J. Hart,c Adrian C. Whitwood,c Dmitry S. Yufit,a

Paul J. Low*b and Jason M. Lynam*c

Reaction of cis-[RuCl2(dppm)2]BF4 with TlBF4 and 1,4-diethynyl-

benzenes results in the formation of the vinylidene cations trans-

[Ru(QQQCQQQCH–C6H2-2,5-R2-4-CRRRCH)Cl(dppm)2]+ (R = H, Me).

Subsequent reaction with [NnBu4]Cl results in nucleophilic attack at

the coordinated organic ligand, but not at the expected metal-bound

carbon atom. Instead, trans-[Ru(CRRRC–C6H2-2,5-R2-4-CClQQQCH2)Cl-

(dppm)2] was generated which, when coupled with DFT calculations,

provides evidence for an intermediate quinoidal cumulene complex.

Transition metal cumulene complexes, [M]QCQ(C)nQCR2,
hold considerable synthetic and structural interest inherently
associated with their extended, unsaturated carbon-rich ligand,
and from applications as intermediates in the synthetic trans-
formations of alkynes and polyynes.1 Most typically, rearrangement
of an alkyne (or polyyne) within the coordination sphere of a
suitable metal fragment leads to the formation of a cumulated
(or unsaturated) carbene-like ligand. Charge alternation along the
backbone of the cumulene ligand results in facile electrophilic and
nucleophilic attack at the even- and odd-numbered carbon atoms
of the chain, respectively.2 Although shorter cumulenes, such as
vinylidenes (n = 0), allenylidenes (n = 1) and butatrienylidenes
(n = 2), are readily available, examples of complexes containing
longer members of this series are rare.3 Furthermore, for reasons of
synthetic convenience, it appears that extended cumulene ligands
with odd numbers of carbon atoms are more readily accessible
than those with an even number.3a,b For example, whilst a hepta-
hexaenylidene (n = 5)4 has been isolated (albeit stabilised with two
dimethylamino-substituents), the existence of a hexapentaenylidene

(n = 4)5 complex has only been inferred from isolation of
addition products.

In a recent study, Re has probed the butadiyne to butatrienylidene
isomerisation mediated by a half-sandwich ruthenium complex.6 In
this case, an intermediate ethynyl-substituted vinylidene complex was
proposed which then underwent a deprotonation–reprotonation
process to give the butatrienylidene complex via an intermediate
buta-1,3-diynyl species (Scheme 1a). We speculated that this might be
a general process to prepare complexes with longer cumulated
carbon-chain ligands, but aided through the introduction of quinoi-
dal fragments to increase the stability of the cumulated fragment
(Scheme 1b). Whilst (4-ethynylphenyl)vinylidenes are known, the
ground state structures lie firmly to the phenylvinylidene isomer.7

However, our calculations on the isomeric vinylidene and quinoidal
cumulene complexes trans-[Ru(QCQCH–C6H4–CRCH)Cl(dppm)2]+

([1a]+) and trans-[Ru(QCQCQC6H4QCQCH2)Cl(dppm)2]+ ([2a]+)
revealed the quinoidal form to lie only some 41 kJ mol!1 higher

Scheme 1
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in energy, and therefore a potential target for investigation
(Scheme 1b).

Reaction of a CH2Cl2 solution of cis-[RuCl2(dppm)2], [3], with
TlBF4 and either 1,4-diethynyl benzene ([4a]) or 1,4-diethynyl-
2,5-dimethylbenzene, ([4b]) gave the anticipated vinylidene
complexes trans-[Ru(QCQCH–C6H2-2,5-R2-4-CRCH)Cl(dppm)2]+

(R = H, [1a]+; R = Me, [1b]+) (Scheme 2). The 1H NMR spectra of
[1a]+ support the formation of the vinylidene isomers with reso-
nances at d 3.04 (s, 1H) and 3.07 (quin, JPH = 3 Hz, 1H) for the
alkyne and vinylidene protons respectively; similar data were
obtained for [1b]+. Low field resonances at d 356.2 ([1a]+) and
354.7 ([1b]+) in the 13C{1H} NMR confirmed the presence of the
vinylidene ligand. The vinylidene isomers [1]+ appeared to be stable
in solution, and analysis of the NMR spectra did not reveal any
evidence for a formal 1,7-hydrogen migration to give detectable
concentrations of the proposed quinoidal cumulene form [2]+. We
elected to probe the possibility of trapping the putative quinoidal
cumulene [2]+ by addition of chloride as a weakly-basic nucleophile,
chosen to avoid formation of trans-[Ru(CRCC6H2-2,5-R2-4-
CRCH)Cl(dppm)2], [5], and competitive ligand substitution reac-
tions at the metal centre.

Addition of [NnBu4]Cl to [1a]+ in CH2Cl2 solution resulted in
the rapid formation of a single new compound identified as
trans-[Ru(CRCC6H4-4-CClQCH2)Cl(dppm)2], [6a] (Scheme 2).
An analogous reaction was observed in the reaction between
[NnBu4]Cl and [1b]+ to give trans-[Ru(CRCC6H2-2,5-Me2-4-
CClQCH2)Cl(dppm)2], [6b]. Evidence for the formation of [6a]
and [6b] arises from the 1H NMR spectrum where two doublet
resonances for the geminal protons on the alkene were
observed at d 5.33 and d 5.60 [6a] and d 5.23 and d 5.52 [6b]
with a mutual coupling of 1.5 Hz. The presence of the alkene
group was confirmed by resonances at d 110.0 and 140.7 ([6a])
and d 114.2 and 139.4 ([6b]) in the 13C{1H} NMR spectra, the
latter showing cross peaks in a HMQC experiment to the two
alkene protons described above. The observation of n(CRC)

bands at 2074 ([6a]) and 2056 ([6b]) cm!1 in the IR spectra
confirmed the presence of the alkynyl functionality. Further-
more, the structures of [6a] (ESI†) and [6b] (Fig. 1) were also
elucidated by a single crystal X-ray diffraction study, which
confirmed the predictions made on the basis of the NMR and
IR spectra.

It is well established that the metal-bound, carbene carbon
atoms of vinylidene ligands are highly electrophilic and attack
by chloride at this site might be predicted.3c However, given
the steric crowding at the metal this process is presumably
prohibited, as evinced by the lack of reaction between trans-
[RuCl(CQCHPh)(dppm)2]+ and [NnBu4]Cl under similar conditions.
Addition of [NnBu4]Cl to the alkynyl complex trans-[Ru(CRCC6H4-
4-CRCH)Cl(dppm)2], [5a], did not result in any reaction until
HBF4 was added, ruling out direct nucleophilic attack at the neutral
complex.8

The competition between two potential pathways for nucleo-
philic attack by chloride at cationic complexes was considered
(Scheme 3). In the first case (pathway A), rearrangement of [1a]+

to give cumulene [2a]+ could occur (corresponding to the process
shown in Scheme 1b) which would then undergo direct nucleo-
philic attack at C(7) to give [6a]. Whereas in the case of pathway B
addition to C(1) of the vinylidene of [1a]+ would afford trans-
[Ru(CClQCH–C6H4-4-CRCH)Cl(dppm)2], [7a]. The viability of
these pathways was evaluated using Density Functional Theory
(see ESI† for details of the methodology employed).

In the case of pathway A the calculations demonstrated that
[2a]+ lies only 41 kJ mol!1 higher in energy than [1a]+ and, given
that in the presence of even weak bases (such as acetate or
chloride) low energy proton shuttle pathways become available
for transition metal vinylidene complexes,9 rapid interconver-
sion between [1a]+ and [2a]+ via [5a] is proposed. However, the
difference in energy between the two isomers indicates that the
equilibrium lies in favour of [1a]+.

Scheme 2 (i) +TlBF4, !TlCl, CH2Cl2; (ii) +[NnBu4]Cl, ![NnBu4]BF4.

Fig. 1 Solid state structure of [6b], solvent of crystallisation and selected
hydrogen atoms removed for clarity. Anisotropic displacement parameters
(where shown) are at the 50% probability level. Selected bond lengths/Å
Ru(1)–C(1) 2.025(2), C(1)–C(2) 1.179(3), C(7)–C(8) 1.321(3), C(7)–Cl(2)
1.757(2). Selected bond angles/1 C(1)–Ru(1)–Cl(1) 177.86(5), Ru(1)–C(1)–
C(2) 177.36(17), C(1)–C(2)–C(3) 172.7(2), C(6)–C(7)–Cl(2) 116.32(15), C(8)–
C(7)–C(6) 125.6(2).
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In both pathways A and B, linear transit scans were performed
to model the approach of chloride to C(1) of [1a]+ and C(7) of [2a]+.
The energy of a series of complexes with varied C–Cl distances were
probed and the species with C–Cl bond lengths between 3.3 and
2.2 Å all exhibited a single imaginary frequency corresponding to
C–Cl bond formation. Although the kinetic barriers for attack by

Cl! at C(1) in [1a]+ and C(7) in [2a]+ appear to be broadly similar
and relatively low it is clear that the formation of [6a] is thermo-
dynamically preferred as this complex lies 129 kJ mol!1 lower in
energy than [1a]+ with free chloride anion, and 105 kJ mol!1 lower
in energy than [7a]. Indeed, the free energy of formation of [7a] is
only favourable by 14 kJ mol!1 when compared to [1a]+ and free
chloride (shown as a dotted line in Fig. 2) and given that the transit
scan shows that the greatest barrier to the reverse reaction would
be 75 kJ mol!1, attack at this position would be expected to be
reversible and so the calculations provide a rationale for why
nucleophilic attack at [1a]+ is not observed.

Therefore the DFT calculations not only indicate that [2a]+ is
accessible in solution, but that there is a significant thermo-
dynamic preference for nucleophilic attack at the coordinated
quinoidal cumulene ligand. The nature of the products obtained
from these reactions support these suggestions. In considering
the scope of the vinylidene/cumulene rearrangement, it is inter-
esting to note that Markovnikov addition of HBr to the pendant
alkyne in [Mn(QCQCH–C6H4–CRCH)(CO)2Cp] has also been
observed, although at that time no quinoidal cumulene was
implicated in the process.10

In summary, we have obtained mechanistic evidence for the
participation of an extended even-numbered cumulene ligand
which promotes facile nucleophilic attack onto a coordinated
organic ligand. At present, work in our groups is underway to
explore the effects of other aromatic and heterocyclic moieties
as conjugated spacers to support extended cumulated ligand
structures, and investigate dipolar additions to these extended
carbon-rich, unsaturated ligands.
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was further supported by the EPSRC (Grants GR/H011455/1 and
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ABSTRACT: The Pd(PPh3)4/CuI-cocatalyzed reaction of
Ru(CCCCH)(PPh3)2Cp (2) with aryl iodides, Ar−I (3,
Ar = C6H4CN-4 (a); C6H4Me-4 (b); C6H4OMe-4 (c); 2,3-
dihydrobenzo[b]thiophene (d); C5H4N (e)) proceeds
smoothly in diisopropylamine and under an inert atmosphere
to give the substituted buta-1,3-diynyl complexes Ru(C
CCCAr)(PPh3)2Cp (4a−e) in moderate to good yield. The
procedure allows the rapid preparation of a range of metal
complexes of arylbuta-1,3-diynyl ligands without necessitating
the prior synthesis of the individual buta-1,3-diynes as ligand
precursors. Similar reaction of 2 with half an equivalent of 1,4-
diiodobenzene affords the bimetallic derivative {Ru-
(PPh3)2Cp}2(μ-CCCC-1,4-C6H4−CCCC) (5). In
the presence of atmospheric oxygen, homocoupling of the diynyl reagent 2 takes place to provide the octa-1,3,5,7-tetrayndiyl
complex {Ru(PPh3)2Cp}2(μ-CCCCCCCC) (6). Crystallographically determined molecular structures are reported
for five complexes (4a, 4b, 4d, 5, and 6). Quantum chemical calculations indicate that the HOMOs are mainly located on the
C4−C6H4−C4 and C8 bridges for 5 and 6, respectively, while spectroelectrochemical (UV−vis−NIR and IR) studies on 6
establish that oxidation takes place at the C8 bridge, likely followed by cyclodimerization reactions of the bridging ligand.

■ INTRODUCTION
Metal oligo/polyynyl M{(CC)nH}Lx species have attracted
significant interest over several decades, serving as scaffolds for
the assembly of bi-1−13 and polymetallic14−26 complexes and as
models and building blocks for metallomacrocycles15,27−29 and
metallopolymers.30−35 Detailed studies of the underlying
electronic structure of this family of complexes have been
undertaken, using a variety of computational and spectroscopic
methods, often with a view to modeling the behavior of these
prototypical molecular wires.21,36−39 The terminal CCH
moiety in polyynyl complexes M{(CC)n−1CCH}Lx offers
a convenient entry point for the preparation of a wide range of
polyynyl derivatives; however, the functionalization reactions of
−(CC)n−1CCH ligands are largely based on deprotona-
tion and subsequent trapping with various electrophiles,9,40−44

including metal complex electrophiles.45,46

To the best of our knowledge, the use of the Sonogashira
cross-coupling reaction as a tool to prepare substituted
derivatives of buta-1,3-diynyl complexes was first demonstrated
in reactions of W(CCCCH)(CO)3Cp with iodoaro-
matics.47 However, despite further successful demonstrations
of this “chemistry on the complex” concept to function-
alize48−52 or extend53−64 metal-alkynyl ligands through homo-
or cross-coupling protocols, the use of cross-coupling reactions
to functionalize metal complexes65 has been largely overlooked
for the preparation of more functional metal alkynyl complexes.

More conventional strategies involving the metalation of
preformed alkynes and (poly)ynes of general form H(C
C)n−1CCR or Me3Si(CC)n−1CCR8,66−69 have been
preferred.
We now report the use of Sonogashira-style cross-coupling

reactions in the preparation of a range of ruthenium buta-1,3-
diynyl complexes from a common Ru(CCCCH)-
(PPh3)2Cp platform. This strategy obviates the need to prepare
different diyne ligands for each and every complex, providing
rapid access to a range of complexes with various aryl buta-1,3-
diynyl ligands.

■ RESULTS AND DISCUSSION

Fluoride-induced desilylation of the readily available complex
Ru(CCCCSiMe3)(PPh3)2Cp (1) affords the terminal
buta-1,3-diynyl complex Ru(CCCCH)(PPh3)2Cp (2),18

which was chosen as a suitable platform on which to test
Sonogashira cross-coupling reactions with a wider range of aryl
iodides 3 than explored previously on the W(CCC
CH)(CO)3Cp platform (Scheme 1).47
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Reaction of 2 with the aryl iodides 3a−e in diisopropylamine
cocatalyzed by a simple Pd(PPh3)4 (5 mol %)/CuI (10 mol %)
mixture gave the substituted buta-1,3-diynyl complexes
Ru(CCCCAr)(PPh3)2Cp 4a−e in moderate (4a, 47%;
4c, 59%; 4d, 54%; 4e, 60%) to good (4b, 87%) yields. These
examples illustrate the versatility of the “chemistry-on-complex”
strategy; through this approach buta-1,3-diynyl complexes with
electron-withdrawing (3a, C6H4CN), electro-neutral (3b,
C6H4Me), electron-donating (3c, C6H4OMe), or metal surface
contacting (3d, 2,3-dihydrobenzo[b]thiophene (DHBT); 3e,
C5H4N) substituents have been obtained. Similarly, reaction of
2 with one-half equivalent of 1,4-diiodobenzene gave the
bimetallic bis(butadiynyl) complex {Ru(PPh3)2Cp}2(μ-C
CCC-1,4-C6H4CCCC) (5) in 67% yield.
The products were obtained in good purity as precipitates

from the reaction mixtures, and, where necessary, further
purification was achieved by column chromatography and/or
crystallization. Identification of the products was readily
achieved through a combination of IR, 1H, 13C, and 31P
NMR spectroscopies, MALDI-TOF, and high-resolution ES
mass spectrometry. The phosphine ligands were detected in the
31P NMR spectra as singlets in the narrow range 48.2 (4a) to
49.1 (4c) ppm, while the Cp ligands were detected in the 1H
spectra between 4.33 and 4.38 ppm. The 13C NMR resonances
were assigned with the aid of values obtained from calculations
modeled on 4a. In all cases the buta-1,3-diynyl ligand gave rise
to a two-band ν(CCCCAr) pattern with absorptions near
2160 and 2020 cm−1 that can be approximated as the local
oscillations of the CCAr and Ru−CC fragments,
respectively.70 In each case the MALDI-TOF spectrum
contained the molecular ion, together with a fragment ion
derived from loss of PPh3 in some cases.

Although most commonly used as a cross-coupling method-
ology, it is well known that the Sonogashira cycle can be
intercepted by oxidants to promote homocoupling of the
terminal alkyne.71−74 Indeed, Sonogashira-like conditions in the
presence of an additional oxidant are emerging as a viable
alternative to the Glaser-Hay-type methods of 1,3-diyne
synthesis.75 Accordingly, the reaction of 2 with catalytic
Pd(PPh3)4/CuI in NHPri2 in an open flask proceeded rapidly
to give the homocoupled octa-1,3,5,7-tetrayndiyl complex
{Ru(PPh3)2Cp}2(μ-CCCCCCCC) (6, 55%). Com-
plex 6 (60%)76 and the closely related buta-1,3-diyndiyl
{Ru(PPh3)2Cp}2(μ-CCCC) and hexa-1,3,5-triyndiyl{Ru-
(PPh3)2Cp}2(μ-CCCCCC)77 complexes have previ-
ously been prepared from desilylation/metalation reactions of
the appropriate di-, tri-, or tetra-yne Me3Si-(CC)n-SiMe3
with RuCl(PPh3)2Cp in the presence of KF. Other octa-1,3,5,7-
tetrayndiyl complexes have been prepared from oxidative Hay-
or Glaser-style coupling of buta-1,3-diynyl com-
plexes,2,58,60,78−82 and the approach described here provides a
complementary and highly convenient route to these systems.

Molecular Structures. Single crystals suitable for X-ray
diffraction analysis were obtained for the buta-1,3-diynyl
complexes 4a, 4b, and 4d and bimetallic complexes 5·CH2Cl2
and 6·2CH2Cl2; the structure of 6·4CHCl3 has been reported
recently by Bruce and colleagues.82 Representative plots of 4a,
5·CH2Cl2, and 6·2CH2Cl2 showing the atom-labeling scheme
are given in Figures 1−3, and selected bond lengths and angles
for 4a, 4b, 4d, 5·CH2Cl2, and 6·2CH2Cl2 are summarized in
Table 1 together with data from 6·4CHCl3

82 and DFT-
optimized structures (vide infra). The diynyl complexes 4a, 4b,
and 4d featuring the Ru(PPh3)2Cp fragment display bond
lengths associated with both the diynyl ligand and the metallic
half-sandwich moiety that barely differ from the few other

Scheme 1. Sonogashira Cross-Coupling Reactions of 2 with Aryliodides 3a−e, Yielding 4a−e, and Related Syntheses of 5 and 6
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examples of Ru(CCCCR)(PPh3)2Cp compounds re-
ported to date (R = SiMe3,

18 C(Ph)CBr2,
69 Ph,77 and CN83).

Thus, the ruthenium centers have the usual pseudo-octahedral
geometry, with bond lengths and angles in the ranges Ru−P
2.284(1)−2.342(2) Å, P(1)−Ru−P(2) 96.42(8)−101.39(1)°,
and P(1,2)−Ru−C(1) 88.37(6)−92.24(5)°. The Ru−C(1)
lengths fall between 1.984(2) Å (4a) and 2.002(3) Å (4b),

which compares with the 1.986(4)−1.99(1) Å range found in
previous examples. For the diynyl chain, the bond lengths
display the expected pattern of short−long alternation C(1)−
C(2) 1.21(1)−1.23(1) Å, C(2)−C(3) 1.35(1)−1.38(1) Å, and
C(3)−C(4) 1.168(14)−1.216(4) Å, and the chain is essentially
linear, with angles Ru−C(1)−C(2) 172.8(2)−175.6(3)° and
C(1)−C(2)−C(3) 170(1)−178(1)°.
In the solid state, the bimetallic complexes 5·CH2Cl2 and 6·

2CH2Cl2 adopt a trans-conformation of the Cp rings. The
torsion angle C(0)−Ru−C(5)−C(6) in 5·CH2Cl2 is 172.9(9)°
(C(0) is the centroid of the Cp ring), suggesting that, at least in
the structure adopted in the solid state, the dyz and dxz orbitals
of the Ru atom are able to participate in conjugation along the
carbon-rich bridging ligand. The octa-1,3,5,7-tetrayn-1,8-diyl
ligand in 6·2CH2Cl2 displays the sigmoidal distortions from
linearity often observed for extended carbon chain com-
plexes.82,84 In 5·CH2Cl2 the Ru−C(1) distance (1.965(10) Å)
is the shortest in the series and arguably shorter than the Ru−
Cα bond found in the related hexa-1,3,5-triyne-1,6-diyl complex
[{Ru(PPh3)2Cp}2(μ-CCCCCC)] (2.001(6) Å)77 and
in 6·2CH2Cl2, but equal to that found in 6·4CHCl3 (1.963(6)
Å).82 Clearly, these small structural variations must be treated
cautiously to avoid overinterpretation.

Electrochemistry. The monometallic complexes 4a−e each
give one oxidation wave that is electrochemically reversible but
chemically irreversible, supported by the observation of a 30
mV shift in the peak potential per decade change in scan rate,
and peak currents linear vs ν1/2, with peak potentials at 100
mV/s that vary between 0.06 and 0.22 V and exhibit a trend in
accord with the electronic character of the aryl substituent:
Ru(CCCCC6H4OMe-4)(PPh3)2Cp 4c < Ru(CCC
CC6H4Me-4)(PPh3)2Cp 4b < Ru(CCCCDHBT)-
(PPh3)2Cp 4d < Ru(CCCCC6H4CN-4)(PPh3)2Cp 4a <
Ru(CCCCC5H4N)(PPh3)2Cp 4e (Table 2). The irrever-
sibility of similar diynyl complexes has been noted on previous
occasions18 and is likely due to intermolecular coupling of the
generated diynyl radicals.66,85 A general scheme of this
oxidation dimerization process is depicted in Scheme 2.
Similarly, two electrochemically reversible, but chemically

irreversible, oxidation waves (peak potential displaying 30 mV
shift per decade change in scan rate, peak currents linear vs
ν1/2) are observed in the cyclic voltammogram of the
bis(butadiynyl) complex 5 (Table 2). The chemical stability
of [5]+ did not improve at lower temperatures (ambient to −30
°C), and chemical complications evidenced by the appearance
of a new reduction wave at −0.15 V on the return scan were
still apparent at ν = 800 mV s−1. The chemical instability of this
bis(butadiynyl) complex is entirely consistent with the limited
chemical stability of 4a−e and other related systems reported
elsewhere.85

In contrast to these monometallic buta-1,3-diynyl derivatives,
the bimetallic octa-1,3,5,7-tetrayndiyl complex 6 displays one
fully reversible oxidation wave (ipa/ipc = 0.98, ΔEp = 74 mV),
which is comparable with the internal decamethylferrocene
reference, and three subsequent, irreversible processes (Table
2). These four processes correspond well to the four oxidation
processes described for the analogous buta-1,3-diyndiyl (−C
CCC−) complex {Ru(PPh3)2Cp}2(μ-CCCC).86,87 In
the case of the shorter chain analogue, {Ru(PPh3)2Cp}2(μ-C
CCC), the first three redox processes at least are chemically
reversible. Spectroelectrochemical studies supported by quan-
tum chemical calculations have been used to demonstrate the
progressive shift in the character of the carbon chain from

Figure 1.Molecular structure of 4a showing the atom-labeling scheme.
In this and all subsequent plots thermal ellipsoids are drawn at the
50% probability level, and H atoms and solvent molecules (when
present) are omitted for clarity.

Figure 2. Plot of a molecule of 5·CH2Cl2. The molecule is located in
the center of symmetry. Hydrogen atoms and molecules of solvation
omitted for clarity.

Figure 3. Plot of a molecule of 6·2CH2Cl2. The molecule is located in
the center of symmetry. Hydrogen atoms and molecules of solvation
omitted for clarity.
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butadiyndiyl (−CCCC−) through butatrienylidene (
CCCC) toward butynediyldiide (CC
CC).86,87 The cation [{Ru(PPh3)2Cp}2(μ-CCCC)]+

is sufficiently kinetically and thermodynamically stable to be
isolated and has been explored in a number of contexts.86,87

The closely related hexa-1,3,5-triyne-1,6-diyl complex {Ru-
(dppe)2Cp}2(μ-CCCCCC) exhibits three redox pro-
cesses in the potential window explored, the first two of which
were reversible and the third being only partially chemically
reversible.68 However, in contrast to the C4 example, the more
exposed C6 chain in [{Ru(dppe)2Cp}2(μ-CCCCCC)]+

undergoes an intermolecular coupling reaction on time scales
longer than the voltammetric measurement at temperatures
above −10 °C to give an unusual dimeric complex featuring a
cyclobutene motif formed by coupling between CαCβ of one
molecule with CγCδ of another (Scheme 3).68 This

Table 1. Selected Crystallographically Determined Bond Lengths and Angles for Complexes 4a, 4b, 4d, 5·CH2Cl2, and 6·
2CH2Cl2, with Related Data from 6·4CHCl3 and DFT-Optimized (B3LYP/3-21G*/CPCM-CH2Cl2) Geometries (4a′, 5′, and
6′)

4a 4a′ 4b 4d 5·CH2Cl2 5′ 6·2CH2Cl2 6·4CHCl3
82 6′

Bond Lengths (Å)

Ru−P(1) 2.2936(5) 2.3366 2.2884(8) 2.2844 (5) 2.342(2) 2.3324,
2.3344

2.298(2) 2.305(2) 2.3432,
2.3432

Ru−P(2) 2.2915(5) 2.3315 2.3001(7) 2.3088 (5) 2.306(3) 2.3245,
2.3233

2.282(2) 2.291(2) 2.3404,
2.3314

Ru−C(1) 1.984(2) 1.9783 2.002(3) 1.9947 (19) 1.965(10) 1.9855,
1.9860

1.976(5) 1.963(6) 1.9822,
1.9841

C(1)−C(2) 1.221(3) 1.2420 1.214(4) 1.226 (3) 1.233(13) 1.2406,
1.2407

1.229(7) 1.237(7) 1.2440,
1.2445

C(2)−C(3) 1.371(3) 1.3485 1.380(4) 1.373 (3) 1.346(14) 1.3519,
1.3519

1.362(8) 1.370(8) 1.3445,
1.3444

C(3)−C(4) 1.204(3) 1.2255 1.216(4) 1.211 (3) 1.168(14) 1.2250,
1.2250

1.220(7) 1.197(7) 1.2345,
1.2346

C(4)−C(5)/C(4)−C(4′) 1.430(3) 1.4139 1.429(4) 1.431 (3) 1.476(16) 1.4174,
1.4175

1.358(11) 1.385(12) 1.3395

Angles (deg)
P(1)−Ru−P(2) 101.39(2) 102.63 98.89(3) 97.44(2) 96.42(8) 101.07,

101.23
100.27(5) 98.74(4) 101.95,

100.35
P(1)−Ru−C(1) 90.67(5) 90.96 89.89(9) 92.24(5) 93.9(3) 91.07, 91.46 86.49(15) 87.2(1) 88.35, 92.20
P(2)−Ru−C(1) 88.37(6) 88.24 91.77(8) 91.85(5) 90.1(3) 91.13, 90.71 94.12(16) 93.5(1) 92.07, 89.76
Ru−C(1)−C(2) 175.0(2) 175.10 175.6(3) 172.8(2) 172.8(8) 173.91,

173.86
168.5(5) 174.6(4) 173.17,

175.94
C(1)−C(2)−C(3) 178.6(2) 179.21 173.5(3) 174.9(2) 170.3(12) 178.95,

179.03
170.3(6) 173.6(5) 178.35,

178.76
C(2)−C(3)−C(4) 178.3(2) 179.63 177.9(3) 178.2(2) 176.2(12) 179.24,

179.87
175.0(6) 176.7(5) 178.97,

179.08
C(3)−C(4)−C(5)/C(3)−C(4)−C(4′) 173.4(2) 179.63 173.6(3) 179.4(2) 177.2(13) 179.11,

179.35
179.8(8) 178.3(7) 179.05

Table 2. Electrochemical Data of the Ru(CCCC−
Ar)(PPh3)2Cp Derivatives 4a−e, 5, and 6a

compound Epa(1) Epa(2) Epa(3) Epa(4)

Ru(CCCCC6H4OMe-4)
(PPh3)2Cp, 4c

0.06

Ru(CCCCC6H4Me-4)(PPh3)2Cp,
4b

0.09

Ru(CCCCDHBT)(PPh3)2Cp, 4d 0.11
Ru(CCCCC6H4CN-4)(PPh3)2Cp,
4a

0.21

Ru(CCCCC5H4N)(PPh3)2Cp, 4e 0.22
{Ru(PPh3)2Cp}2-
(μ-CCCCC6H5CCCC), 5

0.04 0.24

E1/2(1) Epa(2) Epa(3) Epa(4)

{Ru(PPh3)2Cp}2-
(μ-CCCCCCCC), 6

−0.16 0.15 0.61 0.82

aEpa (anodic peak potential, V) vs ferrocene/ferrocenium (FeCp2/
[FeCp2]

+ = 0 V) (CH2Cl2, 0.1 M NBu4PF6, Pt dot working electrode).
Data recorded against an internal decamethylferrocene/decamethyl-
ferrocenium (FeCp*2/[FeCp*2]+) standard. Under these conditions
FeCp*2/[FeCp*2]+ = −0.53 V vs FeCp2/[FeCp2]

+.

Scheme 2. General Oxidation and Dimerization Process for
a Ru−CC−CC−R Complexa

aRu = Ru(PP)Cp′ where PP = (PPh3)2 or dppe, Cp′ = Cp or Cp*; R
= aryl or −(CC)n−Ru.
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contrasting reactivity prompted further investigation of the first
electrochemically reversible process observed for the C8-
bridged complex 6 by spectroelectrochemical methods.
Spectroelectrochemistry. Spectroelectrochemical (UV−

vis−NIR, IR) studies of 6 were conducted in a Hartl-style
OTTLE cell88 in 0.1 M NBu4PF6/CH2Cl2 solution at ambient
temperature. The characteristic ν(CC) bands of 6 were
observed at 2107 and 1955 cm−1 in the IR spectrum. On
oxidation of 6, the spectrum evolved into a more complex series
of ν(CC) bands between 2059 and 1862 cm−1 with clear
maxima at 2059 s, 2039 sh, 1953 m, and 1862 vs cm−1 (Figure
4). However, back-reduction failed to completely recover the
original spectrum of 6, suggesting an electrochemical/chemical
(EC) process on the longer time scale of the electrolysis, albeit
low volume, required for the spectroelectrochemical method.
As noted above, the oxidation of a related hexa-1,3,5-triyne-

1,6-diyl complex, [{Ru(dppe)Cp}2(μ-CCCCCC)], was
reported68 to give the dimerization product {cyclo-C([Ru])C-
(CCCC[Ru])C(CC]Ru]C(CC[Ru])}2+ ([Ru] = Ru(dppe)-
Cp) (Scheme 3). This dimer has a remarkably similar ν(CC)
band pattern at 2080−1930 cm−1 to that for the oxidized
product shown in Figure 4 and suggests that a dimerization
product is also formed on oxidation of 6.
The oxidation of 6 was also followed in the UV−vis−NIR

region. Upon one-electron oxidation, the spectra display a loss

of the intense UV band at 29 793 cm−1 and the appearance of
new features in the NIR region at 7500 cm−1, which grew and
decayed during the earlier stages of the electrolysis, and two
further bands at 11 048 and 14 280 cm−1, which continued to
grow throughout the experiment (Figure 5). Again, back-
reduction failed to regenerate 6, confirming the EC process in
the initial stages of the spectroelectrochemical experiment.

Scheme 3. Synthesis and Dimerization of
[{Ru(dppe)2Cp}2(μ-CCCCCC)]+ 68

Figure 4. IR spectra collected in a spectroelectrochemical cell during
oxidation of 6 (0.1 M NBu4PF6/CH2Cl2).

Figure 5. UV−vis−NIR spectra collected in a spectroelectrochemical
cell during oxidation of 6 (0.1 M NBu4PF6/CH2Cl2).
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Although we have not identified the product ultimately
formed on oxidation of 6, the transient band observed at 7500
cm−1 likely arises from the initial oxidation product [6]+, while
the relatively intense, persistent features observed at the later
stages at 11 048 and 14 280 cm−1 are similar to those observed
in the absorption spectrum of {cyclo-C([Ru])C(CCCC[Ru])-
C(CC]Ru]C(CC[Ru])}2+ (12 060, 16 640 cm−1, [Ru] =
Ru(dppe)Cp, Scheme 3).68 It therefore appears probable that
the initial oxidation of 6 to give the radical cation [6]+ is
followed by a cyclodimerization process analogous to that
observed for oxidation of [{Ru(dppe)Cp}2(μ-CCCC-
CC)]+.
While the radical cation [6]+ is observed in the UV−vis−NIR

spectra on oxidation, the IR bands corresponding to [6]+ were
not observed in the IR spectra on oxidation. The sample
concentration used for IR spectroelectrochemistry is higher
than for UV−vis−NIR spectroelectrochemistry, so the rate of
dimerization on oxidation would likely be faster and may
account for the failure to detect any appreciable accumulation
of [6]+ in the IR experiments. Given the ample evidence for the
highly reactive nature of [6]+, efforts to isolate this species were
not undertaken.
Quantum Chemical Calculations. The electronic struc-

ture of monometallic polyynyl8,89,90 and bimetallic polyyndi-
yl37−39,87,91 complexes has been explored in detail over the last
20 years at increasingly sophisticated levels of theory. Here,
hybrid-DFT calculations (B3LYP/3-21G*/CPCM-CH2Cl2)
were carried out on the compounds 5 and 6 to investigate
the influence of the interpolated phenylene ring on the
electronic structure of these π-extended, carbon-rich complexes.
Compound 4a was also studied to aid the assignment of 13C

NMR spectra in the series 4a−e. Each system was fully
optimized without symmetry constraints, with frequency
calculations indicating each structure to be a true minimum.
The resulting computational systems are denoted 4a′, 5′, and 6′
to distinguish them from the physical complexes.
Each structure in the bimetallic complexes adopts a mutual

trans-arrangement of the Cp rings, and in the case of 5′, the
phenylene ring essentially bisects the P−Ru−P angles at each
metal (Cp(0)−Ru(1)−C(5)−C(7): −172.9° (5); 165.26 (5′);
Cp(0) is the centroid of the Cp ring). The selected bond
lengths and angles for 4a′, 5′, and 6′ summarized in Table 1
enable comparison with the crystallographically determined
structures. The majority of experimental bond lengths are
reproduced well with differences of <0.02 Å. The most
significant deviations arise from the Ru−P distances in 6,
which are overestimated by 0.04−0.06 Å, and the ±0.06 Å
difference between the calculated C(3)−C(4) and C(4)−C(5)
distances in 5′ and the values obtained from the relatively low-
precision crystallographic structure. Nevertheless, deviations of
this magnitude are not uncommon for calculations of
organometallic complexes, and the overall level of agreement
is more than satisfactory.
The electronic structures of 5′ (Table 3) and 6′ (Table 4)

were also examined, those of buta-1,3-diynyl complexes having
been well discussed elsewhere,8,89,90 and give features that are
broadly as expected for half-sandwich alkynyl derivatives.92−94

Thus, in each case the HOMO and HOMO−1 have dπ/π
character along the Ru−CC−...−CC−Ru backbone, with
the usual nodal planes between the formally singly bonded
atoms (Figure 6).

Table 3. Orbital Energies (eV) and Composition (%) for Selected Frontier Orbitals of 5′
MO eV Cp1 PPh31 Ru1 Cα1 Cβ1 Cγ1 Cδ1 C6H4 Cδ2 Cχ2 Cβ2 Cα2 Ru2 PPh32 Cp2

405 L+5 −0.81 4 76 10 1 0 0 0 0 0 0 0 0 1 8 0
404 L+4 −0.85 1 98 1 0 0 0 0 0 0 0 0 0 0 0 0
403 L+3 −0.85 0 0 0 0 0 0 0 0 0 0 0 0 1 98 1
402 L+2 −1.23 0 0 0 0 0 0 0 0 0 0 0 0 32 54 14
401 L+1 −1.23 14 54 32 0 0 0 0 0 0 0 0 0 0 0 0
400 LUMO −1.33 1 1 2 8 0 11 3 49 3 11 0 8 2 1 1
399 HOMO −4.64 3 3 12 5 8 4 7 15 7 4 8 5 12 3 3
398 H-1 −5.14 5 4 20 3 10 1 7 4 6 1 9 3 18 4 5
397 H-2 −5.20 1 1 6 1 3 0 2 2 11 2 15 6 40 5 5
396 H-3 −5.20 5 5 40 6 15 2 11 2 2 0 3 1 7 1 1
395 H-4 −5.61 19 16 34 5 4 1 4 1 1 0 1 1 6 3 4
394 H-5 −5.62 4 3 6 1 1 0 1 1 4 1 5 5 33 16 19

Table 4. Orbital Energies (eV) and Composition (%) for Selected Frontier Orbitals of 6′
MO eV Cp1 PPh31 Ru1 Cα1 Cβ1 Cχ1 Cδ1 Cδ2 Cχ2 Cβ2 Cα2 Ru2 PPh32 Cp2

385 L+5 −0.81 2 31 6 7 0 8 4 4 8 0 7 6 13 3
384 L+4 −0.82 2 60 9 4 0 4 2 2 4 0 3 2 6 1
383 L+3 −0.88 1 68 2 3 0 3 2 2 3 0 3 3 8 1
382 L+2 −0.90 0 3 0 1 0 1 1 1 1 0 1 6 82 2
381 L+1 −1.25 0 0 0 0 0 0 0 0 0 0 0 34 52 15
380 LUMO −1.26 15 53 32 0 0 0 0 0 0 0 0 0 0 0
379 HOMO −4.46 3 3 13 8 8 7 7 8 7 9 8 14 3 3
378 H-1 −4.64 1 1 14 9 8 8 8 8 9 8 9 13 1 1
377 H-2 −5.44 7 6 21 0 8 1 4 4 1 8 0 25 6 8
376 H-3 −5.46 13 10 34 1 2 0 1 1 0 3 1 21 6 7
375 H-4 −5.56 10 7 18 2 1 1 1 1 1 1 2 27 14 17
374 H-5 −5.88 4 7 28 1 8 0 4 4 0 8 1 23 6 4
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These filled frontier orbitals are well separated from the
LUMO and LUMO+1 (ΔEHOMO−LUMO: 3.31 eV (5′), 3.20 eV
(6′)), which in 6′ are essentially degenerate, and largely located
on the Ru(PPh3)2Cp fragments. However, at this level of
theory, in 5′ the LUMO is bis(butadiynyl)benzene π* orbital in
character, with the degenerate Ru(PPh3)2Cp metal−ligand
antibonding orbitals forming the LUMO+1 and LUMO+2 and
lying ca. 0.1 eV above the LUMO.
While the dπ/π-type HOMO of 5′ is delocalized extensively

along the entire length of the RuCCCCC6H4CCC
CRu chain (ca. 24% Ru, 48% C4, 15% C6H4), the planar
phenylene moiety breaks the conjugation in the orthogonal
HOMO−1 (ca. 38% Ru, 40% C4, 4% C6H4) and gives a
substantial HOMO to HOMO−1 gap of ca. 0.5 eV. In contrast,
the cylindrical symmetry of the all-carbon chain in 6′ results in
a more similar composition and energy of the HOMO (−4.46
eV; 27% Ru, 62% C8) and HOMO−1 (−4.64 eV; 27% Ru, 67%
C8). The presence of one (5′) or two (6′) occupied orbitals in
the frontier region is consistent with the observation of two
(5′) or four (6′) oxidation processes in these complexes. In
addition, the lower lying HOMO of 5′ is consistent with the
more positive redox potentials (Table 2) observed for the first
and second processes of 5′ relative to 6′.

■ CONCLUSION
We have demonstrated that the availability of stable terminal
buta-1,3-diynyl complexes makes Sonogashira cross-coupling
protocols an appealing entry point for the preparation of a wide
range of substituted buta-1,3-diynyl compounds, thereby
avoiding the preparation of buta-1,3-diyne ligand precursors.
The process is suitable for the preparation of “simple” buta-1,3-
diynyl complexes, i.e., those bearing substituents, which are
chemically and functionally rather complex, such as 2,3-
dihydrobenzo[b]thiophene (4d) and pyridine (4e), and more
elaborate bis(diynyl) complexes such as 5. Facile homocoupling
of Ru(CCCCH)(PPh3)2Cp in the presence of Pd(II)/
Cu(I) cocatalysts and air as an oxidant affords the octa-1,3,5,7-
tetra-1,8-diyl complex 6. While the chemical reactivity of [5]+

and [6]+ prevented detailed analysis of these compounds by
spectroelectrochemical methods, DFT calculations indicate the
significant organic character in the frontier orbitals of 5′ and 6′.
The significant difference in the relative energy and
composition of the HOMO−1 in these complexes is consistent
with the trends in electrochemical properties. The work
described here therefore extends the “chemistry on the
complex” approach to the preparation of complex organo-

metallic compounds and further illustrates the facile synthetic
routes that may be developed using this strategy.

■ EXPERIMENTAL SECTION
General Conditions. All reactions were carried out in oven-dried

glassware under an oxygen-free argon atmosphere using standard
Schlenk techniques. Diisopropylamine and triethylamine were purified
by distillation from KOH; other reaction solvents were purified and
dried using Innovative Technology SPS-400 and degassed before use.
The compounds 218 and 3d95 were prepared by literature methods.
Other reagents were purchased commercially and used as received.
NMR spectra were recorded in deuterated solvent solutions on Bruker
Avance 400 MHz and Varian VNMRS 700 MHz spectrometers and
referenced against residual protio-solvent resonances (CHCl3:

1H 7.26
ppm, 13C 77.00 ppm and CH2Cl2:

1H 5.32 ppm, 13C 53.84 ppm). In
the NMR peak assignments, the phenyl rings associated with the dppe
and PPh3 are denoted Ph, and Ar indicates any arylene group
belonging to the alkynyl ligands. NMR spectra for 4a−e, 5, and 6 are
depicted in Figures S1−S28. The Cβ, Cγ, and Cδ

13C NMR peaks were
assigned with the aid of computed GIAO-NMR data and are listed in
Table S1.

Matrix-assisted laser desorption ionization (MALDI) mass spectra
were recorded using an Autoflex II TOF/TOF mass spectrometer with
a 337 nm laser. Infrared spectra were recorded on a Thermo 6700
spectrometer from CH2Cl2 solution in a cell fitted with CaF2 windows.
Electrochemical analyses were recorded using a BAS CV50W
electrochemical analyzer fitted with a three-electrode system consisting
of a Pt disk as working electrode; auxiliary and reference electrodes
were from a solution in CH2Cl2 containing 0.1 M NBu4PF6. Plots of
the CVs of 4a−e, 5, and 6 are shown in Figures S29−S32.

X-ray Crystallography. Single-crystal X-ray data for compounds
4a,b,d were collected at 120(2) K on a Bruker SMART CCD 6000
(fine-focus sealed tube, graphite monochromator), and for compound
6 on a Bruker D8Venture (Photon 100 CMOS detector, IμS
microsource, focusing mirrors) diffractometer using Mo Kα radiation
(λ = 0.710 73 Å). The data for extremely small and weakly diffracting
crystals of 5 were collected at 150(2) K on a Rigaku Saturn 724+
diffractometer at station I19 of the Diamond Light Source (UK)
synchrotron (undulator, λ = 0.6889 Å, ω-scan, 1.0°/frame). The
temperature of the crystals was maintained with Cryostream (Oxford
Cryosystems) open-flow nitrogen cooling devices. All structures were
solved by direct methods and refined by full-matrix least-squares on F2

for all data using SHELXL96 and OLEX297 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. One of the Cl atoms in the
CH2Cl2 solvate molecule in structure 6 showed abnormal anisotropic
displacement parameters and was modeled as disordered over two
positions with fixed site occupation factors (SOF) of 0.8 and 0.2. The
largest component was refined in anisotropic mode, and the minor one
was left isotropic. The attempts to model a possible disorder of the
corresponding carbon atom did not result in any improvement of the
model, and the atom was refined with full occupancy. Crystallographic
data for the structures have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publications CCDC-
1033080−1033084.

General Procedure for the Preparation of the Buta-1,3-diynyl
Ruthenium(II) Complexes 4a 4b, 4c, 4d, and 4e. In a Schlenk flask, a
mixture of Ru(CCCCH)(PPh3)2Cp (2), 1.5 equiv of the
appropriate iodoaryl, 5 mol % Pd(PPh3)4 and 10 mol % CuI was
added to degassed diisopropylamine (NHPri2) (1 mL/mmol). The
reaction mixture was heated at 90 °C for 2 h, after which time the
heating bath was removed and the solution allowed to cool to room
temperature. The resulting precipitate was collected by filtration,
washed with cold hexane, dried, washed with cold MeOH, and dried in
air to give the final compound.

Ru(CCCC−C6H4CN-4)(PPh3)2Cp (4a).98 4a was isolated as a
honey-yellow-colored solid from 2 (100 mg, 0.135 mmol). Yield: 53
mg, 0.063 mmol (47%). Single crystals suitable for X-ray diffraction

Figure 6. MO diagrams of 5′ (left) and 6′ (right) and plots of key
frontier molecular orbitals (contour value ±0.02 (e/bohr3)1/2).
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were grown by slow diffusion of methanol into a CH2Cl2 solution
containing 5% NEt3.

1H NMR (400 MHz, CDCl3): δ 7.43 (ABq, J =
8.2 Hz, 4H, Ar), 7.37−7.35 (m, 12H, Ph), 7.21−7.19 (m, 6H, Ph),
7.12−7.10 (m, 12H, Ph), 4.33 (s, 5H, Cp) ppm. 31P{1H} NMR (162
MHz, CDCl3): δ 48.2 (s) ppm. 13C{1H} NMR (700 MHz, CDCl3): δ
138.1−137.8 (m, Phi), 134.1 (t, J = 24.7 Hz, Cα) 133.6 (t, J = 4.9 Hz,
Pho), 132.6 (HCAr), 131.6 (CAr), 131.5 (HCAr), 128.7 (Php), 127.4 (t, J
= 4.6 Hz, Phm), 119.3 (CN), 108.2 (CAr), 96.0 (Cβ), 85.9 (Cp), 85.7
(Cγ), 61.8 (Cδ) ppm. IR (CH2Cl2): ν(CCCC) 2147 s, 2017 m
cm−1. MS (MALDI-TOF): m/z 579.2 [M − PPh3]

+, 719 [Ru(CO)-
(PPh3)2Cp]

+, 841 [M]+. HR-ESI+-MS: m/z calcd for C52H40NP2
96Ru

836.1712; found 836.1737. Crystal data for 4a: C52H39NP2Ru, M =
840.85, monoclinic, space group P21/c, a = 14.2477(6) Å, b =
16.6875(8) Å, c = 17.3130(8) Å, β = 90.515(1)°, U = 4116.1(3) Å3,
F(000) = 1728, Z = 4, Dc = 1.357 mg m−3, μ = 0.496 mm−1; 64 895
reflections were collected, yielding 10 431 unique data (Rmerg =
0.0691). Final wR2(F

2) = 0.0818 for all data (505 refined parameters),
conventional R1(F) = 0.0330 for 7972 reflections with I ≥ 2σ, GOF =
1.007.
Ru(CCCC−C6H4CH3-4)(PPh3)2Cp (4b). 4b was isolated from 2

(40 mg, 0.054 mmol) as a yellow solid. Yield: 39 mg, 0.047 mmol
(87%). Single crystals suitable for X-ray diffraction were grown by slow
diffusion of methanol into a CH2Cl2 solution containing 5% NEt3.

1H
NMR (400 MHz, CDCl3): δ 7.44−7.39 (m, 12H, Ph), 7.34−7.32 (m,
2H, Ar), 7.26−7.20 (m, 6H, Ph), 7.15−7.11(m, 12H, Ph), 7.05−7.03
(m, 2H, Ar), 4.33 (s, 5H, Cp), 2.32 (s, 3H, CH3) ppm.

31P{1H} NMR
(162 MHz, CDCl3): δ 48.4 (s) ppm. 13C{1H} NMR (700 MHz,
CDCl3): δ 138.3−137.8 (m) (Phi), 135.5 (CAr), 133.6 (t, J = 5.1 Hz,
Pho), 132.0 (HCAr), 128.4, 128.3 (HCAr or Php), 127.1 (t, J = 4.6 Hz,
Phm), 122.8 (t, J = 24.9 Hz, Cα), 122.7 (CAr), 95.4 (Cβ), 85.4 (Cp),
79.3 (Cγ), 62.7 (Cδ), 21.1 (CH3) ppm. IR (CH2Cl2): ν(CCCC)
2159 s, 2021 m cm−1. MS (MALDI-TOF): m/z 568.2 [M − PPh3]

+,
830.0 [M]+. HR-ESI+-MS: m/z calcd for C52H42P2

96Ru 824.1838;
found 824.1862. Crystal data for 4b: C52H42P2Ru, M = 829.87,
monoclinic, space group P21/n, a = 12.9342(9) Å, b = 23.3662(17) Å,
c = 13.3100(10) Å, β = 98.512(2)°, U = 3978.3(5) Å3, F(000) = 1712,
Z = 4, Dc = 1.386 mg m−3, μ = 0.511 mm−1; 45 590 reflections were
collected yielding 9605 unique data (Rmerg = 0.0997). Final wR2(F

2) =
0.0860 for all data (497 refined parameters), conventional R1(F) =
0.0413 for 5906 reflections with I ≥ 2σ, GOF = 0.961.
Ru(CCCC−C6H4OMe-4)(PPh3)2Cp (4c). 4c was obtained from

2 (40 mg, 0.054 mmol) as a yellow solid. Yield: 27 mg, 0.032 mmol
(59%). 1H NMR (400 MHz, CDCl3): δ 7.43−7.40 (m, 12H, Ph), 7.37
(d, J = 8.6 Hz, 2H, Ar), 7.24−7.20 (m, 6H, Ph), 7.15−7.11 (m, 12H,
Ph), 6.79 (d, J =8.6 Hz, 2H, Ar), 4.33 (s, 5H, Cp), 3.80 (s, 3H, OMe)
ppm. 31P{1H} NMR (162 MHz, CDCl3): δ 49.1(s) ppm. 13C{1H}
NMR (600 MHz, CDCl3): δ 158.0 (CAr-OMe), 138.6−137.9 (m, Phi),
133.7 (t, J = 5.1 Hz, Pho), 133.5 (HCAr), 128.5 (Php), 127.3 (t, J = 4.7
Hz, Phm), 122.1 (t, J = 25.0 Hz, Cα), 118.1 (CAr), 113.6 (HCAr), 95.4
(Cβ), 85.6 (Cp), 78.7 (Cγ), 62.4 (Cδ), 55.1 (O-CH3). IR (CH2Cl2):
ν(CCCC) 2160 s, 2021 m cm−1. MS (MALDI-TOF): m/z 584.1
[M − PPh3]

+, 846.1 [M]+. HR-ESI+-MS: m/z calcd for
C52H42OP2

96Ru 840.1787; found 840.1828.
Ru(CC−CC-DHBT)(PPh3)2Cp (4d). 4d was obtained from 2 (40

mg, 0.054 mmol) as a mustard-colored solid. Yield: 25 mg, 0.029
mmol (54%). Single crystals suitable for X-ray diffraction were grown
by slow diffusion of methanol into a CH2Cl2 solution containing 5%
NEt3.

1H NMR (400 MHz, CDCl3): δ 7.42−7.37 (m, 12H, Ph), 7.24−
7.18 (m, 8H, Ph + Ar), 7.13−7.09 (m, 12H, Ph), 7.06 (d, J = 8.0 Hz,
1H, Ar), 4.32 (s, 5H, Cp), 3.35−3.31 (m, 2H), 3.24−3.20 (m, 2H)
ppm. 31P{1H} NMR (162 MHz, CDCl3): δ 48.4 (s) ppm. 13C{1H}
NMR (700 MHz, CDCl3): δ 139.8 (CAr), 139.3 (CAr), 138.3−138.1
(m, Phi), 133.7 (t, J = 4.9 Hz, Pho), 131.5 (HCAr), 128.5 (Ph), 128.0
(HCAr), 127.3 (t, J = 4.6 Hz, Phm), 121.6 (CAr), 121.5 (HCAr), 95.5
(Cβ), 85.6 (Cp), 79.7 (Cγ), 62.7 (Cδ), 35.9 (CH2), 33.4 (CH2) ppm,
the Cα peak was not visible. IR (CH2Cl2): ν(CCCC) 2156 s,
2015 m cm−1. MS (MALDI-TOF): m/z 719.1 [Ru(CO)(PPh3)2Cp]

+,
875.2 [M]+. HR-ESI+-MS: m/z calcd for C53H42P2S

96Ru 868.1558;
found 868.1597. Crystal data for 4d: C53H42P2RuS, M = 873.94,
monoclinic, space group P21/n, a = 11.2014(7) Å, b = 16.3616(11) Å,

c = 22.0949(14) Å, β = 90.675(2)°, U = 4049.1(5) Å3, F(000) = 1800,
Z = 4, Dc = 1.434 mg m−3, μ = 0.556 mm−1; 66 387 reflections were
collected yielding 10 767 unique data (Rmerg = 0.0420). Final wR2(F

2)
= 0.0423 for all data (682 refined parameters), conventional R1(F) =
0.0315 for 8977 reflections with I ≥ 2σ, GOF = 1.065.

Ru(CCCC−C5H4N)(PPh3)2Cp (4e). 4e was obtained from 2 (50
mg, 0.067 mmol) as a yellow powder. Yield: 33 mg, 0.040 mmol
(60%). 1H NMR (400 MHz, CD2Cl2): δ 8.40 (d, J = 6.1 Hz, 2H, Ar),
7.39−7.36 (m, 12H, Ph), 7.29−7.27 (m, 6H, Ph), 7.22 (d, J = 6.1 Hz,
2H, Ar), 7.18−7.15 (m, 12H, Ph), 4.38 (s, 5H, Cp) ppm. 31P{1H}
NMR (162 MHz, CDCl3): δ 48.9 (s) ppm.

13C{1H} NMR (600 MHz,
CDCl3): δ 149.0 (HCAr), 138.1−137.8 (m, Phi), 134.6 (CAr), 133.6 (t,
J = 5.0 Hz, Pho), 128.7 (Php), 127.4 (t, J = 5.0 Hz, Phm), 126.4 (HCAr),
95.7 (Cβ), 85.9 (Cp), 85.7 (Cγ), 60.4 (Cδ), the Cα peak was not visible.
IR (CH2Cl2): ν(CCCC) 2150 m, 2006 m cm−1. MS (MALDI-
TOF): m/z 817.1, [M]+. HR-ESI+-MS: m/z calcd for C50H40NP2

96Ru
812.1712; found 812.1740.

{Ru(PPh3)2Cp}2(μ-CC−CCC6H5CC−CC) (5). A solution of
Ru(CCCCH)(PPh3)2Cp (2) (100 mg, 0.135 mmol), 1,4-
diiodobenzene (23 mg, 0.067 mmol), Pd(PPh3)4 (7 mg, 0.006
mmol), and CuI (2 mg, 0.012 mmol) in diisopropylamine (10 mL)
was stirred for 2 h at room temperature before being heated at reflux
for 2 h. The solvent was removed, and the residue purified on a neutral
alumina column eluted with CH2Cl2/NEt3 (95:5 v/v). The yellow
band was collected and reduced to the minimum volume prior to
addition of MeOH (5 mL). On further concentration, a gold-brown
solid precipitated, which was collected by filtration, washed with
MeOH, and air-dried. Yield: 70 mg, 0.045 mmol (67%). Single crystals
suitable for X-ray diffraction were grown by slow diffusion of diethyl
ether into a CH2Cl2 solution containing 5% NEt3.

1H NMR (400
MHz, CDCl3): δ 7.44−7.29 (m, 24H, Ph), 7.30 (s, 4H, Ar), 7.25−7.21
(m, 12H, Ph), 7.15−7.12 (m, 24H, Ph), 4.34 (s, 10H, HCp) ppm.
31P{1H} NMR (162 MHz, CDCl3): δ 48.4 (s) ppm. 13C{1H} NMR
(700 MHz, CDCl3): δ 138.3−138.1 (Phi), 133.7 (t, J = 5.0 Hz, Pho),
131.8 (HCAr), 128.5 (Php), 127.3 (t, J = 4.7 Hz), Phm), 125.7 (t, J =
23.0 Hz, Cα), 123.4 (CAr), 95.9 (Cβ), 85.6 (Cp), 81.8 (Cγ), 63.4 (Cδ),
the Cα peak was not visible. IR (CH2Cl2): ν(CCCC) 2155 s,
2016 m cm−1. MS (MALDI-TOF; m/z): 1554.0 [M]+. HR-ESI+-MS:
m/z calcd for C96H74P4Ru2 1554.2871; found: 1554.2665. Crystal data
for 5: C96H74P4Ru2·CH2Cl2, M = 1638.50, monoclinic, space group
P21/c, a = 16.693(7) Å, b = 11.384(4) Å, c = 21.646(9) Å, β =
98.678(5)°, U = 4066(3) Å3, F(000) = 1680, Z = 2, Dc = 1.338 mg
m−3, μ = 0.563 mm−1; 20 671 reflections were collected yielding 6114
unique data (Rmerg = 0.0929). Final wR2(F

2) = 0.2575 for all data (487
refined parameters), conventional R1(F) = 0.0800 for 3957 reflections
with I ≥ 2σ, GOF = 1.024. Due to extremely weak diffraction, only
reflections with 2θ ≤ 46° were used in the refinement.

{Ru(PPh3)2Cp}2(μ-CCCCCCCC) (6). An open flask was
charged with a solution of Ru(CCCCH)(PPh3)2Cp (2) (100 mg,
0.135 mmol), Pd(PPh3)4 (6.8 mg, 0.006 mmol), and an excess of CuI
(8 mg) in NHPri2 (8 mL). The mixture was stirred at room
temperature for 1 h, after which time the solution had turned yellow
and a brown precipitate had formed. The solvent was removed and the
residue purified on a neutral alumina column eluted by CH2Cl2/5%
NEt3. After precipitation from hexane a bright yellow solid was
obtained. Yield: 55 mg, 0.037 mmol (55%). Crystals suitable for X-ray
diffraction were obtained from CH2Cl2/Et2O by slow diffusion. 1H
NMR (400 MHz, CD2Cl2): δ 7.42−7.38 (m, 24H, Ph), 7.24−7.21 (m,
12H, Ph), 7.15−7.11 (m, 24H, Ph), 4.31 (s, 10H, Cp) ppm. 31P{1H}
NMR (162 MHz, CDCl3): δ 48.9 (s) ppm.

13C{1H} NMR (600 MHz,
CD2Cl2): δ 138.9−138.3 (Phi), 134.1 (t, J = 5.0 Hz, Pho), 129.2 (Php),
127.8 (t, J = 4.6 Hz, Phm), 119.6 (t, J = 24.9 Hz, Cα), 96.7 (Cβ), 86.4
(Cp), 62.6 (Cγ), 51.7 (Cδ). IR (CH2Cl2): ν((CC)4) 2107 s, 1955 m
cm−1. MS+ (MALDI-TOF): m/z 954.1 [M − 2PPh3]

+, 1216.1 [M −
PPh3]

+, 1478 [M]+. HR-ESI+-MS: m/z calcd for C90H70P4Ru2
1478.2556; found 1478.2368. Anal. Calcd for C91H70P4Ru2·
0.5CH2Cl2: C, 71.51; H, 4.71. Found: C, 71.85; H, 4.80. Crystal
data for 6: C90H70P4Ru2·2CH2Cl2, M = 1647.33, triclinic, space group
P1̅, a = 8.8692(4) Å, b = 12.6858(5) Å, c = 17.6885(7) Å, α =
90.25(2)°, β = 96.49(2)°, γ = 96.49(2)°, U = 1895.35(14) Å3, F(000)
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= 842, Z = 1, Dc = 1.443 mg m−3, μ = 0.672 mm−1; 32 488 reflections
were collected yielding 8724 unique data (Rmerg = 0.1696). Final
wR2(F

2) = 0.1745 for all data (464 refined parameters), conventional
R1(F) = 0.0753 for 5362 reflections with I ≥ 2σ, GOF = 0.991.
Computations. All hybrid-DFT computations were carried out

with the Gaussian 09 package.99 The geometries of 4a, 5, and 6
discussed here were optimized at the B3LYP/3-21G* level of
theory100,101 with no symmetry constraints with the polarized solvent
continuum model (dichloromethane) applied.102 These geometries
revealed no imaginary frequencies, indicating true minima. 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 GaussView 5.0 and GaussSum packages,
respectively.103,104 Theoretical 13C NMR chemical shifts obtained at
the GIAO105-B3LYP/3-21G*//B3LYP/3-21G* level on the optimized
geometries were referenced to TMS: δ(13C) = 207.1 − σ(13C).
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Abstract
Monolayer Langmuir–Blodgett (LB) films of 1,4-bis(pyridin-4-ylethynyl)benzene (1) together with the “STM touch-to-contact”
method have been used to study the nature of metal–monolayer–metal junctions in which the pyridyl group provides the contact at
both molecule–surface interfaces. Surface pressure vs area per molecule isotherms and Brewster angle microscopy images indicate
that 1 forms true monolayers at the air–water interface. LB films of 1 were fabricated by deposition of the Langmuir films onto
solid supports resulting in monolayers with surface coverage of 0.98 × 10−9 mol·cm−2. The morphology of the LB films that
incorporate compound 1 was studied using atomic force microscopy (AFM). AFM images indicate the formation of homogeneous,
monomolecular films at a surface pressure of transference of 16 mN·m−1. The UV–vis spectra of the Langmuir and LB films reveal
that 1 forms two dimensional J-aggregates. Scanning tunneling microscopy (STM), in particular the “STM touch-to-contact”
method, was used to determine the electrical properties of LB films of 1. From these STM studies symmetrical I–V curves were
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obtained. A junction conductance of 5.17 × 10−5 G0 results from the analysis of the pseudolinear (ohmic) region of the I–V curves.
This value is higher than that of the conductance values of LB films of phenylene-ethynylene derivatives contacted by amines,
thiols, carboxylate, trimethylsilylethynyl or acetylide groups. In addition, the single molecule I–V curve of 1 determined using the
I(s) method is in good agreement with the I–V curve obtained for the LB film, and both curves fit well with the Simmons model.
Together, these results not only indicate that the mechanism of transport through these metal–molecule–metal junctions is non-reso-
nant tunneling, but that lateral interactions between molecules within the LB film do not strongly influence the molecule conduc-
tance. The results presented here complement earlier studies of single molecule conductance of 1 using STM-BJ methods, and
support the growing evidence that the pyridyl group is an efficient and effective anchoring group in sandwiched
metal–monolayer–metal junctions prepared under a number of different conditions.
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Introduction
Molecular electronics, in which a single molecule or a single
layer of molecules is oriented between two electrodes to create
a nascent device with the critical distance between the contacts
in the nanometer size range [1,2], has potential to serve a role in
the development of a new technology that could overcome the
difficulties now being encountered during top-down scaling of
conventional silicon technology. The advantages of the use of
molecules as circuit elements include: a further reduction in the
size of active components (and hence, a further increase in the
density of devices), potentially cheaper devices through the
increased use of self-assembly of complex structures, whilst
quantum effects [3-6] may permit the appearance of new func-
tions and technological applications not possible with conven-
tional semiconductors such as quantum information processing
[7], quantum computation [8], thermoelectric energy conver-
sion [9], etc. The study of single-molecule junctions has enor-
mously contributed to our ability to understand and control
charge and heat transport phenomena at the molecular scale
[10-21]. Complementary studies of larger area metal–molecular
monolayer–metal junctions play a further crucial role in under-
standing the effect of intermolecular interactions, for example,
van der Waals interactions and polarization effects in electronic
transport properties [22-24]. In addition, planar-sandwiched
monolayer structures are more closely aligned with practical
electronic applications.

Three main techniques have been used to fabricate molecular
assemblies for their study in the field of molecular electronics,
namely, the self-assembly (SA), electrografting and
Langmuir–Blodgett (LB) methodologies [25-29]. SA mono-
layers are easy to prepare and this method leads to highly
ordered films. However, directionally oriented films of mole-
cules containing two different groups, each capable of inter-
acting with the substrate, cannot be prepared by this method
[30]. Also, the molecule–substrate and molecule–molecule
interactions required for the formation of robust, well-ordered
SA films result in a rather limited number of metal–organic
interfaces available to be studied [31,32]. Electrografted mole-

cules form robust bonds with the underlying substrate but are
typically not as well ordered as SA or LB films, and the growth
of less defined multilayers is common with this method [33].
The LB technique requires a tedious fabrication process;
however, this method provides many possibilities for the fabri-
cation of well-ordered mono and multilayered films [34]. LB
films also offer the possibility of exploration of a large number
of metal–organic interfaces involving either physi- or chemi-
sorbed films [31], and also permits the fabrication of direction-
ally oriented monolayers when the molecule contains two
different terminal groups that each have affinity for the sub-
strate [30]. In particular, LB films have been used to analyze
different properties and explore potential applications including
molecular switching behavior [35,36], rectifying molecular
junctions [37,38], exciton migration control [39], top-contact
metallization [24,40,41], optical and opto-electronic applica-
tions [42,43], modulation of the electrical properties of the junc-
tion [24], inclusion of a metal atom in the organic structure of a
molecular wire [44], and electrical measurements of both mole-
cular ensembles and single molecules in the constrained envi-
ronment of the film [24,30,45].

It is now well-known that charge transfer through metal–mole-
cule–metal junctions is dependent not only on the molecular
backbone but also on the metal–molecule contacts, and many
functional groups have been studied in an attempt to find an
ideal combination of molecular backbone, contact and metallic
electrodes. Particularly prominent examples of metal–molecule
contacting groups include thiols [46,47], selenols [48,49],
dithiocarbamates [50,51], carbodithioates [52], amines [53,54],
esters [55], cyano [56,57], isocyanides [58], nitriles [59],
carboxylic acids [24,55,60], dithiocarboxylic acids [52], isothio-
cyanates [61], dimethylphosphine [62], 4-(methylthio)phenyl
groups [63], dihydrobenzo[b]thiophenes [64], thienyl rings [65],
diphenylphosphine group [66], trimethylsilylethynyl groups
[67-69] and fullerenes [60,70,71]. However, many of these
groups have significant limitations including chemical degrad-
ation at working temperatures [72,73], associated polymeriza-
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tion phenomena [74], small binding energies [74], unexpect-
edly high contact resistance [75-80], and multiple conductance
values due to the variability in the binding geometries [81-86].

The chemical affinity of the pyridyl moiety for gold together
with the strongly delocalized π system and chemical compati-
bility with a wide range of conjugated sub-structures commonly
employed in molecular electronics have focused attention on
this potential linker group as an alternative to solve these prob-
lems [87]. Previous studies of pyridyl-functionalized molecules
in single molecule conductance studies [19,21,88-91] have
revealed that this moiety can work as an anchoring group,
forming stable and reproducible molecular junctions with rela-
tively high conductance, and statistically high junction forma-
tion probabilities in the break junction method. In addition, the
chemical inertness of the pyridyl group makes it quite attractive,
since no protective groups are needed in the synthesis or
deployment as a contact group (cf. thioacetate, –SAc,
commonly used to prepare thiolate-contacted junctions). These
promising features and results from single molecule studies
have motivated us to explore the electrical properties of a
monomolecular Langmuir–Blodgett film of 1 (Figure 1), and to
draw comparisons with the single molecule conductance as well
as with other monolayers containing phenylene-ethynylene
derivatives incorporating different terminal groups. The results
presented here reveal that the strong Au–N donor–acceptor
(D–A) bond results in metal–monolayer–metal devices exhibit-
ing a relatively high conductance.

Figure 1: Chemical structure of 1,4-bis(pyridin-4-ylethynyl)benzene
(1).

Results and Discussion
Fabrication and characterization of Langmuir
and Langmuir–Blodgett films
Surface pressure–area per molecule (π–A) isotherms of 1 on a
pure water subphase were recorded and reproducible results
were obtained. One of these reproducible isotherms is illus-
trated in Figure 2. This isotherm shows a zero surface pressure
in the 1.2–0.35 nm2·molecule−1 range, which corresponds to a
monolayer in the gas phase. At 0.35 nm2·molecule−1 there is a
lift-off in the π–A isotherm, which is followed by a monoto-
nous increase of the surface pressure upon compression. In add-
ition, Brewster angle microscopy (BAM) images were recorded
at different stages of compression as illustrated in Figure 3,
which reveal the formation of homogeneous films at the

air–water interface. The BAM images exhibit an increase in the
brightness upon compression which is indicative of a gradual
tilt of the molecules towards alignment normal to the water
surface. In addition, neither 3D aggregates nor crystals can be
observed within the mini-BAM microscope resolution (<12
μm).

Figure 2: Surface pressure vs area per molecule isotherm of 1 at
20 °C.

Figure 3: BAM images of 1 at the air–water interface at the indicated
surface pressures.

UV–vis reflection spectroscopy was used to complement the
information obtained by the π–A isotherm and BAM images.
Figure 4 shows the normalized reflection spectra, ΔRnorm, of the
Langmuir films of 1 (ΔRnorm = ΔR·A, where ΔR is the reflec-
tion and A is the area per molecule) for different values of the
area per molecule. For comparison purposes, the UV–vis
absorption spectrum of 1 (2.5 × 10−5 M) in CHCl3 is also
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Figure 5: AFM images of a single-layer LB film of 1 transferred onto freshly cleaved mica at the indicated surface pressure.

shown. The broad absorption spectra and the red shift of the

absorption edge indicate the presence of various two dimen-

sional (2D) J-aggregates of 1 on the water surface [92,93].

J-aggregates, named after E. E. Jelley who first discovered them

[94], are formed by molecules arranged in an edge-to-edge con-

figuration and characterized by an absorption band shifted to a

longer wavelength compared to the monomer. Langmuir films

of 1 show a decrease in the ΔRn values upon compression,

which indicates that there is a gradual decrease of the tilt angle

formed by the normal to the surface and the dipole transition

moment of the chromophore. This result is in agreement with a

progressive reorientation of the molecules in the Langmuir film

upon compression.

Figure 4: Normalized reflection spectra upon compression at the indi-
cated surface pressure (left) and absorption spectrum of a
2.5 × 10−5 M solution of 1 in CHCl3 (right).

Langmuir–Blodgett monomolecular films of 1 were obtained by

the transference of Langmuir films onto solid substrates by the

vertical dipping method during the upstroke of hydrophilic

substrates initially immersed in the subphase. Monolayers of 1
were deposited onto freshly cleaved mica substrates at different

transfer surface pressures in order to determine their homo-

geneity and quality by means of atomic force microscopy

(AFM). The final aim of this AFM study was to find the

optimum surface pressure of transference. Figure 5 shows AFM

images of Langmuir–Blodgett films of 1 transferred at 13, 16

and 21 mN·m−1. These images show mica substrates practically

covered by the monolayer. AFM images of films transferred at

a surface pressure of 21 mN·m−1 exhibit a root mean squared

(RMS) surface roughness of 0.197 nm and indicate less homo-

geneous monolayers. In contrast, the film roughness was

0.145 nm and 0.098 nm at 13 mN·m−1 and 16 mN·m−1, respect-

ively, indicating that the optimum surface pressure of transfer-

ence is 16 mN·m−1. At this surface pressure of transference, an

LB film free of holes and three dimensional (3D) defects is

obtained.

The deposition ratio of the monolayer onto a solid substrate is

defined as the decrease in the monolayer area during the

transfer process divided by the area of the substrate. The depo-

sition ratio of the monolayer during the upstroke of the film

transfer process was determined by the software controlling the

Langmuir trough, resulting in a value close to unity for a

surface pressure of transference of 16 mN·m−1. This high depo-

sition ratio was also demonstrated using a quartz crystal

microbalance (QCM). The frequency change (Δƒ) for a QCM

quartz resonator before and after the deposition process was

experimentally determined. This frequency change can be intro-

duced in the Sauerbrey equation [95]:

(1)

to determine the surface coverage. In Equation 1, f0 is the

fundamental resonance 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 modulus (2.95 × 1011 dyn·cm−2),

and the molecular weight of 1 is 280 g·mol−1. Thus, the surface

coverage of 1 incorporated into LB films, obtained from Equa-

tion 1, is 0.98 × 10−9 mol·cm−2. This value is in excellent agree-
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ment with the estimated value determined from the molecular
area of 1, which is 1.01 × 10−9 mol·cm−2 at a surface pressure
of 16 mN·m−1.

The UV–vis absorption spectrum of the LB film of 1 trans-
ferred onto quartz substrates at 16 mN·m−1 during the upstroke
of the substrate was recorded (Figure 6) in order to obtain add-
itional information about the molecular arrangement of 1 in LB
films. The spectrum exhibits a similar profile to the reflection
spectrum of the Langmuir film at 16 mN·m−1, and is character-
ized by a maximum absorption feature at 335 nm and a broad
band with several shoulders, indicating again the presence of
lateral 2D J-aggregates.

Figure 6: Absorbance of a monomolecular Langmuir–Blodgett film of 1
transferred at 16 mN·m−1 onto a quartz substrate during the with-
drawal of the substrate from the water subphase.

Electrical properties of LB films of 1
The electrical properties of monomolecular LB films of 1
deposited on Au(111) as described above were studied using a
scanning tunneling microscope (STM) and the “STM touch-to-
contact” method [23,24,30,44,45]. The “STM touch-to-contact”
method requires the STM tip to be positioned immediately
above and just touching the LB film, avoiding both penetration
of the STM tip into the film or a significant gap between the
STM tip and the monolayer. This in turn requires calibration of
the tip–substrate separation as well as an accurate, independent
determination of the LB film thickness. The thickness of the
monolayer (1.70 ± 0.05 nm) was determined using the attenua-
tion of the Au 4f signal in the XPS spectra as described in the
Experimental section. The calibration of the tip–substrate dis-
tance was carried out by relating the STM set-point parameters
(set point current, I0, and tip bias, Ut) to an absolute tip-to-sub-
strate separation as previously described [30,44,45,77,96,97].
Current–distance retraction scans (I(s) curves) were recorded by
first setting the STM tunneling parameters (I0 = 60 nA and
Ut = 0.6 V) so that the tip approaches relatively close to the
surface and is thereby embedded within the LB film. From

these set-point conditions the STM tip was then rapidly
retracted while monitoring the current decay with distance.
Only current–distance retraction traces that displayed a monot-
onic exponential decrease of the tunneling current (no wire for-
mation) were selected for estimation of the distance decay of
the current within the LB film as quantified by the dlnI/ds
value, as described below. These calibration data were recorded
separately during the jump-to-contact measurements at regular
time intervals and at different substrate locations. The collected
calibration I(s) curves were plotted as linear lnI vs s plots.
Figure 7a shows five overlaid lnI vs s curves measured on 1 LB
films. The nonlinear region at the beginning of the lnI vs dis-
tance curve has been omitted (this was attributed to an initial
inertia in the retraction process, caused by an initial piezo
delay). Linear regression was then used to determine the slope
of the lnI vs s plots, with typical slopes of 5.80 ± 1.06 nm−1.
This value is in good agreement with those reported for similar
molecular films of highly conjugated organic compounds
[23,24,30,45,98,99] and for single molecules [15,100,101].

Figure 7: (a) ln I vs s plots used for the calibration of tip–substrate dis-
tance (a) for 1 in LB films (for recording dlnI/ds for inside the LB film
the tip was retracted from deep in the LB film to the length of the verti-
cally extended molecule, with dlnI/ds remaining relatively low over this
range); and (b) for 1 single molecule.
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The dlnI/ds value for the LB film is used in conjunction with
Equation 2 and an extrapolation to the conductance value
corresponding to the point where the gold STM tip contacts the
gold substrate (taken as G0 where G0 = 2e2/h = 77.4 μS) to esti-
mate the current and voltage set-point values where the STM tip
would touch the top of the LB monolayer film. Taking the
measured dlnI/ds value of 5.80 nm−1, the set-point parameters
I0 = 2.5 nA and Ut = 0.6 V yield a tip–substrate distance estima-
tion of 1.70 nm, which corresponds to the independently deter-
mined thickness of the monolayer. Therefore, using these set-
point conditions, I–V curves can be recorded with the STM tip
directly in contact with the top of the LB monolayer. If another
set-point parameter is chosen so that the tip is embedded within
the LB film, the dlnI/ds values and Equation 2 could be used to
estimate the distance of the tip within the film. In contrast, if a
set-point parameter is chosen so that the tip is above the top of
the LB film, then the dlnI/ds cannot be used to estimate the pos-
ition of the tip, since these dlnI/ds values are different from
those within the film.

(2)

Using these “touch-to-contact” set-point parameters
(I0 = 2.5 nA and Ut = 0.6 V), over 300 current–voltage (I–V)
curves were recorded from different substrates and at different
substrate locations and averaged to ensure the reproducibility
and reliability of the results. Figure 8 shows a representative
I–V curve obtained for a single layer LB film transferred onto
Au(111) at a surface pressure of 16 mN·m−1 and recorded under
touch-to-contact conditions. The profile of the I–V curve is
clearly symmetrical around zero bias and exhibits a characteris-
tically curved shape over the full bias voltage region spanning
between −1 V to +1 V. In the low-voltage region (from −0.5 to
+0.5 V), the I–V curve is relatively linear, and from this
“ohmic” region, a conductance of 5.17 × 10−5 G0 is obtained.

Some important parameters relating to the conductance of films
of 1 and closely related compounds are given in Table 1.
Although a rigorous quantitative comparison cannot be made
between the full series of molecules in Table 1 due to differ-
ences in LB film thickness (monolayer LB films of the shortest
molecule 1 being thinner than the other LB films), the conduc-
tance value for compound 1 is 3–20 times greater than for LB
films of other oligo(phenylene-ethynylene) (OPE) derivatives
bearing anchoring groups such as thiol (–SH), amine (–NH2),
carboxylate (–COO−), trimethylsilylethynyl (–C≡CSiMe3) or
acetylide (–C≡C) [23,24,30,45]. Similar variations in conduc-
tance as a function of surface contacting group have been found
for polymethylene (alkane) bridges contacted with thiol, amine

Figure 8: I–V curve of a single layer LB film of 1 transferred onto
Au(111) at a surface pressure of 16 mN·m−1 using I0 = 2.5 nA and
Ut = 0.6 V as set-point parameters (blue line) and fitted according to
the Simmons equation using φ = 0.71 eV, α = 0.35 (black dashed line).
An I–V curve constructed from single molecule conductance values
obtained using the I(s) method is also shown (red circles). The error
bars represent the standard deviation obtained from the widths of the
conductance histogram peaks.

or carboxylic acid moieties to gold electrodes [75]. The higher
conductance for 1 could be attributed to both the shorter molec-
ular length and efficient pyridyl–Au contacts. Previous contri-
butions in the field have shown that the charge transport in
molecular wires incorporating electron-withdrawing pyridyl-
type anchoring groups is preferentially controlled by the lowest
unoccupied molecular orbital (LUMO). That is, the pyridyl
group decreases the frontier orbital energies and promotes elec-
tron transport by reducing the energy offset between the molec-
ular LUMO and the Fermi level of electrodes [102-104]. In par-
ticular, DFT-based studies of 1 in single molecule junctions
have shown that the total conductance is controlled by eigen-
channels consisting of the molecular π* LUMO coupled to Au p
states at the binding site [105]. In addition, the direct N–Au
(D–A) bond between the highly conjugated molecular structure
of 1 and the metal electrode [74] avoids any non-conjugated
spacer groups.

In single molecule conductance studies, conjugated molecules
similar to 1 with two pyridyl terminal groups exhibit two
conductance values, which have been attributed to two distinct
binding geometries in the molecular junction [105]. The lower
of these two conductance values has been assigned to the
simplest N–Au binding of the molecular normal to a flat metal
surface or terrace, that is, the distance between the electrodes is
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Table 1: Conductance values for the listed OPE compounds incorporated in monolayer LB films determined by using the “STM touch-to-contact”

method. The length of the molecule, together with the monolayer thickness (which is a function of the molecule length, and the tilt angle

of the molecule with respect to the substrate surface), are also indicated.

Compound Molecule
length
(nm)

Monolayer
thickness

(nm)

Conductance Reference

2.23 1.49 ± 0.04 1.20 × 10−5 G0 [23]

2.07 1.81 ± 0.05
0.26 × 10−5 G0

a

1.75 × 10−5 G0
b [24]

2.03 1.77 ± 0.05 1.37 × 10−5 G0 [30]

2.12 2.01 ± 0.05 1.48 × 10−5 G0 [45]

1.64 1.70 ± 0.05 5.17 × 10−5 G0 This work

aCompound linked through a deprotonated carboxylic group to the gold substrate and a carboxylic acid group (forming H bonds with neighboring

molecules) to the STM tip. bCompound linked through deprotonated carboxylic groups to the gold substrate and the STM tip.

directly related to the length of the molecule. The higher

conductance value has been attributed to a tilted configuration

that gives increased coupling between the π system of the

pyridyl ring and the gold surface [105]. In contrast, compound 1
only shows one conductance value when it is arranged in an LB

film, which corresponds to the lower of the two conductance

values measured in single molecule junctions [88,105]. This

unique conductance value may be induced by the constrained

molecular orientation of 1 in a well-ordered and highly packed

monomolecular LB film, where the molecules are arranged in a

rather upright orientation with respect to the bottom electrode.

Figure 8 also shows an I–V curve constructed from single mole-

cule conductance (SMC) values for 1 obtained by using the I(s)
method at eight different bias voltage values. The I(s) method

developed by Haiss et al. has been widely used to determine the

single-molecule conductance of different types of molecular

bridges [77,88,97]. A detailed description of this method can be

found in the literature [77,106,107] and in the Experimental

section of this paper. I(s) curves, such as those shown as an

example in Figure 9a at I0 = 10 nA and Ut = −0.3 V, were statis-

tically analyzed in the form of a conductance histogram plot to

determine the molecule conductance for a single molecule at the

eight different bias voltage values as illustrated in Figure 9b.

These conductance histograms were built by adding all the

current (or conductance) points from approximately 300 current

versus distance curves exhibiting a discernible plateau such as

those shown in Figure 9a. In addition, a break-off distance

histogram for 1 is shown in Figure 9c (corrected for the initial

tip−substrate distance at the start of the I(s) scan according to

Equation 2 with the selected set-point parameters for each bias

and using a dlnI/ds value of 7.0 ± 0.8 nm−1, which was deter-

mined in a similar manner to the one obtained for the LB film,

Figure 7b). Therefore, the break-off distance refers to the esti-

mated separation at which the molecular junction cleaves during

an I(s) retraction experiment and it can be compared to the

length of the molecule. The break-off distance obtained from

Figure 9c (1.65 ± 0.2 nm) is in good agreement with the length

of the molecule (1.64 nm) determined with a molecular

modeling program (Spartan®08 V1.0.0). Meanwhile, the results

obtained here for the SMC values of 1 (5.39 × 10−5 G0), which

have been measured using the I(s) method and therefore corres-

pond to the lower conductance value [88], are in good agree-

ment with those published previously by Zhao et al. [108] who

reported a conductance of 3.16 × 10−5 G0 for 1 using the

mechanically controlled break junction method (MCBJ). The

I–V curve determined for the LB film at 2.5 nA and 0.6 V is in

excellent agreement with the SMC value of 1 obtained by

means of the I(s) method. This result indicates that if these para-

meters are employed then the STM tip is located directly above

the monolayer and also that the tip is electronically coupled to a

single molecule. The similarity between the I–V curves obtained

for the monomolecular LB film and for single molecules is of

particular interest since the molecular environment is different

in both cases. Whilst the molecules are closely packed within

the LB film, no nearest molecules exist for the single molecule

studies.

A widely applied tunneling model for non-resonant tunneling

charge transport was developed by Simmons [109]. In this
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Figure 9: (a) Typical conductance traces of 1 using the I(s) method.
The curves have been shifted horizontally for clarity. (b) Conductance
histogram built by adding together all the points of 300 conductance
traces that show discernible plateaus such as those displayed in (a).
(c) Break-off distance histogram. Conductance data are presented in
units of the conductance quantum (G0 = 2e2/h = 77.4 μS), Ut = −0.3 V.

model, the current I is given by Equation 3:

(3)

where A represents the contact area of the molecule with the

gold surface (this value has been taken as 0.2 nm2 in concor-

dance with the surface pressure vs area per molecule isotherm at

a surface pressure of 16 mN∙m−1); V is the applied potential; s is
the width of the tunneling barrier, which has been taken as

1.64 nm (value obtained from the geometric N…N distance

determined with the molecular modeling program Spartan®08

V 1.0.0); φ represents the effective barrier height of the

tunneling junction (relative to the Fermi level of Au); α is a

fitting parameter related to the effective mass of the electron (or

hole) when tunneling through the barrier; m and e represent the

mass and the charge of an electron, respectively. Φ and α are

the numerical parameters employed to fit the I–V data in

Figure 8. In this work we used φ = 0.71 eV and α = 0.35, which

lead to a good agreement between the experimental data and the

model. Since Equation 3 fits our I–V data well, the mechanism

of transport through these metal–molecule–metal junctions can

be assumed to be nonresonant tunneling.

These collected electrical measurements indicate that the

pyridyl group is an effective anchoring group in metal–mole-

cule–metal and metal–monolayer–metal junctions formed by

LB methods. The data indicate that it exhibits a higher conduc-

tance when compared with other anchoring end groups used in

OPE derivatives assembled by the LB technique such as thiol,

amine, carboxylic acid, trimethylsilylethynyl or acetylene.

Conclusion
In this paper, a “symmetric” OPE derivative, with a pyridine

group at both termini of the molecule has been synthesized and

assembled by the Langmuir–Blodgett technique into well-

packed monolayer films. Langmuir films were prepared at the

air–water interface and characterized by π–A and Brewster

angle microscopy, which revealed that this molecule can form

true monomolecular films at the air–water interface. Atomic

force microscopy images of LB films transferred at a surface

pressure of 16 mN·m−1 revealed homogeneous films. QCM

experiments demonstrated that monomolecular films of 1 were

transferred onto solid substrates with a transfer ratio close to 1

and the UV–vis spectrum of the LB films shows the presence of

2D lateral molecular aggregates in a similar arrangement to that

observed in the Langmuir films of 1. Electrical characteristics

of LB films deposited on gold substrates were studied using

STM. The shape of the I–V curves and good fit with the

Simmons model indicate that charge transport across of the

metal–monolayer–metal junctions follows a nonresonant

tunneling mechanism. Importantly, the conductance value in LB

films (5.17 × 10−5 G0) is similar to the single molecule conduc-

tance values (5.39 × 10−5 G0 and 3.16 × 10−5 G0 when the I(s)
method or the MCBJ was used, respectively), indicating that the

conductance across to the molecule is not significantly influ-

enced by the presence of neighboring π systems. Additionally,

the obtained conductance value in LB films is higher than the

values of monomolecular LB films of OPE derivatives

containing other anchoring groups (thiol, amine, carboxylic

acid, trimethylsilylethynyl or acetylene).



Beilstein J. Nanotechnol. 2015, 6, 1145–1157.

1153

Scheme 1: Preparation of 1,4-bis(pyridin-4-ylethynyl)benzene [108].

Experimental
Synthesis
General conditions. All reactions were carried out in oven-
dried glassware under an oxygen-free nitrogen atmosphere
using standard Schlenk techniques. Triethylamine was dried
over CaSO4 and distilled and degassed before use. The catalyst
Pd(PPh3)4 [110] and 1,4-diethynylbenzene [111] were prepared
following literature methods. Other reagents were purchased
commercially and used as received. The NMR spectra were
recorded in deuterated solvent solutions on a Bruker Avance
400 spectrometer and referenced against solvent resonances.
The ASAP mass spectra were recorded from solid aliquots on a
Xevo QToF mass spectrometer (Waters Ltd., UK) in which the
aliquot was vaporized using hot N2, ionized by a corona
discharge and carried to the TOF detector (working range
100–1000 m/z).

Preparation of 1,4-bis(pyridin-4-ylethynyl)benzene,
Scheme 1 [108]. To a 100 mL Schlenk flask charged with NEt3
(100 mL), 4-iodopyridine (0.334 g, 1.63 mmol), 1,4-diethynyl-
benzene (0.101 g, 0.801 mmol), Pd(PPh3)4 (0.045 g, 0.039
mmol) and CuI (0.008 g, 0.042 mmol) were added. The suspen-
sion was stirred overnight at room temperature. The mixture
was filtered and the colorless filtrate taken to dryness. The off-
white solids were dissolved in Et2O (100 mL). The addition of
trifluoroacetic acid generated a precipitate that was collected by
filtration, washed thoroughly with Et2O and dried in air. The
solids were redissolved in CH2Cl2 (25 mL) and extracted with
aqueous KOH (0.1 M, 1 × 25 mL), water (1 × 25 mL) and brine
(1 × 25 mL). The organic phase was collected, dried over
MgSO4 and taken to dryness. The pure product was obtained as
an off-white powder. The yield was 0.156 g, 0.556 mmol, 69%.
1H NMR (400 MHz, CDCl3) δ 8.62 (d, J = 5 Hz, 4H, a); 7.56
(s, 4H, g), 7.38 (d, J = 5 Hz, 4H, b). 13C NMR (101 MHz,
CDCl3) δ 150.0 (a), 132.1(g), 131.2 (c), 125.6 (b), 123.0 (f),
93.3, 89.0 (d/e) [112]; MS(ASAP) m/z (%): 281.17 (100, [M +
H]+).

Film fabrication and characterization
LB films of 1 were prepared in a similar manner to other LB
films incorporating oligo(phenylene-ethynylene) derivatives
[28,44,45,55,113]. In particular, a Nima Teflon trough with
dimensions 720 × 100 mm2, which was housed in a constant
temperature (20 ± 1 °C) clean room, was employed to prepare

the Langmuir films. A Wilhelmy paper plate pressure sensor
was used to measure the surface pressure (π) of the monolayers.
The subphase was pure water (Millipore Milli-Q, resistivity
18.2 MΩ·cm). A 2.5 × 10−5 M solution of 1 in CHCl3 (solvent
purchased from LAB-SCAN Analytical Sciences and used as
received; purity HPLC grade >99%) was spread onto the
aqueous surface. The spreading 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 0.015 nm2·molecule−1·min−1. Under these
experimental conditions, the isotherms were highly repro-
ducible. A commercial mini-Brewster angle microscope (mini-
BAM) 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
[114]) was used to obtain the reflection spectra of the Lang-
muir films during the compression process.

The solid substrates used for the transfer were carefully cleaned
as described elsewhere [115,116]. The monolayers were
deposited onto several substrates (cleaved mica, gold and
quartz) at a constant surface pressure of 16 mN∙m−1 by the
vertical dipping method at a speed of 3 mm·min−1. UV–vis
spectra were acquired on a Varian Cary 50 spectrophotometer
and recorded at a normal incidence angle with respect to the
film plane. AFM experiments employed to study the topog-
raphy of the monolayers were performed by means of a Multi-
mode 8 AFM system from Veeco, using tapping mode. The data
were collected with a scan rate of 1 Hz and in ambient air
conditions by using a silicon cantilever provided by Bruker,
with a force constant of 40 N·m−1 and operating at a resonance
frequency of 300 kHz.

X-ray photoelectron spectroscopy (XPS) spectra were acquired
on a Kratos AXIS Ultra DLD spectrometer with a monochro-
matic 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 C 1s peak at
284.6 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/λsinθ), where d
is the film thickness, ILB film and Isubstrate are the average of the
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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
take-off angle, and λ is the effective attenuation length of the
photoelectron (4.2 ± 0.1 nm) [117]. The QCM measurements
were carried out using a Stanford Research System instrument
and employing AT-cut, α-quartz crystals with a resonance
frequency of 5 MHz having circular gold electrodes patterned
on both sides.

An Agilent 5500 SPM microscope was used for characteriza-
tion of the electrical properties of the LB films by recording the
current, I, as a function of tip potential, Ut. The 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. The gold films were flame-annealed at approxi-
mately 800–1000 °C with a Bunsen burner immediately prior to
use. This procedure is known to result in atomically flat
Au(111) terraces [118].

The I(s) method was used to determine the single molecule
conductance values of 1. For a given set-point current and bias
voltage, typically 3,500–4,000 events were observed, but only
those curves showing current steps associated with the forma-
tion of molecular bridges were recorded, that is, approximately
300 at each different bias voltage value. These curves were then
statistically analysed in the form of histogram plots to deter-
mine the single molecule conductance. Molecular adsorption
was achieved by immersion of 1 solution in CHCl3 (0.1 mM)
for about 60 s. After adsorption, the sample was washed in
ethanol and then blown dry in a stream of nitrogen. All I(s)
measurements were conducted in mesitylene.
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Near infrared-emitting tris-bidentate Os(II)
phosphors: control of excited state characteristics
and fabrication of OLEDs†

Jia-Ling Liao,a Yun Chi,*a Chia-Chi Yeh,b Hao-Che Kao,b Chih-Hao Chang,*b

Mark A. Fox,c Paul J. Low*d and Gene-Hsiang Leee

A series of four Os(II) complexes bearing (i) chromophoric diimine ligands (N^N), such as 2,20-bipyridine (bpy)

and substituted 1,10-phenanthrolines, (ii) dianionic bipz chelate ligands derived from 5,50-di(trifluoromethyl)-

2H,20H-3,30-bipyrazole (bipzH2), and (iii) bis(phospholano)benzene (pp2b) as the third ancillary ligand

completing the coordination sphere were synthesized. X-ray diffraction studies confirm the heteroleptic

tris-bidentate coordination mode. These Os(II) complexes [Os(N^N)(bipz)(pp2b)], N^N = bpy (3),

phenanthroline (4), 3,4,7,8-tetramethyl-1,10-phenanthroline (5) and 4,7-diphenyl-1,10-phenanthroline (6),

display near infrared (NIR) emission between 717 nm and 779 nm in the solid state at RT. On the basis of

hybrid-DFT and TD-DFT calculations, the emissions are assigned to metal-to-ligand charge transfer

transitions (3MLCT) admixed with small ligand-to-ligand charge transfer (3LLCT) contributions. Successful

fabrication of organic light emitting diodes (OLEDs) using Os(II) complex 5 as the dopant and either tris(8-

hydroxyquinoline) aluminum (Alq3) or 3,30,5,50-tetra[(m-pyridyl)-phen-3-yl]-biphenyl (BP4mPy) as the host

is reported. These OLEDs were measured with emission maxima at 690 nm and extending into the NIR,

with peak power efficiencies of up to 0.13 lm W!1 and external quantum efficiencies of up to 2.27%.

Introduction
Phosphorescent metal complexes have been extensively investigated
during the past two decades due to the profound interest in basic
photophysics1–9 and applications in organic light emitting diodes
(OLEDs) suited for the fabrication of flat panel displays10–13 and
luminaires.14–19 As a consequence of the need for these applications,
many studies have focused on achieving bright visible emission,
with colors spanning from blue and green to red. Another class
of compounds being of great interest is near infrared (NIR) emitting
materials; i.e. those with emission peak maximum exceeding
700 nm.20–22 NIR-emitting materials can find application in bio-
logical imaging, sensing and optical tele-communication platforms.

Among the various systems explored to date, Pt(II) complexes
constitute a class of molecules that have shown the most
efficient NIR emission,23–27 either through the use of chelating
ligands with extended peripheral p-conjugation or by engineering
strong p–p stacking interactions among molecules in the solid state
for excimer formation. For example, electroluminescence with peak
maximum at 772 nm and an external quantum efficiency (EQE) of
5.0% was documented for Pt(II) tetraphenyltetrabenzoporphyrin,28

while the maximum EQE was further improved to 9.2% through
the introduction of the 3,5-di-tert-butylphenyl substituted tetra-
benzoporphyrin to control intermolecular interactions and
suppress triplet–triplet annihilation.29

However, promising results in the area of NIR-emitting
materials are not restricted to Pt(II) complexes, and both Ru(II)
complexes with p-bonded (Z4-) orthoquinone ligands,30 Ir(III)
complexes bearing cyclometalated heteroaromatics,31–34 or
with azabenz-annulated perylene bisimide35 stand as illustrative
examples of other metal-containing NIR-emitting materials.
Parallel to this endeavor, we have developed Os(II) phosphors
bearing isoquinolinyl azolate chelate ligands, which lower the
emission energy gaps and bring emission into the NIR region.36,37

The two Os(II) complexes [Os(bpy)(dttz)(CO)2] (1a) and [Os(bpy)(dttz)-
(PPhMe2)2] (2) bearing both the neutral 2,20-bipyridine (bpy) and
dianionic 3,30-bi-1,2,4-triazolate (dttz2!) chelating ligands also serve
to demonstrate important molecular design features (Chart 1).
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In complex 2 due to the increase in electron density at the Os(II)
metal centre brought about by the phosphine co-ligands, we
can take advantage of the combined metal-to-ligand charge
transfer (MLCT) and the ligand-to-ligand charge transfer (LLCT)
transitions to achieve NIR-emitting characteristics.38

To further explore the methodology to tune emission into the
NIR region, we have designed heteroleptic tris-chelating Os(II)
complexes containing (i) bpy or 1,10-phenanthroline as the chelate
with lower lying p*-orbitals, (ii) 5,50-di(trifluoromethyl)-3,3 0-
bipyrazolate (bipz2!) as a dianionic and strongly electron donating
chelate, and (iii) 1,2-bis(phospholano)benzene (pp2b) as the third
bidentate chelate to impose the formation of all cis-coordination
geometry. The photophysical and structural characterization of the
resulting NIR-emitting Os(II) complexes and the device performance
of the NIR-emitting OLEDs formed from these compounds are
described here.

Results and discussion
Syntheses and characterization

It has been reported that the cluster complex Os3(CO)12 reacts
with functional pyrazoles (or triazoles) to form isolable inter-
mediate derivatives via CO elimination.39–43 Subsequent sequential
addition of Me3NO and phosphines at elevated temperature led
to the formation of mononuclear Os(II) complexes with diverse
structures and distinctive photophysical properties. Such synthetic
procedures were employed to prepare the aforementioned
complexes cis-[Os(bpy)(dttz)(CO)2] (1a) and phosphine substituted
trans-[Os(bpy)(dttz)(PMe2Ph)2] (2).38

Here, this synthetic procedure was extended through reactions
of Os3(CO)12 with the distinctive dipyrazole pro-ligand 5,50-di(tri-
fluoromethyl)-2H,20H-3,30-bipyrazole (bipzH2) and a range of diimine
chelates (N^N = bpy, phenanthroline (phen), 3,4,7,8-tetramethyl-
1,10-phenanthroline (Me4phen), and 4,7-diphenyl-1,10-phenan-
throline (Ph2phen)) to give cis-[Os(bipz)(N^N)(CO)2] (isolated by way
of example for N^N = bpy, 1b). Further reaction with anhydrous
Me3NO and 1,2-bis(phospholano)benzene (pp2b) gave the tris-
heteroleptic complexes [Os(bipz)(N^N)(pp2b)] (3–6) (Chart 2).

However, the synthetic yields for 3–6 (21–35%) are notably
lower than that obtained for the trans-complex 2 (B50%). Varying
the cis-diphosphine, such as to 1,2-diphenylphosphinobenzene,
failed to afford any isolable product, which is in contrast to
previous reactions,44 showing the delicate balance of structural
and electronic effects imposed by the phosphines.

All of the new Os(II) metal complexes, i.e. 1b and 3–6, were
purified by silica gel column chromatography and recrystallization,
and then fully characterized by mass spectrometry, IR and NMR
spectroscopies and elemental analyses. Multinuclear NMR spectra
clearly established the heteroleptic nature of the complexes; for
example, complex 3 showed two distinctive 1H NMR singlet signals
at d 6.54 and 6.39 and two 19F NMR signals at d!59.62 and!59.65
assigned to the bipz chelate, characteristic multiplets from the bpy
ligand, and two well separated 31P NMR signals at d 39.88 and
33.80 due to the coordinated pp2b ligand. Therefore, these data
clearly confirmed the presence of the three distinct chelating
ligands coordinated to the Os(II) atom. Moreover, the IR n(CO)
bands of the dicarbonyl complex 1b were found at 1978 and
2040 cm!1, which are located at lower wavenumbers than those
of 1a (i.e. 1994 and 2058 cm!1) which contains the bis(triazolate)
ligand, dttz.38 This observation is in agreement with the greater
electron donating character of bipz, and the increased back
p-bonding which serves to reduce the CO stretching frequencies.

The structures of 1b and 3 were determined by single crystal
X-ray diffraction, for which a perspective view of each molecule,
selected bond distances and angles are shown in Fig. 1 and 2.
Both Os(II) complexes adopt a distorted octahedral geometry at
the metal centre, with the bpy and bipz chelates being located
cis to each other, leaving two remaining cis-coordination sites
that are occupied by two CO ligands (1c) or the pp2b chelate (3).
In complex 1b, the trans-influence of the CO ligands increases
the trans-Os–N distances (i.e. Os–N(2) = 2.102(4) and Os–N(6) =
2.121(4) Å) versus those at the cis-dispositions, cf. Os–N(3) =
2.057(4) and Os–N(5) = 2.080(4) Å.39 For the pp2b complex 3,
since both the trans-Os–N distances, i.e. Os–N(3) = 2.113(6) and
Os–N(6) = 2.123(5) Å, are comparable to the trans-Os–N distances
observed in 1c, the trans-influence of the pp2b chelate should be
at the same magnitude as that imposed by dual CO ligands,
despite the large distinction in their intrinsic characters, i.e.
s-donor vs. p-acceptor.45 Moreover, the bipz chelate in 3 adopts

Chart 1 Reported Os(II) complexes 1a and 2.

Chart 2 Os(II) complexes 1b and 3–6 investigated in this study.
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a subtly bent conformation, which is in contrast to the near-planar
arrangement of this ligand in 1b. Since pp2b is more sterically

bulky than the CO ligands, the associated crystal-packing effect,
in part, likely influences this conformational distortion in the
crystal lattice.46

Photophysical data

Complex 1b is non-emissive in both solution and solid states,
so the discussion of photophysical properties is focused only on the
phosphine substituted Os(II) complexes 3–6. For these complexes,
UV-Vis absorption spectra were recorded in CH2Cl2 and the
numerical data are presented in Table 1. As shown in Fig. 3, the
absorption spectra exhibit strong absorption bands below
320 nm (e 4 3 ! 104 M"1cm"1) assigned to 1p–p* transitions
localized on the diimine ligands. The next lower energy absorp-
tion in the region 400–500 nm (e = 4–10 ! 103 M"1cm"1) is
attributed to the spin-allowed 1MLCT transitions from the Os(II)
metal ion to the diimine. The intensities of these 1MLCT bands
show strong correlation with the nature of the diimine ligands;
i.e. complexes 3 and 6 give the weakest and greatest intensity
transitions which may be due in part to the degree of p-conjugation
in the diimine acceptor. Moreover, there is a very broad absorption
envelope that extends beyond 600 nm (e = 1.2–2.1! 103 M"1 cm"1),
which can be assigned to the heavy-metal atom enhanced
3MLCT absorption, probably mixed with a contribution from
the ligand-to-ligand charge transfer (3LLCT) transitions from
the occupied orbital of bipz to the empty p*-orbital of the
diimine chelate.

The Os(II) complexes 3–6 failed to show any notable emission
in solution at RT, but were significantly emissive in the solid
state, a result of the rigid media as well as the forfeit of solvent
collisions.47,48 The solid state emission spectra and associated
peak maxima (Fig. 3) are sensitive to the nature of the diimine
N^N chelate, supporting the assignment of the 3MLCT transition.
For example, replacing the bpy chelate in 3 with the phen chelate
in 4 leads to a blue shift of emission from 772 nm to 739 nm,
which is due to the more destabilized p*-orbital of phen versus
bpy.49–52 In a similar fashion, upon introduction of four methyl
substituents (5) or two phenyl groups (6) into the phenanthroline
ligand, the corresponding emission maxima are blue shifted relative
to the parent complex 4 to 717 nm and red shifted to 779 nm,
respectively. These variations are attributed to the electron donating
and extended p-conjugation of the methyl and phenyl substituents
respectively.

Complexes 3–6 showed emission quantum yields F = 0.5–
8.8%, and relatively short luminescence lifetimes at RT (tobs =
26.4–431 ns) for phosphorescence processes. The radiative (kr)
and nonradiative decay (knr) rates were calculated from the F
and t data. The low F value of 3 is principally caused by the less

Fig. 1 ORTEP diagram of 1b with thermal ellipsoids shown at the 30%
probability level; selected bond distances: Os–N(2) = 2.102(4), Os–N(3) =
2.057(4), Os–N(5) = 2.080(4), Os–N(6) = 2.121(4), Os–C(1) = 1.892(6) and
Os–C(2) = 1.895(6) Å; bond angles: +C(1)–Os–C(2) = 87.8(2), N(5)–Os–
N(6) = 77.94(16) and N(2)–Os–N(3) = 76.85(17)1.

Fig. 2 ORTEP diagram of 3 with thermal ellipsoids shown at the 30%
probability level; selected bond distances: Os–N(2) = 2.088(5), Os–N(3) =
2.113(6), Os–N(5) = 2.072(6), Os–N(6) = 2.123(5), Os–P(1) = 2.2650(17) and
Os–P(2) = 2.2618(17) Å; bond angles: +P(1)–Os–P(2) = 85.36(6), N(5)–
Os–N(6) = 77.1(2) and N(2)–Os–N(3) = 76.2(2)1.

Table 1 Photophysical properties of the NIR-emitting Os(II) complexes 3–6

Abs. lmax (nm) [e (103 M"1 cm"1)]a PL lmax
b (nm) Fb (%) tobs

b (ns) kr (105 s"1) knr (107 s"1)

3 295 [27.9], 338 [5.4], 471 [4.1], 610 [1.2] 772 0.5 26.4 1.89 3.76
4 268 [43.0], 406 [6.1], 586 [1.2] 739 3.1 197 1.52 0.49
5 273 [57.4], 442 [6.9], 545 [1.7] 717 8.8 431 2.04 0.21
6 279 [64.2], 476 [10.3], 599 [2.1] 779 4.5 115 3.91 0.83

a UV-Vis spectra were recorded in 10"5 M of CH2Cl2 solution. b Photoluminescence spectra and quantum yields were measured as neat powder.
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rigid molecular framework of the bpy ligand, which then increases
knr versus other Os(II) complexes with more structurally rigid
phenanthroline-based chelates.53 Within the series of phenan-
throline complexes 4–6, complex 5 showed higher F and longer
tobs values versus those of parent 4, which is best explained by
the energy gap law,54,55 i.e. knr values tend to increase as the
emission energy decreases. In the case of complex 6 with the
extended Ph2phen chelate, the F value of 4.5% is higher than
3.1% of 4, whilst tobs (115 ns) is comparable to that of parent
complex 4 (197 ns). The derived kr and knr values for 6 are
calculated to be 3.91! 105 and 0.83! 107 s"1, respectively. This
could be due to the fact that, upon photoexcitation, the
peripheral Ph substituents would become coplanar with the
phenanthroline backbone, resulting in more extended electron
delocalization in the excited state.56,57 Therefore, the better
electron delocalization produces a smaller variation in the C–C
bond lengths upon formation of the excited state as compared
to the ground state and, ultimately, giving the larger radiative
quantum yield relative to other molecules in this class.58

Electrochemistry

The electrochemical properties of 3–6 were examined using
cyclic voltammetry (Table 2). The obtained data support the
delineation that oxidation is localized on the Os(II) metal
center, and that reduction occurs mainly on the diimine
ligand.59 In the present system, all Os(II) complexes 3–6 showed
a reversible oxidation potential in the narrow range of 0.00–0.07 V

(vs. the ferrocenium/ferrocene couple at 0.0 V), whilst the reduction
potential was recorded between"2.04 and"2.30 V (cf. Table 2 and
Fig. S1 of the ESI†). The trends in reduction potentials followed the
trends anticipated on the basis of the electron donating or with-
drawing characteristics of the diimine ligands. Thus, changing
from bpy to phen (i.e. from 3 to 4) and addition of four methyl
groups to phen (i.e. from 4 to 5) result in the destabilization of the
empty p*-orbital of the diimine chelate, and a consequent shift in
the reduction potential to more negative values. For 5, the small
decrease in oxidation potential versus 4 is also coupled with the
increase in electron density at the metal center exerted by four
methyl groups on phen. The possibility to create a more extended
p* system in the Ph2phen complex 6 gives the least negative
reduction potential when compared with the parent compound 4.

DFT calculations

In order to gain in-depth insight into the above experimentally
observed properties, we turned to calculations based on density
functional theory (DFT) and time-dependent density functional
theory (TD-DFT) (B3LYP/LANL2DZ basis set for Os, 6-31G** and
all other atoms, as well as a conductor-like polarization con-
tinuum CPCM solvent model in CH2Cl2). The model structures
are denoted 30, 40, 50 and 60 to distinguish them from the
physical data of the as-synthesized complexes. The results from
the geometry optimisation are summarised in Table 3, together
with the crystallographically determined data from 3 for com-
parison. In the case of 3 and 30, the majority of differences in
bond lengths are within 0.03 Å, whilst the greatest difference is
around 0.06 Å, associated with the Os–P(2) bond.

Plots of the HOMO and the LUMO of 30, 40, 50 and 60 are
given in Fig. 4 and the ESI.† In each case, the HOMO is of mixed
Os(d)–bipz(p) characteristics, (Os/bipz: 49/44 (30); 48/45 (40);
57/32 (50); 49/44 (60)) whilst the LUMO is strongly localized on
the diimine ligand. The HOMO energies vary little across the
series (Table 2) whilst the LUMO energies naturally follow the
electronic characteristics of the diamine, giving good correla-
tion with the redox potentials.

To provide a more detailed interpretation of the photophysical
properties of 3–6, time-dependent density functional theory
(TD-DFT) calculations were also carried out. The results are
summarized in Table 4, which lists the energy and orbital analyses
of the lowest energy singlet and triplet transitions, together
with the relevant data from the absorption and emission spectra.

Fig. 3 UV-Vis absorption spectra in CH2Cl2 and solid state emission
spectra at RT of Os(II) complexes 3–6.

Table 2 Electrochemical properties of the studied Os(II) complexes

Ox. E1/2
a (V)

[DEp (mV)]
Red. E1/2

b (V)
[DEp (mV)] HOMOc (eV) LUMOc (eV)

3 0.07 [89] "2.14 [124] 30 "5.00 "2.16
4 0.07 [99] "2.22 [83] 40 "5.00 "2.13
5 0.00 [88] "2.30 [73] 50 "5.03 "1.91
6 0.07 [72] "2.04 [73] 60 "4.98 "2.18

a Measured in 0.1 M TBAPF6/CH2Cl2 vs. FcH+/FcH with the Pt working
electrode. b Measured in 0.1 M TBAPF6/THF vs. FcH+/FcH with the Au
working electrode. c B3LYP/LANL2DZ:6-31G** data.

Table 3 Selected bond lengths (Å) and angles (1) of 3 and the computa-
tional models 30, 40, 50 and 60

3 30 40 50 60

Os–N(2) (in Å) 2.088(5) 2.1101 2.1077 2.0898 2.1098
Os–N(3) 2.113(6) 2.1346 2.1349 2.1041 2.1353
Os–N(5) 2.072(6) 2.1094 2.1207 2.0909 2.1192
Os–N(6) 2.123(5) 2.1276 2.1387 2.1149 2.1308
Os–P(1) 2.2650(17) 2.3334 2.3312 2.3068 2.3337
Os–P(2) 2.2618(17) 2.3204 2.3174 2.3013 2.3185
P(1)–Os–P(2) (in 1) 85.36(6) 84.48 84.63 85.38 84.49
N(2)–Os–N(3) 76.2(2) 75.95 76.05 75.92 75.94
N(5)–Os–N(6) 77.1(2) 76.92 77.71 77.96 77.26
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The agreement between the calculated S0 - S1 transition energies
is remarkably good, and although the S0 - T1 transition is strictly
forbidden and the calculations do not allow for spin–orbit
coupling, the calculated transition energies (albeit with zero
oscillator strength) follow the trend in emission maxima
(Table 4). The S0 - T1 transition energies may also account in
part for the low energy tails observed in the absorption spectra
(Fig. 3). The simulated absorption spectra of the Os(II) complexes
3–6 are given in the ESI.†

The S0 - S1 and S0 - T1 transitions are assigned to HOMO -
LUMO charge transfer processes of mixed MLCT/LLCT char-
acteristics for each of 30, 40 and 60. In the case of 5 which bears
the Me4-phen ligand, the S0 - S1 transition also has appreci-
able HOMO - LUMO+1 characteristics (also MLCT/LLCT
between the Os/bipz donor and the diimine) whilst the S0 - T1

transition is of mixed HOMO!1 - LUMO/HOMO!2 - LUMO
characteristics (again, largely MLCT/LLCT in nature).

OLED device fabrication

For OLED device fabrication, complex 5 was selected as the
dopant due to both the higher volatility and quantum yield
compared with the other members of the series. In this study,
tris(8-hydroxyquinoline)aluminum (Alq3) and 3,30,5,50-tetra[(m-
pyridyl)-phen-3-yl]-biphenyl (BP4mPy) were used both as the host
and the electron transport layer (ETL). The electron mobilities of
Alq3 and BP4mPy are found to be 10!5 and 10!4 cm2 V!1 s!1,
respectively.60–63 Moreover, 4,40-bis[N-(1-naphthyl)-N-phenyl-
amino] biphenyl (NPB) which possesses an adequate hole trans-
port mobility (B10!4 cm2 V!1 s!1) and a triplet energy gap (ET =
2.29 eV) was selected as the hole transport layer (HTL) in tuning
the carrier balance.64–66 The devices A1 and B1 consist of the
architecture: ITO/NPB (40 nm)/Host (Alq3 or BP4mPy) doped
with x wt% 5 (30 nm)/ETL (Alq3 or BP4mPy) (40 nm)/LiF
(0.5 nm)/Al (150 nm). In general, the concentrations of all RGB
dopants in phosphorescent OLEDs range from 6 to 10 wt%.
However, NIR OLEDs usually require higher concentrations to
achieve the desired red-shifted EL spectrum; therefore, 8 wt%
and 16 wt% concentrations were used here. The EL spectrum
from the device with 16 wt% of dopant was slightly red-shifted
compared to the EL spectrum from the device with 8 wt% of
dopant. However, the device adopting 8 wt% doping concentration
achieved a much higher efficiency value. Consequently, the doping
concentration of 8 wt% was used in this study. Furthermore, based

Fig. 4 Frontier molecular orbitals in the lowest-energy optical transitions
for Os(II) complexes 30–60; all contours are plotted at "0.04 (e bohr!3)1/2.

Table 4 Calculated S0 - S1 and S0 - T1 transition energies (in nm), orbital analysis and optical properties of 30, 40, 50 and 60

Calc. lmax Calc. lmax

Obs. lmax (abs) Obs. lmax (em)S0 - S1 S0 - T1

30 607 644 610 772
HOMO - LUMO (95%) HOMO - LUMO (76%)

40 598 633 586 739
HOMO - LUMO (95%) HOMO - LUMO (70%)

50 533 596 545 717
HOMO - LUMO (58%) HOMO-1 - LUMO (52%)
HOMO - LUMO+1 (33%) HOMO-2 - LUMO (26%)

60 608 651 599 779
HOMO - LUMO (93%) HOMO - LUMO (63%)
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on our experiences, the device efficiency can be improved by
using a second dopant with an intermediate energy level to
provide a favorable stepwise energy transfer. The Os(II) complex
[Os(fptz)2(PPh2Me)2] (7) was selected for this purpose as it
exhibited a considerable spectral overlap with that of 5, as well

as the optimal energy levels.40,67–69 This isoenergetic relationship
allows efficient energy transfer from 7 to 5, and the emission
remained unaltered due to the low concentration of 7.38,64

Therefore, the doped devices A2 and B2 were represented by
the architecture: ITO/ NPB (40 nm)/Host (Alq3 or BP4mPy)

Fig. 5 (a) Compounds used in OLEDs along with complex 5; (b) architecture of NIR OLEDs with the tested hosts, dopants and electron transport layers.

Fig. 6 (a) EL spectra of tested OLEDs; (b) current density–voltage (J–V) plots; (c) external quantum efficiency vs. current density; (d) power efficiency vs.
current density for devices A1, A2, B1 and B2.
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doped with 8 wt% 5 and 0.1 wt% 7 (30 nm)/ETL (Alq3 or
BP4mPy) (40 nm)/LiF (0.5 nm)/Al (150 nm). The materials
employed in OLEDs along with complex 5 and an estimated
energy-level diagram for the devices are depicted in Fig. 5.

The characteristics of the resulting devices are shown in
Fig. 6, while the numerical data are listed in Table 5. As can be
seen, all devices show nearly identical spectral profiles, for which
the EL peak maxima (690 nm) show a broadened full width at
half maximum (FWHM) of approx. 130 nm (or 2680 cm!1) and
are also slightly blue-shifted with respect to photoluminescence
(PL) recorded as neat powder (717 nm). It appears to us that the
blue-shifting in EL spectra may be due to the effect of media,
for which the co-deposition in host material may somewhat
destabilize the 3MLCT excited states. Furthermore, the lack of
Alq3 or BP4mPy emission implies that complete energy transfers
take place from the hosts to the NIR dopant 5. Hence, the carrier
recombination zone was confined within the emitting layer and
the exciton diffusion to the adjacent carrier transport layers is
avoided in the devices.

Moreover, the respective turn-on voltages (defined as a sharp
rise in current density) for devices A1, A2, B1, and B2 are found
to be 2.2 V, 2.2 V, 3.0 V and 3.0 V, respectively. Obviously, the
higher band gap of BP4mPy produced higher operation voltages
and lower current densities for devices B1 and B2 versus devices
A1 and A2 that were fabricated using Alq3. As shown in Fig. 6(c)
and (d), devices A1 and A2 showed poor external quantum
efficiencies (EQE) at lower current densities, which might be
attributed to the quenching induced by the charge carrier–
exciton interaction.70 Peak EQEs of A1 and A2 were recorded to
be 1.54% (0.17 lm W!1) and 1.56% (0.18 lm W!1), respectively.
In contrast, the peak EQEs of B1 and B2 were higher, e.g. 2.27%
(0.13 lm W!1) and 2.13% (0.17 lm W!1), respectively. This approx.
47% increase in EQEs demonstrated the effectiveness of BP4mPy in
achieving the balanced carrier transport. On the other hand, both
the co-doped devices A2 and B2 showed improved carrier trans-
porting ability and, hence, increased max. power efficiency as
compared to those without the co-dopant 7 (i.e. A1 and B1).

In addition, the EQEs of devices A1 and A2 (i.e. with Alq3)
decreased to one-half of their highest values at a current density
( J1/2) of 473.2 and 441.9 mA cm!2, and at a J1/2 of 82.3 and
69.5 mA cm!2 for B1 and B2 (i.e. BP4mPy).71,72 Devices A1 and
A2 showed much higher overall current densities because of the
reduced efficiency roll-off, which is partially attributed to the

lower electron mobility of Alq3 (B10!5 cm2 V!1 s!1). Therefore,
the relatively fast hole injection from NPB to Alq3 enlarged the
recombination zone (RZ) and thus decreased the exciton
concentration. In contrast, BP4mPy with a higher electron
mobility of B10!4 cm2 V!1 s!1 restrained the thickness of
RZ, resulting in a relatively high exciton concentration in a narrow
space. The increase in triplet excitons with long excited-state
lifetimes would substantially increase the probability of triplet–
triplet annihilation as well as triplet polaron quenching.73–75 As
such, devices B1 and B2 only achieved a light output of 48.9 and
45.9 mW cm!2 at 16.0 V and 15.8 V. In contrast, a forward light
output as high as 53.9 and 52.8 mW cm!2 can be reached at lower
voltages of 11.4 V and 11.0 V for devices A1 and A2, respectively.

Conclusion
In summary, a new series of NIR-emitting Os(II) phosphors
bearing heteroleptic tris-bidentate chelating architecture were
synthesized and characterized, among which Os(II) complexes 5
and 6 showed PL emission at 717 nm with F = 8.8% and at
779 nm with F = 4.5%, respectively in the solid state. Their
lower-energy emission is generally derived from the mixed
3MLCT and 3LLCT excited states, while the higher emission
efficiencies are, in part, attributed to the higher rigidity of
coordinated phenanthroline that reduced the vibronic coupling
in the excited states. Hence, a better emission efficiency than
predicted by the energy gap law can be achieved.

NIR-emitting OLEDs were fabricated using the highly emissive
Os(II) phosphor 5, giving a peak external quantum efficiency (EQE) of
1.54%, a power efficiency (PE) of 0.17 lm W!1, and a low turn-on
voltage of 2.2 V with Alq3 both as the host and the ETL. In addition,
the peak EQE increased to 2.27% by substituting Alq3 with BP4mPy,
due to their better carrier balance and exciton confinement. Overall,
these results pinpoint the great potential of the relevant Os(II)
phosphors in the fabrication of NIR-emitting OLEDs.

Experimental section
General information and materials

Mass spectra were recorded on a JEOL SX-102A instrument
operating in electron impact (EI) mode or fast atom bombard-
ment (FAB) mode. 1H, 19F and 31P NMR spectra were obtained

Table 5 EL characteristics of NIR OLEDs with different dopants

Device A1 A2 B1 B2

Host & ETL Alq3 BP4mPy

Dopant 5 5 + Os 5 5 + Os

External quantum efficiency (%) Max. 1.54 1.56 2.27 2.13
10 mA cm!2 1.42 1.41 1.68 1.53

Power efficiency (lm W!1) Max. 0.17 0.18 0.13 0.17
10 mA cm!2 0.08 0.09 0.05 0.06

Turn on voltage (V) 2.2 2.2 3.0 3.0
J1/2 (mA cm!2) 473.2 441.9 82.3 69.5
CIE 1931 coordinates (0.66, 0.34) (0.67, 0.33) (0.69, 0.31) (0.69, 0.31)
Light output (mW cm!2) [@V] 53.9 [11.4 V] 52.8 [11.0 V] 48.9 [16.0 V] 45.9 [15.8 V]

Journal of Materials Chemistry C Paper

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 1
4 

A
pr

il 
20

15
. D

ow
nl

oa
de

d 
on

 0
4/

10
/2

01
7 

07
:0

8:
50

. 
 T

hi
s a

rti
cl

e 
is 

lic
en

se
d 

un
de

r a
 C

re
at

iv
e 

Co
m

m
on

s A
ttr

ib
ut

io
n-

N
on

Co
m

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
http://dx.doi.org/10.1039/c5tc00204d


This journal is©The Royal Society of Chemistry 2015 J. Mater. Chem. C, 2015, 3, 4910--4920 | 4917

using the Varian Mercury-400 or INOVA-500 instruments. Elemental
analyses were performed in the NSC Regional Instrumentation
Center at National Chao Tung University, Hsinchu, Taiwan.
5,50-Di(trifluoromethyl)-2H,20H-3,30-bipyrazole (bipzH2) was pre-
pared according to the literature procedure.76 All reactions were
carried out under N2 atmosphere and anhydrous conditions.

Photophysical measurement

Steady-state absorption and emission spectra were recorded
using a Hitachi (U-3900) spectrophotometer and an Edinburgh
(FLS920) fluorimeter, respectively. The quantum yield (Q.Y.) of
each complex in the solid was measured using an integrating
sphere,77,78 which has been calibrated by wavelength response
and incorporated into the aforementioned fluorimeter, to obtain
the absolute emission yield.

Cyclic voltammetry

All electrochemical potentials were measured in a 0.1 M
TBAPF6/CH2Cl2 and THF solution for oxidation and reduction
reactions, and reported in volts using FcH/FcH+ as the reference;
DEp is defined as Eap (anodic peak potential) ! Ecp (cathodic peak
potential) and these data are reported in mV. The Pt electrode
and the Au(Hg) alloy were selected as the working electrode for
oxidation and reduction processes, respectively.

Preparation of 1b

A mixture of Os3(CO)12 (100 mg, 0.11 mmol), bipzH2 (93 mg,
0.34 mmol) and bipyridine (bpy, 53 mg, 0.340 mmol) in
diethylene glycol monomethyl ether (DGME, 10 mL) was heated
to 190 1C for 24 h. After cooling to RT, the solvent was removed
under vacuum. The residue was purified by silica gel column
chromatography eluting with ethyl acetate (EA) : hexane (2 : 1),
followed by recrystallization of a mixture of EA and hexane,
giving a yellow solid (1b, 141 mg, 0.21 mmol, 63%).

Spectroscopic data of 1b
1H NMR (400 MHz, d6-acetone, 294 K): d 9.47 (dd, J = 5.6,
0.8 Hz, 1H), 8.76 (d, J = 8.4 Hz, 1H), 8.69 (d, J = 8.4 Hz, 1H),
8.45 (td, J = 8.0, 0.8 Hz, 1H), 8.29 (td, J = 8.0, 0.8 Hz, 1H), 7.88
(td, J = 6.8, 0.8 Hz, 1H), 7.68 (td, J = 6.8, 0.8 Hz, 1H), 7.37
(d, J = 6.8 Hz, 1H), 6.70 (s, 1H), 6.48 (s, 1H); 19F–{1H} NMR
(470 MHz, d6-acetone, 294 K): d !60.62 (s, 3F), !60.84 (s, 3F);
MS (FAB, 192Os): m/z 672 (M–2)+, 645 (M+–CO), 616 (M+–2CO);
IR (CH2Cl2): n(CO), 1978 (s), 2040 (s) cm!1; anal. calcd for
C20H10F6N6O2Os: N, 12.53; C, 35.82; H, 1.50. Found: N, 12.17;
C, 35.62; H, 1.94.

Selected crystal data of 1b

C44H28F12N12O6Os2; M = 1429.18; triclinic; space group = P%1;
a = 10.1401(7) Å, b = 14.5567(10) Å, c = 17.5318(12) Å, a =
82.8000(14)1, b = 79.8955(15)1, g = 83.7633(15)1, V = 2517.6(3) Å3;
Z = 2; rcalcd = 1.885 Mg m!3; F(000) = 1368; crystal size = 0.40 "
0.40 " 0.25 mm3; l(Mo-Ka) = 0.71073 Å; T = 150(2) K; m =
5.145 mm!1; 29 504 reflections collected, 11 522 independent
reflections (Rint = 0.0358), GOF = 1.061, final R1[I 4 2s(I)] =
0.0353 and wR2 (all data) = 0.1026.

Preparation of 3

A mixture of Os3(CO)12 (100 mg, 0.11 mmol), bipzH2 (93 mg,
0.34 mmol) and bpy (53 mg, 0.34 mmol) in 10 mL of DGME was
heated to 190 1C for 24 h. After the reaction mixture was cooled
to RT, freshly sublimed Me3NO (52 mg, 0.69 mmol) was added
and the solution was then heated to 110 1C for 1 h. After that
1,2-bis(phospholano)benzene (pp2b, 91 mg, 0.36 mmol) was added
into the solution and then heated to 190 1C for 12 h. Finally, the
solvent was removed under vacuum, and the residue was purified
by silica gel column chromatography eluting with EA : hexane (2 : 1).
Recrystallization of a mixture of EA and hexane gave a dark-brown
crystalline solid (90 mg, 0.10 mmol, 31%).

Spectroscopic data of 3
1H NMR (400 MHz, d6-acetone, 294 K): d 8.65 (d, J = 5.6 Hz, 1H),
8.41 (d, J = 8.0 Hz, 2H), 7.87 (m, 3H), 7.79 (m, 2H), 7.50 (m, 2H),
7.37 (t, J = 6.4 Hz, 1H), 7.17 (t, J = 6.4 Hz, 1H), 6.54 (s, 1H), 6.39
(s, 1H), 3.61 (m, 1H), 2.62 (m, 1H), 2.47 (m, 1H), 2.15 (m, 1H), 1.80
(m, 3H), 1.68 (m, 1H), 1.27 (m, 5H), 0.77 (m, 3H); 19F–{1H} NMR
(470 MHz, d6-acetone, 294 K): d !59.62 (s, 3F), !59.65 (s, 3F);
31P NMR (202 MHz, d6-acetone, 298 K): d 39.88 (s, 1P), d 33.80
(s, 1P). MS (FAB, 192Os): m/z 866 (M)+; anal. calcd for C32H30F6N6OsP2:
N, 9.72; C, 44.44; H, 3.50. Found: N, 9.36; C, 43.99; H, 3.76.

Selected crystal data of 3

C35H37F6N6OsP2; M = 907.85; monoclinic; space group = C2/c;
a = 23.1156(7) Å, b = 16.4313(5) Å, c = 18.4153(5) Å, b =
96.193(2)1, V = 6953.7(4) Å3; Z = 8; rcalcd = 1.734 Mg m!3;
F(000) = 3592; crystal size = 0.20 " 0.15 " 0.03 mm3; l(Mo-Ka) =
0.71073 Å; T = 150(2) K; m = 3.828 mm!1; 23 283 reflections
collected, 7950 independent reflections (Rint = 0.0554), GOF =
1.056, final R1[I 4 2s(I)] = 0.0482 and wR2 (all data) = 0.1409.

Preparation of 4

Similar to the procedure described for 3, this reaction was
conducted using Os3(CO)12 (100 mg, 0.11 mmol), bipzH2 (93 mg,
0.34 mmol), 1,10-phenanthroline (61 mg, 0.34 mmol), Me3NO
(52 mg, 0.69 mmol) and pp2b (91 mg, 0.36 mmol), giving a dark-
brown crystalline solid (105 mg, 0.12 mmol) in 35% yield.

Spectroscopic data of 4
1H NMR (400 MHz, d6-acetone, 294 K): d 9.09 (d, J = 5.2 Hz, 1H),
8.44 (m, 2H), 8.04 (m, 3H), 7.93 (t, J = 7.2 Hz, 1H), 7.76 (m, 2H),
7.52 (m, 3H), 6.59 (s, 1H), 6.38 (s, 1H), 3.71 (m, 1H), 2.67
(m, 2H), 2.14 (m, 1H), 1.90 (m, 2H), 1.63 (m, 2H), 1.20 (m, 4H),
0.82 (m, 3H), 0.21 (m, 1H); 19F–{1H} NMR (470 MHz, d6-acetone,
294 K): d !59.51 (s, 3F), !59.69 (s, 3F); 31P NMR (202 MHz,
d6-acetone, 298 K): d 39.13 (s, 1P), 33.53 (s, 1P). MS (FAB, 192Os):
m/z 890 (M)+; anal. calcd for C34H30F6N6OsP2: N, 9.46; C, 45.94;
H, 3.40. Found: N, 9.23; C, 45.98; H, 3.95.

Preparations of 5 and 6

The Os(II) complexes 5 and 6 were obtained in 21% and 27%
yields respectively using similar procedures as described for the
preparation of 4.
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Spectroscopic data of 5
1H NMR (400 MHz, d6-acetone, 294 K): d 8.83 (s, 1H), 8.21
(q, J = 9.6 Hz, 2H), 7.91 (t, J = 6.8 Hz, 1H), 7.74 (t, J = 6.8 Hz, 1H),
7.64 (d, J = 2.8 Hz, 2H), 7.44 (m, 2H), 6.57 (s, 1H), 6.38 (s, 1H),
3.73–3.65 (m, 1H), 2.73–2.63 (m, 8H), 2.39 (s, 3H), 2.31 (s, 3H),
2.18–2.11 (m, 1H), 1.96–1.82 (m, 2H), 1.73–1.63 (m, 3H), 1.28–
1.13 (m, 3H), 1.03–0.93 (m, 1H), 0.86–0.75 (m, 2H), 0.27–0.20
(m, 1H); 19F–{1H} NMR (470 MHz, d6-acetone, 294 K): d !59.42
(s, 3F), !59.68 (s, 3F); 31P NMR (202 MHz, d6-acetone, 298 K):
d 38.81 (s, 1P), 33.74 (s, 1P). MS (FAB, 192Os): m/z 946 (M)+; anal.
calcd for C38H38F6N6OsP2: N, 8.89; C, 48.30; H, 4.05. Found:
N, 9.12; C, 48.37; H, 4.28.

Spectroscopic data of 6
1H NMR (400 MHz, d6-acetone, 294 K): d 9.19 (d, J = 5.6 Hz, 1H),
8.17–8.08 (m, 3H), 7.95 (t, J = 6.8 Hz, 1H), 7.80–7.76 (m, 2H), 7.70–
7.52 (m, 13H), 6.61 (s, 1H), 6.42 (s, 1H), 3.813.74 (m, 1H), 2.74–2.70
(m, 2H), 2.23–2.12 (m, 1H), 1.99–1.86 (m, 1H), 1.77–1.51 (m, 3H),
1.36–1.14 (m, 4H), 0.97–0.77 (m, 3H), 0.46–0.32 (m, 1H); 19F–{1H}
NMR (470 MHz, d6-acetone, 294 K): d!59.59 (s, 3F),!59.61 (s, 3F);
31P NMR (202 MHz, d6-acetone, 298 K): d 38.93 (s, 1P), 33.89 (s, 1P).
MS (FAB, 192Os): m/z 1042 (M)+; anal. calcd for C46H38F6N6OsP2: N,
8.07; C, 53.07; H, 3.68. Found: N, 7.99; C, 52.58; H, 3.90.

Single crystal X-ray diffraction studies

Single crystal X-ray diffraction studies were carried out on a
Bruker SMART Apex CCD diffractometer using (Mo-Ka) radiation
(l = 0.71073 Å). The data collection was executed using the SMART
program. Cell refinement and data reduction were performed using
the SAINT program. The structure was determined using the
SHELXTL/PC program and refined using full-matrix least squares.
CCDC 1044312 and 1044313.

Computational methods

All the calculations were performed using the Gaussian 09 program
package, with the B3LYP functional79,80 and the LANL2DZ81 basis
set for Os and 6-31G**82 for all other atoms. A conductor-like
polarization continuum model CPCM of CH2Cl2 solvent was
applied to all calculations, and the results were analyzed further
using GaussSum.83 Structures obtained were confirmed as true
minima by the absence of imaginary frequencies.

OLED fabrication

All commercial materials and ITO-coated glass were purchased
from Nichem and Lumtec. Before thermal evaporation, materials
were subjected to temperature-gradient sublimation under high
vacuum (B10!6 Torr). The bottom-emitting OLED architecture
consists of multiple organic layers and a reflective cathode which
were consecutively deposited onto the ITO-coated glass sub-
strate. The deposition rates of organics and aluminum were
kept at B0.1 nm s!1 and 0.5 nm s!1, respectively. The active area
was defined by the shadow mask (2" 2 mm2). The measurement
of EL characteristics was conducted in a glove box filled with
nitrogen. Current density–voltage–luminance characterization
was measured using a Keithley 238 current source-measure unit

and a Keithley 6485 picoammeter equipped with a calibrated
Si-photodiode. The electroluminescence spectra were recorded
using an Ocean Optics spectrometer.
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Syntheses and reductions of C-dimesitylboryl-
1,2-dicarba-closo-dodecaboranes†‡

Jan Kahlert,a Lena Böhling,a Andreas Brockhinke,a Hans-Georg Stammler,a

Beate Neumann,a Louis M. Rendina,b Paul J. Low,c Lothar Weber*a and Mark A. Fox*d

Two C-dimesitylboryl-1,2-dicarba-closo-dodecaboranes, 1-(BMes2)-2-R-1,2-C2B10H10 (1, R = H, 2, R =

Ph), were synthesised by lithiation of 1,2-dicarba-closo-dodecaborane and 1-phenyl-1,2-dicarba-closo-

dodecaborane, respectively, with n-butyllithium and subsequent reaction with fluorodimesitylborane.

These novel compounds were structurally characterised by X-ray crystallography. Compounds 1 and 2 are

hydrolysed on prolonged exposure to air to give mesitylene and boronic acids 1-(B(OH)2)-2-R-1,2-

C2B10H10 (3, R = H, 4, R = Ph respectively). Addition of fluoride anions to 1 and 2 resulted in boryl-carbo-

rane bond cleavage to give dimesitylborinic acid HOBMes2. UV absorption bands at 318–333 nm were

observed for 1 and 2 corresponding to local π–π*-transitions within the dimesitylboryl groups while

visible emissions at 541–664 nm with Stokes shifts of 11 920–16 170 cm−1 were attributed to intra-

molecular charge transfer transitions between the mesityl and cluster groups. Compound 2 was shown

by cyclic voltammetry to form a stable dianion on reduction. NMR spectra for the dianion [2]2− were

recorded from solutions generated by reductions of 2 with alkali metals and compared with NMR spectra

from reductions of 1,2-diphenyl-ortho-carborane 5. On the basis of observed and computed 11B NMR

shifts, these nido-dianions contain bowl-shaped cluster geometries. The carborane is viewed as the elec-

tron-acceptor and the mesityl group is the electron-donor in C-dimesitylboryl-1,2-dicarba-closo-

dodecaboranes.

Introduction
Tri-coordinate boron compounds have been intensely investi-
gated in the past two decades in view of potential applications
as functional materials.1 The most widely employed functional
moiety containing a tri-coordinate boron atom is the dimesityl-
boryl group (BMes2; Mes = 2,4,6-Me3C6H2) in which the unsa-
turated boron centre is kinetically stabilised by steric shielding
of the mesityl groups. The empty pz-orbital at the boron atom
can interact with the π-system of attached organic skeletons

which leads to a narrowing of the HOMO–LUMO-gap (HLG) by
lowering the LUMO energy. Indeed, the π-acceptor strength of
the BMes2 group is similar to those of cyano-2 and nitro-3

groups. These electronic characteristics have led to organic
materials containing BMes2 units finding application as elec-
tron-transporting materials in opto-electronic devices.4,5 Com-
pounds containing BMes2 can be strongly fluorescent and thus
have been used in organic light emitting diodes (OLEDs).5,6

Moreover, the ability of the boron atom to form selectively
covalent adducts with small anions has led to applications of
these compounds as colorimetric and luminescent sensors for
fluoride7–9 and cyanide.10,11

Other boron-containing compounds that have gained con-
siderable interest in the last seven years in the field of opto-
electronic materials are derivatives of the dicarba-closo-dodeca-
borane isomers (1,2-, 1,7- and 1,12-C2B10H12 which are ortho-,
meta- and para-carborane, respectively).12,13 Due to their delo-
calised σ-electron systems (‘3D aromaticity’), these clusters
possess high thermal and chemical stabilities.14 The ortho-
carborane is a unique electron-acceptor when connected to a
donor at one or both cluster carbon atoms (at C1 and/or C2 in
1,2-C2B10H12) due to the elasticity of the cluster C1–C2
bond.15–17 The ortho-carborane unit thus can play an active
role as the acceptor in donor–acceptor molecules (dyads).

† In memory of Ken Wade, a brilliant chemist and mentor.
‡Electronic supplementary information (ESI) available: Absorption spectra for 1
and 2, detailed CV data for 1 and 2, TD-DFT data for 1 and 2, spectroelectro-
chemical data for 2, computed GIAO-NMR data for 1–4, NMR spectra for 1–4 and
dianions [2]2− and [5]2−, crystallographic data for 1 and 2 and Cartesian coordi-
nates for eleven optimised geometries. CCDC 1048027–1048028. For ESI and
crystallographic data in CIF or other electronic format see DOI: 10.1039/
c5dt00758e
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Photoexcitation of such dyads induces a charge transfer from
an organic scaffold to the carborane cluster which either led to
luminescence quenching18 or to charge transfer (CT) emis-
sions or both depending on the solvents used19–21 and
whether the materials were investigated as solids.22–28 Com-
pounds with both BMes2 and ortho-carboranyl groups are
known with para-phenylene bridges linking both units.29,30 In
these systems, the ortho-carboranyl group served as a strongly
inductive electron-withdrawing group as the cluster increased
the Lewis acidity of the triarylborane as found by fluoride ion
titrations compared to the triarylborane without the cluster
attached.29 Another compound containing both BMes2 and
ortho-carboranyl group was reported with an ethylene bridge
linking both units.31

Of the few ortho-carboranes with tri-coordinate boron
substituents at their carbon atoms reported,24–26,32–36 only
C-benzodiazaborolyl-ortho-carboranes have been investigated
regarding their photophysical, electrochemical and spectro-
electrochemical properties.25 However, the benzodiazaborolyl
group generally acts as a π-donor and is therefore electronically
quite distinct from the BMes2 moiety. In order to better under-
stand the photophysical and electrochemical properties of
ortho-carboranes with boryl groups, studies with compounds
containing a tri-coordinate boron π-acceptor would be appeal-
ing and allow one to determine more precisely the electronic
interplay between the carborane and tri-coordinate boron elec-
tron-withdrawing units. Therefore we present herein, the
syntheses and crystal structures of two ortho-carborane deriva-
tives 1 and 2 with a BMes2 group at one of the cage carbon
atoms and their photophysical and electrochemical properties
(Fig. 1). The geometry of the reduced species of 2 was also
determined by a combination of 11B NMR spectroscopy and
GIAO-NMR DFT computations.

Results and discussion
Syntheses and characterisation of 1 and 2

Compounds 1 and 2 were synthesised by reaction of fluorodi-
mesitylborane with the corresponding C-lithiocarborane, gene-
rated in situ by metallation of ortho-carborane and 1-phenyl-
ortho-carborane, in boiling toluene (Fig. 1). The elevated tem-
peratures proved to be essential as no conversion was observed
at ambient temperature. Purification was achieved by aqueous
work-up and the target compounds were isolated in moderate

yields by crystallisation from n-hexane/dichloromethane mix-
tures. The elemental analytical result for 1 was significantly
lower (0.8% for carbon) than the calculated value. Similar dis-
crepancies have been noted elsewhere for related com-
pounds.33 It is possible that the formation of boron carbide
during the combustion analysis may adversely affect the values
obtained.

Signals in the 11B{1H} NMR spectra of 1 and 2 between 3.7
and −12.9 ppm confirm the presence of the ortho-carborane
clusters. The 11B peaks at 78.9 ppm (1) and 80.4 ppm (2) are
assigned to the BMes2 groups and are very broad compared to
the peaks corresponding to the cluster. The 11B chemical
shifts of the Mes2B groups in 1 and 2 are virtually identical to
trimesitylborane (79.2 ppm) and phenyldimesitylborane
(79.3 ppm).37 Thus, the ortho-carboranyl groups influence the
chemical shift of the tri-coordinate boron atom of the BMes2

unit in the same manner as a phenyl or mesityl substituent.

Hydrolyses of 1 and 2

Since aqueous work-ups were used in the preparation of 1 and
2 these C-boryl-ortho-carboranes are considered to be water-
stable – unlike many reported C-boryl-ortho-carboranes that
could not be isolated pure due to facile hydrolysis.32 The 1H
and 11B NMR spectra for 1 and 2 in deuterated chloroform
solutions containing excess water also showed no changes.
The sterics of the mesityl and the carboranyl groups appear to
prevent facile hydrolysis of the boron atom in 1 and 2.

Solids of 1 and 2 do, however, hydrolyse on prolonged
exposure to air (complete conversion after three weeks for 1
and eighteen months for 2) to give mesitylene and the new carbo-
ranylboronic acids, 3 and 4 (Fig. 2). While these acids could
not be obtained pure, they were identified by multinuclear
NMR spectroscopy and mass spectrometry. The observed
cleavage of the B–C(mesityl) bond in the process is not
without precedent. It has been shown elsewhere that mesity-
lene is formed from the reaction of dimesitylborinic acid,
Mes2BOH, with trimethylaluminium.38 The initial steps in
these air-induced hydrolyses of 1 and 2 probably involve clea-
vage of the B–C(mesityl) bonds by oxygen (as in the B–C

Fig. 1 Syntheses of the novel C-dimesitylboryl-ortho-carboranes 1 and 2.

Fig. 2 Hydrolysed products from reactions of 1 and 2 with air and
fluoride ions.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2015 Dalton Trans., 2015, 44, 9766–9781 | 9767

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
4 

A
pr

il 
20

15
. D

ow
nl

oa
de

d 
on

 0
4/

10
/2

01
7 

07
:0

8:
28

. 
 T

hi
s a

rti
cl

e 
is 

lic
en

se
d 

un
de

r a
 C

re
at

iv
e 

Co
m

m
on

s A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
Li

ce
nc

e.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c5dt00758e


(phenyl) bond cleavage reaction of triphenylboron by oxygen39)
followed by hydrolysis with traces of water present in air.

As many organic dimesitylboranes have been explored as
fluoride sensors,7,29 the reactivity of 1 and 2 towards fluoride
ions was of interest. Chloroform solutions of 1 and 2 were
treated with an excess of tetra-n-butylammonium fluoride
hydrate (TBAFH) while acetonitrile solutions of 1 and 2 were
added with potassium fluoride (KF) and 18-crown-6 to obtain
the desired fluoride adducts [1·F]− and [2·F]−, respectively,
where the fluoride ion is bound to the boryl boron atom.
Hydrolysis took place instead in all cases to give Mes2BOH,
and the corresponding unsubstituted carborane, 1,2-C2B10H12

or 1-Ph-1,2-C2B10H11, as detected by 1H, 11B, 13C and 19F NMR
spectroscopies on the reaction mixtures (Fig. 2). These reac-
tions were complicated by fluoride-ion deboronation processes
on the unsubstituted carboranes to give 11B and 19F NMR
peaks corresponding to fluoroborates of the boron atom
initially removed from the cluster.40

It is possible that fluorodimesitylborane, Mes2BF, is initially
formed in the reaction as Mes2BF is known to be easily hydro-
lysed to Mes2BOH.39,41 However, careful 19F NMR monitoring
of the reaction mixtures from 1 and 2 with TBAFH in the first
few minutes did not reveal any evidence of an intermediate
such as the fluoride adducts [1·F]−, [2·F]− or Mes2BF. The reac-
tions of potassium hydroxide (KOH) and 18-crown-6 with 1
and 2 in acetonitrile gave Mes2BOH and the corresponding
unsubstituted carborane. Deboronation products were also
present in the latter reactions as the combination of KOH and
18-crown-6 is a strong deboronating agent.42

X-ray crystallography

Single crystals of 1 and 2 were grown from n-hexane/dichloro-
methane mixtures and their molecular structures were deter-
mined by X-ray diffraction (Fig. 3 and 4, Table 1). The BMes2

groups adopt orientations with C2–C1–B1–C3 torsion angles at
36.0(2)° and 22.5(2)° and C2–C1–B1–C12 at −144.5(2)° and
−157.8(2)° in 1 and 2 respectively (Table 1). Thus the empty pz-
orbitals are approximately in plane with the C1–B3 bonds in
the clusters and these C1–B3 bonds are shorter than the C1–
B6 bonds by 0.02–0.03 Å in both compounds. However, all B–B
and B–C bonds lengths in the clusters are within the usual
range.24

The C1–C2 distance of 1.677(3) Å in 1 agrees within 3 esd
with C1–C2 bond lengths of 1.667(1)–1.673(1) Å found in other
C-monoboryl-ortho-carboranes.24,33,36 By contrast, the C1–C2

Fig. 3 Molecular structure of 1 with hydrogen atoms omitted for
clarity. Thermal ellipsoids are drawn at 50% probability.

Fig. 4 Molecular structure of 2 with hydrogen atoms omitted. Thermal
ellipsoids are plotted at 50% probability.

Table 1 Selected bond lengths and angles for 1 and 2

1 2

Exp. Calcd.a Exp. Calcd.a

Bond lengths [Å]
C1–C2 1.677(3) 1.671 1.761(2) 1.791
C1–B1 1.635(3) 1.641 1.629(2) 1.648
C1–B3 1.728(3) 1.723 1.727(2) 1.724
C1–B6 1.756(3) 1.757 1.748(2) 1.751
B1–C3 1.595(3) 1.601 1.590(2) 1.597
B1–C12 1.581(3) 1.593 1.602(2) 1.602
Bond angles [°]
C1–B1–C3 115.7(2) 116.9 118.2(1) 120.7
C1–B1–C12 121.0(2) 121.0 119.4(1) 118.3
C3–B1–C12 123.3(2) 122.2 122.4(1) 120.9
Torsion angles [°]
C2–C1–B1–C3 36.0(2) 34.9 22.5(2) 37.1
C2–C1–B1–C12 −144.5(2) −145.1 −157.8(2) −145.8
B3–C1–B1–C3 102.7(2) 102.1 95.8(2) 110.6
B3–C1–B1–C12 −77.8(2) −77.8 −84.5(2) −72.3
Interplanar angles [°]
(C1,B1,C3,C12)(C3–C8) 77.9(1) 74.2 78.6(1) 69.8
(C1,B1,C3,C12)(C12–C17) 54.1(1) 58.3 65.5(1) 64.0

a Calculated values from optimised geometries of 1 and 2 at B3LYP/6-31G*.
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bond of 1.761(2) Å in 2 is significantly longer than in its 1,3-
diethyl-1,3,2-benzodiazaborol-2-yl analogue (1.701(2)–1.730(2)
Å),24 in 1,2-diphenyl-ortho-carborane (1.720(4)–1.733(4) Å)43

and 1,2-diboryl-ortho-carboranes (1.695(1)–1.725(2) Å).26,36 The
longer C1–C2 bond in 2 is explained by the different steric
interactions between the BMes2 group at C1 and the phenyl
ring at C2 in 2.

The BMes2 groups are linked to the cage carbon atoms by
B–C single bonds (C1–B1) with lengths of 1.635(3) Å in 1 and
1.629(2) Å in 2, which is at the upper edge of the range deter-
mined for other C-boryl-ortho-carboranes (1.607(4)–1.649(12)
Å).24–26,33,36 The B–C bond lengths between the mesityl rings
and the boryl-boron atoms (B1–C3/C12 1.581(3)–1.602(2) Å)
are typical for dimesitylboranes. As a consequence of the
three-dimensional shape of the cluster in both structures, the
interplanar angle enclosed by the mesityl ring pointing
towards the second cage carbon atom and the plane defined
by the boryl-boron atoms and the three neighbouring carbon
atoms (77.9(1)° (1), 78.6(1)° (2)) is larger than in most reported
structures of BMes2 compounds.44 A virtually perpendicular
orientation of the phenyl substituent in 2 with respect to the
C1–C2 axis (torsion angles = C1–C2–C21–C22 94.3(2)°, C1–
C2–C21–C26 −91.5(2)°) corresponds to the situation in other
disubstituted phenyl-ortho-carboranes and is preferred due to
sterics.43,45

Photophysics

Photophysical data for 1 and 2 are listed in Table 2. The
absorption maxima of both C-dimesitylboryl-ortho-carboranes
(Fig. S1‡) in solvents of different polarity do not display any
significant solvatochromism. The lack of solvatochromism
points to very similar dipole moments in the electronic ground
state and the initial excited state indicating that local tran-
sitions within the dimesitylboryl unit give rise to the absorp-
tion bands observed. The presence of the phenyl ring at C2 in
2 appears to lower the HOMO–LUMO energy gap as the
absorption maxima of 2 (330 nm–333 nm) are bathochromi-
cally shifted by approximately 12–14 nm compared to 1
(318–319 nm) in all solvents used. The energy difference in the
absorption maxima between 1 (329 nm) and 2 (332 nm) in the
solid state is smaller.

Emission maxima of both compounds in cyclohexane are
virtually identical at 541 nm for 1 and 544 nm for 2 with large
Stokes shifts of 12 300 cm−1 for 1 and 11 920 cm−1 for 2. The
luminescence spectra (Fig. 5) reveal positive solvatochromism
with emission maxima in the more polar solvent dichloro-
methane in the red emission region at 664 nm for 1 and
643 nm for 2. By using the Lippert–Mataga method46,47 with
an Onsager radius of 4.00 Å estimated from the molecular
structures, the calculated transition dipole moments are 10.4 D (1)

Table 2 Photophysical data for 1 and 2. CyH = cyclohexane, THF = tetrahydrofuran, DCM = dichloromethanea

Solid CyH CHCl3 THF DCM

Absorption λmax [nm] (ε)a 1 329 318 (8300) 319 (7350) 319 (7060) 318 (7920)
2 332 332 (6750) 331 (7330) 333 (5710) 330 (7760)

Emission λmax [nm] (relative height) 1 567 400, 541 (0.15 : 1) 396, 641 (0.14 : 1) 408, 653 (0.91 : 1) 406, 664 (0.48 : 1)
2 550 544 620 640 643

Stokes shift [cm−1] 1 12 310 5500, 12 300 5780, 15 610 6240, 15 600 6600, 16 170
2 9210 11 920 14 310 14 660 14 800

a In L mol−1 cm−1.

Fig. 5 Emission spectra of 1 and 2 in the solid state and in various solvents.
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and 9.2 D (2) – similar to transition dipole moments of
C-benzodiazaborolyl-ortho-carboranes (6.9–10.9 D).24–26 The
results show that the carborane cluster plays a part in the
emission process acting as the electron acceptor of the charge
transfer process after excitation. The solid-state emissions
occur at longer wavelengths than in cyclohexane (Fig. 6). This
bathochromic shift is more pronounced for 1 (567 nm) than
for 2 (550 nm) and is presumably caused by fluorophore–
fluorophore interactions. The quantum yields (Φ) are very low
in all solvents (<1%) with higher values of 2% (1) and 7% (2)
found in the solid state.

In addition to these low-energy emissions, compound 1 dis-
plays a weaker emission band at the violet edge of the visible
spectrum in polar solvents. The high-energy emissions with
smaller Stokes shifts of 5500–6600 cm−1 probably originate
from local transitions at the BMes2 group.48 Similar dual emis-
sions originating from both local and CT transitions have been
reported for some ortho-carboranes with substituents at one or
both cluster carbon atoms.20,24–27

Electrochemistry

The electrochemical properties of both C-dimesitylboryl-ortho-
carboranes 1 and 2 were investigated by cyclic voltammetry
(CV, Fig. 7). The peak potentials measured in acetonitrile and
dichloromethane solutions, with platinum and glassy carbon
working electrodes are listed in Table S1.‡ The traces resemble
reported CV data on reductions of carboranes
elsewhere20,21,25–27,49–54 and, by inference, reductions take
place at the carborane clusters in 1 and 2. CV traces for
reductions of the BMes2 group would involve a simple one-
electron reversible wave. In contrast, the one-electron
reduction wave associated with PhBMes2 occurs at −2.30 V (vs.
the ferrocenium/ferrocene couple at 0.0 V)2 and hence the
BMes2 localised reduction in 1 and 2 likely falls outside the
electrochemical window examined here.

A CV trace for ortho-carborane or a C-monosubstituted-
ortho-carborane usually shows a two-electron cathodic wave
and an anodic wave that is not of the same current intensity as
the cathodic wave.25,49,50 Often the peak–peak separation

between the cathodic and anodic peaks of the wave can be
several hundred millivolts due to the structural rearrangement
of the dianion on the CV timescale. Decomposition and
proton-coupled electron transfer (PCET) processes can also
complicate the electrochemical response.49,55

The CV of 1 in acetonitrile with a glassy carbon working
electrode shows a two-electron cathodic wave at −1.86 V and
two anodic waves at −1.43 V and −1.29 V with values refer-
enced to the ferrocenium/ferrocene redox couple at 0 V
(Fig. 7). The cathodic wave value of −1.80 V for 1 means that 1
is more easily reduced than C-monophenyl-ortho-carborane at
−2.25 V 50 reflecting the substantial electron-withdrawing
effect of the BMes2 group. Similar CV traces are observed for 1
with a platinum working electrode and with DCM as solvent
(Fig. S2 and Table S1‡). The non-equivalent current intensities
between the forward and reverse waves for 1 suggest that the
dianion [1]2− is not stable and would be difficult to isolate.

A CV trace for ortho-carborane with aryl substituents at both
cluster carbon atoms generally shows a reversible wave (or two)
on reduction.20,25–27,49,51–54 In several cases, a stepwise
reduction involving two separated one-electron reduction steps
has been found, with the initial reduction process giving rise
to a radical anion with an unusual 2n + 3 skeletal electron (SE)
count. One example is diphenyl-ortho-carborane 5 where the
radical anion has been shown to be stable enough to be
observed spectroscopically at ambient temperature in solution
(Fig. 8).51 The first one-electron reduction process on the CV

Fig. 6 Crystals of 1 and 2. Left column: Without UV irradiation. Right
column: Under UV irradiation at 350 nm.

Fig. 7 Cyclic voltammograms of 1 and 2 with a glassy carbon working
electrode in acetonitrile and internal ferrocenium/ferrocene couples at
0.0 V.

Fig. 8 Two one-electron reductions for 1,2-diphenyl-ortho-carborane 5.
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timescale is usually slow due to the rearrangement of the
cluster and is often immediately followed by a second one-elec-
tron process giving an apparently two-electron cathodic wave.
The latter wave is usually evident in DCM for these carbo-
ranes.26 However, on back oxidation two separate anodic waves
(with the combined current intensities similar to the current
intensity of the cathodic wave) are evident corresponding to
two one-electron processes.25,26

The CV of 2 in acetonitrile here shows two very closely
spaced and barely resolved one-electron waves (Fig. 7). These
waves are separated by less than 80 mV based on gaussian ana-
lyses of square-wave potential traces (Fig. S3‡). The two half-
wave potentials are estimated to be −1.31 and −1.39 V which
indicate that 2 is reduced more readily than diphenyl-ortho-
carborane 3 at −1.57 and −1.72 V under the same CV con-
ditions. Thus, compound 2 does form a radical anion with a
2n + 3 skeletal electron count. However, the very low compro-
portionation constant (Kc) associated with the intermediate
[2]•− means that spectroscopic observation is challenging, and
the monoanion could not be isolated in any appreciable con-
centration in the comproportionated mixture obtained follow-
ing one-electron reduction (Fig. S4‡). The CV of 2 in DCM
shows the expected CV pattern with a one two-electron catho-
dic wave and two one-electron anodic waves (Fig. S2 and
Table S1‡).

Computations

Calculated bond lengths and angles from geometries of 1 and
2 optimised at B3LYP/6-31G* are in good agreement with the
experimental values (Table 1). The lengthening of the C1–B6
bonds compared to the C1–B3 bonds is attributed to steric
repulsion between an ortho-methyl group of one of the mesityl
rings and the B6–H unit. Computed energy barriers for the
rotation around the C1–B1 bonds are 6.1 kcal mol−1 in 1 and
18.6 kcal mol−1 in 2. Comparison between computed
GIAO-NMR and experimental 11B NMR chemical shifts for 1–4
are in very good agreement (Table S2‡).

The HOMO is a combination of π-orbitals at the mesityl
groups (π(Mes)) and the LUMO consists mainly of the empty
p-orbital of the boryl boron atom (p(B)) (Fig. 9). Antibonding
orbitals with significant cluster contributions have much
higher energies (>−0.16 eV) and thus the influence of the clus-
ters on the absorption process is merely inductive in both
cases. According to TD-DFT calculations π(Mes)–p(B) tran-
sitions with oscillator strengths ( f ) of 0.0065 to 0.0698 can be
assigned to the absorption bands of both compounds (Tables
S3 and S4‡). Therefore, the electron density in the initially
formed excited state is shifted within the BMes2-unit only
which is not expected to entail strong changes in the overall
dipole moment. This is in agreement with the lack of solvato-
chromism in the absorption spectra. Weak transitions between
the π-orbitals of the phenyl group of 2 and the p(B) orbital as
well as π–π* transitions within the phenyl ring occur at con-
siderably higher energy far in the UV region. The HOMO–
LUMO gap energy of 2 is 0.10 eV smaller than that in 1 which

agrees well with the observed bathochromic shift of the
absorption maximum of 2 compared to 1.

In order to elucidate the origin of the visible CT emission
of 1 and 2, their geometries were optimised at the first excited
singlet state (S1). In both cases “open” cluster geometries were
found with C1–C2 distances expanded to 2.384 Å (1) and
2.440 Å (2), respectively. The frontier orbitals of the S1 geome-
tries are depicted in Fig. 10. These orbitals were calculated at
the ground state, S0 thus HOMO and LUMO correspond to the
highest and second highest singly occupied orbitals in the S1

state. The HOMO is a π(Mes) orbital but the LUMO, in con-
trast, is an antibonding cluster orbital (cage*) with small con-
tributions from the exopolyhedral boron atom (1: 15%, 2: 8%).
Thus, the HOMO–LUMO transition corresponds to a charge
transfer between the cluster and the mesityl groups from the
excited state and the two compounds can be regarded as
donor–acceptor systems. TD-DFT calculations predicted low-

Fig. 9 Frontier molecular orbitals of 1 (left) and 2 (right). The percen-
tage values are the cluster contributions to the molecular orbitals.

Fig. 10 Frontier orbitals of the S1 geometries of 1 (left) and 2 (right).
The percentage values are the cluster contributions to the molecular
orbitals.
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energy emissions with low oscillator strengths at 859 nm (1; f =
0.0016) and 783 nm (2; f = 0.0066) for these transitions and
gave the same trend as experimentally observed with 1 emit-
ting at longer wavelength than 2.

The geometries of the fluoride adducts [1·F]− and [2·F]−

were optimised in order to examine why fluoride adducts were
not observed experimentally. The fluoride ion affinities of 1
and 2 are 132.9 and 127.3 kcal mol−1, respectively, which are
higher than the fluoride ion affinities of many aryldimesityl-
boranes (Table 3).8 Although the strong carborane electron-
withdrawing character increases the affinities for the fluoride
ion in 1 and 2 with respect to the affinities of the aryldimesityl-
borane analogues, the optimised geometries [1·F]− and [2·F]−

contain unusually long B–C(carboranyl) bonds of 1.786 and
1.823 Å respectively. These bond lengths suggest that they
would be easily cleaved either before the B–F bond is formed
or by hydrolysis as observed experimentally.

Geometries of the dianions [2]2−and [5]2−

While closo-dicarbadodecaboranes all adopt the pseudo-
icosahedral geometry, several different geometries of
nido-dicarbadodecaborane dianions have been determined
crystallographically (Fig. 11).56 Dianions with almost planar
C2B4 open faces like [6]2− and [7]2− are observed in Group
1 metallacarboranes.57–60 Bowl-shaped geometries have been
observed in carborane dianions like [8]2− and [9]2− with tethers
at both cage carbons.59,61 The bowl geometry in [9]2− differs from
that in [8]2− where [9]2− has a notably smaller open face.61 These
bowl-shaped geometries are similar to geometries determined
for neutral 12-vertex tetracarbadodecaboranes by X-ray crystallo-
graphy.62 The neutral compound 10 may also be regarded as a
genuine 12-vertex dicarbadodecaborane dianion [R2C2B10H10]2−

with two positively charged phosphonium groups.63

While there are several structural studies published on
nido-dicarbadodecaborane dianions, the geometries of nido-
dicarbadodecaborane dianions in solutions have not been
determined. The successful method64 of comparing observed
and computed 11B NMR data to determine carborane cluster
geometries is applied here for dianion [2]2−. Before discussing
the dianion [2]2− made by chemical reductions on 2, the
dianion [5]2− generated from diphenyl-ortho-carborane 5 is
described here to demonstrate the use of the combined experi-
mental and calculated 11B NMR method in determining the
geometry of its dianion. Dianion [5]2− has been proposed to

have a geometry65 with a C2B4 open face A or a geometry54,66

with a C2B2 open face B (Fig. 12). Thus, the geometry of the
dianion [5]2− has not been established even though this
dianion has been known for many decades.67

Chemical reductions of 5 were carried out with alkali
metals (Li, Na, K) in THF solutions. The reactions were moni-
tored by 11B NMR spectroscopy until all the peaks corres-
ponding to the starting carborane and the red colours of the
solutions due to the radical monoanions disappeared. The 11B
{1H} spectra of the dianions [5]2− in clear yellow solutions
show 2 : 2 : 4 : 2 patterns which are not significantly influenced
by the different alkali metal cations (Fig. 13). This pattern
suggests a geometry of high symmetry or two mirror-image
geometries that are fluctional in solution for [5]2− with the
metal cations not strongly interacting in solution.

Geometry optimisations on [5]2− reveal that the bowl-
shaped geometry C is more stable than A and B by 5.5 and
11.0 kcal mol−1 respectively. More importantly, the computed
GIAO 11B NMR chemical shifts of the bowl-shaped geometry fit
well with observed shifts when fluctionality between the two
mirror-image geometries of C takes place in solution (Table 4).

Table 3 Calculated fluoride ion affinities in kcal mol−1 for 1, 2 and
related XBMes2 compounds in order of decreasing strengths

X Reference
Fluoride
ion affinity

1-(1,2-C2B10H11)– (1) This work 132.9
1-(2-Ph-1,2-C2B10H10)– (2) This work 127.3
4-(1′-(2′-Me-1′,2′-C2B10H10))C6H4– 29 123.9
4-(1′-(2′-Ph-1′,2′-C2B10H10))C6H4– 29 122.6
4-Mes2BC6H4– 9 119.2
Ph– 11 113.2

Fig. 11 Geometries of nido-dicarbadodecaboranes determined by
X-ray crystallography.

Fig. 12 Geometries A–D of nido-dicarbadodecaborane dianions with
atom numbering.

Paper Dalton Transactions

9772 | Dalton Trans., 2015, 44, 9766–9781 This journal is © The Royal Society of Chemistry 2015

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
4 

A
pr

il 
20

15
. D

ow
nl

oa
de

d 
on

 0
4/

10
/2

01
7 

07
:0

8:
28

. 
 T

hi
s a

rti
cl

e 
is 

lic
en

se
d 

un
de

r a
 C

re
at

iv
e 

Co
m

m
on

s A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
Li

ce
nc

e.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c5dt00758e


The geometry D found in [9]2− could not be located for [5]2−

where the initial geometry D rearranged to C on optimisation.
Reduction of 2 with sodium metal in 1,2-dimethoxyethane

(DME) yielded a dark red solid identified as [Na(DME)n]2[2] by
1H, 11B and 13C NMR spectroscopy. Purification of this extre-
mely air-sensitive salt by crystallization was not successful.
Salts of dicarbadodecaborane dianions are known to be extre-
mely air- and moisture-sensitive.57 The 11B{1H} NMR spectrum
recorded in CD3CN revealed a 2 : 1 : 1 : 2 : 2 : 2 pattern for the
cluster atoms and a very broad signal at 67.5 ppm corres-
ponding to the boryl boron atom (Fig. 14). The latter peak is
considerably shifted to higher field by about 13 ppm compared
to the neutral starting material.

Chemical reductions of the Mes2B compound 2 in THF
with alkali metals were carried out as for 5. After observation
of the purple colours corresponding to the radical species and

the disappearance of the peaks corresponding to the starting
material, the clear solutions containing the dianions [2]2−

were dark red. 11B NMR spectra of the dianions [2]2− show
either a 2 : 1 : 1 : 2 : 2 : 2 (Li salt) or a 2 : 2 : 2 : 2 : 2 (Na, K) peak
pattern (Fig. 13) and are similar to peaks found for the diphe-
nylcarborane dianions [5]2− when taking into account the
lower symmetry in [2]2−.

The similarities in the 11B NMR peaks observed for [2]2−

and [5]2− suggest that both have bowl-shaped geometries. Geo-
metry optimisations on the BMes2 species [2]2− reveal that the
starting geometry B was rearranged to the bowl-shaped geome-
try D. The most stable geometry for [2]2− is C with D only
0.8 kcal mol−1 higher in energy. However, computed 11B NMR
shifts from geometry D fit better with observed 11B NMR shifts
than geometry C for [2]2− assuming fluctionalities between
mirror-image geometries occur in solution (Fig. 15).

Fig. 13 11B{1H} NMR spectra of M2[5]2− and M2[2]2− (M = Li, Na or K) in THF. The broad peaks at 65–70 ppm corresponding to the boryl boron in
[2]2− are not shown here.
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It is concluded here that bowl-shaped geometries are
present in solutions of 12-vertex nido-dicarbadodecaborane
dianions with fluctional cluster geometries of C and D in dia-

nions of C,C′-diphenyl-carborane [5]2− and C-dimesitylboryl-C′-
phenyl-carborane [2]2− respectively. The calculated geometries
for [2]2− and [5]2− are similar to the experimental cluster geo-
metries61 of [9]2− and [8]2− respectively as shown from com-
parison of distances involving the cluster carbon atoms, C1
and C2, in Table 5. The combined experimental and calculated
11B NMR method is shown to be useful in determining nido-

Table 4 Computed and observed 11B{1H} NMR data of [2]2− and [5]2− in ppm and relative energies of the optimised geometries in kcal mol−1

Geometry B3,6 B12 B9 B4,5 B7,11 B8,10 BMes2 Rel. E

[2]2− Aa 14.0
C 13.3 −1.2 −8.4 −17.4 −21.3 −23.7 60.2 0.0
D −4.1 −10.5 −11.8 −15.4 −19.5 −29.2 56.0 0.8

Exp.b 0.1 −9.2 −10.1 −14.0 −17.8 −27.2 67.5

[5]2− Ac 11.0
B −23.5 −20.0 −20.0 −18.6 −18.6 −55.7 5.5
C 12.2 −7.6 −7.6 −20.7 −20.7 −25.5 0.0

Exp.d 7.0 −9.3 −9.3 −17.3 −17.3 −27.5

a All borons are non-equivalent in geometry A of [2]2−, values are calculated assuming same fluctionality process as in geometry A of [5]2−; 64.6
(BMes2), 14.1 (B12), 12.1 (B10), 5.7 (B11), −0.7 (B4), −1.7 (B6), −7.3 (B8), −18.2 (B5), −20.3 (B1), −23.9 (B3), −24.8 (B2). b Experimental data for
sodium salt in CD3CN, Fig. 14. c Calculated values are averaged assuming fluctionality between two mirror-image geometries; 10.0 (B10,12), −0.8
(B11), −6.0 (B8), −9.3 (B5,6), −18.8 (B3), −20.6 (B2,4), −25.6 (B1). d Experimental data for sodium salt in d8-THF.

Fig. 14 11B{1H} NMR spectrum of [2]2− in CD3CN with peak assign-
ments based on GIAO-NMR data.

Fig. 15 Optimised geometries of [2]2− (top) and [5]2− (bottom) and the fluctional processes.

Table 5 Comparison of selected distances in Å for the nido-dianions,
[2]2−, [5]2−, [8]2− and [9]2−

[2]2− calc. [9]2− obs. [5]2− calc. [8]2− obs.

C1⋯C2 2.666 2.687(6) 2.915 2.87(1)
C1⋯B3 2.528 2.302(9) 2.606 2.59(1)
C1⋯B6 1.624 1.617(9) 1.546 1.51(1)
C2⋯B3 1.586 1.534(8) 1.546 1.51(1)
C2⋯B6 1.878 2.083(8) 2.606 2.55(1)
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12-vertex geometries in solutions and will aid further progress on
the intriguing range of nido-12-vertex geometries in the future.

Conclusions
Two C-dimesitylboryl-1,2-dicarba-closo-dodecaboranes were
synthesised from fluorodimesitylborane and the corres-
ponding lithio-carboranes and structurally characterised by
X-ray crystallography. Photophysical studies and TD-DFT calcu-
lations showed that the absorptions correspond to local tran-
sitions within the BMes2 groups whereas visible emissions
with Stokes shifts up to 16 170 and 14 800 cm−1 in dichloro-
methane originate from intramolecular CT transitions
between the mesityl rings and the cluster. Compound 2 with a
phenyl substituent at the second cage carbon atom can be
easily reduced to a stable dianion [2]2− by cyclic voltammetry
and chemical reductions with alkali metals. Based on experi-
mental and calculated 11B NMR data, a dynamic bowl-shaped
nido-cage geometry is determined for the dianion. These find-
ings indicate that the ortho-carboranyl group is a stronger elec-
tron acceptor than the BMes2 group and C-dimesitylboryl-1,2-
dicarba-closo-dodecaboranes are dyads with the mesityl group
as the donor and the carborane as the acceptor.

Experimental section
General

The reactions were performed under an atmosphere of dry
oxygen-free argon using Schlenk techniques unless otherwise
stated. All solvents were dried by standard methods and
freshly distilled prior to use. Fluorodimesitylborane68 and
1-phenyl-1,2-dicarba-closo-dodecaborane69 were prepared as
described in the literature. 1,2-Dicarba-closo-dodecaborane was
purchased commercially (KatChem). NMR spectra were
recorded from solutions at room temperature on a Bruker AM
Avance DRX500 (1H, 11B, 13C), a Bruker Avance III 500 and a
Bruker Avance 400 Spectrometer (1H{11B}, 19F) with SiMe4 (1H,
13C), BF3·OEt2 (11B) and CFCl3 (19F) as external standards. 1H-
and 13C{1H} NMR spectra were calibrated on the solvent signal
[CDCl3: 7.24 (1H), 77.16 (13C); CD3CN: 1.94 (1H), 118.25, 1.32
(13C); d8-THF: 3.58, 1.73 (1H), 67.57, 25.46 (13C)]. The 13C NMR
peaks were assigned with the aid of observed 13C DEPT spectra
and computed 13C NMR shifts. Electron Ionisation (EI) and
Atmospheric pressure Solids Analysis Probe (ASAP) mass
spectra were recorded with a VG Autospec sector field (Micro-
mass) and Xevo QTOF (Waters) mass spectrometers respectively.

1-Dimesitylboryl-1,2-dicarba-closo-dodecaborane (1). A solu-
tion of n-butyllithium (1.6 M in n-hexane, 2.37 mL, 3.79 mmol)
was added to 1,2-dicarba-closo-dodecaborane (0.52 g,
3.61 mmol) in toluene (35 mL) at 0 °C. After 16 h stirring at
ambient temperature a solution of fluorodimesitylborane
(0.96 g, 3.58 mmol) in toluene (6 mL) was added to the result-
ing suspension. The mixture was heated at reflux temperature
for 5 h and washed with water (2 × 10 mL) and saturated

sodium chloride solution (10 mL) subsequently. The com-
bined aqueous layers were extracted with toluene (10 mL) and
the combined organic phases were dried over sodium sulfate
and freed from volatiles in vacuo. The crude product was
recrystallised from a mixture of n-hexane (30 mL) and dichloro-
methane (2 mL) to afford pure 1 as colourless crystals. Yield:
0.85 g (61%). Found: C, 60.42; H, 8.51; C20H33B11 requires C,
61.22; H, 8.48; 1H-NMR (CDCl3): δ [ppm] = 1.4–3.2 (m, br,
10 H, BH), 2.24 (s, 6 H, para-CH3), 2.40 (s, 12 H, ortho-CH3),
3.85 (s, br, 1 H, B10H10C2H), 6.80 (s, 4 H, CHMes); 13C{1H}-NMR
(CDCl3): δ [ppm] = 20.9 (s, para-CH3), 25.9 (s, ortho-CH3), 61.6
(s, CB10H10CH), 75.4 (s, CB10H10CBMes2), 129.7 (s, CHMes),
138.4 (s, Cipso), 139.4 (s, Cortho), 139.8 (s, Cpara); 11B{1H}-NMR
(CDCl3): δ [ppm] = −12.9 (s), −9.1 (s), −6.9 (s), −2.3 (s), 1.9 (s)
(skeletal boron atoms), 78.9 (s, br, exopolyhedral boron atom)
see Fig. S5–S7‡ for NMR spectra of 1; MS (EI): m/z = 392.4
(M+, 3%), 272.3 (M+ − HMes, 51%), 249.2 (BMes2

+, 46%), 120.1
(Mes+, 100%).

1-Dimesitylboryl-2-phenyl-1,2-dicarba-closo-dodecaborane
(2). A solution of n-butyllithium (1.6 M in n-hexane, 3.10 mL,
4.96 mmol) was added to 1-phenyl-1,2-dicarba-closo-dodeca-
borane (0.97 g, 4.40 mL) in toluene (40 mL). After stirring for
16 h at ambient temperature a solution of fluorodimesitylbor-
ane (1.30 g, 4.85 mmol) in toluene (12 mL) was added and the
mixture was heated at reflux temperature for 5 h. Subsequently
it was washed with water (2 × 15 mL) and saturated sodium
chloride solution (15 mL). The combined organic phases were
dried over sodium sulfate and the solvent was removed
in vacuo. Impurities were sublimed from the residue at 80 °C
in vacuo and the remaining solid was recrystallised from a
mixture of n-hexane (80 mL) and dichloromethane (5 mL). The
product 2 was obtained as colourless crystals. Yield: 0.97 g
(51%). Found: C, 66.38; H, 7.97; C26H37B11 requires C, 66.66;
H, 7.96; 1H{11B} NMR (CDCl3): δ [ppm] = 2.16 (s, 6 H, para-
CH3), 2.26 (s, 14 H, BH + ortho-CH3), 2.33 (3H, BH), 2.41 (2H,
BH), 2.70 (1H, BH), 3.47 (2H, BH), 6.56 (s, 4 H, CHMes), 6.87
(dd, 3JHH = 7.4 Hz, 3JHH = 7.6 Hz, 2 H, Hmeta), 7.13 (t, 3JHH = 7.4
Hz, 1 H, Hpara), 7.18 (d, 3JHH = 7.6 Hz, 2 H, Hortho); 13C{1H}
NMR (CDCl3): δ [ppm] = 20.8 (s, para-CH3), 26.8 (s, ortho-CH3),
86.5 (s, CB10H10CPh), 87.3 (s, CB10H10CBMes2), 127.7 (s, Cmeta,

Ph), 129.3 (s, Cpara, Ph), 129.4 (s, CHMes), 130.3 (s, Cortho, Ph),
131.7 (s, Cipso, Ph), 138.8 (s, Cipso, Mes), 139.1 (s, Cpara, Mes), 139.4
(s, Cortho, Mes); 11B{1H} NMR (CDCl3): δ [ppm] = −9.9 (s), −8.0
(s), −2.8 (s), 3.7 (s) (skeletal boron atoms), 80.4 (s, br, exopoly-
hedral boron atom) see Fig. S8–S10‡ for NMR spectra of 2;
MS (EI): m/z = 468.4 (M+, 4%), 453.4 (M+ − Me, 2%), 348.3
(M+ − HMes, 100%), 332.3 (M+ − Me − Mes, 13%), 249.2
(BMes2

+, 85%).

Hydrolyses of 1 and 2

A drop of water (excess) was mixed with a solution of 1 or 2 in
deuterated chloroform in an NMR tube and the mixture was
analysed by NMR spectroscopy. No change in the spectra was
observed after a week.

Hydrolysis by air exposure. Solids of 1 (0.2 g, 0.51 mmol)
and 2 (0.3 g, 0.64 mmol) were left exposed to air in the

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2015 Dalton Trans., 2015, 44, 9766–9781 | 9775

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
4 

A
pr

il 
20

15
. D

ow
nl

oa
de

d 
on

 0
4/

10
/2

01
7 

07
:0

8:
28

. 
 T

hi
s a

rti
cl

e 
is 

lic
en

se
d 

un
de

r a
 C

re
at

iv
e 

Co
m

m
on

s A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
Li

ce
nc

e.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c5dt00758e


laboratory and checked periodically by NMR spectroscopy.
After three weeks, compound 1 was converted to mesitylene
and carboranylboronic acid 3 as determined by multinuclear
NMR spectroscopy. After eighteen months, mesitylene and
borinic acid 4 were identified as products of 2.

Mesitylene: 1H-NMR (CDCl3): δ [ppm] = 6.81, 2.25; 13C{1H}-
NMR (CDCl3): δ [ppm] = 137.9, 127.0, 21.3.

(1,2-Dicarba-closo-dodecaboranyl)-1-borinic acid (3): 1H
{11B}-NMR (CDCl3): δ [ppm] = 2.05 (2H, BH), 2.17 (2H, BH),
2.26 (2H, BH), 2.33 (4H, BH), 3.67 (1H, B10H10C2H), 4.91 (2H,
OH); 13C{1H}-NMR (CDCl3): δ [ppm] = 57.4 (s, CB10H10CH), the
13C peak corresponding to CB(OH)2 is not observed; 11B{1H}-
NMR (CDCl3): δ [ppm] = −12.6 (s), −7.8 (s), −2.1 (s), −1.0 (s)
(skeletal boron atoms), 26.5 (s, exopolyhedral boron atom)
see Fig. S11‡ for 11B NMR spectra of 3; MS (ASAP, M =
C2H13B11O2): m/z = 188.0 (M+, 21%), 171.2 (M+ − OH, 100%).

(2-Phenyl-1,2-dicarba-closo-dodecaboranyl)-1-borinic acid
(4): 1H NMR (CDCl3): δ [ppm] = 2.32 (2H, BH), 2.42 (3H, BH),
2.48 (2H, BH), 2.61 (1H, BH), 2.92 (2H, BH), 4.46 (2H, OH),
7.34 (dd, 3JHH = 7.4 Hz, 3JHH = 7.6 Hz, 2 H, Hmeta), 7.41 (t, 3JHH

= 7.4 Hz, 1 H, Hpara), 7.64 (d, 3JHH = 7.6 Hz, 2 H, Hortho); 13C
{1H} NMR (CDCl3): δ [ppm] = 20.8 (s, para-CH3), 26.8 (s, ortho-
CH3), 86.5 (s, CB10H10CPh), 87.3 (s, CB10H10CBMes2), 127.7 (s,
Cmeta, Ph), 129.3 (s, Cpara, Ph), 129.4 (s, CHMes), 130.3 (s, Cortho,

Ph), 131.7 (s, Cipso, Ph), 138.8 (s, Cipso, Mes), 139.1 (s, Cpara, Mes),
139.4 (s, Cortho, Mes); 11B{1H} NMR (CDCl3): δ [ppm] = −11.7 (s),
−10.6 (s), −8.3 (s), −3.1 (s), 0.9 (s) (skeletal boron atoms), 26.5
(s, exopolyhedral boron atom) see Fig. S12‡ for 11B NMR
spectra of 4; MS (ASAP, M = C8H17B11O2): m/z = 263.2 (M − 1+,
44%), 247.2 (M+ − OH, 100%).

Hydrolysis by fluoride ion. 1-Dimesitylboryl-1,2-dicarba-
closo-dodecaborane (1) (0.009 g, 0.023 mmol) was dissolved in
a solution of tetra-n-butylammonium fluoride trihydrate
(0.014 g, 0.044 mmol) in deuterated chloroform (0.8 mL) and
the mixture was subject to NMR spectroscopy. Likewise,
1-dimesitylboryl-2-phenyl-1,2-dicarba-closo-dodecaborane (2)
(0.026 g, 0.055 mmol) was dissolved in a deuterated chloro-
form solution of tetra-n-butylammonium fluoride trihydrate
(0.018 g, 0.057 mmol). The products identified by multinuclear
NMR spectroscopy were dimesitylborinic acid,37 Mes2BOH,
and 1,2-dicarba-closo-dodecaborane70 from 1 and Mes2BOH
and 2-phenyl-1,2-dicarba-closo-dodecaborane70 from 2. Deboro-
nated products were also identified in the reaction mixtures
from their NMR data (see Fig. S13‡ for 19F NMR spectra).40

Dimesitylborinic acid: 1H-NMR (CDCl3): δ [ppm] = 2.30 (12H),
2.32 (6H), 5.97 (1H, OH), 6.86 (4H); 13C{1H}-NMR (CDCl3):
δ [ppm] = 21.3, 22.6, 128.5, 137.0, 139.5, 141.2; 11B-NMR
(CDCl3): δ [ppm] = 50.1.

Reductions of 2 and 5

Method 1. A piece of excess sodium metal was added to a
solution of 1-dimesitylboryl-2-phenyl-1,2-dicarba-closo-dodeca-
borane 2 (0.07 g, 0.14 mmol) in 1,2-dimethoxyethane (0.5 mL).
A dark red colour occurred immediately on the surface of the
metal. The mixture was sonicated for 1 h and filtered sub-
sequently. The filtrate was freed from volatiles in vacuo and the

dark red remainder was taken up in d3-acetonitrile and ana-
lysed by NMR spectroscopy. Na2[2] 1H NMR (CD3CN): δ [ppm]
= −0.4–3.0 (m, br, 10 H, BH), 2.15 (s, 6 H, para-CH3), 2.32 (s,
12 H, ortho-CH3), 6.52 (s, br, 4 H, CHMes), 6.76 (s, br, 1 H,
Hpara), 6.92 (s, br, 2 H, HPh), 7.43 (s, br, 2 H, HPh); 13C{1H}
NMR (CD3CN): δ [ppm] = 20.8 (s, para-CH3), 25.1 (s, ortho-
CH3), 70.5 (s, CB10H10CPh), 106.7 (s, CB10H10CBMes2), 122.0
(s, CHPh para), 127.6 (br s, CHMes, CHPh meta), 128.7 (s, CHPh

ortho), 133.6 (s, s, CMes-para), 140.9 (s, CMes-ortho), 149.4 (s,
CMes-ipso), 154.2 (s, CPh ipso); 11B{1H} NMR (CD3CN): δ [ppm]
= −27.2 (s), −17.8 (s), −14.0 (s), −10.1 (s), −9.2 (s), 0.1 (s) (skel-
etal boron atoms), 67.5 (s, br, exopolyhedral boron atom) see
Fig. 14; UV-Vis for [2]2− in CH3CN, [nm (ε)] = 344 (4600), 405
(1700), 430 (1400), 515 (1300) (Fig. S4‡).

Method 2. Finely-cut alkali metal pieces were added to a
solution of 2 (0.07 g, 0.14 mmol) in tetrahydrofuran (0.5 mL).
A purple colour occurred immediately at the metal surface fol-
lowed by a clear dark red solution after 2 h. The reaction
mixture was then analysed by 11B NMR spectroscopy and in
many experiments the desired dianion was present as the car-
borane compound (Table S5‡). 1H and 13C NMR spectra were
also obtained for Na2[2] when deuterated THF was used in
place of THF. Na2[2]. 1H{11B} NMR (d8-THF): δ [ppm] = 0.26 (s,
2 H, BH), 1.16 (s, 2 H, BH), 1.59 (s, 2 H, BH), 2.09 (s, 6 H, para-
CH3), 2.19 (s, 1 H, BH), 2.35 (s, 12 H, ortho-CH3), 6.46 (s, 4 H,
CHMes), 6.68 (t, 7.5 Hz, 1 H, Hpara), 6.82 (apparent triplet, ∼8
Hz, 2 H, HPh meta), 7.37 (d, 8 Hz, 2 H, HPh ortho); 13C{1H}
NMR (d8-THF): 21.3 (s, para-CH3), 122.3 (s, CHPh para), 126.7
(s, CHPh meta), 127.7 (s, CHMes), 128.9 (s, CHPh ortho), 133.1 (s,
CMes-para), 140.8 (s, CMes-ortho), 148.7 (s, CMes-ipso), 153.5 (s,
CPh ipso); the peak corresponding to ortho-CH3 groups is
hidden within the d8-THF peak and the peaks for the cage
carbons were not detected above the noise levels, see Fig. S14
and S15‡ for 1H{11B} and 13C{1H} NMR spectra. Exposing the
dark red solution containing Na2[2] slowly to air gave a light
yellow solution identified by NMR spectroscopy to contain a
mixture of the starting material 2 and 1-phenyl-ortho-carbor-
ane in a 9 : 1 ratio. Method 2 was also used in the reductions
of 5 with alkali metals (Li, Na, K) but with deuterated THF in
all cases and NMR data of M2[5] (M = Li, Na, K) are listed in
Table S6.‡

Photophysical measurements

For all solution state measurements, samples were contained
in quartz cuvettes of 10 × 10 mm (Hellma type 111-QS, supra-
sil, optical precision). Cyclohexane was used as received from
commercial sources (p.a. quality), the other solvents were
dried by standard methods prior to use. Concentrations varied
from 20 to 100 µM in order to get analysable emission spectra
due to the low quantum yields. Effects of the concentration on
the shape of the observed emission spectra were excluded in
this concentration range. Solid samples were prepared by
vacuum sublimation on quartz plates (35 × 10 × 1 mm) using
standard Schlenk equipment and conditions. Each plate was
laid in a 100 mL round bottom flask and a crystal of the
sample substance placed below it was sublimed. Absorption
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was measured with a UV/VIS double-beam spectrometer (Shi-
madzu UV-2550), using the solvent as a reference.

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 fluorescence
spectrum was calculated from the raw images and stored in
the computer. This process was repeated for different exci-
tation wavelengths. The result is a two-dimensional fluo-
rescence pattern with the y-axis corresponding to the
excitation, and the x-axis to the emission wavelength. The
wavelength range is λex = 230–430 nm (in 1 nm increments) for
the UV light and λem = 305–894 nm for the detector. The time
to acquire a complete EES is typically less than 15 min. Post-
processing of the EES includes subtraction of the dark current
background, conversion of pixel to wavelength scales, and
multiplication with a reference file to take the varying lamp
intensity as well as grating and detection efficiency into
account. Stokes shifts were calculated from excitation and
emission maxima, which were extracted from spectra that were
converted from wavelength to wavenumbers beforehand. The
quantum yields in solution were determined against POPOP
(p-bis-5-phenyl-oxazolyl(2)-benzene) (ΦF = 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 fibre (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 fibre on the entrance slit of the detection
monochromator. Post-processing of the spectra was done
as described above. The measurement and calculation of
quantum yields was performed according to the method
described by Mello.71

Electrochemistry

Cyclic voltammetric measurements were carried out using an
EcoChemie Autolab PG-STAT 30 potentiostat at 298 K with a
platinum or glassy carbon working electrode and platinum
wires as counter and reference electrodes in a nitrogen-con-
taining glove box with 0.1 M tetra-n-butylammonium hexa-
fluorophosphate [Bu4N][PF6] in DCM or acetonitrile. Scan rates
of 100 mV s−1 and analyte concentrations of 10−3 M were used.
The ferrocene/ferrocenium FcH/FcH+ couple served as internal
reference at 0.0 V for potential measurements and peak–peak
separations of this couple were generally in the region of
90–110 mV.

The spectroelectrochemical (SEC) experiment on 2 was
performed at room temperature in an airtight optically
transparent thin-layer electrochemical (OTTLE) cell72

equipped with Pt minigrid working and counter electrodes
(32 wires cm−1), Ag wire pseudo-reference electrode and CaF2

windows for a 200 μm path-length solvent compartment.
Acetonitrile containing 0.1 M [Bu4N][PF6] electrolyte was
used in the cell which was fitted into the sample compart-
ment of a Cary 5000 (UV-Vis-NIR) spectrophotometer. Bulk
electrolysis was carried out using an Autolab PG-STAT 30
potentiostat.

Crystallographic studies

Single crystals were coated with a layer of hydrocarbon oil and
attached to a glass fiber. Crystallographic data were collected
with a Bruker AXS X8 Prospector Ultra APEX II diffractometer
with Cu Kα radiation (graphite monochromator, λ = 1.54178 Å)
at 100 K. Crystallographic programs used for structure solution
and refinement were from SHELX-97.73 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. The hydrogen
atoms bonded to the carborane units were refined isotropi-
cally, all other hydrogen atoms were refined using a riding
model with U(H) = 1.5Ueq for CH3 groups and U(H) = 1.2Ueq for
all others. Crystallographic data for the compounds are listed
in Table S7.‡ CCDC 1048027 (1) and CCDC 1048028 (2)
contain the supplementary crystallographic data for this
paper.

Computational details

All computations were carried out with the Gaussian 09
package.74 The model geometries were fully optimised with
the B3LYP functional75 with no symmetry constraints using
the 6-31G* basis set76 for all atoms. Frequency calculations on
all optimised geometries revealed no imaginary frequencies.
Computed absorption data were obtained from TD-DFT77 cal-
culations on S0 geometries whereas computed emission data
were from the S1 geometries. The MO diagrams and MO com-
positions were generated with the Molekel78 and GaussSum79

packages, respectively. Calculated 11B and 13C NMR chemical
shifts obtained at the GIAO80-B3LYP/6-31G*//B3LYP/6-31G*
level on the optimised geometries were referenced to BF3·OEt2

for 11B: δ(11B) = 111.7–σ(11B) and referenced to TMS for 13C:
δ(13C) = 189.4–σ(13C). Computed NMR values reported here
were averaged where possible.
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ABSTRACT: Reduction of 2-(BMes2)pyrene (B1) and
2,7-bis(BMes2)pyrene (B2) gives rise to anions with
extensive delocalization over the pyrenylene bridge and
between the boron centers at the 2- and 2,7-positions, the
typically unconjugated sites in the pyrene framework. One-
electron reduction of B2 gives a radical anion with a
centrosymmetric semiquinoidal structure, while two-
electron reduction produces a quinoidal singlet dianion
with biradicaloid character and a relatively large S0−T1
gap. These results have been confirmed by cyclic
voltammetry, X-ray crystallography, DFT/CASSCF calcu-
lations, NMR, EPR, and UV−vis−NIR spectroscopy.

The design and synthesis of organic open-shell biradicals1

have attracted much interest because of potential
applications in materials science, e.g., energy storage, two-
photon absorption, spintronics, and field-effect transistors.2

Pyrene derivatives have numerous applications in organic
electronics. Most reported pyrene derivatives have been limited
to substitution at the 1-, 3-, 6-, and 8-positions (Chart 1), with

substitution at the 2- and 7-positions being considerably rarer.3 It
is difficult to functionalize the 2- and 7-positions of pyrene
directly, as these sites are situated on two nodal planes in both the
HOMO and LUMO, i.e., those in and perpendicular to the
molecular plane.4 However, substituents at the 2-position affect
the photophysical properties differently than those at the 1-
position, leading to differences in the energies and intensities of
their lowest-energy transitions and their radiative lifetimes.5

The usually poor conjugation to substituents at the 2- and 7-
positions of pyrene offers the possibility to form biradicals by the
introduction of suitable spin-carrying substituents at these sites.6

Müllen studied the dianions of 2,2′-bipyrenyl and 2,2′:7′,2″-
terpyrenyl, which have biradical character with a small S0−T1
transition energy.6a Complete active space (CAS[10,10])
calculations by Baumgarten showed that the 2-(anthracen-9-
yl)pyrene dianion has a triplet ground state with a small S−T gap
of 0.3 kcal mol−1 and a spin density distribution similar to the
sum of those for the monoradical anions of pyrene and
anthrancene.6b Pyrenes with two nitroxide-based radical moieties
at the 2,7-positions are singlet biradicals with small S−T gaps,6d−f

but the spin-carrying atoms are not directly connected to pyrene.
Pyrene derivatives with pronounced quinoidal structures have
been postulated7 but not yet confirmed.
Three-coordinate boron compounds have found use in various

organic electronic materials because the empty p orbital of the
boron center makes it a very strong electron acceptor8 and spin
carrier.9 Kaim showed that when compounds containing two
boron centers separated by a π-conjugated bridge, such as 1,4-
phenylene or 4,4′-biphenylene,10 are reduced by one electron,
class-III mixed-valence species result.11

While the LUMO of most 2- and 2,7-substituted pyrene
derivatives has no contribution at the 2-position, the LUMO of
the BMes2 derivative B1 (Mes = 2,4,6-Me3-C6H2) (Chart 1) is
constructed by mixing the B3u LUMO+1 of pyrene with the
empty p orbital of the boron atom of the BMes2 fragment, giving
rise to a large coefficient at the pyrene 2-position (Figure 1).5

Thus, while the LUMO of pyrene is little-affected by the
substituent at the 2-position, mixing of its LUMO+1 with boron
leads to a switch in the order of the pyrene-like virtual orbitals.
DFT calculations show that the LUMOof 2,7-bis(BMes2)pyrene
(B2), which has large coefficients at the 2,7-positions, is
distributed over the two boron centers and the whole pyrenylene
bridge (Figure 1). Thus, the reduced products of B1 and B2 may
be predicted to display extensive delocalization over the pyrene
core and the boron center(s). Our combined experimental and
theoretical confirmation of this hypothesis is reported herein.
The cyclic voltammograms of B1 and B2 were recorded in

THF (Figure 2). The first reduction process ofB1 at E1/2 =−2.39
V vs Fc/Fc+ is reversible and corresponds to formation of the
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Chart 1. Structures of Pyrene, 1, 2, B1, B2, [B2]
−, and [B2]

2−a

aThe biphenyl unit of pyrene according to Clar’s aromatic π-sextet
rule12 is indicated in bold.
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radical anion, with a reduction potential comparable to that of
PhBMes2 (−2.30 V vs Fc/Fc+ in DMF).10c The second reduction
wave is ascribed to a pyrene-localized reduction. B2 shows two
reversible one-electron reductions at E1/2 =−2.17 and−2.45 V vs
Fc/Fc+. The first reduction potential ofB2 is 0.22 Vmore positive
than that of B1, indicating that the introduction of the second
BMes2 group stabilizes the LUMO. The separation of the first
and second reduction waves (ΔE = 0.28 V) is comparable to that
of 4,4′-bis(BMes2)-1,1′-biphenyl (1) (ΔE = 0.25 V),10c

suggesting charge delocalization in the one-electron-reduced
species13 and rendering the monoradical anion stable with
respect to disproportionation (comproportionation constant ≈
5.6 × 104) and therefore a potential synthetic target.
In order to develop a methodology for the preparation of such

mixed-valence anions, we initially focused on the reduction of the
well-studied compound 28a,10 (Chart 1) and were able to isolate
and determine the crystal structure of its K+ salt (K+ = [K(18-
crown-6)(THF)2]

+; see the Supporting Information (SI)).
Encouraged by this, we sought to isolate and characterize the
monoanions of B1 and B2 and the dianion of B2. B1K1 and B2K1
were synthesized by addition of K+ anthracenide to THF
solutions of B1 and B2, respectively. B2Li2 (Li

+ = [Li(THF)4]
+)

was prepared by reduction of B2 with excess lithium
naphthalenide.
B1K1 has an EPR hyperfine coupling constant (giso = 2.003,

a(11B) = 6.5 G) that is smaller than those of other triarylborane
radical anions, e.g., [BMes3]

− (9.87−10.3 G) and [BPh3]− (7.84
G),14 indicating considerable spin delocalization into the pyrene
unit in [B1]

−. In contrast, the EPR spectrum of B2K1 shows no
hyperfine splitting (giso = 2.003, half width at half-maximum

(HWHM) = 3 G). The absence of resolved hyperfine coupling is
likely due to the many different couplings arising from a highly
delocalized structure in which the spin density of the unpaired
electron is distributed over the pyrene and BMes2 units.

10f The
doubly reduced compound B2Li2 is EPR-silent in solution at
room temperature, indicative of a singlet state. The 11B NMR
signal of B2Li2 (δ = 38 ppm) is shifted to sigificantly higher field
than that of B2 (δiso = 75 ppm, solid state) because of the higher
electron density on the boron centers after reduction. While the
1H NMR signals of the mesityl protons of B2Li2 (δ = 6.42 (8H),
2.12 (24H), 2.04 (12H) ppm) are similar to those of B2, those of
the pyrene protons are shifted significantly to higher field (δ =
4.33 (4H), 4.20 (4H) ppm). This upfield shift, while smaller than
that of pyrene dianion15 from neutral pyrene, still signifies
considerable electron delocalization onto the pyrene unit. There
is no line broadening in either the 1H or 13C{1H} NMR
spectrum, confirming that T1 is not thermally accessible in
solution up to 40 °C.
In the X-ray structures of the neutral compounds B1 and B2

(Figure 3 and Table S3 in the SI), the B−C bond lengths a and b

are similar. While the biphenyl unit (Chart 1) has typical
aromatic C−C bond lengths (bonds c, d, and f), bond g (B1,
1.353(3); B2, 1.354(5) Å) is more typical of a CC double
bond, indicating that the structure of pyrene obeys Clar’s sextet
rule,12 i.e., it can be viewed as a biphenyl unit constrained to be
planar by two −CHCH− groups.
The X-ray structure of B1K1 reveals electron delocalization

between the boron center and pyrene, including shortening of
the B−C(pyrene) bond by 0.049 Å relative to B1, a decreased
dihedral angle between the pyrene and BC3 planes (8.7(1)° vs
36.32(6)° in B1), and changes in the C−C bond lengths of the
ring directly bonded to the BMes2 group (bonds c, d, and f). DFT
(UB3LYP/6-31G*) optimization of [B1]

− also shows delocaliza-
tion of the excess electron, with the spin density distributed
between the pyrene (40%) and BMes2 (60%) groups.
The fact that in B2K1 the anion is located on a crystallographic

inversion center without disorder (see the SI), the significant
reduction of the angle α between the BC3 and pyrene planes from
31.7(1)° in B2 to 14.2(1)° in [B2]

−, and the observed bond-
length alternation (BLA) of the biphenyl unit (0.033 Å),
testifying to a semiquinoidal structure, indicate strong
conjugation between the boron centers and the pyrenylene
bridge. The spatial distribution of the α highest occupied spin
orbital (α-HOSO) of [B2]

− is similar to that of the LUMO of B2,
i.e., there is significant delocalization of the excess electron across
the whole molecule.

Figure 1. Key orbitals of pyrene, B1, and B2 at their DFT (B3LYP/6-
31G*)-optimized geometries.

Figure 2. (a) Cyclic voltammograms of (top) B1 and (bottom) B2. The
dashed line shows the response upon one-electron reduction (cf. Figures
S7 and S8 in the SI). (b) Experimental (black) and simulated (red)
continuous-wave X-band EPR spectra of (top) [B1]

− and (bottom)
[B2]

− in THF solution at room temperature.

Figure 3. (top) X-ray structures of (left) B1 and (right) B2 (C, black; B,
green; H atoms omitted for clarity). (bottom) Side views of the twist
between the BC3 (magenta) and pyrene (cyan) planes in the structures
of B2, [B2]

−, and [B2]
2− (one BMes2 group omitted for clarity).
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In the X-ray structure of B2Li2, the [B2]
2− anion lies on a

crystallographic inversion center. The angle between the BC3
and pyrene planes decreases further to 9.8(1)°, which is much
smaller than that in B2 or even [B2]

−, consistent with effective π-
orbital overlap between the boron centers and the pyrenylene
bridge. The B−C(pyrene) bond a is shortened significantly to
1.510(3) Å, which is in the range of known BC(aryl) double
bonds.9m,16 The lengthening of the c and f bonds, as well as the
shortening of the d and h bonds, leads to a quinoidal structure.
The BLA of the biphenyl unit (0.058 Å) is significantly enhanced
compared with those of [B2]

− and the recently reported
semiquinoidal structure of a pyrene derivative with nitroxide
substituents at the 2,7-positions (0.020 Å),6e indicating enhanced
quinoidal structure. The experimental BLA is similar to that of
the optimized closed-shell structure (0.054 Å) but larger than
that calculated for the broken-symmetry open-shell singlet
(0.032 Å), although the latter is affected by spin contamination,
as is typical for this type of calculation. The bond lengths and
BC3/pyrene torsion angle in the X-ray structure of [B2]

2−, as well
as their changes relative to B2, are closer to the calculated closed-
shell singlet structure (see the SI). The presence of an
unrestricted, broken-symmetry singlet solution below the
restricted solution in energy indicates that the wave function is
not well described by a single determinant; thus, we used
multiconfigurational methods to determine more accurate
energies. A CASSCF[10,10]/cc-pVDZ calculation of the singlet
state of [B2]

2− at the DFT RB3LYP/6-31G* D2-symmetry-
constrained optimized geometry gave natural orbital occupation
numbers (NOONs) of 1.48 (b3 HOMO) and 0.52 (b2 LUMO).
In the corresponding multistate CASPT2 computation, the
second most important configuration (LUMO2 ← HOMO2)
contributes around 13%. This indicates partial biradicaloid
character in the lowest singlet state. These values can be
compared to those for the 2,5-bis(borolyl)thiophene dianion
(NOONs: 1.65 (HOMO), 0.35 (LUMO); 18% doubly excited
configuration),16b which show that the two molecules have
similar biradicaloid character. This CASPT2 calculation provided
an estimated S0−T1 energy gap of 13 kcal mol−1. This relatively
large energy spacing is consistent with experiment (i.e., no
thermal population of T1 at room temperature) and is larger than
that of the 2,5-bis(borolyl)thiophene dianion (6.2 kcal
mol−1).16b

The UV−vis−NIR absorption spectra of B1, B2, and their
anions were measured in dry Et2O solutions under Ar (Figure 4).
Like other 2- and 2,7-substituted pyrene compounds,5 the S1 ←
S0 transitions of B1 (413 nm, ε = 2100 M−1 cm−1) and B2 (444
nm, ε = 2800 M−1 cm−1) are weak with stronger S2 ← S0
transitions.
Compared with the S1 ← S0 bands of the neutral compounds,

the lowest-energy bands of the anions [B1]
−, [B2]

−, and [B2]
2−

are very intense and red-shifted, similar to those of the radical
anions of their phenylene and biphenylene analogues.10c Blue-
colored B1K1 has a strong transition at 782 nm (ε = 22000 M−1

cm−1), which is bathochromically shifted by 1660 cm−1 from that
of the PhBMes2 radical anion (692 nm, ε ≈ 1900 M−1 cm−1).10c

The band position is reproduced moderately well by TD-DFT
(CAM-B3LYP/6-31G*, Et2O CPCM solvation), which predicts
a value of 1.90 eV ( f = 0.42) of α-LUSO ← α-HOSO character
(experiment 1.62 eV). A transition at 0.93 eV is predicted to have
very low oscillator strength ( f = 0.002) and is not experimentally
observed. The shapes of all of the absorption bands of B2K1 are
similar to those of [1]−,10c but the band positions differ. The
lowest-energy transition of B2K1 (1405 nm, ε ≈ 48000 M−1

cm−1) is red-shifted by 550 cm−1 relative to that of [1]− (1305
nm, ε = 31200 M−1 cm−1). Such intense long-wavelength
absorption bands are usually interpreted as intervalence charge
transfer (IVCT), or charge resonance, bands of class-III mixed-
valence systems,11d but the inability of a two-state model to
describe accurately the electron distribution over the pyrene
bridge in [B2]

− leads us to prefer the term “completely
delocalized”. The vibrational splitting of 1500 cm−1 (by band
deconvolution) is similar to that of [1]− and other biphenylene-
bridged monoradicals.10c These data indicate that the pyrenylene
unit acts here as a conjugated, planarized biphenylene bridge.
TD-DFT calculations within the Tamm−Dancoff approximation
(see the SI) gave a value of 0.88 eV (experiment 0.89 eV) with α-
LUSO ← α-HOSO character for the low-energy, strongly
allowed ( f = 0.71) transition.
The S1← S0 transition of the dianion B2Li2 at ca. 760 nm (ε≈

81000M−1 cm−1) is red-shifted from those of [2]2− (665 nm, ε≈
11700 M−1 cm−1)10c and [1]2− (736 nm, ε = 67700 M−1 cm−1).
The red shift of the pyrene−BMes2 compounds relative to their
phenyl analogues is likely due to the enlarged π bridge of the
pyrene system.
In conclusion, we have demonstrated that the anions of B1 and

B2 show strong communication between the boron center(s) and
pyrene across the 2- and 2,7-positions. Through effective mixing
of the LUMO+1 of the pyrene fragment and the B 2p orbitals of
the strongly electron-accepting BMes2 substituents located at the
2- or 2,7-positions, the LUMOs of B1 and B2 have reasonably
large orbital coefficients at these positions (unlike the LUMO of
pyrene) as well as on the boron atoms. By chemical reduction of
B1 and B2, it was possible to isolate and structurally characterize
the mono- and dianions [B1]

−, [B2]
−, and [B2]

2−. The unpaired
electron in [B2]

− is completely delocalized over the B−pyrene−
B molecular backbone, which has a centrosymmetric semi-
quinoidal structure and a low-energy NIR absorption band (1405
nm). Sharp NMR peaks and EPR silence reveal that [B2]

2− has a
singlet ground state without any noticeable population of the
triplet state up to 40 °C, which agrees well with CASPT2
calculations predicting a ca. 13 kcal mol−1 S-T gap. Comparison
of the geometries of the X-ray and DFT-optimized structures
suggests that the ground state of [B2]

2− is not far from a closed-
shell singlet, while broken-symmetry DFT and CASSCF
calculations indicate some biradicaloid character. Our results
show that with a judicious choice of substituents at the 2,7-
positions, pyrene provides an effective, rigid, conjugated

Figure 4. UV−vis−NIR absorption spectra of B1, B2, and their anions
(1.6 × 10−5 M in Et2O). The weak absorption band between 1100 and
1800 nm in the spectrum of B2Li2 is due to traces of the monoanion.
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alternative to the widely employed biphenylene linker for various
optoelectronic materials with potentially enhanced properties.
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K. Angew. Chem., Int. Ed. Engl. 1994, 33, 1957. (b) Karabunarliev, S.;
Baumgarten, M. Chem. Phys. 2000, 254, 239. (c) Suzuki, S.; Takeda, T.;
Kuratsu, M.; Kozaki, M.; Sato, K.; Shiomi, D.; Takui, T.; Okada, K. Org.
Lett. 2009, 11, 2816. (d) Ravat, P.; Ito, Y.; Gorelik, E.; Enkelmann, V.;
Baumgarten, M.Org. Lett. 2013, 15, 4280. (e) Ravat, P.; Teki, Y.; Ito, Y.;
Gorelik, E.; Baumgarten, M. Chem.Eur. J. 2014, 20, 12041. (f) Ravat,
P.; Baumgarten, M. Phys. Chem. Chem. Phys. 2015, 17, 983.
(7) (a) Maxfield, M.; Willi, S. M.; Cowan, D. O.; Bloch, A. N.; Poehler,
T. O. J. Chem. Soc., Chem. Commun. 1980, 947. (b) Acton, N.; Hou, D.;
Schwarz, J.; Katz, T. J. J. Org. Chem. 1982, 47, 1011. (c) Maxfield, M.;
Bloch, A. N.; Cowan, D. O. J. Org. Chem. 1985, 50, 1789. (d) Boldt, P.;
Bruhnke, D. J. Prakt. Chem. 1994, 336, 110.

(8) (a) Yuan, Z.; Collings, J. C.; Taylor, N. J.; Marder, T. B.; Jardin, C.;
Halet, J.-F. J. Solid State Chem. 2000, 154, 5. (b) Entwistle, C. D.;
Marder, T. B. Angew. Chem., Int. Ed. 2002, 41, 2927. (c) Entwistle, C. D.;
Marder, T. B. Chem. Mater. 2004, 16, 4574. (d) Jak̈le, F. Coord. Chem.
Rev. 2006, 250, 1107. (e) Yamaguchi, S.; Wakamiya, A. Pure Appl. Chem.
2006, 78, 1413. (f) Jak̈le, F. Boron: Organoboranes. In Encyclopedia of
Inorganic Chemistry, 2nd ed.; King, R. B., Ed.; Wiley: Chichester, U.K.,
2005. (g) Yin, X.; Chen, J.; Lalancette, R. A.; Marder, T. B.; Jak̈le, F.
Angew. Chem., Int. Ed. 2014, 53, 9761. (h) Zhang, Z.; Edkins, R. M.;
Nitsch, J.; Fucke, K.; Eichhorn, A.; Steffen, A.; Wang, Y.; Marder, T. B.
Chem.Eur. J. 2015, 21, 177. (i) Zhang, Z.; Edkins, R. M.; Nitsch, J.;
Fucke, K.; Steffen, A.; Longobardi, L. E.; Stephan, D. W.; Lambert, C.;
Marder, T. B. Chem. Sci. 2015, 6, 308.
(9) (a) Olmstead, M. M.; Power, P. P. J. Am. Chem. Soc. 1986, 108,
4235. (b) Scheschkewitz, D.; Amii, H.; Gornitzka, H.; Schoeller, W. W.;
Bourissou, D.; Bertrand, G. Science 2002, 295, 1880. (c) Chiu, C. W.;
Gabbaï, F. P. Angew. Chem., Int. Ed. 2007, 46, 1723. (d) Matsumoto, T.;
Gabbaï, F. P.Organometallics 2009, 28, 4252. (e) Ueng, S.-H.; Solovyev,
A.; Yuan, X.; Geib, S. J.; Fensterbank, L.; Lacôte, E.; Malacria, M.;
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ABSTRACT: The ligands 4′-(4-(methylthio)phenyl)-
2,2′:6′,2″-terpyridine (L1), 4′-((4-(methylthio)phenyl)-
ethynyl)- 2,2′:6′,2″-terpyridine (L2), and bis(tridentate)
bridging ligand 2,3,5,6-tetra(pyridine-2-yl)pyrazine (tpp)
were used to prepare the complexes [Ru(L1)2][PF6]2
([1][PF6]2, [Ru(L

2)2][PF6]2 ([2][PF6]2), [{(L
1)Ru}(μ-tpp)-

{Ru(L1)}][PF6]4 ([3][PF6]4), and [{(L2)Ru}(μ-tpp){Ru-
(L2)}][PF6]4 ([4][PF6]4). Crystallographically determined
structures give S···S distances of up to 32.0 Å in [4]4+. On
the basis of electrochemical estimates, the highest occupied
molecular orbitals of these complexes fall between −5.55 and
−5.85 eV, close to the work function of clean gold (5.1−5.3
eV). The decay of conductance with molecular length across
this series of molecules is approximately exponential, giving
rise to a decay constant (pseudo β-value) of 1.5 nm−1, falling between decay factors for oligoynes and oligophenylenes. The
results are consistent with a tunnelling mechanism for the single-molecule conductance behavior.

■ INTRODUCTION
With the increased availability of scanning tunneling micros-
copy (STM) and break-junction technology great strides have
been made in the understanding of single-molecule con-
ductance,1 particularly with regard to pure organic compounds
such as polyynes,2,3 oligophenylenes,4 and oligoaryleneethyny-
lenes.5 More recently, attention has been turned to the role that
metal centers and complexes may play when incorporated into
the backbone of a wirelike molecule.6−10 These metal
complexes are of a special interest in the realm of molecular
electronics, as they hold the potential for finer tuning of the
molecular orbitals to match the Fermi levels of the electrodes,
and also the possibilities to augment electronic characteristics
through accessing available redox levels,11 electrochemical
gating,12,13 redox or optical switching,14 and magnetic effects,15

as well as high thermoelectric efficiency.16

Metal complexes based on 2,2′:6′,2″-terpyridine (tpy)
ligands have proven to be valuable for evaluation of many of
these features of metal complexes in molecular electronics, and
to-date these are some of the most studied metal complexes to
be incorporated into a metal|molecule|metal junction and
related molecule|metal assemblies.11,12,17−25 The {M(tpy)2}

n+

structural element has proven particularly popular being easily
accessed synthetically and functionalized to give linear
molecular geometries,26 featuring a wide range of metal ions,
allowing a selection of physical and chemical properties relating
the charge, size, and redox and magnetic properties of the
complex to be readily examined. The 2,3,5,6-tetra(pyridine-2-
yl)pyrazine (tpp) ligand, which may be regarded as a “back-to-
back” fused bis-tpy ligand, is a valuable structural element when
seeking to figuratively and literally extend these studies. The
tpp ligand, used in conjugation with tpy coligands, provides a
convenient entry point to linear, multimetallic assemblies in
which the metal centers can be strongly coupled,27−31 and it is
well-suited to use in the construction of molecular arrays both
in solution and from “on-surface” coordination chemistry
approaches.20,21

We now report the synthesis, electrochemical properties, and
single-molecule conductance behavior of mono and bimetallic
ruthenium complexes based on [Ru(tpy)2]

2+ and [{(tpy)Ru}-
(μ-tpp){Ru(tpy)}]4+ structural motifs. The multimetallic
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complexes are shown to be capable of serving as wirelike
assemblies of up to 3 nm long.

■ EXPERIMENTAL SECTION
General Details.Microwave reactions were performed in a Biotage

Microwave Synthesizer (model Initiator 2.5). NMR spectra were
recorded in deuterated solvent solutions on Bruker DRX-400 and
Varian Inova 300, 400, and 500 spectrometers and referenced against
solvent resonances (1H, 13C). Electrospray mass spectra (ESMS) were
recorded on a TQD mass spectrometer (Waters Ltd., U.K.) in
acetonitrile. Atmospheric solids analysis probe mass spectra (ASAP-
MS) were collected on a LCT Premier XE mass spectrometer (Waters
Ltd., U.K.) in dichloromethane. Microanalyses were performed by
Elemental Analysis Service, London Metropolitan University, U.K.
Electrochemical analyses of the complexes were performed using a
PalmSens EmStat2 potentiometer, with platinum working, platinum
counter, and platinum pseudo reference electrodes, from solutions in
acetonitrile containing 0.1 M supporting electrolyte (tetrabutyl-
ammonium hexafluorophosphate, NBu4PF6), scan rate = 100 mV
s−1. The ferrocene/ferrocinium couple was used as the internal
reference.
Analytical grades of solvents were used. The compounds 4′-

(((trifluoromethyl)sulfonyl)oxy)-2,2′:6′,2″-terpyridine (tpyOTf),32 4-
ethynylthioanisole (MeSC6H4CCH),33 4′-(4-(methylthio)phenyl)-
2,2′:6′,2″-terpyridine (L1),34 [Ru(L1)2][PF6]2 ([1][PF6]2),

34 and
{Cl3Ru}(μ-tpp){RuCl3}

35 were synthesized according to literature
methods. All other chemicals were sourced from standard suppliers.
Hydrated ruthenium chloride, RuCl3·nH2O, was assumed to be of
approximate composition RuCl3·3H2O.
Synthesis. 4′-((4-(Methylthio)phenyl)ethynyl)-2,2′:6′,2″-terpyri-

dine (L2). Triethylamine (NEt3, 7 mL) was added to a solution
containing tpyOTf (250 mg, 0.65 mmol) and MeSC6H4CCH (96
mg, 0.65 mmol) in tetrahydrofuran (THF, 20 mL). The solution was
freeze−pump−thawed three times before Pd(PPh3)4 (75 mg, 0.065
mmol) was added. The solution was refluxed overnight in the dark,
after which time the solvent was removed. The solid residue was
extracted in dichloromethane and filtered. The filtrate was passed
down a silica column initially with neat CH2Cl2 then CH2Cl2/
acetonitrile (1:1) to elute the product. The main fraction was
collected, dried, and washed with methanol to remove the remaining
impurities, giving a white solid. Crystals were grown via the slow
evaporation of a hexane/dichloromethane solution. Yield: 193 mg
(78%). ASAP-MS: 380 m/z [MH]+. 1H NMR (CDCl3): δ 8.70 (d
(J1HH = 5 Hz), 2H), 8.60 (d (7), 2H), 8.53 (s, 2H), 7.85 (t (7), 2H),
7.44 (d (7), 2H), 7.33 (t (7), 2H), 7.20 (d (7), 2H), 2.48 (s, 3H) ppm.
13C{1H} NMR (CDCl3): δ. 155.5, 155.3, 149.3, 140.5, 137.0, 133.5,
132.1, 125.7, 124.0, 122.7, 121.2, 118.5, 93.8, 87.5, 15.2 ppm. Anal.
Calc. for C24H17N3S: C, 75.96; H, 4.52; N, 11.07%. Found: C, 75.86;
H, 4.45; N, 11.02%.
[Ru(L2)2][PF6]2 [2][PF6]2. The ligand L2 (100 mg, 0.26 mmol) and

RuCl3·3H2O (34 mg, 0.13 mmol) were added to ethylene glycol (4
mL). The resulting suspension was degassed by bubbling nitrogen
through it before being heated by microwave to 160 °C for 30 min.
The red solution was poured into an aqueous, saturated KPF6 solution,
forming a red precipitate. The precipitate was collected by filtration,
washed thoroughly with water, and air-dried. The red solid was
extracted in acetone and filtered, and the filtrate was taken to dryness,
leaving a red residue. This residue was dissolved in the minimum
volume of CH2Cl2 and purified by elution through a neutral alumina
column with an acetonitrile/CH2Cl2 (1:1). The orange band was
collected, and the solvent was removed, leaving the title product.
Crystals were grown by vapor diffusion of diethyl ether into an
acetonitrile solution. Yield: 119 mg (80%). ESMS: 430 m/z [M]2+. 1H
NMR(CDCl3): δ 8.87 (s, 4H), 8.52 (d (J

1
HH = 8 Hz), 4H), 7.96 (t (8),

4H), 7.71 (d (8), 4H), 7.44−7.42 (m, 8H), 7.20 (t (7), 4H), 2.59 (s,
6H) ppm. 13C{1H} NMR (CDCl3): δ. 157.5, 155.1, 152.6, 142.6,
138.2, 132.4, 130.5, 127.6, 125.7, 125.1, 124.5, 117.0, 97.11, 86.3, 14.0
ppm. Anal. Calc. for C48H34F12N6P2RuS2: C, 50.13; H, 2.98; N, 7.31%.
Found: C, 50.00; H, 3.00; N, 7.31%.

[{(L1)Ru}(μ-tpp){Ru(L1)}][PF6]4 [3][PF6]4. The compounds L1 (128
mg, 0.36 mmol) and {Cl3Ru}(μ-tpp){RuCl3} (100 mg, 0.12 mmol)
were added to ethylene glycol (4 mL). This suspension was degassed
by bubbling nitrogen through it before being heated by microwave to
160 °C for 30 min. The purple solution was poured into an aqueous
saturated KPF6 solution, forming a purple precipitate. The precipitate
was collected by filtration, washed thoroughly with water, and air-
dried. The purple solid was washed from the frit with acetone, the
filtrate was collected, and solvent was removed, leaving a purple
residue. This was eluted down a neutral alumina column with
acetonitrile/CH2Cl2 (1:1) collecting the purple band; the solvent was
removed leaving the title product. Crystals were grown by vapor
diffusion of diethyl ether into an acetonitrile solution. Yield: 97 mg
(43%). ESMS: 325 m/z [M]4+. 1H NMR(CDCl3): δ 9.15 (s, 4H), 8.99
(d (J1HH = 8 Hz), 4H), 8.79 (d (8), 4H), 8.26 (d (8), 4H), 8.10 (t (7),
4H), 7.95 (t (8), 4H), 7.85 (d (6), 4H), 7.76 (d (6), 4H), 7.70 (d (7),
4H), 7.45 (t (7), 4H), 7.32 (t (7), 4H), 2.70 (s, 6H) ppm. 13C{1H}
NMR (CDCl3): δ. 157.8, 155.0, 154.7, 154.0, 153.1, 149.8, 149.3,
143.3, 139.0, 137.8, 132.3, 129.4, 129.2, 128.2, 127.6, 126.4, 125.0,
121.7, 14.2 ppm. Anal. Calc. for C68H50F24N12P4Ru2S2: C, 43.41; H,
2.68; N, 8.93%. Found: C, 43.50; H, 2.84; N, 8.91%.

[{(L2)Ru}(μ-tpp){Ru(L2)}][PF6]4 [4][PF6]4. The compound was
prepared using the same procedure as that described for [3][PF6]4,
except L2 was used in place of L1. Yield: 106 mg (46%). ESMS: 337
m/z [M]4+. 1H NMR(CDCl3): 9.03 (s, 4H), 9.00 (d (J1HH = 8 Hz),
4H), 8.67 (d (8), 4H), 8.11 (t (8), 4H), 7.97 (t (8), 4H), 7.83 (d (6),
4H), 7.78−7.76 (m, 8H), 7.48−7.45 (m, 8H), 7.36 (t (6), 4H), 2.62
(s, 6H) ppm. 13C{1H} NMR (CDCl3): δ. 157.1, 154.8, 154.7, 154.0,
153.3, 142.9, 139.1, 137.9, 132.6, 132.5, 129.5, 129.3, 127.9, 127.4,
125.7, 125.0, 116.8, 98.1, 86.2, 14.0 ppm. Anal. Calc. for
C72H50F24N12P4Ru2S2·4H2O: C, 43.21; H, 2.92; N, 8.40%. Found:
C, 43.21; H, 2.57; N, 8.72%.

Single-Molecule Conductance Measurements. Gold-on-glass
substrates (Arrandee, Schröer, Germany) were rinsed with acetone
and then flame-annealed with a butane torch until the slide glowed
with a very slight orange hue. The slide was retained in this state for
∼20 s during which time the torch was kept in motion across the
sample to avoid deleterious overheating. This procedure was
performed three times to generate extended Au (111) terraces, as
seen by STM imaging. The freshly annealed substrates were immersed
in a 1 × 10−4 M acetonitrile (99.9% Chromasolv Plus for HPLC)
solution of the complex under investigation for 1 min, after which time
the gold sample was removed, washed with ethanol, and then dried in
a flow of argon. The short immersion time and low concentration of
solution were chosen to promote low molecular coverage of the gold
surface, which favor the formation of single molecule over multi-
molecular junctions.

Conductance values of those compounds and the break-off distance
were obtained with an STM (Agilent 5500 SPM microscope), using
the I(s) technique.36,37 In this method an electrochemically etched
gold tip is approached close to the substrate surface and then retracted
with the tunnelling current (I) recorded against distance (s). In the
case where molecular junctions are formed, significant deviations from
the usual exponential decay of current are observed, with marked
current plateaus and steps appearing as the tip was retracted. The step
is seen as the tip is retracted beyond the maximal stretched length of
the junction, with the molecular bridge breaking, which leads to the
sharp decrease in current and the observed steplike feature. The
resulting I(s) curves are binned in current divisions (0.025 nS) and
plotted to give a conductance histogram comprised of hundreds of
scans that show plateaus synonymous with molecular junction
formation.

X-ray Crystallography. The single-crystal X-ray data for all
compounds were collected at 120.0(2) K on a Bruker D8Venture 3-
circle diffractometer (Photon100 CMOS detector, IμS microsource,
focusing mirrors, λMo Kα, λ = 0.710 73 Å) equipped with Cryostream
(Oxford Cryosystems) open-flow nitrogen cryostat. Following multi-
scan absorption corrections and solution by direct methods, the
structures were refined against F2 with full-matrix least-squares using
the SHELXTL38 and OLEX239 software. Anisotropic displacement
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parameters were employed for the nondisordered non-hydrogen
atoms. Disordered atoms in the structure [2][PF6]2 were refined
isotropically with fixed with fixed site occupancy factor (SOF) = 0.5
for [PF6]

− anion and 0.4:0.6 for terminal Me-group. All H atoms were
added at calculated positions and refined by use of riding models with
isotropic displacement parameters based on those of the parent atom.
The structures [2][PF6]2 and [4][PF6]4 alongside with well-
determined acetonitrile solvent molecules contain some severely
disordered solvent molecules, which could not be identified and
refined. Their contribution to the structural factors was taken into
account by applying the MASK procedure of the OLEX2 program
package (40 and 13 e for the structures [2][PF6]2 and [4][PF6]4,
respectively). The crystallographic and refinement parameters are
listed in Supporting Information. Crystallographic data for the
structures were deposited with the Cambridge Crystallographic Data
Centre as supplementary publication CCDC-1050880−1050882.
Computational Studies. All the calculations were performed with

the Gaussian 09 program package,40 using the B3LYP functional.41,42

A comparison was made between models using SDD basis set for all
atoms or LANL2DZ basis set for Ru and 6-31G(d) for all other
atoms.43,44 On the basis of agreement with the crystallographic data,
the LANL2DZ/6-31G(d) basis set was chosen.

■ RESULTS AND DISCUSSION
Synthesis. The elementary design of compounds for single-

molecule conductance studies within an STM-based metal|
molecule|metal junction calls for a linear or pseudo linear
molecular fragment terminated by suitable surface binding
groups at each end of the molecule.37 Here, the thiomethyl
(-SMe) moiety was chosen as the surface contacting or
anchoring group,45,46 allowing for good contact to gold
substrates and the STM tip and compatibility with subsequent
synthetic steps, without the additional complications of the
protecting group strategies involved in the use of thiolates.47

The parent ligand, 4′-(4-(methylthio)phenyl)-2,2′:6′,2″-terpyr-
idine (L1) bearing the SMe moiety was synthesized by the
previously reported route involving a Kröhnke condensation of
2-acetylpyridine with 4-(methylthio)benzaldehyde (Scheme
1).34 The new, extended ligand L2 was synthesized by cross-
coupling of tpyOTf with the 4-ethynylthioanisole
(MeSC6H4CCH) in an analogous fashion to that described
elsewhere for other 4-ethynyl-substituted terpyridines (Scheme
2).48−50

For reference purposes, the homoleptic mononuclear
complexes [1][PF6]2 and [2][PF6]2 were prepared from
reactions of RuCl3·3H2O with L1 (Scheme 1) and L2 (Scheme
2), respectively. The compound [1][PF6]2 was prepared by the
literature method as described by Constable et al. from the
reaction of L1 and RuCl3·3H2O in refluxing methanol with a
promoting amine (e.g., ethyl morpholine),51 followed by
filtration and precipitation with the addition of NH4PF6
(method i, Scheme 1).34 For [2][PF6]2 both this approach
(method i) and an alternative procedure involving microwave
heating of a suspension of RuCl3·3H2O and L2 in ethylene
glycol, followed by precipitation into aqueous KPF6 (method ii)
were explored. In this instance both methods gave similar
yields, method ii being favored in this report for its greater
convenience (Scheme 2).
The analogous bimetallic complexes [3][PF6]4 and [4][PF6]4

were targeted through combination of the terminal ligands L1

and L2 with the bis(tridentate) bridging ligand 2,3,5,6-
tetra(pyridine-2-yl)pyrazine (tpp) (Scheme 1, Scheme 2).
Reaction of RuCl3(L

1)34 with tpp under either conventional
or microwave heating gave only the polymeric complex of
ruthenium and tpp. Similarly, conventional heating of an excess

of either L1 or L2 with the biruthenium trichloride complex
{Cl3Ru}(μ-tpp){RuCl3}

35 also gave ruthenium-tpp polymer,
presumably as a result of competing decomplexation/
coordination processes. However, under microwave heating,
from {Cl3Ru}(μ-tpp){RuCl3} and either L1 or L2 a mixture
consisting of the desired bimetallic products with small
amounts of the homoleptic tpy complexes was formed. These
bi- and mononuclear complexes were readily separated
chromatographically, providing a convenient route to [3][PF6]4
(43%) and [4][PF6]4 (46%).

Molecular Structures. The structure L2 contains two
virtually identical crystallographically independent molecules A
and B (one of the molecules is shown in Figure 1), with
selected bond lengths and angles given in Supporting
Information. The structure shows the 4-ethynylthioanisole
attached to the terpyridine (tpy) motif at the 4′-position,
confirming the assignment by NMR spectroscopy and mass
spectrometry. The three pyridine rings are almost coplanar.
The nitrogen atoms on the external pyridine rings are directed
so as to maximise intramolecular hydrogen bonding. The
phenylene ring (C18−C21) is rotated about the ethynyl bond

Scheme 1. Synthetic Scheme for L1, [1][PF6]2, and
[3][PF6]4

a

a(i) EtOH and NH4Ac. (ii) (a) RuCl3·3H2O, methanol, ethyl
morpholine. (b) NH4PF6. (iii) (a) {Cl3Ru}(μ-tpp){RuCl3}, ethylene
glycol, microwave, 160°C, 30 min. (b) KPF6.
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relative to the tpy moiety by 21.6° (molecule A) and 24.3°
(molecule B).
The cation in the structure [2][PF6]2·CH3CN is shown in

Figure 2, and selected bond lengths and angles are given in the
Supporting Information. The structure shows the two L2

ligands coordinated to the ruthenium center via the tpy units
giving an octahedral “N6” coordination sphere, confirming the

assignment of the structure made by NMR spectroscopy and
mass spectrometry. The axial Ru−N bond lengths are 1.967(3)
(Ru1−N2) and 1.966(3) Å (Ru1−N5), similar to those of
[Ru(tpy)2][PF6]2·2CH3CN. The ethynyl-substituted phenylene
groups are almost coplanar with the associated tpy fragments,
although in the absence of any significant structural evidence
for extensive delocalization, the orientation of this group is
likely governed by packing forces. The alkyne bond lengths
show no significant difference when the structures of the free
ligand and complex are compared (C16−C17 = 1.180(6) Å,
[2]2+; 1.204(3) Å, L2). Overall, this gives a S···S distance of
∼26.5 Å in [2]2+, which is 4.9 Å longer than that in
[Ru(L1)2][PF6]2.

34

The bimetallic cation in the structure [4][PF6]4·3CH3CN is
shown in Figure 3; selected bond lengths and angles are given
in the Supporting Information. The structure shows two
ruthenium atoms coordinated by the phenazine ring of tpp and
its peripheral pyridines. The “N6” coordination sphere of the
metals is completed by L2. The tpp ligand displays the typical
bending of the phenazine ring, resulting in a gracefully curved
shape to the molecular tetracation. As with [2][PF6]2 the
alkyne bond lengths remain unchanged from that of the ligand
with C41−C40 = 1.198(12) and C64−C65 = 1.198(10) Å. The
ruthenium−nitrogen bond lengths for [4][PF6]4 Ru1−N8 =
1.994(5) and Ru1−N1 = 1.975(5) Å are also similar to the
comparable distances found in [{(tpy)Ru}(μ-tpp){Ru(tpy)}]-
[PF6]4 (1.96(2), 1.98(2) and 1.96(2), 2.00(2) Å)53 and
[2][PF6]2·CH3CN, suggesting that the electronic nature of
the Ru-tpp-Ru remains unaffected by the addition of the
ethynyl phenyl groups. Overall, this gives a S···S distance of
32.0 Å.

Cyclic Voltammetry. Cyclic voltammograms were re-
corded for mononuclear [2][PF6]2 in 0.1 M TBAPF6 in
acetonitrile and referenced against ferrocene (i.e., E1/2 FeCp2/
[FeCp2]

+ = 0.00 V). The response of [1][PF6]2 under the same
conditions has been described earlier.34 These complexes each
exhibit a single oxidation wave at 0.87 ([1][PF6]2) and 1.06 V
([2][PF6]2), assumed to be primarily metal-based (Ru(II)/
Ru(III)).51 A single broad reduction wave at −1.49 V was also
observed for [2][PF6]2 (Table 1). The peak-to-peak separation
(ΔEp) of the oxidation wave in [2][PF6]2 (93 mV) compares
with that of the internal ferrocene couple (82 mV). However,
the significant increase in ΔEp associated with the reduction
process (179 mV) suggests that this feature may be associated
with two redox events in close succession, which is entirely
consistent with the sequential reduction of the tpy ligands in
[1][PF6]2 (Table 1). A second chemically irreversible oxidation
event was observed near 1.08 V for [1][PF6]2 and 1.22 V for
[2][PF6]2. On the basis of irreversible oxidations observed for
L1 and L2 between 1.1−1.2 V these irreversible processes in the
complexes can be attributed to the oxidation of the thiomethyl
fragment.
The electrochemical response of bimetallic {LnRu

II}(μ-
tpp){RuIILn} complexes have been studied extensively, giving
rise to Robin−Day class III mixed-valent complexes, or radical
cations with a noninnocent bridging phenazine ring, on one-
electron oxidation.31,54 As with similar complexes, the
voltammogram of both [3][PF6]4 and [4][PF6]4 in acetonitrile
(0.1 M NBu4PF6) display two one-electron oxidation waves
attributed to the (formally) Ru(II,II)/Ru(II,III) and Ru(II,III)/
Ru(III,III) redox couples (0.76 and 1.27 V for [3][PF6]4, and
0.90 and 1.39 V for [4][PF6]4)

55 (Figure 4, Table 1), although
the tpp ligand is almost certainly redox noninnocent. A third

Scheme 2. Synthetic Scheme for L2, [2][PF6]2, and
[4][PF6]4

a

a(i) MeSC6H4CCH, Pd(PPh3)4, NEt3 and THF. (ii) (a) RuCl3·
3H2O, ethylene glycol, microwave, 160°C, 30 min. (b) KPF6. (iii) (a)
{Cl3Ru}(μ-tpp){RuCl3}, ethylene glycol, microwave, 160°C, 30 min.
(b) KPF6.

Figure 1. A plot of molecule A in the structure L2, with hydrogen
atoms omitted for clarity. Thermal ellispsoids are plotted at 50%.
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irreversible oxidation event at 1.88 V ([3][PF6]4) and 1.93 V
([4][PF6]4) is also observed and attributed to the oxidation of
the thiomethyl groups. The potential for the first oxidation of
[4][PF6]4 is 140 mV more positive than that of [3][PF6]4, a
consequence of the presence of the electron-withdrawing
alkyne moiety, as was observed for [1][PF6]2 and [2][PF6]2. A
similar shift (120 mV) is apparent when the second oxidation
potentials are compared, suggesting that the redox properties
are not solely localized to the Ru-tpp-Ru cores. The large
separation of the two oxidation events points to the significant
thermodynamic stability of the formally Ru(II,III) mixed-
valence state with respect to disproprotionation. Finally,
[3][PF6]4 has a reduction at −1.13 V that is not chemically
reversible, while [4][PF6]4 shows two reversible reductions at
−0.90 and −1.20 V; on the basis of similar complexes reported
these are attributed to the reduction of tpp, since the tpy
reduction is not visible within the electrochemical window.

Figure 2. A plot of the cation in the crystal structure of [2][PF6]2·CH3CN, with hydrogen atoms omitted for clarity. Thermal ellipsoids are plotted
at 50%.

Figure 3. A plot of the cation in the crystal structure of [4][PF6]4·3CH3CN, with hydrogen atoms removed for clarity. Thermal ellipsoids are plotted
at 50%.

Table 1. Electrochemical Data for Compounds [1][PF6]2, [2][PF6]2, [3][PF6]4, and [4][PF6]4, Recorded in Acetonitrile 1.0 M
TBAPF6

E1/2 (VFc/Fc+) (ΔEp
a (mV))

compound SMe/SMe+ Ru′II/Ru′III RuII/RuIII tpp/tpp•− tpp•‑/tpp2− tpy/tpy•− tpy•‑/tpy2− ΔE1/2(ox)
[1][PF6]2 1.08(nap) 0.87 (83) −1.62 (95) −1.92 (100)
[2][PF6]2 1.22(nap) 1.06 (93) −1.49 (179)
[3][PF6]4 1.88(204) 1.27 (84) 0.76 (93) −1.13 (nap) 510
[4][PF6]4 1.93 (155) 1.39 (106) 0.90 (85) −0.90 (85) −1.20 (80) 490
[{(tpy)Ru}(μ-tpp){Ru(tpy)}]
[PF6]4

31
1.35 (85) 1.03 (75) −0.76 (60) −1.25 (60) −1.83 (115) 320

aPeak-to-peak separation (ΔEp) is shown in brackets. nap = no anodic peak observed.

Figure 4. Plots of the CV of [3][PF6]4 and [4][PF6]4, showing the
oxidation waves recorded in acetonitrile 1.0 M TBAPF6 at a scan rate
of 100 mV s−1.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.5b00507
Inorg. Chem. 2015, 54, 5487−5494

5491

http://dx.doi.org/10.1021/acs.inorgchem.5b00507
http://pubsdc3.acs.org/action/showImage?doi=10.1021/acs.inorgchem.5b00507&iName=master.img-004.jpg&w=373&h=126
http://pubsdc3.acs.org/action/showImage?doi=10.1021/acs.inorgchem.5b00507&iName=master.img-005.jpg&w=376&h=150
http://pubsdc3.acs.org/action/showImage?doi=10.1021/acs.inorgchem.5b00507&iName=master.img-006.jpg&w=190&h=146


On the basis of the onset potentials of the first oxidation and
reduction for the compounds [1][PF6]2−[4][PF6]4 the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels were determined,
using FeCp2 HOMO = −4.8 eV (Table 2).56 Each of the

complexes has a HOMO energy between −5.55 and −5.85 eV,
which is relatively close to the work function of clean gold
(5.1−5.3 eV). The LUMO energy levels are −3.28 to −4.06 eV,
which is significantly lower than the work function of clean
gold. This could indicate that HOMO-type conductance may
be favored for these molecules.
Molecular Conductance. The single-molecule conduc-

tance of compounds [1][PF6]2, [2][PF6]2, [3][PF6]4, and
[4][PF6]4 was determined using the STM I(s) method,36 as
described in the Experimental Section with gold substrates in
1,2,4-trichlorobenzene solution and electrochemically etched
gold STM tips. A bias voltage of 0.6 V and set point current of
30 nA were employed for [1][PF6]2, [2][PF6]2, and [3][PF6]4
and 10 nA for [4][PF6]4. To record current-distance traces the
STM tip was brought close to the Au surface with the applied
set point parameters, and then the tip was withdrawn at a speed
of 40 nm/s, and the current-distance (I(s)) relation was logged.
This process was repeated continuously, and 526, 375, 548, and
290 scans were collected showing characteristic plateaus for
[1][PF6]2, [2][PF6]2, [3][PF6]4, and [4][PF6]4, respectively.
The conductance values, 95th percentile break-off distances,

and calculated molecular lengths are summarized in Table 3,

with conductance histograms shown in Figure 5, while
representative conductance traces showing current plateaus as
well as two-dimensional histograms are given in the Supporting
Information. Note that break-off distances are typically shorter
than the length of a fully extended molecular junction. This is
consistent with the molecules not being fully extended into a
vertical configuration in the gold-molecule-gold junction due to
the details of the molecule−surface contact, as well as the

stochastic nature of the junction breaking process. In this
respect, important points to note about the thiomethyl group
are its weaker adsorption to gold than the thiolate group and
also a degree of steric hindrance provided by the terminal
methyl groups, which may prevent formation of fully upright
configuration for many junction arrangements. It is therefore
not surprising that the break-off length falls short of the fully
extended junction configuration.
To appreciate the decay of conductance with molecular

length across this series of molecules, Figure 6 plots

ln(conductance) versus S···S distance. The conductance is
seen to fall off approximately exponentially with molecule
length, following the relationship G ∝ e−βL, where G is the
conductance, L is the length of the molecular bridge, and β is
the tunnelling decay factor. Although the slope of the plot
informs about the conductance attenuation with length across
this series, it is not strictly a true β-factor since this group of
molecules does not represent a homologous series in which
length is increased by adding repeating moieties (such as
methylene groups in an alkanedithiol homologous series).
Nevertheless, the length dependence of the conductance is an
interesting factor in benchmarking conductance across this
series of related molecules. The slope of the ln G versus length
plot (“decay factor”, β) shown in Figure 6 is 1.5 nm−1. It is
instructive to compare this value with other β-values for
conjugated aromatic rodlike molecular wires measured in the
tunnelling charge transport regime. In the case of oligo-
(phenylene-ethynylene) molecular wires (OPEs) a β factor of
2.1 nm−1 was obtained by Liu et al. with thiolate termini,57

while Kaliginedi et al. obtained β = 3.4 nm−1.5 Lu et al.
obtained a β factor of 2.0 nm−1 for a series of amine-terminated
OPE molecular wires up to 2.75 nm long.58 Larger decay
factors of 4.0 nm−1 have been obtained for oligophenylenes. On
the other hand smaller decay factors have been recorded for
oligo-ynes (0.6 nm−1),2 oligo-thiophenes (1 nm−1),59 oligo-
porphyrins (0.4 nm−1),60 and extended viologens (0.06

Table 2. HOMO and LUMO Energy Levels for Compounds
[1][PF6]2−[4][PF6]4 Calculated from the Onset Potentials
of the First Oxidation and Reduction for the Compounds

compound HOMO (eV) LUMO (eV)

[1][PF6]2 −5.67 −3.28
[2][PF6]2 −5.85 −3.46
[3][PF6]4 −5.55 −3.96
[4][PF6]4 −5.68 −4.06

Table 3. Conductance and Break-off Distance Values for
[1][PF6]2, [2][PF6]2, [3][PF6]4, and [4][PF6]4

Measured break-off distances and molecular
lengths either obtained from X-ray structures
or molecular modeling. All distances in nm.

molecule
conductance

(nS)

measured 95th
percentile maximum
break-off distancea X-ray

molecular
model

[1][PF6]2 2.1 1.9 2.15 2.17
[2][PF6]2 1.3 1.8 2.65 2.68
[3][PF6]4 0.78 2.4 2.84
[4][PF6]4 0.43 2.1 3.20 3.35

a95th percentile break-off distance observed across the collected I(s)
scans. Molecular length determined by X-ray analysis and DFT
molecular modelling (B3LYP, LANL2DZ/6-31G(d)) are also shown.

Figure 5. Normalized conductance histograms for the molecular
targets.

Figure 6. Plot of ln(G/nS) vs S···S distance (nm).
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nm−1).61 The decay factor across the series of molecules
[1][PF6]2 to [4][PF6]4 lies in between decay factors for
oligoynes and oligophenylenes, which aligns with our chemical
perception of these molecules being less conjugated than the
former but more conjugated than the latter. The linear
dependence of ln(molecular conductance) versus molecular
length and the comparative magnitude of the slope points to
consistency with a tunnelling mechanism.

■ CONCLUSIONS
The combination of the terpyridine ligands L1, L2, and the
bridging bis(terchelate) tpp gives the wirelike complexes
[1]2+−[4]4+ with S···S distances spanning up to ∼3 nm. The
pseudodecay constant extracted from the single-molecule
conductance values against molecular length is comparable to
related organic compounds bearing alkyne and phenylene
moieties, with the linear dependence of ln(molecular
conductance) versus molecular length and the magnitude of
the slope consistent with a tunnelling mechanism.
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Enhanced bi-stability in a ruthenium alkynyl
spiropyran complex†

Mark C. Walkey,a Lindsay T. Byrne,a,b Matthew J. Piggott,a Paul J. Lowa and
George A. Koutsantonis*a

The inclusion of a ligated ruthenium moiety to ethynyl spiropyran,

5’-ethynyl-1’,3’,3’-trimethyl-6-nitrospiro[chromene-2,2’-indoline],

has been shown to increase the lifetime of the ring-opened mero-

cyanine form twentyfold. Calculations suggest that the higher

barrier to thermal reversion of the merocyanine form of the metal

alkynyl complex arises from the capacity for greater delocalisation

of charge consequent of the presence of the ruthenium moiety.

The complex may provide a different switching mechanism to the

5,5’-dithienylperfluorocyclopentene electrode decoupling seen

previously.

Molecular switches can be broadly defined as molecular species
that undergo reversible changes between two or more distinct
structures in response to some thermal, chemical, electronic or,
most commonly, photochemical stimulus. In addition to the
intrinsic interest in such bi- (or multi-) stable compounds, these
elementary molecular machines and photochromes attract con-
siderable attention arising from their potential applications in
sensing, molecular-scale data storage and processing, and for
optical or electronic signal modulation.1–4 Each of these poten-
tial application areas has different requirements in terms of the
nature of the triggering stimulus and the lifetime of the
‘switched’ state. Surprisingly, despite the essentially limitless
chemical space, the number of structural motifs that have been
established as robust molecular switching elements is relatively
sparse; prominent examples of the molecular architectures that
are able to undergo structural isomerization between two or
more distinct states, and have been investigated as potential
molecular switches, include azobenzenes,5–7 stilbenes,8–10

spiropyrans,5,11–13 diarylethenes,14–16 and fulgides.5,17–19

Although the great majority of photochemically controlled
molecular switches explored to date have been based on
organic structures, the incorporation of photochromic entities
into metal complexes can provide a number of advantages,
allowing the combination of magnetic, electrochemical, and
optical properties of the metal complexes with the photo-
chromic reaction,20–25 providing access to a broader diversity of
molecular architectures and permitting an element of control
over the switching characteristics.26 For example, diarylethene
moieties, specifically 5,5′-dithienylperfluorocyclopentene (DTE),
which represents perhaps the archetypal molecular switch, has
been incorporated into metal alkynyl complexes.23,27–34 In one
example, the metal was able to mediate the switching of cubic
nonlinear optical properties of the molecule utilising electro-,
halo- and photochromic phenomena specific to the organo-
metallic complex.27 In another organometallic DTE example,
the metal also serves to decouple the molecule from the electrodes
thereby allowing the photoreversion reaction to the closed
form of the DTE to proceed efficiently.29

Whilst DTE is perhaps the best known of the photochromic
molecular switches, the synthetic accessibility of the spiro-
pyran motif, and its photochromic nature, make it an attractive
basis for alternative molecular switch design and develop-
ment. Like other light-actuated switches it has advantages and
disadvantages; chief amongst the latter are photo-degradation,
which can be ameliorated by covalent immobilisation,35 and
the relatively fast rate of thermal reversion from the photo-acti-
vated open (conducting, merocyanine) state to the closed
(resistive, spiropyran) form (e.g., Scheme 1).36 The factors
influencing the thermal and photoinitiated opening and
closing of spiropyrans have been extensively explored.37,38

We are exploring the incorporation of the spiropyran motif
into metal complexes39 via an alkynyl linkage utilising the
ligand 5′-ethynyl-1′,3′,3′-trimethyl-6-nitrospiro[chromene-2,2′-
indoline] (1, Scheme 1), with a view to optimising the photo-
switching properties, and this communication describes our
initial efforts in this area.

Ethynyl-substituted spiropyrans have been previously pre-
pared from condensation of 5-ethynylsalicylaldehyde with

†Electronic supplementary information (ESI) available: Details on synthesis, and
data of compounds, UV-Vis spectra and decay plots. Detail of theoretical calcu-
lations. See DOI: 10.1039/c5dt01107h

aSchool of Chemistry and Biochemistry, University of Western Australia, 35 Stirling
Highway, Crawley, 6009, Australia. E-mail: george.koutsantonis@uwa.edu.au
bCentre for Microscopy, Characterisation and Analysis, University of Western
Australia, Crawley, Western Australia 6009, Australia
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Fischer’s base40 or from the corresponding formyl spiropyran
via a Wittig reaction with (bromomethyl)triphenylphospho-
nium bromide and subsequent HBr elimination.41 Ligand 1
was prepared41 for the current work by an improved procedure
involving condensation of the appropriately substituted tri-
methylsilylethynyl indolium salt with 5-nitrosalicylaldehyde,
in the presence of piperidine, in excellent yield (ESI†). Sub-
sequent de-protection gave the required terminal alkyne.

The metal complex was prepared using established
methodology;42–44 thus reaction of 1-SP with [Ru(dppe)2Cl](OTf)
gave the ruthenium alkynyl complex, [Ru{CuC(1′,3′,3′-trimethyl-
6-nitrospiro[chromene-2,2′-indoline])}(dppe)2] (2-SP, Scheme 1)
in good yield, after deprotonation of the intermediate vinylidene
species. Complex 2-SP was characterised spectroscopically,
with the presence of the triple bond inferred from the absorp-
tion at 2014 cm−1 in the IR spectrum. The 1H and 13C NMR
spectra of 2-SP were consistent with the amalgamation of
the ligated ruthenium and ethynyl ligand. In particular, the
alkynyl α-carbon was assigned to the signal observed at
127.0 ppm, showing coupling to the four equivalent phosphorus
atoms, with the signal for the β-carbon at 116.3 ppm. The phos-
phorus nuclei gave a peak at 69.4 ppm in the 31P NMR
spectrum.

Spiropyrans can exist in two observable isomeric states, a
closed nearly, colourless spiropyran (SP) (e.g. 2-SP, Scheme 1)
and an open, coloured merocyanine (MC) (e.g. 2-MC). In nitro-
substituted spiropyrans the open, MC state is accessed photo-
chemically with UV wavelengths via the triplet manifold, a
pathway associated with the presence of the nitro group.38 The
MC form reverts thermally to the closed SP state, or can be
induced by irradiation with visible light. The proportions of
the MC form of 1 and 2 are negligible under ambient con-
ditions in THF solution. Polar solvents enhance the stability of
the MC form of spiropyrans38 but 2 was found to be poorly
soluble in EtOH and MeCN, restricting measurements here to
THF solution. Whilst complex 2 was obtained as a dark green
solid, a THF solution of this material rapidly becomes yellow,
suggesting a measure of the MC form (2-MC) in the solid,
which rapidly closes (to 2-SP) in solution. Our primary interest
lies in extending the lifetime of the conducting merocyanine
form, pushing towards the bi-stability required in a viable
molecular electronic switch.

Irradiating THF solutions of 1-SP and 2-SP with UV light at
254 nm generated the ring-open forms 1-MC and 2-MC,
characterised by absorptions in the visible region at λmax, 598
and 633 nm, respectively. The thermal reversion of complexes
1-MC and 2-MC to the closed SP forms followed first order
kinetics, as determined by UV-Vis spectroscopy. The band at
633 nm (2-MC) proved to be solvatochromic, shifting to
578 nm on changing from pure THF to 50 : 50 THF : MeCN,
consistent with the charge transfer nature of the transition.
The rate constants and half-lives are shown in Table 1. Thus,
the presence of the [Ru(dppe)2] moiety in 2-MC decreases the
rate of thermal ring-closure (and thus increases the half-life)
by a factor of 22.

To explore the underlying electronic factors that might
influence the ring-closing reactions of 1-MC and 2-MC, we
turned to DFT calculations. The geometries of complexes 2-SP
and 2-MC and the corresponding ligand 1-SP and 1-MC pre-
cursors were optimized at the B3LYP/3-21G* level of theory, using
a CPCM dichloromethane solvent model. Whilst the basis set
employed is relatively small, previous benchmarking calcu-
lations on this class of compound have demonstrated that it
provides accurate electronic descriptions with pragmatic com-
putational expense.45 Selected bond lengths and angles are
summarized in Table S1, ESI,† atomic contributions to key
molecular orbitals are given in Table S2 and Mulliken charges
are listed in Table S3.†

The geometry of the trans-RuCl(dppe)2 fragment changes
little in response to the switch of the spirocylic ligand geo-
metry to the merocyanine form. There are, of course, greater
changes evinced in the SP/MC ligand backbones, which are
largely reflected in the valence bond descriptions given in
Scheme 1. Whilst there are few bond lengths worthy of
comment in the ring-closed/SP form, consideration of the
bond lengths along the N–C9–C11–C13 chain in the ring-open/
MC form, together with the planarity of the extended ligand
suggests extensive delocalization, which is subtly enhanced by
the presence of the organometallic fragment. Such ideas are
supported by the distribution of the frontier orbitals, with
HOMO and LUMO of the spirocyclic compounds 1-SP and 2-SP
(Fig. 1) being rather spatially separated and localized on the
phenylethynyl portion of the molecule and the LUMOs on the
nitrobenzene moiety (Table S2,† Fig. 1), whilst those the MC
forms are rather more delocalized over the extended molecular
backbone. In addition, a more positive net Mulliken charge at
Ru is predicted in the ring-open, MC form compared to the
ring-closed, SP form (+0.779 vs. +0.664), consistent with a
degree of extended donor–acceptor character in the MC

Scheme 1 Synthesis of the ruthenium ethynylspiropyran, 2.

Table 1 Kinetic parameters for the thermal ring-closing of the mero-
cycnanines 1-MC and 2-MC

λmax (nm) k (s−1) Half-life (s)

1-MC 598 3.56 ± 0.12 × 10−2 19.5 ± 0.7
2-MC 633 1.61 ± 0.06 × 10−3 430 ± 016
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complex. The donor effect of the metal fragment also serves to
decrease the net positive charge at C(9) in the MC form of the
metal complex when compared with that of the free alkyne
(+0.369 vs. +0.507). There is also a small net decrease in the
charge at the O-atom involved in forming the C–O spiro centre
in the open (MC) form of the metal complex (−0.520) vs. the
open (MC) form of the free alkyne (−0.566). The decreased rates
of ring-closing in the metal complex when compared with the
organic ligand is consistent with the modulation of the charge
density arising from charge transfer from the metal to the
alkynyl ligand and substituents, further suggesting the ring-
closing reaction takes place under charge control.

We have demonstrated that appending a ruthenium
alkynyl unit to a spiropyran core prolongs the lifetime of the
merocyanine form of the molecule more than twenty-fold. The
metal enhances the extent of charge delocalisation through
donation of electron density into the organic ligand. Chiefly
the metal acts to decrease the charge/electron density localisa-
tion on the spirocyclic ring-forming atoms in the open form of
the complex, thus slowing the electrostatically driven ring-
closing reaction. Theoretical calculations suggest that the
metal provides a different switching mechanism to the 5,5′-
dithienylperfluorocyclopentene electrode decoupling seen pre-
viously and presages the opportunity of the electrochemical
address of the bi-stability of the molecule.
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and, in part, by the Danish National Research Foundation
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Alkyne substituted mononuclear photocatalysts
based on [RuCl(bpy)(tpy)]+†

Ross J. Davidson,a Lucy E. Wilson,a Andrew R. Duckworth,a Dmitry S. Yufit,a

Andrew Beebya and Paul J. Low*b

The ethynyl-phenylene substituted 2,2’:6’,2’’-terpyridine (tpy) derivatives, 4-(phenyl-ethynyl)-2,2’:6’,2’’-

terpyridine (L1), 4-(methoxyphenyl-ethynyl)-2,2’:6’,2’’-terpyridine (L2), 4-(tolyl-ethynyl)-2,2’:6’,2’’-terpyri-

dine (L3) and 4-(nitrophenyl-ethynyl)-2,2’:6’,2’’-terpyridine (L4) have been used to synthesize four new

[RuCl(2,2’-bipyridine)(Ln)]PF6 based complexes. Electronic absorption, resonance Raman, cyclic voltam-

metry and spectroelectrochemistry aided by DFT calculations were used to explore the influence of the

alkynyl substituents on the electronic structures, photochemical and redox properties of the complexes.

Furthermore, it is shown that the addition of ethynyl phenyl moieties to the 4-position of the tpy ligand

does not have a detrimental effect on these complexes, or the analogous aqua complexes, with respect

to their ability to photocatalyse the oxidation of 4-methoxybenzyl alcohol to the corresponding

benzaldehyde.

Introduction
With global energy demands rising at an alarming rate, and
concerns over the supply, security and environmental impact
of conventional energy resources, attention is being turned to
alternative, non-carbon based forms of energy. In this regard,
the use of solar power, either directly through photovoltaics or
as a source of energy to produce fuels through artificial photo-
synthetic pathways is widely regarded as the most viable long
term solution.1–4 Of the various solar fuel alternative to
fossil-derived hydrocarbons, hydrogen is especially attractive,
offering high energy density, yielding water as the only by-
product of combustion and being available in almost limit-
less amounts, provided the challenges of coupling proton
reduction to an efficient method of water oxidation can be
overcome (eqn (1) and (2))

4Hþ þ 4e" ! 2H2 ð1Þ

2H2O! O2 þ 4Hþ þ 4e" ð2Þ

The chemical challenges of water oxidation (eqn (2)),
requiring the extraction of four protons and electrons from
two water molecules and formation of an O–O bond, are the
most demanding, as well as posing some significant funda-
mental questions concerning proton-coupled electron transfer
reactions. Nature has overcome these various issues using an
exquisitely balanced chain of light harvesting complexes, elec-
tron transfer centres and a catalytically active polynuclear
{Mn4CaO5} cluster to achieve photosynthesis in green
plants.5,6 Inspired in part by this biological template, metal
complexes offering a range of stable oxidation states, photo-
chemical properties and, at least in principle, a modular
aspect to their construction, have been now widely explored as
water oxidation catalysts,7–9 although recent rapid advances in
solid-state catalysts must also be recognised.10–16

The seminal work of Meyer’s group on the ‘blue dimer’
[{(bpy)2(H2O)Ru}2(μ-O)]4+, which turns over water in the pres-
ence of a sacrificial Ce(IV) oxidant17 focussed many studies
of molecular catalysts for water oxidation on complexes of
ruthenium.18 Refinement of the binuclear platform lead to
the development of the Tanaka catalyst [{(3,6-tBu2Q)2(OH)-
Ru}2(μ-btpyan)]2+ (3,6-tBu2Q = 3,6-di-tert-butyl-1,2-quinone;
btpyan = 2,2′:6′,2′′-terpyridyl)-anthracene) which displayed an
impressive TON of 33 500 over 40 h of operation as an electro-
catalyst immobilised on an ITO electrode,19 whilst later work
lead largely by Meyer,20 Thummel21,22 and Sakai23 demon-
strated the efficacy of mononuclear ruthenium complexes as
water oxidation catalysts.24–26 Allied studies with mononuclear
iridium complexes have demonstrated the broader scope of
single site catalysts.27–29

†Electronic supplementary information (ESI) available: Crystallographic infor-
mation files (CIF) for compounds L3, [3Cl]PF6·CH3CN·C4H10O, and [4Cl]PF6·
2CH3CN. Selected bond parameters, TD-DFT data and vibrational mode assign-
ments. CCDC 1046731–1046733. For ESI and crystallographic data in CIF or
other electronic format see DOI: 10.1039/c5dt01278c

aDepartment of Chemistry, University of Durham, South Road, Durham DH1 3LE,
England, UK
bSchool of Chemistry and Biochemistry, University of Western Australia, 35 Stirling
Highway, Crawley, 6009 WA, Australia. E-mail: paul.low@uwa.edu.au
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Within the ruthenium series of mononuclear complexes,
a common design feature in the presence of five nitrogen
donor ligands, typically as a tridentate and a bidentate or
two monodentate ligands, and many catalysts featuring vari-
ations on this structural design are known.22,30–34 These
systems are typically driven by a sacrificial chemical oxidant,
such as Ce(IV), to regenerate the active form of the catalyst.
Whilst this approach generates immense amounts of vital
mechanistic information, complications can arise from the
chemical non-innocence of the sacrificial reagent and
counter ions,35,36 leading to interest in alternative strategies,
such as immobilisation of these electrocatalysts on electrode
surfaces.37–40

One alternative to the Ce(IV) based sacrificial oxidants, and
which drives the area closer to the ultimate goal of a solar
(light) driven process, utilises a photosensitizer such as
[Ru(bpy)3]2+ or related derivatives which have reduction potentials
in the excited state sufficiently low to oxidise many of the
common Ru-based water oxidation catalysts, in conjugation
with a chemically benign sacrificial oxidant such as
[Co(NH3)5Cl]2+ 41 or Na2S2O8.42,43 The next logical step in the
evolution of molecular water oxidation catalysts is the develop-
ment of dyad systems in which the photosensitizer and catalyst
complex are linked via a suitably positioned and constructed
bridge.6–8,44–49

The design of sensitizer-catalyst dyads for water oxidation is
an immense challenge, demanding a balance between the
photochemical properties of the dyad, forward and reverse
electron transfer rates, thermodynamic driving forces and
chemical kinetics of an intricate PCET bimolecular reaction
(eqn (2)), all within a synthetically achievable platform. As part
of the effort to explore the different aspects of this overall reac-
tion scheme, attention has been directed to models of the key
transformation [{RuII}–OH2]2+ → [{RuIV}vO]2+,50–53 in which a
[Ru(bpy)3]2+ style photosensitizer is used to photooxidise the
catalyst centre, in conjunction with a mild sacrificial oxidant,
[CoIII(NH3)5Cl]2+ to recycle the sensitizer. The photogenerated
[{RuIV}vO]2+ complexes can be used to oxidize benzyl alco-
hols, as a model for water, in a process that can be con-
veniently followed by 1H NMR spectroscopy, with concomitant
2-e/2H+ reduction of the catalyst back to the [{RuII}–OH2]2+

state. Both multi-component53 and covalently linked
dyads50–52 have explored in this fashion.

Curiously, despite the well-developed ‘wire-like’ properties
of the alkynyl moiety, –CuC–, capable of promoting electron
transfer between remote sites, and synthetic compatibility with
polypyridyl-based ligand scaffolds,54–56 there have been no
reports to date of this fragment being used in the design of
photoactive water oxidation dyads. As an initial step towards
the design of alkyne-bridged photosensitizer-water oxidation
complex dyads we have been drawn to the elementary
[Ru(H2O)(bpy′)(tpy′)]2+ family of water oxidation catalysts.23 Substi-
tution of both the 2,2′-bipyridine (bpy) and 2,2′:6′,2′′-terpyri-
dine (tpy) ligands with a range of electron donating and
withdrawing groups has been achieved, with general con-
clusions being that 4′-substitution of the tpy ligand by donor

groups (OEt, OMe) gave enhanced catalytic activity, albeit with
lower catalyst stability (Fig. 1).34,57,58

Here we describe the preparation and characterisation of
4-arylethynyl-2,2′:6′,2″-terpyridine ligands Ln, and the com-
plexes [RuCl(bpy)(Ln)]PF6. The behaviour of [RuCl(bpy)(Ln)]PF6

and the analogous aqua complex [Ru(H2O)(bpy)(Ln)]2+ (pre-
pared in situ by chloride ion abstraction) as oxidation photoca-
talysts was assayed through the [Ru(bpy)3]2+ sensitized
photocatalytic oxidation of 4-methoxybenzyl alcohol.7,11 The
comparable catalytic response of the alkynyl substituted
derivatives with the parent system [Ru(H2O)(bpy)(tpy)](OTf)2

indicates that the introduction of the ethynyl moiety to the tpy
ligand scaffold is not detrimental to the catalytic process,
opening avenues for further development of covalently linked
sensitizer-catalyst dyads.

Experimental section
The compounds 4-ethynyl-nitrobenzene,59 Pd(PPh3)4,60

4′-(phenylethynyl)-2,2′:6′,2″-terpyridine (L1)61 and 4′-[[(trifluor-
omethyl)sulfonyl]oxy]-2,2′:6′,2″-terpyridine (tpyOTf)62 were syn-
thesised by literature procedures. The compounds 4-ethynyl
toluene, bpy, LiCl, N-ethyl morpholine and RuCl3·3H2O were
purchased and used as received. All glassware was over dried
(120 °C), nitrogen environments were created through a high
purity nitrogen line and dry solvents were reagent grade.

4′-(Methoxyphenylethynyl)-2,2′:6′,2″-terpyridine (L2)

Triethylamine (7 mL) was added to a THF solution (20 mL) of
tpyOTf (250 mg, 0.65 mmol) and 4-ethynyl anisole (86 mg,
0.65 mmol). The mixture was degassed by three freeze–pump–
thaw cycles before Pd(PPh3)4 (75 mg, 0.065 mmol) was added.
The solution was heated at reflux overnight in the dark, after
which time the solvent was removed, the residue extracted in
dichloromethane, and the extracts filtered. The filtrate was
passed down a silica column initially with neat CH2Cl2 then
CH2Cl2 : acetonitrile (1 : 1) to elute the product. The fraction
containing the product was taken to dryness and washed with

Fig. 1 Substitution pattern of the ligands demonstrated by Yagi and
Berlinguette et al. where R1 = H, EtO, MeO, Me, Cl or COOH and R2 = H,
OMe, COOH, Cl.
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methanol and dried, giving a white solid. Yield: 191 mg (81%).
ES-MS: m/z 364 [M + H]+. 1H NMR(CDCl3): δ 8.71 (ddd ( J = 5, 2,
1 Hz), 2H), 8.61 (dt ( J = 8, 1 Hz), 2H), 8.55 (s, 2H), 7.86 (td ( J =
8, 2 Hz), 2H), 7.51 (d ( J = 8 Hz), 2H), 7.34 (ddd ( J = 8, 5, 1 Hz),
2H), 6.90 (d ( J = 8 Hz), 2H), 2.16 (s, 3H) ppm. 13C{1H} NMR
(CDCl3): δ. 160.2, 155.9, 155.5, 149.2, 137.0, 133.9, 124.0,
122.7, 121.3, 114.6, 114.3, 94.2, 86.6, 55.3 ppm. Anal. Calc.
C24H17N3O·0.1CH2Cl2: C, 77.83; H, 4.66; N, 11.30%. Found:
C, 77.58; H, 4.35; N, 11.26%.

4′-(Tolylethynyl)-2,2′:6′,2″-terpyridine (L3)

The same procedure as for L2 except 4-ethynyl toluene was
used in place of 4-ethynyl anisole. Crystals were grown by the
slow evaporation of a chloroform solution. Yield: 178 mg
(79%). ES-MS: m/z 348 [M + H]+. 1H NMR (CDCl3): δ 8.71 (ddd
( J = 5, 2, 1 Hz), 2H), 8.60 (dt ( J = 8, 1 Hz), 2H) 8.56 (s, 1H) 7.84
(td ( J = 8, 2 Hz), 2H) 7.47 (d ( J = 8 Hz), 2H), 7.33 (ddd ( J = 8, 5,
1 Hz) 2H) 7.18 (d ( J = 8 Hz), 2H) 2.38 (s, 3H) ppm. 13C NMR
(CDCl3): δ 155.82, 155.56, 149.26, 139.43, 136.96, 133.74,
131.98, 129.36, 124.06, 122.87, 121.31, 119.52, 94.22, 87.11,
21.71 ppm. Anal. Calc. C24H17N3: C, 82.97; H, 4.93; N, 12.09%.
Found: C, 82.83; H, 4.95; N, 12.23%.

4′-(Nitrophenylethynyl)-2,2′:6′,2″-terpyridine (L4)

The same procedure as for L2 except 4-ethynyl nitrobenzene
was used in place of 4-ethynyl anisole. Yield: 159 mg (65%).
ESMS: m/z 379 [M + H]+. 1H NMR (CDCl3): δ 8.72 (ddd ( J = 5, 2,
1 Hz), 2H), 8.63 (dt ( J = 8, 1 Hz), 2H) 8.60 (s, 2H) 8.25 (d ( J =
8 Hz), 2H) 7.88 (td ( J = 8, 2 Hz), 2H), 7.71 (d ( J = 8 Hz), 2H)
7.37 (ddd ( J = 8, 5, 1 Hz), 2H) ppm. 13C NMR (CDCl3): δ 155.6,
155.2, 149.1, 147.5, 137.1, 132.6, 129.1, 124.2, 123.7, 122.9,
121.3, 92.0, 91.1 ppm. Anal. Calc. for C23H14N4O2: C, 73.01;
H, 3.73; N, 14.81%. Found: C, 72.86; H, 3.77; N, 14.74%.

[RuCl(bpy)(L1)]PF6 ([1Cl]PF6)

A solution of L1 (200 mg, 0.60 mmol) and RuCl3·3H2O
(156 mg, 0.60 mmol) in ethanol (30 mL) was heated at reflux
for 3 h. and allowed to cool. The solution was filtered, and the
precipitate collected washed with water, ethanol, diethyl ether
and finally chloroform giving a brown powder, presumably
RuCl3(L1). A suspension of the brown powder, bpy (94 mg,
0.60 mmol), LiCl (25 mg, 0.60 mmol), N-ethylmorpholine
(0.3 mL) and methanol (20 mL) was heated at reflux for 3 h.
before being allowed to cool and filtered. The filtrate was dried
under vacuum, extracted into dichloromethane and filtered.
The solvent was removed from the filtrate, the resulting
residue redissoved in methanol and NH4PF6 (196 mg,
1.20 mmol) was added to cause precipitation. The solvent was
removed to give a purple solid which was purified on a neutral
alumina column, eluting with acetonitrile : CH2Cl2 (1 : 1). The
purple fraction was collected and the solvent removed to give
a purple solid. Crystals were grown by vapour diffusion of
diethyl ether into an acetonitrile solution. Yield: 226 mg
(49%). ES-MS: m/z 626 [M]+. 1H NMR (CD3CN): δ 10.30 (dd ( J =
6, 0.8 Hz), 1H), 8.62–8.60 (m, 3H), 8.31–8.28 (m, 4H), 8.01 (ddd
( J = 8, 6, 1 Hz), 1H), 7.72–7.64 (m, 7H), 7.53–7.49 (m, 3H),

7.26–7.24 (m, 3H), 6.93 (ddd ( J = 7, 6, 1 Hz), 1H) ppm. 13C
NMR (CD3CN): δ 158.48, 158.11, 157.89, 155.99, 152.30,
152.13, 151.90, 136.93, 136.76, 135.71, 131.90, 129.84, 128.94,
127.35, 126.94, 126.06, 123.98, 123.59, 123.48, 123.20, 121.64,
95.73, 86.73 ppm. Anal. Calc. for C33H23ClF6N5PRu: C, 51.40;
H, 3.01; N, 9.08%. Found: C, 51.37; H, 2.93; N, 8.97%.

[RuCl(bpy)(L2)]PF6 ([2Cl]PF6)

The same procedure as for 1Cl except L2 was used in place of
L1. Crystals were grown by vapour diffusion of diethyl ether into
an acetonitrile solution. Yield: 288 mg (60%). ES-MS: m/z 656
[M]+. 1H NMR (CD3CN): δ 10.26 (dd ( J = 6, 0.8 Hz), 1H), 8.61 (dt
( J = 8, 1 Hz), 1H), 8.59 (s, 1H), 8.34 (dt ( J = 8, 0.8 Hz), 2H),
8.30–8.28 (m, 2H), 8.00 (ddd ( J = 8, 6, 1 Hz), 2H), 7.82 (td ( J = 8,
2 Hz), 2H), 7.69–7.67 (m, 4H), 7.62 (d ( J = 8 Hz), 4H), 7.30–7.27
(m, 4H), 7.05 (d ( J = 8 Hz), 2H), 6.95 (ddd ( J = 7, 6, 1 Hz), 1H),
3.89 (s, 2H) ppm. 13C NMR (CD3CN): δ 161.98, 159.49, 159.18,
158.81, 156.99, 153.14, 137.96, 137.66, 136.63, 134.61, 128.97,
128.31, 127.02, 124.70, 124.55, 124.41, 124.16, 115.58, 114.43,
97.21, 86.68, 56.25 ppm. Anal. Calc. for C34H25ClF6N5OPRu:
C, 50.98; H, 3.15; N, 8.74%. Found: C, 50.93; H, 3.07; N, 8.74%.

[RuCl(bpy)(L3)]PF6 ([3Cl]PF6)

The same procedure as for 1Cl except L3 was used in place of
L1. Crystals were grown by vapour diffusion of diethyl ether
into an acetonitrile solution. Yield: 52 mg (55%). ES-MS: m/z
639 [M]+. 1H NMR (CD3CN): δ 10.27 (dd ( J = 6, 0.8 Hz), 1H),
8.59 (dt ( J = 8, 1 Hz), 1H), 8.57 (s, 2H), 8.29 (m, 4H), 7.99 (ddd
( J = 8, 6, 1 Hz), 1H), 7.74 (td ( J = 8, 2 Hz), 2H), 7.67 (m, 3H)
7.54 (dt ( J = 8, 2 Hz), 2H), 7.31 (d ( J = 8 Hz), 2H), 7.25 (m, 3H),
6.92 (ddd ( J = 7, 6, 1 Hz), 2H) ppm. 13C NMR (CD3CN):
δ 159.46, 159.12, 158.83, 156.97, 153.30, 153.11, 152.91,
141.52, 137.92, 137.69, 136.65, 132.83, 130.59, 128.63, 128.31,
127.90, 127.02, 124.85, 124.55, 124.43, 124.16 ppm. Anal. Calc.
for C34H25ClF6N5PRu: C, 52.02; H, 3.21; N, 8.92%. Found:
C, 51.92; H, 3.15; N, 8.82%.

[RuCl(bpy)(L4)]PF6 ([4Cl]PF6)

The same procedure as for 1Cl except L4 was used in place of
L1. Crystals were grown by vapour diffusion of diethyl ether
into an acetonitrile solution. Yield: 43 mg (43%). ES-MS: m/z
671 [M]+. 1H NMR (CD3CN): δ 10.23 (dd ( J = 6, 0.8 Hz), 1H),
8.65 (s, 2H), 8.61 (dt ( J = 8, 1 Hz), 1H), 8.38 (dt ( J = 8, 0.8 Hz),
2H), 8.33 (d ( J = 8 Hz), 2H) 8.30 (m, 2H), 7.99 (ddd ( J = 8, 6,
1 Hz), 1H), 7.88 (m, 4H) 7.68 (m, 3H), 7.30 (m, 3H), 6.94 (ddd
( J = 7, 6, 1 Hz), 1H) ppm. 13C NMR (CD3CN): δ 159.36,
159.16, 159.03, 156.82, 153.32, 153.15, 153.00, 138.13, 137.87,
136.82, 133.85, 129.27, 128.49, 127.96, 127.05, 125.08, 125.04,
124.65, 124.47, 124.22, 93.03, 90.77 ppm. Anal. Calc. for
C33H22F6RuN6P: C, 48.57; H, 2.72; N, 10.30%. Found: C, 48.63;
H, 2.60; N, 10.37%.

X-ray crystallography

The X-ray single crystal data for L3, [3Cl]PF6·CH3CN·C4H10O
and [4Cl]PF6·2CH3CN have been collected at 120.0 K on a
Bruker SMART CCD 6000 diffractometer (graphite monochro-
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mator, λMoKα, λ = 0.71073 Å) equipped with a Cryostream
(Oxford Cryosystems) open-flow nitrogen cryostat. The struc-
tures were solved by direct method and refined by full-matrix
least squares on F2 for all data using Olex263a and SHELXTL63b

software. All non-disordered non-hydrogen atoms were refined
anisotropically, hydrogen atoms were refined freely in the
structures of L3 and [4Cl]PF6·2CH3CN and were placed in cal-
culated positions in the structure [3Cl]PF6·CH3CN·C4H10O.
Disordered PF6 anion and solvent molecules were refined
with fixed site occupancy factor (SOF) in isotropic mode.
Crystallographic data (excluding structure factors) have been
deposited with the Cambridge Crystallographic Data Centre
(CCDC) as the following supplementary publications:
CCDC-1046731–1046733.

Instrumentation

Microanalyses were performed by Elemental Analysis Service,
London Metropolitan University, UK. NMR spectra were
recorded on a Bruker Avance (1H 400.13, 13C 100.61 MHz) Elec-
trospray ionization mass spectra were recorded using Thermo
Quest Finnigan Trace MS-Trace GC or Waters Micromass LCT
spectrometers. Listed peaks correspond to the most abundant
isotopomer; assignments were made by a comparison of
observed spectra and simulated ion patterns. Raman spectra
were collected on a Horiba Jobin Yvon LabRAM HR confocal
Raman microscope, equipped with a peltier-cooled CCD and
50× LWD objective lens, running with a frequency doubled Nd:
YAG at 532 nm. Laser power at the sample <1 mW. UV-Visible
absorbance spectra were recorded on an Agilent Technologies
Cary 5000 UV-vis-NIR spectrophotometer from solutions in
acetonitrile for the complexes [1–4Cl]PF6 at 10−5 M and
acetone : water (9 : 1) for complexes [1–4H2O]PF6 at 10−5

M. Electrochemical analyses of the complexes [1–4Cl]PF6 were
carried out using an EcoChemie Autolab PGSTAT-30 potentio-
stat, with platinum working, platinum counter and platinum
pseudo reference electrodes, from solutions in acetonitrile
containing 0.1 M supporting electrolyte (tetrabutylammonium
hexafluorophosphate, TBAPF6), scan rate = 100 mV s−1. The
ferrocene/ferricenium couple was used as the internal refer-
ence. Spectroelectrochemical measurements of the complexes
[1–4Cl]PF6 were made in an OTTLE cell of Hartl design from
acetonitrile solutions containing 0.1 M TBAPF6 electrolyte. The
cell was fitted into the sample compartment of the Agilent
Technologies Cary 5000 UV-vis-NIR, and electrolysis in the cell
was performed with a PalmSens EmStat2 potentiometer.

Photocatalytic measurements were performed in 5 mL of
degased H2O solution, at pH (0.10 M phosphate buffer) with
0.02 mM Rucat, 10 mM 4-methoxy benzyl alcohol, 0.4 mM
[Ru(bpy)3](PF6)2 and 20 mM [Co(NH3)5Cl]Cl2, irradiated by a
xenon lamp (300 W) with UV filter for 24 hours. In order to
maintain solubility of the chloro-complexes ([1–4Cl]PF6) it was
necessary to add 0.5 mL of acetone per 5 mL solution. Stock
solutions of [1–4H2O]PF6 were prepared by refluxing a
measured quantity of [1–4Cl]PF6 in an acetone : water (1 : 1)
with silver triflate. After removing the residual AgCl by fil-
tration, the filtrate concentration was then adjusted by the

addition of water. To determine the ratio of product to sub-
strate solution was extracted three times with CH2Cl2, the
extracts collected, and taken to dryness. 1H NMR was used to
measure the relative integrals of the methoxy proton signals of
4-methoxybenzyl alcohol (substrate) and 4-methoxybenzalde-
hyde (product).

Results and discussion
Synthesis

Three new 4-ethynyl substituted tpy based ligands (L2, L3 and
L4) were synthesised by cross-coupling tpyOTf with the respect-
ive alkyne (4-ethynyl anisole, 4-ethynyl toluene and 4-ethynyl
nitrobenzene) under ‘copper free’ Sonogashira conditions
(Scheme 1). Ligand L1 has been previously reported from a
similar synthetic method.14,64 Isolated yields ranged from 65
to 81%, the yields being lower for more electron withdrawing
substituents.

The ligands L1–L4 were reacted with ruthenium trichloride
to form their respective RuCl3Ln complexes, which were not

Scheme 1 Synthesis schemes for the synthesis of the ligands Ln and
ruthenium complexes ([1–4Cl]PF6). (i) Pd(PPh3)4, NEt3, THF,
HCuCC6H4R-4 (R = H (L1), OMe (L2), Me (L3), NO2 (L4)); (ii) RuCl3·3H2O,
EtOH; (iii) bpy, LiCl, ethylmorpholine, MeOH; (iv) NH4PF6, MeOH.
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characterised but in turn reacted with bpy, LiCl and NH4PF6,
catalysed with 4-ethylmorpholine to form the chloro-com-
plexes ([RuCl(bpy)Ln]PF6, [1–4Cl]PF6) (Scheme 1). Attempts
were also made to synthesise chloro-complexes from
4′-ethynyl- or 4′-trimethylsilylethynyl-2,2′:6′,2″-terpyridine,
however, intractable mixtures were formed during the course
of the reaction. The purification of the chloro-complexes
[1–4Cl]PF6 was significantly improved by separating the
desired heteroleptic product from [Ru(bpy)3]2+ typically formed
as a by-product by extracting the crude reaction mixture into
dichloromethane and filtering prior to anion metathesis with
NH4PF6 and column chromatography.

Molecular structures

The ligand L3 crystallises in a space group P21/c with one mole-
cule per unit cell (Fig. 2). The structure shows an ethynyl
toluene fragment attached to a tpy scaffold at the 4-position,
which is consistent with the chemical reaction scheme and
NMR and mass spectroscopy data collected from the com-
pound. The structure shows the nitrogen atoms of the tpy
ligand directed to maximise intramolecular hydrogen
bonding, as is common with tpy derivatives. The C18–C23 phe-
nylene ring lies out of the plane defined by the terpyridine
moiety (C7–C8–C18–C23 = 27.01(11)°) whilst the C8–(C16–C17
midpoint)–C18 angle is bent from linearity by only 4.5°. The
long-short-long bond length alternation along the C8–C16–
C17–C18 fragment (1.433(4), 1.203(5), 1.434(4) Å) clearly
showing that the triple bond remains localised to C16–C17.

The complex [3Cl]PF6 crystallises in space group P1̄ with
Z′ = 2; selected bond lengths and angles are given in the ESI.†
The two crystallographically distinct cations differ by the rela-
tive orientation of the tolyl moiety with respect to the approxi-
mate plane of the tpy ligand (the corresponding torsion angles
are 3.6° [3Cla]+ and 27.1° [3Clb]+). The ruthenium atom of
cation has octahedral coordination, the chloride is located
trans to the axial N4 atom of the bpy ligand (Fig. 3). The Ru–N
bond lengths consist of Ru(1)–N(1) (2.073(3)), –N(2) (1.963(3)),
–N(3) (2.066(3)), –N(4) (2.035(3)) and –N(5) (2.082(3) Å) with a
Ru(1)–Cl(1) bond length of 2.4093(10) Å, within experimental
error similar to those in other reported [RuCl-(bpy)(tpy)]+

complexes.65–69 The angles at the ruthenium centre are very
similar between the both cationic complexes in the unit cell.
The cations have identical ethynyl bond lengths C18–C17
(1.196(7) Å in [3Cla]+ and 1.197(7) Å [3Clb]+).

Unlike [3Cl]PF6, Z′ = 1 for [4Cl]PF6 (Fig. 4), and selected
bond lengths and angles are given in the ESI.† The ethynyl
substituted tpy ligand in [4Cl]+ adopts a planar conformation
similar to that found in [3Cla]+. Most of the bond lengths to
the ruthenium centre are very similar to those in [3Cl]+ (See
ESI†). The coordination geometry at ruthenium, Ru–N (Ru(1)–
N(1) (2.071 (3)), –N(2) (1.950 (3)), –N(3) (2.060 (3)), –N(4)
(2.027 (3)), –N(5) (2.088 (3) Å)) and Ru(1)–Cl(1) (2.3927 (8) Å) bond
lengths are identical to those of [3Cl]+, suggesting there is
little structure influence at the metal centre brought about by
the introduction of the nitro group.

Fig. 2 Crystal structure of L3, hydrogen atoms removed for clarity.

Fig. 3 The cation (a) in the crystal structure of [3Cl]PF6·CH3CN·C5H10O.
Hydrogen atoms removed for clarity.

Fig. 4 The cation in the crystal structure of [4Cl]PF6·2CH3CN. Hydro-
gen atoms removed for clarity.
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All three structures contain extending planar aromatic
systems and not surprisingly in crystal these planar moieties
are arranged parallel to each other at the distances (3.6–3.9 Å)
typical to π⋯π interaction. Interestingly the triple bonds and
nitro-group (in the structure [4Cl]PF6) are also sandwiched
between aromatic rings and such arrangement is probably also
attractive and additionally stabilizes the crystals.

Computational

A brief investigation was performed using ab initio calculations
to study the electronic structure of [1–4Cl]+ and the related
complexes [Ru(H2O)(bpy)Ln]2+ [1–4H2O]2+, which complement
earlier studies of the parent systems [RuCl(bpy)(tpy)]+ and
[Ru(H2O)(bpy)(tpy)]2+.70 Initial geometries for [1–4Cl]+ cations
were based on the crystallographic structures of [3Cl]+ and
[4Cl]+, while for the initial geometries of [1–4H2O]2+ dications,
the H2O–Ru distances and angles were based on the crystallo-
graphic data available for [Ru(H2O)(bpy)(tpy)](PF6)2.71 Full
optimisations were performed using density functional theory
(DFT) as part of the Gaussian09 package.72 Frequency and
time-dependent (TD) calculations were performed on opti-
mised ground-state structures, and results were displayed
using GaussView.73 All calculations were carried out at the
B3LYP level employing an SDD basis set. The calculated fre-
quencies were scaled by 0.96174 to account for the anharmoni-
city of the vibrational modes. The assignments of the spectra
were made using each level and the MAD values determined
for all of the assigned peaks (see ESI†). An unambiguous
assignment of vibrational modes from visual comparison of
spectra was possible for most absorption features. TD-DFT cal-
culations were carried out in an acetonitrile solvent field using
the SCRF-PCM method which creates the solvent cavity via a
set of overlapping spheres.75 Geometry optimisations were not
carried out in a solvent field for reasons of computational
expense; however, correlation between the experimental results
and the TD DFT calculations which include the solvent and
gas-phase optimised geometries was found to be better than
for calculations where solvent contributions were completely
neglected.

A comparison of [1–4Cl]+ cation HOMO energy levels shows
almost no change across the series, despite the significant
differences in the electron donating (OMe, Me) and withdraw-
ing (NO2) nature of the phenylene substituents (Table 1). This
is explained by the HOMO being 70% ruthenium in nature
with small contributions from the bpy and tpy ligands; only
for [4Cl]+ is there a 13% contribution from the ethynyl bond
(see ESI†). Whilst there is similarly little change in the LUMO
energy level across the partial series [1–3Cl]+ (Table 1), the
introduction of the NO2 group in [4Cl]+ causes a significant
lowering of the LUMO energy by ca. 0.8 eV. For [1–3Cl]+ the
LUMO orbital is π* in nature and 75% is localised on the ter-
pyridyl fragment with <10% contribution from the ethynyl
group and almost none from the phenylene ring. However, in
the case of [4Cl]+ the nitrophenylene π* orbitals lie lower than
the tpy π* and from the LUMO (Fig. 5). The tpy π* orbital is
found 0.82 eV higher in energy and forms the LUMO+1.

Broadly similar behaviour was observed for the aqua com-
plexes [1–4H2O]2+. The substitution of the chloride ligand by
water, and the resulting increase in positive charge on the
complex results in an overall lowering of orbital energies
(Table 1). The HOMO levels of the aqua complexes span a
slightly larger range of energies than the chloride analogues,
but still differ by less than 0.17 eV. In the case of the unoccu-
pied orbitals, the lowering of the orbital energies associated
with the complex serves to limit the nitrophenyl based LUMO
and tpy π* LUMO+1 energy gap, and the difference of the
LUMO energies between [1H2O]2+ and [4H2O]2+ is reduced to
0.578 eV.

Electronic spectroscopy

The electronic absorption spectra of the complexes [1–4Cl]+

feature π → π* transitions at wavelengths shorter than 400 nm
and MLCT bands between 600–450 nm which are most clearly
resolved for [1Cl]+ and [3Cl]+ (Fig. 6, Table 2).

Based on time-dependent density functional theory
(TD-DFT) calculations of complexes [1–4Cl]+ (see ESI† for
further details) the higher energy feature of the MLCT absorp-
tion envelope (ca. 500 nm) consists of a mixed transition
between the pseudo ‘t2g’ 3d orbitals of the ruthenium (HOMO,
HOMO−1 and HOMO−2), which are heavily metal centred and

Table 1 A comparison of HOMO and LUMO orbital energies for
[1–4Cl]+ cations and [1–4H2O]2+ dications

Complex

HOMO energy (eV) LUMO energy (eV)

Cl H2O Cl H2O

1 −5.676 −6.103 −2.830 −3.207
2 −5.658 −6.038 −2.789 −3.166
3 −5.667 −6.134 −2.807 −3.225
4 −5.730 −6.205 −3.629 −3.785

Fig. 5 Plots of the LUMO for (a) [1Cl]+ and (b) [4Cl]+.
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only in the case of the HOMO−1 carry contribution (7–21%)
from the ethynyl-phenylene moiety, to low energy π* orbitals
(LUMO, LUMO+1, LUMO+2, as well as LUMO+3 in the case of

[4Cl]+). These unoccupied orbitals are mainly localised on the
bpy and tpy moieties with moderate (12–14%) contributions
from the ethynyl-phenylene (–CuCC6H4R) moiety to the
LUMO in the case of [1–3Cl]+. However, in the case of [4Cl]+

the nitro groups leads to significant orbital reordering and
mixing, with nitrophenylacetylide fragment comprising the
LUMO (90%) and contributing together with the tpy fragment
to the LUMO+1 (tpy 72%; CuCC6H4NO2 19%). The lower
energy component of the band envelope is attributed by TD
DFT calculations to transitions between HOMO−1 → LUMO
and HOMO → LUMO+2 (Fig. 7). Plots of these orbitals show
that whilst the HOMO → LUMO+2 transition is largely MLCT
in character and localised on the metal 3d and {Ru(bpy)(tpy)}
fragments, the HOMO−1 → LUMO transition admixes a
degree of intra ligand π–π* character from the arylethynylter-

Table 2 λMLCT complexes [1–4Cl]PF6 in acetonitrile and [1–4H2O]-
(OTf)2 in an acetone : water (9 : 1) solution

Complex

λMLCT/nm (ε/L cm−1 mol−1 × 103)

Cl H2O

1 541 (12.4), 499 (13.8) 506 (12.8) br
2 522 (13.5) br 490 (15.9) br
3 535 (10.4), 505 (13.2) 487 (15.1) br
4 541 (13.8) br 510 (11.8) br

Fig. 6 Electronic absorbance spectra of: (a) complexes [1–4Cl]PF6 in acetonitrile, (b) complexes [1–4H2O](TfO)2 in an acetone : water (9 : 1)
solution.

Fig. 7 Plots of the important orbital involved in the transitions responsible for the absorbance at 541 nm of [1Cl]+.
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pyridyl ligand, which becomes more extensively associated
with the nitrophenyl group in the case of [4Cl]+.

The implications of low lying electronic transitions invol-
ving the ethynyl phenylene fragment in the chloride complexes
[1–4Cl]+ prompted consideration of the analogous aqua com-
plexes, which are the key active species in the oxidative chem-
istry described in the Introduction. Solutions containing the
aqua complexes [Ru(H2O)(bpy)Ln]2+ ([1–4H2O](OTf)2) were pre-
pared from [1–4Cl]PF6 by treatment with AgOTf in refluxing
acetone : water (50 : 50) solution (5 h). Solutions were then fil-
tered to remove precipitated AgCl, solvents removed and the
residue re-dissolved in the desired solvent.

Once the chloride was removed to form the complexes
[1–4H2O](OTf)2 the solution changed from purple to orange
with the MLCT band envelope blue-shifted relative to the
chloride analogue (Fig. 6). However, the apparent band
maxima of these spectra remain significantly red-shifted com-
pared to that of the parent complex [Ru(H2O)(bpy)(tpy)]2+

(λmax = 476 nm),76 likely due to the extended conjugation between
the terpyridyl and CuCC6H4R moieties. The lowest energy
visible absorption band envelope is rather broad, which could
either be attributed to a mixture of aqua and chloride species
present in the in the solution or multiple transitions within
the envelope. Based on TD-DFT calculations (see ESI†) the
aqua complexes each feature two relatively intense transitions
(i.e. of oscillator strength >0.1) between 530–450 nm. As with
the chloro analogues, these transitions are of essentially MLCT
character and are similarly comprised.

Vibrational spectroscopy

Resonance Raman (RR) spectroscopy allows selective enhance-
ment of modes within a chromophore when the excitation
wavelength (λex, here 532 nm) is coincident with the chromo-
phore absorption. The Raman spectrum of each of the com-
plexes [1–4Cl]PF6 was collected using λex = 532 nm, a

wavelength chosen to probe the lower energy component of
the MLCT absorption envelope and for which TD-DFT calcu-
lations indicated involved orbitals with the greatest contri-
bution from the ethynyl phenylene moiety (Fig. 8). Although
many of the vibrations observed in the RR spectra associated
with tpy and bpy based aromatic modes (622–1604 cm−1)
remained unchanged despite the variation in phenylene sub-
stitution, the lowest energy vibrational modes associated with
the most delocalised parts of the ethynyl substituted terpyri-
dine ligand were found to be more sensitive to the nature of
the substituent (582–553 cm−1).

RR spectra of the aqua complexes [1–4H2O](OTf)2 were gene-
rally very similar to those of the chloride complexes, although
the blue shifted λMLCT resulted in less resonant enhancement
by the 532 nm laser resulting in lower relative intensities of
many of the bands. Nevertheless, the key symmetric in plane
stretches of the aryleneethylene substituted terpyridine ligand
bands were clearly apparent near 1350 and 1600 cm−1 in each
case (Fig. 8). No vibrational modes associated with a co-
ordinated triflate were observed which suggests the triflate
counter ion was not coordinating to the metal centre.

Electrochemistry and spectroelectrochemistry

Each of the chloro-complexes ([1–4Cl]PF6) display a single
almost fully electrochemically reversible oxidation wave at
0.44–0.46 V (vs. ferrocene) associated with the Ru(II)/(III)
couple, albeit with some evidence for border-line slow electron
transfer based on the behaviour of the peak-current ratios with
scan rate, and a single similarly near reversible reduction
wave associated with the reduction of one of the ligands
(Table 3). The oxidation potential is similar to that of [RuCl
(bpy)(tpy)]+ (E1/2Ox = 0.45 V),76 suggesting that the addition of
–CuCC6H4R moiety has little effect on the ruthenium centre,
which is also supported by <0.02 V potential difference in oxi-
dation potential across the series.

Fig. 8 RR using and excitation of 532 nm. (a) chloro-complexes [1–4Cl]PF6 in acetonitrile and (b) aqua complexes [1–4H2O](OTf)2 in an acetone :
water (9 : 1) solution.
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Given the well-behaved solution redox chemistry, spectro-
electrochemistry was employed to observe the oxidised species
[1Cl]2+ as a representative example (Fig. 9).63,77 Upon oxidation
of [1Cl]+ the MLCT band envelope is quenched while the π →
π* transitions (<400 nm) are only slightly affected, confirming
that the electron is being removed from the metal centre, and
therefore the assignment of the oxidation to a formal Ru(II/III)
process. The original spectrum was fully recovered on back-
reduction, confirming both the assignment of the spectrum to
[1Cl]2+ and the chemical stability of this complex under these
conditions.

Photocatalytic behaviour

As Rocha et al. and Kojima et al. have demonstrated, the oxi-
dation of benzyl alcohols is a convenient means of testing the
activity of mononuclear ruthenium oxidation catalysts
mediated by the photosensitized oxidation of the aqua
complex resting state to the active oxo-form, [{RuII}–OH2]2+ →
[{RuIV}vO]2+.51,78,79 Here, a comparison was made between
the chloro-complexes [1–4Cl]PF6 and in situ generated

[1–4H2O](OTf)2 complexes as catalysts for the oxidation of
4-methoxybenzyl alcohol. Reactions were conducted in 5 mL of
degassed H2O solution (also containing 0.5 mL acetone in the
case of [1–4Cl]PF6 for reasons of solubility), at pH = 6.8 (0.10
M phosphate buffer) with 0.02 mM Rucat, 10 mM 4-methoxy
benzyl alcohol, 0.4 mM [Ru(bpy)3](PF6)2 as photosensitizer and
20 mM [Co(NH3)5Cl]Cl2 as a sacrificial oxidant to re-cycle the
sensitizer. Illumination was provided by a xenon lamp (300 W)
with UV filter for 24 h, after which time no further reaction
progress was detected. To determine the ratio of product to
substrate, after reaction the solution was extracted with
dichloromethane three times, the extracts collected and the
solvent removed. Integration of the methoxy proton signals
(1H NMR) of 4-methoxybenzyl alcohol (substrate) and 4-meth-
oxybenzaldehyde (product) was used to assess the extent of
reaction. The relatively high level of error associated with these
measurements prevented valid determination of the initial
rates; however, this technique proved sufficient for determin-
ing catalytic activity across the series with TONs 269(20)–396(8)
being determined (Table 4). Reactions conducted in the
absence of substrate, catalyst, oxidant or light, gave no detecti-
ble quantities of product. In the absence of [Ru(bpy)3](PF6)2,
photo oxidation was detected, with catalytic TONs approxi-
mately half that of those run in the presence of the additional
sensitizer, although variation in results between runs
were increased. It is conceivable that photodecomposition
of the heteroleptic catalyst may result in the formation of
other catalytically active species such as RuO2 nano-
particles;80,81 however, the exact determination of this is
beyond the scope of this report but remains a topic for future
investigation.

Under the same conditions, the TONs for the aqua-com-
plexes [1–4H2O](OTf)2 were determined to be 150–309.
Accounting for the error in the measurements this is similar to
[Ru(H2O)(bpy)(tpy)](OTf)2 (TON = 217 (30)) measured under
the same conditions.51,78,79 Although the unavoidably high
error in the measurements prevented any relationship being
drawn between the electron-withdrawing effects of the ethynyl-
phenyl substituents, this report clearly demonstrates these
compounds remain catalytically active with the ethnyl moiety
neither decreasing activity markedly nor leading to excessive
photodecomposition.

Table 3 Electrochemical data for the chloro-complexes [1–4Cl]PF6

recorded in an acetonitrile 1.0 M TBAPF6 solution

Complex
E1/2
(V vs. Fc/Fc+)

ΔEp
(mV)

[1Cl]PF6 0.45 75
−1.69 92

[2Cl]PF6 0.44 93
−1.74 96

[3Cl]PF6 0.46 77
−1.73 124

[4Cl]PF6 0.46 72
−1.61 78

Fig. 9 UV-visible SEC spectra of [1Cl]PF6, arrows indicate spectral
changes upon oxidation.

Table 4 TONs for the oxidation of 4-methoxybenzyl alcohol to
4-methoxybenzaldehyde

Complex

TON (esd)

Cl H2O

[Ru(H2O)(bpy)(tpy)](OTf)2
a 217 (30)

1 396 (8) 309 (20)
2 361 (30) 150 (27)
3 269 (20) 237 (5)
4 382 (21) 260 (22)

a Prepared and isolated according to literature.82
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Conclusion
Three new tpy ligands (L2–L3) and four new heteroleptic com-
plexes ([1–4Cl]PF6) containing ethynyl phenylene substituted
moieties have been synthesised and characterised. The elec-
tronic absorption and RR spectra show that the ethynyl pheny-
lene moiety has some effect on the excited state of both the
chloro and aqua complexes by tuning the composition of the
LUMO, whilst the HOMO remains largely metal centred, which
is in agreement with electrochemical, spectroelectrochemical
and computational results. Finally, through the photocatalytic
measurements it has been possible to show that the catalytic
oxidation of 4-methoxybenzylalcohol to 4-methoxybenzalde-
hyde can be performed using either the chloro- or aqua-cata-
lysts and that the addition of ethynyl phenyl moieties to the
4-position of the tpy ligand does not have a detrimental effect
on the catalytic behaviour of these complexes, potentially
allowing a host of other functionalities to be added to these
complexes via an alkyne without the risk of adversely affecting
the catalysis.
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Influence of P-Bonded Bulky Substituents on Electronic
Interactions in Ferrocenyl-Substituted Phospholes
Dominique Miesel,[a] Alexander Hildebrandt,[a] Marcus Korb,[a] Duncan A. Wild,[b]

Paul J. Low,[b] and Heinrich Lang*[a]

Dedicated to Professor Uwe Rosenthal on the occasion of his 65th birthday

Abstract: 2,5-Diferrocenyl-1-Ar-1H-phospholes 3 a–e (Ar =
phenyl (a), ferrocenyl (b), mesityl (c), 2,4,6-triphenylphenyl
(d), and 2,4,6-tri-tert-butylphenyl (e)) have been prepared by
reactions of ArPH2 (1 a–e) with 1,4-diferrocenyl butadiyne.
Compounds 3 b–e have been structurally characterized by
single-crystal XRD analysis. Application of the sterically de-
manding 2,4,6-tri-tert-butylphenyl group led to an increased
flattening of the pyramidal phosphorus environment. The
ferrocenyl units could be oxidized separately, with redox

separations of 265 (3 b), 295 (3 c), 340 (3 d), and 315 mV (3 e)
in [NnBu4][B(C6F5)4] ; these values indicate substantial thermo-
dynamic stability of the mixed-valence radical cations.
Monocationic [3 b]+–[3 e]+ show intervalence charge-trans-
fer absorptions between 4650 and 5050 cmˇ1 of moderate
intensity and half-height bandwidth. Compounds 3 c–e with
bulky, electron-rich substituents reveal a significant increase
in electronic interactions compared with less demanding
groups in 3 a and 3 b.

Introduction

The “aromaticity” of phospholes is one of the most investigat-
ed properties of these five-membered heterocycles.[1–15] In con-
trast to other analogues heterocycles, such as pyrroles, most
phospholes are non- or only slightly aromatic.[16–18] Phospholes
exhibit a pyramidal phosphorus environment and a high inver-
sion barrier, whereas in pyrroles a planar geometry is present
due to the higher aromatic stabilization energy, which com-
pensates for the energy required for planarization.[19] Due to
this pyramidal environment at the phosphorus atom in phos-
pholes, the interaction of the phosphorus lone pair with the
dienic p system is hindered. As a result, the chemistry of
phospholes is different to that of other five-membered hetero-
cycles, such as furan, thiophene, and pyrrole, and due to the

reactive and stereochemically active phosphorus lone pair and
dienic p system, many different transition-metal complexes of
phospholes are known.[4, 20–26]

Theoretical investigations have revealed strong delocaliza-
tion within the five-membered ring if the phosphorus atom
adopts a planar geometry.[27–29] Flattening of the pyramidal
phosphorus could, in principle, be achieved by using a p ac-
ceptor or bulky substituent.[1, 10, 30] The idea that sterically de-
manding substituents at the phosphorus atom increase deloc-
alization in phospholes has been established by others, partic-
ularly Quin and Keglevich.[9, 11, 31–35] For example, XRD studies of
1-(2,4,6-triisopropylphenyl)-3-methylphosphole indicate in-
creased planarity at the phosphorus atom compared with sim-
pler analogues.[35] The Bird index,[36] which is a useful tool to
evaluate aromaticity based on geometric data, for this com-
pound increases (up to 40) relative to the unhindered 1-ben-
zylphosphole (7: 35).[37] A further increase up to a value of 56
was obtained for 1-(2,4,6-tri-tert-butylphenyl)-3-methylphosp-
hole (8)[33] and, characteristic of ring systems with pronounced
delocalization, the phosphole ring participates in electrophilic
substitution reactions.

Recently, we investigated a number of ferrocenyl-substituted
heterocycles and examined the electronic interaction between
the ferrocene/ferrocenium (Fc/Fc+) units through the heterocy-
clic core in the corresponding mixed-valent species.[38–49] One
electron oxidation of 2,5-diferrocenyl-1-phenyl-1H-phosphole
(3 a) gives mixed-valent [3 a]+ , which exhibits an intervalence
charge-transfer (IVCT) absorption band in the near-infrared
(NIR) region of moderate energy and intensity.[50] A comparison
of the spectroscopic parameters of IVCT absorption with those
from analogous mixed-valent diferrocenyl-substituted hetero-
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cycles places the strength of the Fc/Fc+ coupling through the
phosphole ring between that mediated by 2,5-diferrocenyl-
substituted furan and 1-methyl-1H-pyrrole.[43] In continuation
of this work, herein the concept of the planarization of phosp-
hole rings by the use of sterically demanding substituents at
the phosphorus atom is applied to a series of 2,5-diferrocenyl-
substituted phospholes and the effect thereof on the electron-
transfer properties is discussed.

Results and Discussion

Synthesis and characterization

2,5-Diferrocenyl-1-Ar-1H-phospholes 3 a–e (Ar = phenyl (a),[50]

ferrocenyl (b), mesityl (c), 2,4,6-triphenylphenyl (d), 2,4,6-tri-
tert-butylphenyl (e)) were synthesized by cyclization of the cor-
responding phosphines 1 a–e with diferrocenylbutadiyne (2)
(Scheme 1), according to a reaction procedure first described
by M‰rkl and Potthast.[51]

Phosphines 1 a–e (Ar = Ph (1 a), Fc (1 b), 2,4,6-Me3C6H2 (1 c),
2,4,6-Ph3-C6H2 (1 d), 2,4,6-tBu3-C6H2 (1 e)) were reacted with
0.7–1.0 equivalents of n-butyllithium and the resulting solu-
tions were slowly added to 1,4-diferrocenylbutadiyne (2) to
give the corresponding phospholes 3 a–e (Scheme 1) upon ad-
dition of P̌ H units to the C⌘C bonds.

Phospholes 3 a–e were treated with hydrogen peroxide, ele-
mental sulfur, or selenium to give the corresponding oxides 4,
sulfides 5, and selenides 6, respectively, to investigate the influ-
ence of sterically demanding substituents bonded to phospho-
rus on the reaction behavior of the phosphorus lone pair
toward chalcogenides. Each of the phospholes 3 a–e react with
hydrogen peroxide to give oxides 4 a–e. Whereas the reaction
of 3 a,b results in high yields after 30 min, the reaction time for
3 c–e was increased to 2 (3 c,d) or 5 h (3 e). Phospholes 3 a[50]

and 3 b react with sulfur and selenium at room temperature
within 14 h to give the corresponding phosphole sulfides 5 a,b
and selenides 6 a,b. The reaction of 3 c with elemental sulfur
results in sulfide 5 c in decreased yield (29 %), whereas phosp-
holes 3 d,e do not react with elemental sulfur, even at temper-
atures up to 100 8C. The reaction of phospholes 3 c–e with ele-
mental selenium was not successful. On one hand, the reaction
behavior of phospholes 3 a–e toward chalcogenides could be
explained by increasing steric demand of the substituents
bonded to phosphorus; on the other hand, an increased con-
tribution of the phosphorus lone pair to the p system of the
C4H2P motif would also result in lower reactivity.

Compounds 3 a–e, 4 a–e, 5 a–c, and 6 a,b 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 spectrome-
try. The spectroscopic and electrochemical properties of 3 a
have been reported previously.[50] Phospholes 3 a–e show one
characteristic phosphorus signal in the 31P{1H} NMR spectra be-

tween d=ˇ6 and 5 ppm, which
is characteristic for such mole-
cules.[4, 5] After the oxidation of
PIII to PV in oxides 4, sulfides 5,
and selenides 6, a shift to lower
field occurred, as expected.

In the 13C{1H} NMR spectra, the
signals for the CH carbon atoms
of the phosphole ring shift
slightly to higher field with an
increase in steric demand within
this series (see the Experimental
Section). The stronger C,P cou-
pling reflects the increasing ori-
entation of the phosphorus lone
pair toward the C3 and C4
carbon atoms, and hence,
a more planar environment at P.
This behavior is in accordance
with observations in the litera-
ture regarding a comparison of
1-phenyl-3-methylphosphole
with 8.[33]

For 3 a, four multiplets for the ferrocenyl C5H4 protons are
observed, due to the prochiral nature of the phosphorus atom,
compounds 3 b,e showed two sharp signals (multiplets). For
3 c,d, broad signals for the ferrocenyl C5H4 protons are charac-
teristic. The exchange of the ferrocenyl a and a’ as well as
b and b’ protons may be due to inversion at the phosphorus
atom or rotation of the ferrocenyl moieties. Therefore, varia-
ble-temperature (VT)-NMR spectroscopy experiments and line-
shape analysis were carried out to calculate the exchange
rates, and subsequently the activation parameters of this pro-
cess (Table 1, Figure 1, and Figures SI1–6 in the Supporting In-
formation). Upon heating 3 a, the four multiplets coalesce and
at 100 8C two sharp signals are observed (Figure SI1 in the Sup-
porting Information). For 3 b–d, similar behavior with varying
coalescence temperatures is observed and the NMR spectra of

Scheme 1. Synthesis of phospholes 3 a–e. i) Toluene/tetrahydrofuran (1:1, v/v), 0 8C, 1 h; ii) tetrahydrofuran, 25 8C,
12 h; Fc = Fe(h5-C5H5)(h5-C5H4).
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these compounds showed four resolved multiplets for the a,
a’, b, and b’ C5H4 protons at low temperatures. However, for
3 e, exchange of the ferrocenyl protons could not be reduced
sufficiently by cooling the sample to ˇ90 8C (Figure SI6 in the
Supporting Information). Although the activation parameters
of exchange in 3 e could not be determined, since the coales-
cence temperature is below the freezing point of the solvent,
the exchange rates in 3 a–d could be determined by line-
shape fitting of the respective spectra at the appropriate tem-
peratures and the activation parameters were calculated by
using the Eyring equation (Table 1).[52] These results reveal that
an increase in the steric demand at the phosphorus atom
leads to a decreasing coalescence temperature and a decreas-
ing energy barrier for the exchange process. This trend strong-
ly argues that the exchange process is an inversion at phos-
phorus, whereas rotation of the ferrocenyl moieties is expected
to be increasingly difficult with increasing steric demand of the
substituents. A comparison of the exchange process in 3 a–d
with the rotation barrier for free rotation around the pyrrole–
ferrocenyl carbon–carbon bond in sterically demanding 2,3,4,5-
tetraferrocenyl-1-phenyl-1H-pyrrole (DH∞ = (26.8⌃1.2) kJ molˇ1,
DS∞ = (ˇ94.1⌃4.5) J molˇ1 Kˇ1)[45] shows that rotation processes
typically exhibit low activation enthalpies, while a prominent
entropy term is present, whereas the exchange process in 3 a–
d exhibits a larger activation enthalpy and only a small entropy

contribution. These findings further support that the observed
exchange is a result of inversion around phosphorus.

Phospholes 3 a and 3 b display similar activation enthalpies,
which correlate with the comparable steric demand of the re-
spective phosphorus-bonded aryl moieties. An increase in
steric demand in 3 c,d results in a decrease of the activation
enthalpies to DH∞ = (50.0⌃3.6) (3 c) and (54.0⌃2.2) kJ molˇ1

(3 d). Phospholes 3 a–d exhibit lower activation enthalpies and
similar activation entropies than 1-isopropyl-2-methyl-5-
phenylphosphole (DH∞ = (71.6⌃1.7) kJ molˇ1; DS∞ = (3.1⌃
1.1) J molˇ1 Kˇ1).[15] Furthermore, phosphole 3 c offers the possi-
bility of monitoring the inversion process not only at the ferro-
cenyl moieties, but also through exchange of the methyl pro-
tons in the 2,4-position of the phenyl group (see the Experi-
mental Section). The activation barriers determined are identi-
cal, within the margin of error, to that determined at the ferro-
cenyl protons (DH∞ = (54.0⌃1.2) kJ molˇ1; DS∞ = (ˇ8.4⌃
3.7) J molˇ1 Kˇ1).

It is noteworthy that, despite similar activation enthalpies,
the coalescence temperature of 3 b is significantly lower than
that for 3 a, which is a result of the small positive activation en-
tropy in 3 b (Table 1). Due to steric demand of the tert-butyl
substituents, compound 3 e exhibits the lowest inversion barri-
er within this series, as demonstrated by a coalescence tem-
perature below ˇ90 8C.

The molecular structures of 3 b–e in the solid state have
been determined by single-crystal XRD analysis. Suitable crys-
tals were obtained by diffusion of hexane into a solution con-
taining of 3 b, 3 c, 3 d, or 3 e in dichloromethane at ambient
temperature. The ORTEP diagrams, with selected bond lengths,
bond angles, and torsion angles, are shown in Figures 2 (3 b,c)
and 3 (3 d,e).

To discuss delocalization within the phosphole ring, some
key factors derived from the molecular geometry of the re-
spective compounds have to be considered (Table 2; for addi-
tional discussion on XRD, see the Supporting Information). In
phospholes 3 b–e, the cyclo-C4P (cC4P) rings show deviations
from planarity, whereas 3 b possesses the most planar phosp-
hole ring. To describe the nonplanarity of the phosphole ring,

Table 1. Activation enthalpies DH∞ and activation entropies DS∞ for the
ferrocenyl protons of 3 a–e.

DH∞ [kJ molˇ1] DS∞ [J molˇ1 Kˇ1] Coalescence T [8C]
(solvent)

3 a 57.9 (⌃3.3) ˇ37.8 (⌃10.1) 60–75
([D8]toluene)

3 b 61.3 (⌃2.9) 3.1 (⌃11.3) ˇ15–0
(CD2Cl2)

3 c 50.0 (⌃3.6) ˇ20.3 (⌃12.8) ˇ10–30
([D2]tetrachlorethane)

3 d 54.0 (⌃2.2) ˇ12.8 (⌃7.7) 0–15 ([D8]toluene)
3 e – – <ˇ90([D8]toluene)

Figure 1. Left : Experimental 1H NMR spectra of 3 d in the range of d= 3.8 and 4.7 ppm; [D8]toluene, various temperatures. Right: Simulated 1H NMR spectra of
3 d in the range from d= 3.8 to 4.7 ppm with different exchange rates.
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the angle a, which describes the deflection of the phosphorus
atom to the C4 plane was calculated (Scheme 2). For 3 b,
a smaller angle was observed than those for 3 c, 3 d, and 3 e,
which indicated greater planarity of the heterocyclic ring.

The angle (b) of deflection of the substituent’s carbon atom
at the phosphorus from the C2-P-C5 plane of the phosphole
ring is more important for evaluating the aromaticity and de-

scribes possible flattening of the pyramidal phosphorus envi-
ronment. This value is associated with the p character of the

Figure 2. ORTEP diagrams (50 % probability level) of the molecular structures of 3 b (left) and 3 c (right), showing the atom numbering scheme used herein.
All hydrogen atoms and distorted atoms have been omitted for clarity. Selected bond lengths [ä] , angles [8] , and torsion angles [8]: 3 b : P1ˇC2 1.827(5), C2̌
C3 1.358(7), C3̌ C4 1.434(8), C4ˇC5 1.350(7), C5̌ P1 1.829(5), C1ˇC2 1.464(7), C5ˇC6 1.457(7), P1̌ C21 1.814(6) ; C2-P1-C5 91.2(2), C2-P1-C21 109.1(2), C21-P1-
C5 101.9(2). 3 c : P1ˇC2 1.797(2), C2ˇC3 1.353(3), C3̌ C4 1.440(3), C4̌ C5 1.357(3), C5̌ P1 1.803(2), C1̌ C2 1.459(3), C5̌ C6 1.462(3), P1̌ C21 1.823(2) ; C2-P1-C5
91.55(10), C2-P1-C21 111.58(9), C21-P1-C5 109.67(10).

Figure 3. ORTEP diagram (50 % probability level) of the molecular structures of 3 d (left) and 3 e (right), showing the atom numbering scheme used herein. All
hydrogen atoms and the other molecule of the asymmetric unit of 3 d have been omitted for clarity. Selected bond lengths [ä] , angles [8] , and torsion angles
[8]: 3 d : P1̌ C2 1.806(3), C2̌ C3 1.351(4), C3ˇC4 1.433(4), C4̌ C5 1.361(4), C5̌ P1 1.804(3), C2ˇC1 1.450(4), C5̌ C6 1.466(4), P1̌ C21 1.837(3) ; C2-P1-C5 91.82(15),
C2-P1-C21 112.01(13), C21-P1-C5 106.61(14). 3 e : P1̌ C2 1.786(2), C2̌ C3 1.371(3), C3̌ C4 1.427(3), C4ˇC5 1.369(3), C5 P̌1 1.775(2), C2̌ C1 1.466(3), C5̌ C6
1.459(3), P1ˇC21 1.835(2) ; C2-P1-C5 93.77(10), C2-P1-C21 126.15(9), C21-P1-C5 111.36(10).

Scheme 2. Illustration of angles a and b.
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phosphorus lone pair, and therefore, with its ability to interact
with the phosphole p system. Thus, a low b angle represents
a high p orbital contribution at the lone pair. For the sterically
demanding 2,4,6-tri-tert-butylphenyl group in 3 e the highest
planarity in this series was observed. This behavior demon-
strates an increase in the flattening of the pyramidal phospho-
rus from 3 b<3 c⇡3 d<3 e. The application of crowded sub-
stituents led to higher planarity, compared with unhindered 1-
benzylphosphole (b= 66.94(5)8) reported in the literature.[37]

The angle b is similar to that for other phospholes with steri-
cally demanding substituents, such as 8 (44.2(3)8).[33]

Another important factor for the determination of delocali-
zation is alternation of the bond lengths within the heterocy-
clic core. An increase in delocalization should result in a short-
ening of the C3̌ C4, P1̌ C2, and P1̌ C5 bond and an elonga-
tion of the C2̌ C3 and C4̌ C5 bonds. The shortest C3̌ C4 dis-
tance was found for 3 e, in comparison with those of 3 b–d.
Phosphole 3 e also shows the longest lengths for bonds C2̌ C3
and C4̌ C5 and the shortest for P1̌ C2 and P1̌ C5. This behav-
ior is an indication of an increase in delocalization in 3 e, which
contains the sterically demanding 2,4,6-tri-tert-butylphenyl sub-
stituent. For a better description, Bird developed a parameter
for the effects of delocalization based on bond lengths, of
which greater delocalization results in higher values for the
Bird index.[36] A comparison of the Bird indices for 3 b–e reveal

an increase in the series 3 b
(19.5(3))<3 c (32.25(2))⇡3 d
(30.5(2))<3 e (46.67(8)).

A comparison of 3 e with 8[33]

showed that, despite identical
substituents at the phosphorus
atom, the Bird indices were fur-
ther influenced by the substitu-
tion pattern at the C4 setup of
the phosphole. Calculation of
the sum of the angles about the
phosphorus atom, according to
Schmidpeter et al. ,[53] allows the
determination of the change in

pyramidality of the phosphorus atom. A reduction in the pyra-
midality results in higher sum values. Again, compound 3 e ex-
hibits the highest value for the sum of the phosphorus angles,
and therefore, the lowest pyramidality. In conclusion, all of
these geometric criteria are an indication of increased planarity
of the pyramidal phosphorus environment in 3 e, and hence,
an increase in the delocalization of the heterocyclic ring. The
trends in the changes in the pyramidal environment caused by
sterically demanding groups are consistent with decreased in-
version barriers observed by VT-NMR spectroscopy.

To shed further light on the minimum energy pathway of
the aryl group inversion process, a relaxed potential energy
surface scan was undertaken. Mesityl complex 3 c was chosen
because it represented the middle of the range in terms of the
steric bulk of the aryl group. Selected points along the inver-
sion potential energy curve, defined by the dihedral angle
C21-C2-C3-C4, are presented in Table 3.

These data have been calculated at the B3LYP/3-21G level of
theory, whereby at each point the C21-C2-C3-C4 dihedral
angle was fixed, while the remainder of the geometry was re-
laxed by using standard optimization convergence criteria. The
smaller 3-21G basis set was chosen for computational speed
and because only relative energies were required. The relaxed
scan suggests that, as the aryl group migrates between the
faces of the heterocycle, there is an initial concomitant move-

Table 2. Selected bond lengths [ä] ; angles [8] ; and the Bird index of 3 b–e, 1-benzylphosphole[37] (7), and 1-
(2,4,6-tri-tert-butylphenyl)-3-methylphosphole[33] (8).

Geometric feature 3 b 3 c 3 d 3 e 7 8

distance of P out of C4 plane 0.137(8) 0.330(3) 0.253(5) 0.346(3) 0.208 0.294
a[a] 6.1(3) 15.22(19) 11.6(3) 16.53(12) 9.57(13) 12.88(4)
distance of CAryl out of C2-P-C5 plane 1.671(6) 1.573(3) 1.613(4) 1.283(3)
b[b] 67.563(7) 59.672(3) 61.655(5) 45.687(2) 66.94(5) 44.2(3)
sum of angles about P 302.2(6) 312.8(3) 310.4(4) 331.3(3) 302.66(9) 331.6(12)
Bird index[c] 19.5(3) 32.25(2) 30.5(2) 46.67(8) 36.8(3) 56.6(4)

[a] a= Angle of deflection of the phosphorus atom out of the dienic carbon plane. [b] b= Angle of deflection
of the carbon atom of the phosphorus substituent from the C2-P-C5 plane of the phosphole ring. [c] Calculat-
ed according to reference 36.

Table 3. Selected points along the inversion potential energy curve of 3 c.

f C21-C2-C3-C4[a] [8] 27.6 17.2 0.0 ˇ11.5 ˇ14.87 ˇ27.9
f P-C2-C3-C4[a] [8] ˇ8.6 ˇ14.0 ˇ21.2 ˇ25.2 15.55 8.6
d P̌ C2–5[a] [ä] 0.265 0.466 0.660 0.787 0.470 0.265
d C21̌ C2–5[a] [ä] 1.201 0.722 0.006 0.509 0.652 1.201
a[b] [8] 11.5 19.7 29.8 36.0 20.8 11.5
b[b] [8] 62.3 58.3 50.4 44.6 57.6 62.3
DE[c] [kJ molˇ1] 0.0 6.5 36.1 68.1 8.4 0.0

[a] Atom labels are defined in Figure 2. [b] Angles a and b are described in Scheme 2. [c] Energy differences with respect to the minima.
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ment of the phosphorus atom further out of the
dienic carbon plane in the same direction, as high-
lighted by the P-C2-C3-C4 dihedral angles (Table 3).
The displacement of phosphorus continues until the
C21-C2-C3-C4 dihedral angle reaches a critical value,
at which point the phosphorus atom inverts. Motion
of the mesityl group continues until ultimately the
first and last points in Table 3 are equivalent minima.
Due to uncertainty in the C21-C2-C3-C4 dihedral
angle, which defines the point at which the phospho-
rus atom inverts, we can only offer a conservative es-
timate of the inversion barrier for the mesityl 3 c
complex of about 70 kJ molˇ1, which is in line with
the activation barriers determined from the NMR
spectroscopy experiments.

To investigate the influence of the phosphole sub-
stituents and associated geometric and electronic
changes on the extent of electron transfer between
the ferrocenyl units through the phosphole ring in 3 b–e, elec-
trochemical and spectroelectrochemical measurements were
performed.

Electrochemistry and spectroelectrochemistry

The redox properties of phospholes 3 b–e, 4 a–e, 5 a–c, and
6 a, b were investigated by cyclic voltammetry, square-wave
voltammetry, and spectroelectrochemistry (UV/Vis/NIR). As
a supporting electrolyte, a solution containing 0.1 mol Lˇ1 of
[NnBu4][B(C6F5)4] or [NnBu4][PF6] in dry dichloromethane was
used; this allowed the effects of ion pairing on the stability of
the oxidation products to be as-
sessed in a qualitative fash-
ion.[54–56] All potentials are refer-
enced to the FcH/FcH+ redox
couple.[57] The voltammograms
of 3 b–e measured in the pres-
ence of [NnBu4][B(C6F5)4] are
shown in Figure 4, and those
measured with [NnBu4][PF6] as
the supporting electrolyte are
depicted in Figure SI10 in the
Supporting Information. The vol-
tammograms of oxides 4 a–e are
shown in Figure SI11 in the Sup-
porting Information, and those
of sulfides 5 b,c and selenide 6 b
in Figure SI12 in the Supporting
Information.

The ferrocenyl units of 3 b–e,
4 a–e, 5 b,c and 6 b could be oxi-
dized individually and showed
two (3 c–e, 4 a, 4 c–e, 5 c) or
three (3 b, 4 b, 5 b, 6 b) reversible
redox processes with differences
between the cathodic and
anodic peak potentials (DEp) of
between 60 and 87 mV (Table 4).

The E81’ values for the first oxidation of 3 a–e are shifted to
lower potentials due to an increase in electron density within
this series. A comparison with phosphole 3 a allows the assign-
ment of the first two oxidations in 3 b to the ferrocenyl units
in the 2- and 5-positions, followed by oxidation of the phos-
phorus-bonded ferrocenyl. The redox splittings (DE8’) increase
in the series 3 a⇡3 b<3 c<3 e3 d, which indicates greater
thermodynamic stability of [3 d]+ associated with a larger com-
proportionation constant (KC; Table 4).

The use of [NnBu4][PF6] as a supporting electrolyte results in
lower DE8’ values; this is caused by a greater ion-pairing capa-
bility (spherical diameter of [PF6]ˇ , 3.3 ä; [B(C6F5)4]ˇ , 10 ä).[58]

Figure 4. Left : Cyclic voltammograms of 3 b–e ; scan rate: 100 mV sˇ1. Right: Square-wave
voltammograms of 3 b–e in dichloromethane (1.0 mmol Lˇ1) at 25 8C, supporting electro-
lyte 0.1 mol Lˇ1 [NnBu4][B(C6F5)4] , working electrode: glassy carbon electrode (surface
area 0.031 cm2).

Table 4. Cyclic voltammetry data for compounds 3 a–e, 4 a–e, 5 a–c, and 6 a, b.[a]

Compound,
supporting electrolyte

E81’ [mV][b]

(DEp [mV])[c]

E82’ [mV][b]

(DEp [mV])[c]

E83’ [mV][b]

(DEp [mV])[c]

DE8 ’
[mV][d]

KC
[e]

(104)

3 a,[50] [NnBu4][PF6] ˇ135 (76) 50 (62) 185 0.13
3 b, [NnBu4][PF6] ˇ135 (87) 40 (72) 150 (62) 175/190 0.09/0.16
3 c, [NnBu4][PF6] ˇ155 (77) 55 (85) 210 0.35
3 d, [NnBu4][PF6] ˇ185 (73) 45 (81) 230 0.77
3 e, [NnBu4][PF6] ˇ200 (76) 30 (78) 230 0.77
3 a,[50] [NnBu4][B(C6F5)4] ˇ110 (72) 170 (80) 280 5.41
3 b, [NnBu4][B(C6F5)4] ˇ125 (76) 140 (72) 450 (72) 265/310 3.02/17.4
3 c, [NnBu4][B(C6F5)4] ˇ140 (63) 155 (74) 295 9.70
3 d, [NnBu4][B(C6F5)4] ˇ165 (75) 175 (78) 340 55.9
3 e, [NnBu4][B(C6F5)4] ˇ180 (70) 135 (76) 315 21.1
4 a, [NnBu4][B(C6F5)4] ˇ20 (71) 215 (71) 235 0.94
4 b, [NnBu4][B(C6F5)4] ˇ35 (60) 235 (67) 580 (63) 270/345 3.67/67.9
4 c, [NnBu4][B(C6F5)4] ˇ40 (64) 195 (63) 235 0.94
4 d, [NnBu4][B(C6F5)4] ˇ80 (66) 185 (66) 265 3.02
4 e, [NnBu4][B(C6F5)4] ˇ65 (72) 205 (76) 270 3.67
5 a,[50] [NnBu4][B(C6F5)4] ˇ15 (68) 225 (74) 240 1.14
5 b, [NnBu4][B(C6F5)4] ˇ40 (80) 220 (81) 575 (84) 260/355 2.48/100
5 c, [NnBu4][B(C6F5)4] ˇ45 (66) 205 (70) 250 1.68
6 a,[50] [NnBu4][B(C6F5)4] ˇ15 (71) 220 (80) 235 0.94
6 b, [NnBu4][B(C6F5)4] ˇ30 (77) 220 (73) 585 (72) 250/365 1.68/147

[a] Potentials versus FcH/FcH+ , scan rate 100 mV sˇ1 at a glassy carbon electrode of 3 a–e, 4 a–e, 5 a–c and
6 a, b (1.0 mmol Lˇ1 with 0.1 mol Lˇ1 [NnBu4][B(C6F5)4] ; or 0.3 mmol Lˇ1 3 b, 1.0 mmol Lˇ1 3 a,c–e with 0.1 mol lˇ1

[NnBu4][PF6] as the supporting electrolytes) in dry dichloromethane at 25 8C. [b] E8’= Formal potential. [c] DEp =
difference between the oxidation and reduction potentials. [d] DE8’= potential difference between the two fer-
rocenyl-related redox processes. [e] KC = comproportionation constant.
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Due to ion pairing, the small
[PF6]ˇ counterion shields a large
part of the electrostatic interac-
tions between the ferrocenium
units in [3 a–e]2 + , and hence, the
electrostatic stabilization part of
DE8’ is reduced. Therefore, the
difference between the DE8’
([B(C6F5)4]ˇ) and DE8’ ([PF6]ˇ)
values (DDE8’) gives some infor-
mation about the contribution
of electrostatics to redox split-
ting.[48] With the exception of 3 d
(DDE8’= 110 mV), for all species
DDE8’ values of about 90 mV
were observed. The high redox
splitting for 3 d ([NnBu4]
[B(C6F5)4]) may, in part, be
caused by additional electrostatic interactions.

A comparison with other diferrocenyl-substituted heterocy-
cles shows that the E81’ and DE8’ values for 3 a–e are in the
range between those of 2,5-diferrocenylfuran (290 mV)[43] and
2,5-diferrocenyl-1-methyl-1H-pyrrole (410 mV).[43] The increase
in redox splittings in this series 3 b3 a3 c<3 e<3 d may
indicate greater electronic interactions for the ferrocenyls in
phospholes with bulky electron-donating groups (2,4,6-triphe-
nylphenyl and 2,4,6-tri-tert-butylphenyl) bonded to the phos-
phorus atom. Although the use of DE8’ is often an unsuitable
measurement for the determination of electron-transfer inter-
actions,[59] similar electrostatic contributions and likely similar
energetics of solvation, reorganization, and ion pairing across
the series allow the use of DE8’ to estimate the relative reso-
nance stabilization contribution as a function of substituent.
Chemical oxidation of the phosphorus atom with hydrogen
peroxide, sulfur, and selenium, respectively, leads to a shift to
higher potentials of the first redox event of approximately 80–
120 mV.

To further explore the influence of the steric properties of
the phosphorus-bonded substituents on the cC4H2P core on
the underlying electronic structure of the mixed-valence one-
electron oxidation products, in situ UV/Vis/NIR measurements
were carried out. The UV/Vis/NIR spectroelectrochemical meas-
urements for 3 b–e (2.0 mmol Lˇ1) in dichloromethane contain-
ing [NnBu4][B(C6F5)4] (0.1 mol Lˇ1) as a supporting electrolyte
were measured in an optically transparent thin-layer electro-
chemical (OTTLE) cell.[60] The compounds were oxidized by
stepwise increases of the potentials (step width: 25, 50, or
100 mV). During the measurements, oxidation of the neutral
compounds to mixed-valence monocationic [3 b]+–[3 e]+ and
finally to the dicationic species [3 b]2 +–[3 e]2 + occurred. After
complete oxidation, each compound was reduced at ˇ200 mV
to prove the reversibility, and the resulting UV/Vis/NIR spectra
were identical to those of the neutral compounds. The UV/Vis/
NIR spectra of 3 b–e are depicted in Figures SI13 (3 b), SI14
(3 c), and SI15 in the Supporting Information (3 d) and Figure 5
(3 e). For neutral compounds 3 b–e, no absorption in the NIR
region (1000–3000 nm) could be observed. During oxidation

and the formation of mixed-valence [3 b]+–[3 e]+ , a broad
band between 1500 and 2500 nm arises. A further increase in
the potentials resulted in the disappearance of these absorp-
tions as well as the formation of a typical metal–ligand charge
transfer (MLCT) double band for the dicationic species at 976
and 1070 nm. The disappearance of the broad band after the
second oxidation step is typical for intervalence charge-transfer
(IVCT) absorptions. The observed spectra can be deconvoluted
into three Gaussian-shaped bands, which represent the IVCT
excitations, a ligand field transition, and a third band simulat-
ing the edge to the higher absorptions. The sum of the Gaussi-
an-shaped absorptions fits almost exactly with the experimen-
tal spectra. Thus, the intensity emax, the full-width-at-half-height
Dn1/2, and the nmax values for the IVCT transition could be de-
termined.

Compounds [3 b]+–[3 e]+ show IVCT absorptions of moder-
ate strength, as summarized in Table 5 and illustrated for [3 e]+

in Figure 5. Deconvolution of the band envelope into a sum of
Gaussian-shaped bands is provided, although the assumptions
of the appropriateness of Gaussian-shaped sub-bands (espe-
cially for strongly coupled complexes) and the potential for
multiple solutions to the deconvolution procedure means that
such data must be treated cautiously. Nevertheless, for weakly
coupled (class II) systems, Gaussian-shaped bands are largely
expected, and the use of the minimum number of sub-bands

Figure 5. Left : UV/Vis/NIR spectra of 3 e at 25 8C in dichloromethane (2.0 mmol Lˇ1) at increasing potentials
(bottom: ˇ200 to 215 mV; top: 215 to 800 mV vs. Ag/AgCl); supporting electrolyte [NnBu4][B(C6F5)4] . Right: De-
convolution of the NIR absorptions of [3 e]++ by using three Gaussian-shaped bands, as determined by spectroe-
lectrochemistry in an OTTLE cell.

Table 5. NIR data for the IVCT absorptions of phospholes [3 a]+–[3 e]+ .[a]

nmax [cmˇ1]
(emax [L molˇ1 cmˇ1])

Dn1/2

[cmˇ1]
(Dn1/2)theor

[b]

[cmˇ1]

[3 a]+ [50] 5000 (1750) 3050 3398
[3 b]+ 4850 (1850) 3250 3343
[3 c]++ 4900 (2750) 2700 3365
[3 d]+ 4650 (2650) 2800 3270
[3 e]++ 5050 (3000) 2550 3418

[a] In dry dichloromethane containing 0.1 mol Lˇ1 of [NnBu4][B(C6F5)4] as
the supporting electrolyte at 25 8C. [b] Values calculated as (Dn1/2)theor =
(2310nmax)

1/2 according to the Hush relationships for weakly coupled sys-
tems.[61]
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gives consistent fits, so these data are analyzed further herein.
A comparison of 3 b with phosphole 3 a[50] shows that both
compounds exhibit a IVCT transition of similar strength (3 a,
emax = 1750 L molˇ1 cmˇ1, Dn1/2 = 3050 cmˇ1; 3 b, emax =
1850 L molˇ1 cmˇ1, Dn1/2 = 3250 cmˇ1).

The mesityl-functionalized derivative 3 c possesses similar
energies, but shows a significant increase in the intensity
(emax = 2750 L molˇ1 cmˇ1) and a decrease in the full-width-at-
half-height (Dn1/2 = 2700 cmˇ1), which are consistent with in-
creased coupling between the ferrocene and ferrocenium moi-
eties through the phosphole bridge. Compound 3 d exhibits
similar emax and Dn1/2 values to those of 3 c, but a lower energy
for the IVCT transition (Table 5). A further increase in the elec-
tronic interaction was achieved for 3 e, featuring the 2,4,6-tri-
tert-butylphenyl group, for which the intensity increased fur-
ther to emax = 3000 L molˇ1 cmˇ1 and the full-width-at-half-
height decreased to Dn1/2 = 2550 cmˇ1.

In this respect, a flattening of the phosphorus pyramidal en-
vironment (see the discussion on the X-ray structures) caused
by steric strain of the phosphorus-bonded substituent is con-
sistent with the proposed enhanced electronic coupling be-
tween the ferrocenyl units (Figure 6). Based on the intensity
and half-height bandwidth of the IVCT band, phospholes 3 b–
e can be classified as moderately coupled class II systems, ac-
cording to the scheme introduced by Robin and Day.[62]

A comparison of the IVCT absorption of 3 e with other difer-
rocenyl-substituted heterocycles shows that it exhibits similarly
strong intermetallic interactions to those of 2,5-diferrocenyl-

1-methyl-1H-pyrrole (emax = 3145 L molˇ1 cmˇ1, Dn1/2 =
2314 cmˇ1)[43] and ferrocenyl-substituted siloles (emax =
3150 L molˇ1 cmˇ1, Dn1/2 = 2950 cmˇ1).[42]

Computational studies

To augment discussions and interpretations of the electro-
chemical and NIR data, electronic structure calculations for the
representative complexes [3 a’]n + ,[50] [3 c’]n + , [3 d’]n + , and
[3 e’]n + were performed (n = 0, 1; Gaussian 09, B3LYP, LANL2DZ
for Fe, 6-31G** all other atoms, conductor-like polarizable con-
tinuum model (CPCM; dichloromethane) solvent model) ; the
electronic structure of [3 a’]n + was previously discussed with
respect to calculations with a smaller basis set (3-21G* all
atoms). The prime (’) notation is used to distinguish computa-
tional systems from physical samples. The geometry optimiza-
tions revealed many local minima, which could be principally
described in terms of the disposition of the ferrocenyl moieties
relative to the phosphole substituent (syn vs. anti) and, in the
case of the cations, localization of the charge on either of the
nonequivalent ferrocences in these chiral systems, with single-
point energies that differed by less than 6 kJ molˇ1. Turning
our attention initially to the closed-shell systems, geometry op-
timizations revealed trends that were in excellent agreement
with those determined from the crystallographic structures.
Tables of critical bond lengths and angles are given in the Sup-
porting Information; the greatest deviation in bond lengths
(0.05 ä) is associated with the Fě Cp(centroid) distance. Other
calculated bond lengths are generally within 0.02 ä of the crys-
tallographically determined structures and bond angles gener-
ally fall within 28. Of some considerable interest here is the
degree to which the computational model reproduces the
trends in the key angles a and b, the sum of the angles at the
phosphorus center, and the Bird index (Table 6). The general
features of the HOMO and LUMO orbitals vary little across the
series, and are generally well described in terms of 1,4-disubsti-
tuted butadiene-like backbone; the HOMO composition is es-
sentially invariant as a function of the phosphole substituents,
and features approximately 30:40:30 Fc/C4H4/Fc character, and
a negligible contribution from the phosphorus atom (Table 7).
However, when looking somewhat deeper into the orbital
manifold, some important trends in the electronic structure
can be found that may explain the structural and electronic
variations that revealed by the key parameters a, b, and the

Figure 6. UV/Vis/NIR spectra of in situ generated [3 a]+–[3 e]+ at 25 8C in di-
chloromethane (2.0 mmol Lˇ1) ; supporting electrolyte [NnBu4][B(C6F5)4] .

Table 6. Calculated relative energies, selected geometric parameters, and Bird index values for the syn and anti isomers of 3 a’, 3 c’, 3 d’, and 3 e’, with ref-
erence data from the molecular structures.

Geometric feature syn-3 a’ anti-3 a’ anti-3 c syn-3 c’ anti-3 c’ syn-3 d syn-3 d’ anti-3 d’ anti-3 e syn-3 e’ anti-3 e’

relative energy [kJ molˇ1] 0 + 0.5 0 + 3.2 0 + 3.1 + 2.7 0
distance of P out of C4 plane [ä] 0.176 0.205 0.330(3) 0.268 0.282 0.253(5) 0.292 0.301 0.346(3) 0.317 0.303
a [8] 7.85 9.19 15 12.16 12.86 11 13.34 13.82 16 14.86 14.26
distance of CAryl out of C1-P-C4 plane [ä] 1.726 1.704 1.573(6) 1.593 1.577 1.613(4) 1.583 1.546 1.283(3) 1.305 1.281
b [8] 68.84 67.15 59 59.35 58.47 61 58.57 56.58 44 45.17 43.98
sum of angles about P [8] 300.35 302.78 312 313.36 314.63 310 314.25 317.18 331 331.51 332.85
Bird index 19.2 20.1 32 26.3 27.6 30 28.4 29.0 46 39 40.6
Mulliken charge on P 0.376 0.369 0.398 0.388 0.406 0.402 0.389 0.379
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Bird index. For the parent system 3 a’, the first orbital with ap-
preciable P(p)/C4H4(p) character, which also closely resembles
the highest lying p orbital of the prototypical five-membered
aromatic system [C5H5]ˇ , is the HOMO-5, which lies 1.45–
1.52 eV below the HOMO (Table 7). Upon progressing through
the series syn/anti-3 c’, syn/anti-3 d’, and syn/anti-3 e’, the
HOMO-5 becomes the only high-lying orbital with important
P(p)̌ C4H2(p) character, and the contribution from this frag-
ment of the p system is significantly increased for bulkier aryl
groups (Table 7 and Figure 7).

The energy gap between
HOMO-5 and the HOMO also de-
creases along the series 3 a’>
3 c’>3 d’>3 e’. It is therefore
very likely that the increasing ar-
omatic character as a function of
the bulk of the aryl group re-
vealed by the structural data is
due to the p character of
HOMO-5. On turning our atten-
tion to the radical cations, opti-
mization is complicated not only
by the presence of anti and syn
isomers, which differ in energy

by <6 kJ molˇ1 (Table 7), but also by the stereochemically dis-
tinct nature of the redox-active ferrocenyl moieties. For con-
venience and clarity of discussion, only one redox isomer of
each of the lowest energy localized anti and syn conformer is
described herein.

As with the neutral (closed-shell) analogues, the parent
system anti- and syn-[3 a’]+ provides convenient benchmarks
against which we make a comparison with other members of
the series. The syn and anti forms of [3 a’]+ are well described
in terms of a classical mixed-valence species, with clear struc-
tural evidence for the oxidation of one, but not both, ferrocen-
yl moieties and a change in the bond length alternation along
the butadiene backbone (Table 8). Thus, the Fe1̌ Cp01 dis-
tance in 3 a’ elongates in [3 a’]+ , whereas the Fe2̌ Cp06 distan-
ces are almost unchanged. Similarly, the pattern of short/long/
short bonds along the butadiene backbone that characterize
neutral complexes 3 a’ becomes less pronounced in [3 a’]+ .
The intra-ring PˇC distances are largely unaffected by the oxi-
dation process, which is consistent with the idea of limited
P(p)̌ C4H2(p) character in these parent complexes. Consistent
with these geometric observations, the b-HOMO and b-LUMO
are localized on different ferrocenyl moieties and the buta-
diene-like fragment (Table 9). There is little involvement of the
phosphorus center in these orbitals.

As the steric bulk of the phosphole substituent increases,
there is little change in the composition of b-HOMO and b-
LUMO, which indicates rather localized electronic structures,
except in the case of the most sterically congested example
anti-[3 e’]+ .

Here, there is a more even distribution of b-LUMO (51:28 %)
and b-HOMO (36:56 %) over both ferrocene moieties (Table 9).
Perhaps more informative than the trends in a subset of the
molecular orbitals are the geometric trends within the phosp-
hole moiety, which reflect the sum of bonding interactions
through the molecular framework (Table 8). The clearest trend
is the increasing loss of buta-1,3-diene character in the C4H2

fragment as the aryl group increases in steric bulk, which is
consistent with the progressive increase in delocalized elec-
tronic character in the bridge. This is compounded by a pro-
gressive decrease in the P̌ C bond lengths, which indicates in-
creasing multiple-bond character, and is also consistent with
the concept of a more delocalized structure to the phosphole

Table 7. Composition [%] and energy [eV] of selected orbitals in the fron-
tier region of syn and anti isomers of 3 a’, 3 c’, 3 d’, and 3 e’.

Orbital Energy [eV] Fc1 C4H4 P Ar Fc2

anti-3 a’
LUMO ˇ1.60 15 56 8 5 15
HOMO ˇ5.05 32 38 0 1 29
HOMOˇ5 ˇ6.50 20 7 27 6 39
HOMOˇ7 ˇ6.55 3 7 17 4 69
syn-3 a’
LUMO ˇ1.58 16 56 8 5 16
HOMO ˇ5.05 30 39 0 1 30
HOMOˇ5 ˇ6.51 42 3 12 1 42
HOMOˇ7 ˇ6.57 20 15 41 5 20
anti-3 c’
LUMO ˇ1.49 16 53 9 5 16
HOMO ˇ5.05 31 39 0 1 29
HOMOˇ5 ˇ6.28 2 22 56 14 7
syn-3 c’
LUMO ˇ1.47 17 54 8 5 16
HOMO ˇ5.03 30 40 0 1 29
HOMOˇ5 ˇ6.27 6 21 58 8 7
anti-3 d’
LUMO ˇ1.37 5 33 7 45 10
HOMO ˇ5.10 19 38 1 1 41
HOMOˇ5 ˇ6.05 1 19 41 36 2
syn-3 d’
LUMO ˇ1.46 15 51 9 9 16
HOMO ˇ4.98 28 42 0 1 29
HOMOˇ5 ˇ6.06 4 17 41 36 2
anti-3 e’
LUMO ˇ1.27 14 48 11 9 17
HOMO ˇ5.04 23 39 1 1 36
HOMOˇ5 ˇ5.84 2 28 54 13 3
syn-3 e’
LUMO ˇ1.35 17 48 10 8 17
HOMO ˇ4.96 28 41 0 1 30
HOMOˇ5 ˇ5.89 4 25 55 12 4

Figure 7. Plots of HOMO (left) and HOMO-5 (right) of syn-3 c’ (isosurface⌃0.04 (e bohrˇ3)1/2).
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bridge in these mixed-valence complexes. This increasingly
pronounced delocalization within the heterocyclic ring is best
reflected by the changes to the Bird index within mixed-valent
[3 a’]+ , [3 c’]+ , [3 d’]+ and [3 e’]+ (Table 8). Whereas for both
conformers of [3 a’]+ values of about 24 are obtained, the in-
crease in steric strain within the more crowded compounds re-
sults in higher Bird indices up to a value of 48.5 for anti-[3 e’] .
The trends observed for a and b are also in accordance to
those observed by XRD analysis for neutral 3 b–e. The subtle,
but important, structural rearrangement of the bridge serves
to enhance the aromaticity, or at least the degree of delocaliza-
tion, within the bridging ligand, despite the substantially
metal-localized redox chemistry. It is very likely that this in-
creased delocalization also serves to stabilize the mixed-va-
lence form and accounts, in part, for the larger Kc values for
the bulkier members of the series [3]+ . It is more difficult to

trace the origins of enhanced delocalization, and accompany-
ing optical properties, to a single molecular orbital or transition
between pairs of orbitals. This is perhaps not unexpected
given that, for an np-electron ring system, all of the n/2 lowest
energy p orbitals contribute to the aromaticity (or antiaroma-
ticity) of the system. It seems that here the combination of the
aryl moiety, which provides a steric contribution to the planari-
ty of the five-membered 2,5-ferrocenyl-cC4H2PAr ring; the ferro-
cenyl redox centers, which provide 18/17-valence-electron con-
figurations that can be used to stabilize the localized mixed-va-
lence configuration; and the potentially 6p system, for which
simple H¸ckel theory predicts aromatic character when in
a planar system, is important in deriving the enhanced delocal-
ization seen for the bulkier members of the series of com-
plexes explored herein. Such sterically and electronically flexi-
ble, but redox-innocent, bridges open up even further realms
of complexity in the study of mixed-valence complexes.

Conclusion

2,5-Diferrocenyl-1-Ar-1H-phospholes 3 b–e were synthesized by
the reaction of 2 and the corresponding arylphosphines 1 b–e.
VT-NMR spectroscopy experiments were carried out to deter-
mine the activation enthalpy and activation entropy of inver-
sion at the phosphorus atom. Thus, a decrease in the activa-
tion enthalpy, and coalescence temperature, with enlargement
of the substituent at the phosphorus atom was characteristic.
A comparison of the activation parameters with those of 1-iso-
propyl-2-methyl-5-phenylphosphole[15] showed that phosp-
holes 3 b–d exhibited lower activation enthalpies and similar
activation entropies. Compounds 3 b–e were structurally char-
acterized by single-crystal XRD. Increased planarity of the pyra-
midal phosphorus environment was found when the bulky
2,4,6-tri-tert-butylphenyl substituent was applied (3 e). This in-
creased flattening was in accordance with observations in liter-
ature, since 8[33] exhibited enhanced delocalization when com-
pared with unhindered analogues. Calculations of the Bird
index[36] revealed higher delocalization for phospholes with
more bulky substituents (e.g. , 3 e). Electrochemical measure-
ments showed that each ferrocenyl unit could be oxidized sep-
arately, which indicated electronic interactions between them.
Cationic [3 b]+–[3 e]+ exhibited IVCT absorptions of moderate

Table 8. Selected bond lengths [ä] associated with the phosphole ring in the syn and anti isomers of [3 a’]+ , [3 c’]+ , [3 d’]+ , and [3 e’]+ .

anti-[3 a]+ syn-[3 a]+ anti-[3 c]+ syn-[3 c]+ syn-[3 d]+ anti-[3 d]+ syn-[3 e]+ anti-[3 e]+

relative energy [kJ molˇ1] 0 + 2.1 0 + 2.5 0 + 3.5 0 + 2.6
C2̌ C3 1.3783 1.3781 1.3854 1.3846 1.3848 1.3849 1.3944 1.3942
C3̌ C4 1.4314 1.4308 1.4237 1.4236 1.4214 1.4228 1.4125 1.4137
C4̌ C5 1.3761 1.3766 1.3825 1.3832 1.3835 1.3817 1.3928 1.3942
P̌ C2 1.8341 1.8317 1.8230 1.8208 1.8159 1.8238 1.8067 1.7997
P̌ C5 1.8307 1.8328 1.8163 1.8162 1.8163 1.8144 1.7875 1.7832
a[a] 8.89 8.70 12.42 12.67 13.85 12.26 13.93 13.51
b[a] 67.39 67.60 58.49 58.44 57.09 58.45 43.05 40.61
Bird index 24.2 24.3 32.5 33.0 34.1 32.5 45.4 48.5

[a] a= Angle of deflection of the phosphorus atom out of the dienic carbon plane. [b] b= Angle of deflection of the carbon atom of the phosphorus sub-
stituent from the C2-P-C5 plane of the phosphole ring.

Table 9. Composition [%] and energy [eV] of b-HOMO and b-LUMO of
syn and anti isomers of [3 a’]+ , [3 c’]+ , [3 d’]+ , and [3 e’]+ .

Orbital Energy [eV] Fc1 C4H4 P Ar Fc2

anti-[3 a’]+

b-LUMO ˇ3.61 85 11 1 0 3
b-HOMO ˇ5.75 8 19 0 0 72
syn-[3 a’]+

b-LUMO ˇ3.63 85 11 1 0 3
b-HOMO ˇ5.74 8 20 1 1 70
anti-[3 c’]+

b-LUMO ˇ3.57 85 11 1 0 3
b-HOMO ˇ5.73 8 19 1 0 71
syn-[3 c’]+

b-LUMO ˇ3.59 85 10 1 0 3
b-HOMO ˇ5.73 9 21 1 1 69
anti-[3 d’]+

b-LUMO ˇ3.53 86 9 1 1 3
b-HOMO ˇ5.70 8 20 1 1 71
syn-[3 d’]+

b-LUMO ˇ3.58 85 10 1 0 3
b-HOMO ˇ5.68 9 22 1 1 67
anti-[3 e’]+

b-LUMO ˇ4.20 51 21 0 0 28
b-HOMO ˇ5.20 36 4 3 1 56
syn-[3 e’]+

b-LUMO ˇ3.55 86 9 2 0 3
b-HOMO ˇ5.66 8 19 2 1 71
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strength, as determined by UV/Vis/NIR measurements. Com-
parison with 3 a (Ar = phenyl) showed an increased interaction
between Fc/Fc+ for the phospholes with sterically demanding
substituents on the phosphorus atom. Measurements with dif-
ferent electrolytes ([B(C6F5)4]ˇ and [PF6]ˇ) allowed some insight
into the electrostatic contribution to redox splitting, and dem-
onstrated that throughout the series the electrostatic interac-
tions were similar. The highest interaction determined by spec-
troelectrochemical measurements was observed for 3 e (emax =
3000 L molˇ1 cmˇ1, Dn1/2 = 2550 cmˇ1). It could be shown that
variation of the substituents of the phosphorus atom influ-
enced electronic interactions of the ferrocenyls in the 2- and 5-
positions. Phospholes 3 b–e could be classified as moderately
coupled class II, according to the system developed by Robin
and Day.[62] Compared with other diferrocenyl-substituted het-
erocycles, the strength of the electronic interactions in 3 e
were in the same range as those of 2,5-diferrocenyl-1-methyl-
1H-pyrrole (emax = 3145 L molˇ1 cmˇ1, Dn1/2 = 2314 cmˇ1).[43] Fur-
ther planarization of the ring system and increased aromatic
character of the phosphole ring, as indicated by DFT-based cal-
culations, provided an additional, and unexpected, contribu-
tion to stabilization of the mixed-valence state.

Experimental Section

General data

All reactions were carried out under an argon (5.0) atmosphere by
using standard Schlenk techniques. Tetrahydrofuran was purified
by distillation from sodium/benzophenone ketyl ; toluene and di-
chloromethane were obtained from a MBRAUN (MB-SPS 800) sol-
vent drying and purification system (double column solvent filtra-
tion, working pressure 0.5 bar). For electrochemistry, HPLC-grade
dichloromethane was purified by distillation from calcium hydride.
For column chromatography, silica was used with a particle size of
40–60 mm (230–400 mesh (ASTM), Fa. Macherey-Nagel).

Instruments

FTIR 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 d
(ppm) downfield from tetramethylsilane (TMS) with the residual
solvent as a reference signal (1H NMR: CDCl3, d= 7.26 ppm;
C2D2Cl4, d= 5.91 ppm; C7D8, d= 2.09 ppm; 13C{1H} NMR: CDCl3, d=
77.16 ppm; 31P{1H} NMR: standard external relative to 85 % H3PO4,
d= 0.0 ppm, or P(OMe)3, d= 139.0 ppm). For temperatures in the
Eyring plot, the system temperature was corrected by using meth-
anol (173–298 K) or ethylene glycol (298–373 K). The melting
points were determined by using a Gallenkamp MFB 595 010M
melting point apparatus. Elemental analyses were measured with
a Thermo FlashAE 1112 instrument. High-resolution mass spectra
were recorded with a Bruker Daltonik micrOTOF-QII spectrometer.

Electrochemistry

Electrochemical measurements of 3 b–e, 4 a–e, 5 b,c, and 6 b
(1.0 mmol Lˇ1 with [NnBu4][B(C6F5)4] ; 0.3 (3 b) or 1.0 mmol Lˇ1 (3 c–
e) with [NnBu4][PF6]) in dichloromethane were performed in
a dried, argon-purged cell at 25 8C with a Radiometer Voltalab PGZ

100 electrochemical workstation interfaced with a personal com-
puter. The supporting electrolyte was 0.1 mol Lˇ1 [NnBu4][B(C6F5)4]
or [NnBu4][PF6] . For the measurements, a three-electrode cell con-
taining a Pt auxiliary electrode, a glassy carbon working electrode
(surface area 0.031 cm2), and an Ag/Ag+ (0.01 mmol Lˇ1 [AgNO3])
reference electrode fixed on a Luggin capillary was used. The work-
ing electrode was pretreated by being polished on a Buehler mi-
crocloth first with 1 mm and then 0.25 mm diamond paste. The ref-
erence electrode was constructed from a silver wire inserted into
solution of 0.01 mmol Lˇ1 [AgNO3] and 0.1 mol Lˇ1 [NnBu4][B(C6F5)4]
or [NnBu4][PF6] in acetonitrile in a Luggin capillary with a vycor tip.
This Luggin capillary was inserted in a second Luggin capillary con-
taining a 0.1 mol lˇ1 solution of [NnBu4][B(C6F5)4] or [NnBu4][PF6] in
dichloromethane 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
were referenced against ferrocene as an internal standard, as re-
quired by IUPAC.[57] To achieve this, each experiment was repeated
in the presence of 1 mmol Lˇ1 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 ˇ619 mV versus FcH/FcH+ ,
DEp = 60 mV, whereas the FcH/FcH+ couple itself was at 220 mV
versus Ag/Ag+ , DEp = 61 mV.[63]

Spectroelectrochemistry

Spectroelectrochemical UV/Vis/NIR measurements of 2.0 mmol Lˇ1

solutions of 3 b–e in dry dichloromethane containing 0.1 mol Lˇ1

[NnBu4][B(C6F5)4] as the supporting electrolyte were performed in
an OTTLE[60] cell with a Varian Cary 5000 spectrophotometer at
25 8C. The values obtained by deconvolution could be reproduced
within emax = 100 L molˇ1 cmˇ1, nmax = 50 cmˇ1, Dn1/2 = 50 cmˇ1.

Single-crystal XRD analysis

Suitable single crystals of 3 b–e for XRD analysis were obtained by
diffusion of hexane into a solution containing 3 b–e in dichlorome-
thane at ambient temperature. Data were collected with an Oxford
Gemini S diffractometer at 104 (3 e) and 110 K (3 b–d) with MoKa ra-
diation (l= 0.71073 ä). The structures were solved by direct meth-
ods and refined by full-matrix least-squares procedures on F2.[64, 65]

All non-hydrogen atoms were refined anisotropically, and a riding
model was employed in the treatment of the hydrogen atom posi-
tions.

CCDC-1055024 (3 b), 1055025 (3 c), 1055026 (3 d), and 1055027
(3 e) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Reagents

All starting materials were obtained from commercial suppliers and
used without further purification. Ferrocenylphosphine,[66] 2,4,6-me-
sitylphosphine,[67] 2,4,6-tri-tert-butylphenylphosphine,[68] (2,4,6-tri-
tert-phenyl)phenylphosphine,[69] 2,[70] and 3 a[50] were prepared ac-
cording to published procedures.
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Syntheses

General procedure for the synthesis of 3 : Phosphines 1 b–e were
dissolved in a mixture of tetrahydrofuran/toluene (40 mL; 1:1 v/v)
and n-butyllithium was added dropwise at 0 8C. The resulting solu-
tion was stirred for 30 min at 0 8C and was then added dropwise to
a solution of 2 in tetrahydrofuran (20 mL). The resulting solution
was stirred overnight at ambient temperature and afterwards all
volatile compounds were removed in vacuo. The remaining solid
was purified under argon by column chromatography (column
size: 4 î 20 cm) on silica by using a mixture of hexane/dichlorome-
thane (10:1 v/v) as the eluent to give 3 b–e as orange solids.

Synthesis of 3 b : Following the general procedure described
above, compound 1 b (0.22 g, 1.0 mmol) was reacted with 2.5 m n-
butyllithium (0.4 mL, 1.0 mmol) and 2 (0.42 g, 1.0 mmol). After ap-
propriate workup, compound 3 b could be obtained as an orange
solid (0.17 g, 0.3 mmol, 26 % based on 1 b). M.p. 165–170 8C
(decomp); 1H NMR (CDCl3): d= 3.96 (s, 5 H; C5H5 (P-Fc)), 4.07–4.09
(m, 12 H; C5H5/C5H4 (P-Fc)), 4.16–4.17 (m, 2 H; C5H4 (P-Fc)), 4.28 (m,
4 H; C5H4), 4.57 (m, 4 H; C5H4), 6.95 ppm (d, 3J(H,P) = 10.9 Hz, 2 H;
C4H2P); 13C{1H} NMR (CDCl3): d= 67.5 (br s; C5H4), 68.6 (s ; C5H4), 69.6
(s; C5H5 (P)), 69.5 (d, J(C,P) = 4.5 Hz; C5H4 (P)), 70.0 (s ; C5H5), 71.3 (d,
J(C,P) = 13.50 Hz; C5H4 (P)), 75.1 (d, 1J(C,P) = 13.1 Hz; Ci/C5H4 (P)),
83.7 (d, 2J(C,P) = 21.0 Hz; Ci/C5H4), 131.4 (d, 2J(C,P) = 8.0 Hz; CH/
C4H2P), 147.7 ppm (d, 1J(C,P) = 1.5 Hz; Ci/C4H2P); 31P{1H} NMR
(CDCl3): d=ˇ1.88 ppm (s) ; IR data (KBr): ñ= 3094 m, 3050 w, 2920
m, 2851 w, 1654 m, 1410 cmˇ1 w; HRMS (ESI-TOF): m/z calcd for
C34H29Fe3P [M]+ : 636.0051; found: 636.0057; elemental analysis
calcd (%) for C34H29Fe3P (636.01 g molˇ1): C 64.20, H 4.60; found: C
64.16, H 4.82.

Crystal data for 3 b : C34H29Fe3P; Mr = 636.09 g molˇ1; triclinic; P1̄;
l= 0.71073 ä; a = 5.8730(3), b = 11.6114(7), c = 18.7807(12) ä; a=
89.127(5), b= 81.288(5), g= 87.524(4)8 ; V = 1264.72(13) ä3; Z = 2;
1calcd = 1.670 mg mˇ3; m= 1.785 mmˇ1; T = 110(2) K; V range =
3.292–24.9998 ; reflections collected: 6997, independent: 6997
(Rint = 0.0550); R1 = 0.0476; wR2 = 0.1078 [I>2s(I)] .

Synthesis of 3 c : By using the general procedure described above,
compound 1 c (0.15 g, 1.0 mmol) was treated with 2.5 m n-butyl-
lithium (0.3 mL, 0.7 mmol) and 2 (0.41 g, 1.0 mmol). After appropri-
ate workup, compound 3 c could be obtained as an orange solid
(0.26 g, 0.5 mmol, 47 % based on 1 c). M.p. 209 8C; 1H NMR (C2D2Cl4,
70 8C): d= 2.26 (s, 3 H; p-CH3), 2.39 (s, 6 H; o-CH3), 3.99 (s, 10 H;
C5H5), 4.14 (m, 4 H; C5H4), 4.23 (m, 4 H; C5H4), 6.77 (d, 3J(H,P) =
10.6 Hz, 2 H; C4H2P), 6.88 ppm (s, 2 H; C6H2); 13C{1H} NMR (CDCl3):
d= 21.4 (s ; CH3), 66.3 (d, J(C,P) = 4.9 Hz; CH/C5H4), 68.4 (s ; CH/C5H4),
70.0 (s ; C5H5), 83.1 (d, 2J(C,P) = 18.3 Hz; Ci/C5H4), 125.9 (d, J(C,P) =
10.6 Hz; Ci/C6H2), 128.5 (d, 2J(C,P) = 15.8 Hz; CH/C4H2P), 129.5 (d,
3J(C,P) = 4.2 Hz; CH/C6H2), 140.8 (d, J(C,P) = 1.9 Hz; Ci/C6H2),
145.2 ppm (d, 1J(C,P) = 2.4 Hz; Ci/C4H2P); 31P{1H} NMR (CDCl3): d=
ˇ4.60 ppm (s); IR data (KBr): ñ= 3090 m, 3035 w, 2951 w, 2917 m,
2854 w, 1645 m, 1601 m, 1450 m, 1411 m, 1374 cmˇ1 m; HRMS
(ESI-TOF): m/z calcd for C33H31Fe2P [M]+ : 570.0858; found:
570.0897; elemental analysis calcd (%) for C33H31Fe2P
(570.09 g molˇ1): C 69.50, H 5.48; found: C 69.76, H 5.63.

Crystal data for 3 c : C33H31Fe2P; Mr = 570.25 g molˇ1; monoclinic;
P21/c ; l= 0.71073 ä; a = 20.1433(9), b = 11.2701(5), c = 11.7872(4) ä;
b= 105.211(4)8 ; V = 2582.15(19) ä3 ; Z = 4; 1calcd = 1.467 mg mˇ3; m=
1.207 mmˇ1; T = 110.00(14) K; V range = 2.925–26.0008 ; reflections
collected: 11 287, independent: 5025 (Rint = 0.0298); R1 = 0.0347;
wR2 = 0.0758 [I>2s(I)] .

Synthesis of 3 d : Compound 1 d (0.30 g, 0.9 mmol), 2.5 m n-butyl-
lithium (0.3 mL, 0.8 mmol), and 2 (0.38 g, 0.9 mmol) were reacted
according to the general procedure described above to afford 3 d
as an orange solid (0.18 g, 0.2 mmol, 26 % based on 1 d). M.p.
238 8C; 1H NMR (C7D8, 90 8C): d= 3.94 (s, 10 H; C5H5), 4.07 (m, 4 H;
C5H4), 4.25 (m, 4 H; C5H4), 6.19 (d, 3J(H,P) = 12.1 Hz, 2 H; C4H2P),
7.08–7.11 (m, 3 H; C6H5), 7.11–7.17 (m, 7 H; C6H5), 7.34–7.39 (m, 3 H;
C6H5), 7.52 ppm (d, 4J(H,P) = 1.6 Hz, 2 H; C6H2); 13C{1H} NMR (CDCl3):
d= 66.4 (br s; C5H4), 68.3 (s ; C5H4), 70.0 (s; C5H5), 83.3 (d, 2J(C,P) =
17.7 Hz; Ci/C5H4), 127.3 (s; CH/C6H5), 127.4 (br s; Cphenyl), 127.8 (d,
J(C,P) = 17.3 Hz; Cphenyl), 128.1 (s ; CH/C6H5), 128.7 (d, 2J(C,P) =
14.7 Hz; CH/C4H2P), 129.0 (s; CH/C6H5), 130.4 (br s; Cphenyl), 139.7 (s ;
Cphenyl), 142.0 (d, J(C,P) = 1.62 Hz; Cphenyl), 147.4 ppm (s; Ci/C4H2P);
31P{1H} NMR (CDCl3): d=ˇ6.38 ppm (s) ; IR data (KBr): ñ= 3091 w,
3029 w, 2923 m, 2853 m, 1639 m, 1586 m, 1491 cmˇ1 m; HRMS
(ESI-TOF): m/z calcd for C48H37Fe2P: 756.1328; found: 756.1349
[M]+ ; elemental analysis calcd (%) for C48H37Fe2P (696.23 g molˇ1): C
76.21, H 4.93; found: C 75.98, H 5.14.

Crystal data for 3 d : C48H37Fe2P; Mr = 756.44 g molˇ1; monoclinic;
P21/c ; l= 0.71073 ä; a = 13.1656(3), b = 19.4986(6), c = 28.1129(9) ä;
b= 98.298(2)8 ; V = 7141.3(4) ä3 ; Z = 8; 1calcd = 1.407 mg mˇ3 ; m=
0.892 mmˇ1; T = 110 K; V range = 2.880–25.0008 ; reflections collect-
ed: 39 538, independent: 12 534 (Rint = 0.0663); R1 = 0.0489; wR2 =
0.0889 [I>2s(I)] .

Synthesis of 3 e : Compound 1 e (0.25 g, 0.9 mmol), 2.5 m n-butyl-
lithium (0.4 mL, 0.9 mmol), and 2 (0.43 g, 1.0 mmol) were reacted
according to the general procedure described above to afford 3 e
as an orange solid (0.23 g, 0.3 mmol, 36 % based on 1 e). M.p.
222 8C (decomp); 1H NMR (CDCl3): d= 1.35 (s, 9 H; CH3), 1.37 (s,
18 H; CH3), 4.02 (s, 10 H; C5H5), 4.03 (m, 4 H; C5H4), 4.06 (m, 4 H;
C5H4), 6.95 (d, 3J(H,P) = 14.9 Hz, 2 H; C4H2P), 7.52 ppm (d, 4J(H,P) =
3.1 Hz, 2 H; C6H2) ; 13C{1H} NMR (CDCl3): d= 31.3 (s; p-C(CH3)3, 33.5
(d, 4J(C,P) = 3.9 Hz; o-C(CH3)3, 67.6 (d, J(C,P) = 3.4 Hz; CH/C5H4), 67.7
(s; CH/C5H4), 69.9 (s; C5H5), 83.4 (d, 2J(C,P) = 19.2 Hz; Ci/C5H4), 121.2
(d, J(C,P) = 19.5 Hz; Ci/C6H2), 123.8 (d, 3J(C,P) = 9.5 Hz; CH/C6H2),
124.3 (d, 2J(C,P) = 25.1 Hz; CH/C4H2P), 142.3 (d, 1J(C,P) = 8.6 Hz; Ci/
C4H2P), 153.1 (d, J(C,P) = 2.3 Hz; Ci/C6H2), 159.5 ppm (d, J(C,P) =
12.3 Hz; Ci/C6H2) ; 31P{1H} NMR (CDCl3): d= 0.08 ppm (s) ; IR data
(KBr): ñ= 3094 m, 3074 m, 2964 s, 2902 m, 2861 m, 1643 w, 1594
m, 1476 m, 1464 m, 1406 m, 1362 cmˇ1 m; HRMS (ESI-TOF): m/z
calcd for C42H49Fe2P [M]+ : 696.2267; found: 696.2300; elemental
analysis calcd (%) for C42H49Fe2P (696.23 g molˇ1): C 72.43, H 7.09;
found: C 72.52, H 7.46.

Crystal data for 3 e : C42H49Fe2P; Mr = 696.48 g molˇ1; monoclinic;
P21/c ; l= 0.71073 ä; a = 19.7980(5), b = 15.0040(4), c = 12.2254(3) ä;
b= 105.996(3)8 ; V = 3490.93(16) ä3 ; Z = 4; 1calcd = 1.325 mg mˇ3 ; m=
0.906 mmˇ1; T = 104(6) K; V range = 2.919–24.9958 ; reflections col-
lected: 14 377, independent: 6113 (Rint = 0.0304); R1 = 0.0333; wR2 =
0.0672 [I>2s(I)] .

General procedure for the synthesis of 4 : For the synthesis of the
phosphole oxides, H2O2 (20 mL, 1 wt %, 6 mmol) was added to a so-
lution of phospholes 3 a–e dissolved in dichloromethane (20 mL),
and the reaction mixture was stirred at ambient temperature. The
organic layer was separated and the aqueous phase was extracted
with dichloromethane (3 î 10 mL). The combined organic extracts
were dried with magnesium sulfate and the solvent was removed
in vacuo. The resulting solids were purified by column chromatog-
raphy (column size: 2 î 10 cm, silica, n-hexane/dichloromethane
(10:1, v/v)).

Synthesis of 4 a : By using the general procedure described above,
compound 3 a (0.10 g, 0.19 mmol) was reacted for 30 min with
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H2O2 to afford 4 a as a purple solid (0.08 g, 0.15 mmol, 79 % based
on 3 a). M.p. 143 8C; 1H NMR (CDCl3): d= 3.99 (s, 10 H; C5H5), 4.27
(m, 2 H; Hb/C5H4), 4.32 (m, 2 H; Hb/C5H4), 4.34 (m, 2 H; Ha/C5H4), 4.58
(m, 2 H; Ha/C5H4), 6.80 (d, 3J(H,P) = 37.7 Hz, 2 H; C4H2P), 7.52–7.55
(m, 3 H; C6H5), 7.94–7.98 ppm (m, 2 H; C6H5); 13C{1H} NMR (CDCl3):
d= 66.0 (d, 3J(C,P) = 6.1 Hz; Ca/C5H4), 67.3 (d, 3J(C,P) = 5.2 Hz; Ca/
C5H4), 69.8 (s; Cb/C5H4), 70.0 (s; C5H5), 77.7 (d, 2J(C,P) = 13.6 Hz; Ci/
C5H4), 129.1 (d, J(C,P) = 12.0 Hz; CH/C6H5), 130.0 (d, J(C,P) = 27.8 Hz;
CH/C6H5), 130.7 (d, 2J(C,P) = 10.5 Hz; CH/C4H2P), 130.9 (d, 1J(C,P) =
91.11 Hz; Ci/C6H5), 132.3 (s; CH/C6H5), 138.0 ppm (d, 1J(C,P) =
97.0 Hz; Ci/C4H2P); 31P{1H} NMR (CDCl3): d= 38.83 ppm (s); IR data
(KBr): 3087 m, 3045 w, 2954 w, 2922 m, 2854 w, 1584 m, 1435 m,
1403 cmˇ1 w; HRMS (ESI-TOF): m/z calcd for C30H25Fe2OP [M]+ :
544.0337; found: 544.0329; elemental analysis calcd (%) for
C30H25Fe2OP (544.03 g molˇ1): C 66.21, H 4.63; found: C 66.22, H
5.04.

Synthesis of 4 b : According to the general procedure described
above, compound 3 b (0.10 g, 0.16 mmol) was reacted for 30 min
with H2O2 to give 4 b as a purple solid (0.06 g, 0.09 mmol, 56 %
based on 3 b). M.p. 186 8C (decomp); 1H NMR (CDCl3): d= 4.07 (s,
5 H; C5H5(P)), 4.19 (s, 10 H; C5H5), 4.31 (m, 2 H; C5H4), 4.39 (m, 4 H;
C5H4), 4.41 (m, 2 H; C5H4), 4.62 (m, 2 H; C5H4), 4.88 (m, 2 H; C5H4),
6.77 ppm (d, 3J(H,P) = 37.12 Hz, 2 H; C4H2P); 13C{1H} NMR (CDCl3):
d= 66.8 (d, 3J(C,P) = 7.0 Hz; Ca/C5H4), 68.6 (d, 3J(C,P) = 2.7 Hz; Ca/
C5H4), 69.4 (s; Cb/C5H4), 69.7 (s; Cb/C5H4), 70.1 (s ; C5H5(P)), 70.3 (s ;
C5H5), 70.9 (d, J(C,P) = 10.0 Hz; CH/C5H4(P)), 71.6 (d, J(C,P) = 13.1 Hz;
CH/C5H4(P)), 72.7 (d, 1J(C,P) = 106.16 Hz; Ci/C5H4(P)), 79.0 (d,
2J(C,P) = 14.2 Hz; Ci/C5H4), 129.5 (d, 2J(C,P) = 29.3 Hz; CH/C4H2P),
138.2 ppm (d, 1J(C,P) = 99.3 Hz; Ci/C4H2P); 31P{1H} NMR (CDCl3): d=
40.72 ppm (s); IR data (KBr): ñ= 3083 m, 3037 w, 2952 w, 2923 m,
2847 w, 1584 m, 1513 m, 1409 m, 1339 cmˇ1 m; HRMS (ESI-TOF):
m/z calcd for C34H29Fe3OP [M]+ : 652.0001; found: 651.9997.

Synthesis of 4 c : According to the general procedure described
above, compound 3 c (0.09 g, 0.15 mmol) was reacted for 2 h with
H2O2 to afford 4 c as a purple solid (0.06 g, 0.10 mmol, 65 % based
on 3 c). M.p. 193 8C; 1H NMR (CDCl3): d= 2.27 (br s, 3 H; CH3), 2.30 (s,
3 H; CH3), 3.18 (br s, 3 H; CH3), 4.13 (s, 10 H; C5H5), 4.17 (m, 2 H; Ha/
C5H4), 4.23 (m, 2 H; Hb/C5H4), 4.31 (m, 2 H; Hb/C5H4), 4.51 (m, 2 H;
Ha/C5H4), 6.75 (d, 3J(H,P) = 35.9 Hz, 2 H; C4H2P), 6.83 (br s, 1 H; C6H2),
7.07 ppm (br s, 1 H; C6H2) ; 13C{1H} NMR (CDCl3): d= 21.2 (s ; CH3),
24.2 (br s; CH3), 65.8 (d, 3J(C,P) = 6.6 Hz; Ca/C5H4), 67.1 (d, 3J(C,P) =
4.7 Hz; Ca/C5H4), 69.5 (s ; Cb/C5H4), 69.9 (s ; C5H5), 78.6 (d, 2J(C,P) =
13.4 Hz; Ci/C5H4), 122.8 (d, 1J(C,P) = 87.99 Hz; Ci/C6H2), 130.6 (d,
2J(C,P) = 26.5 Hz; CH/C4H2P), 130.9 (br s; CH/C6H2), 132.6 (br s; CH/
C6H2), 138.9 (d, 1J(C,P) = 94.7 Hz; Ci/C4H2P), 141.7 ppm (d, 3J(C,P) =
2.7 Hz; Ci/C6H2) ; 31P{1H} NMR (CDCl3): d= 42.49 ppm (s) ; IR data
(KBr): ñ= 3084 m, 3048 w, 2954 w, 2922 m, 2852 w, 1603 m, 1587
m, 1448 w, 1409 cmˇ1 m; HRMS (ESI-TOF): m/z calcd for
C33H31Fe2OP [M]+ : 586.0807; found: 586.0748; elemental analysis
calcd (%) for C33H31Fe2OP (586.08 g molˇ1): C 67.61, H 5.33; found:
C 67.17, H 5.72.

Synthesis of 4 d : According to the general procedure described
above, compound 3 d (0.13 g, 0.19 mmol) was reacted for 2 h with
H2O2 to afford 4 d as a purple solid (0.09 g, 0.12 mmol, 63 % based
on 3 d). M.p. 160 8C (decomp); 1H NMR (CDCl3): d= 4.16 (s, 10 H;
C5H5), 4.34 (m, 6 H; C5H4), 4.28 (m, 2 H; Ha/C5H4), 5.83 (d, 3J(H,P) =
36.9 Hz, 2 H; C4H2P), 7.30–7.61 ppm (m, 17 H; Ph); 13C{1H} NMR
(CDCl3): d= 65.8 (d, 3J(C,P) = 7.8 Hz; Ca/C5H4), 67.8 (d, 3J(C,P) =
2.7 Hz; Ca/C5H4), 69.0 (s; Cb/C5H4), 69.2 (s; Cb/C5H4), 70.1 (s; C5H5),
79.1 (d, 2J(C,P) = 14.2 Hz; Ci/C5H4), 125.0 (d, 1J(C,P) = 85.4 Hz; Ci/
C6H2), 126.4 (br s; Cphenyl), 127.3 (s; CH/C6H5), 127.6 (br s; Cphenyl),
128.4 (s; Cphenyl), 129.0 (s; Cphenyl), 130.1 (br s; Cphenyl), 131.7 (d,
J(C,P) = 27.8 Hz; Cphenyl) 137.7 (d, J(C,P) = 27.8; Cphenyl), 137.7 (d,

1J(C,P) = 97.9 Hz; Ci/C4H2P), 139.0 (s; Cphenyl), 142.2 ppm (d, J(C,P) =
2.5 Hz; CH/C6H5) ; 31P{1H} NMR (CDCl3): d= 36.63 ppm (s) ; IR data
(KBr): ñ= 3078 w, 3055 w, 2961 w, 2922 m, 2854 w, 1584 w, 1490
m, 1438 cmˇ1 m; HRMS (ESI-TOF): m/z calcd for C48H37Fe2OP [M]+ :
772.1277; found: 772.1281.

Synthesis of 4 e : According to the general procedure described
above, compound 3 e (0.10 g, 0.14 mmol) was reacted for 5 h with
H2O2 to afford 4 e as a purple solid (0.05 g, 0.07 mmol, 50 % based
on 3 e). M.p. 195–200 8C (decomp); 1H NMR (CDCl3): d= 1.26 (s, 9 H;
CH3), 1.32 (s, 9 H; CH3), 1.49 (s, 9 H; CH3), 4.12 (m, 2 H; C5H4), 4.17
(m, 12 H; C5H5/C5H4), 4.26 (m, 2 H; C5H4), 4.51 (m, 2 H; C5H4), 6.73 (d,
3J(H,P) = 37.6 Hz, 2 H; C4H2P), 7.10 (s, 1 H; C6H2), 7.51 ppm (s, 1 H;
C6H2) ; 13C{1H} NMR (CDCl3): d= 31.3 (s; CH3), 33.5 (s; CH3), 34.1 (s;
CH3), 67.4 (br s; CH/C5H4), 68.5 (d, J(C,P) = 15.9 Hz; CH/C5H4), 70.1 (s;
C5H5), 70.7 (br s; CH/C5H4), 80.3 (d, 2J(C,P) = 13.8 Hz; Ci/C5H4), 124.0
(d, 1J(C,P) = 88.4 Hz; Ci/C6H2), 124.1 (d, J(C,P) = 12.1 Hz; CH/C6H2),
125.4 (d, J(C,P) = 11.7 Hz; CH/C6H2), 131.1 (d, 2J(C,P) = 24.7 Hz; CH/
C4H2P), 144.0 (d, 1J(C,P) = 83.8 Hz; Ci/C4H2P), 152.2 (d, J(C,P) =
4.0 Hz; Ci/C6H2), 158.0 (d, J(C,P) = 10.1 Hz; Ci/C6H2), 164.3 ppm (d,
J(C,P) = 4.8 Hz; Ci/C6H2) ; 31P{1H} NMR (CDCl3): d= 43.16 ppm (s); IR
data (KBr): ñ= 3094 w, 3071 w, 2961 m, 2912 m, 2854 w, 1588 m,
1471 m, 1390 m, 1357 cmˇ1 m; HRMS (ESI-TOF): m/z calcd for
C42H49Fe2OP [M]+ : 712.2216; found: 712.2217.

General procedure for the synthesis of seleno- and thiophos-
phines 5 b,c and 6 b : For the synthesis of thio- and selenopho-
spines, phosphines 3 b,c and a two- to threefold excess of elemen-
tal sulfur or selenium were dissolved in degassed dichloromethane
(20 mL) and the reaction mixture was stirred for 3 h at ambient
temperature. To remove excess sulfur or selenium, the appropriate
reaction mixture was filtered through 5 cm of Celite, and the solu-
tion was concentrated in vacuo. The remaining residue was puri-
fied by column chromatography (column size: 2 î 10 cm, silica, n-
hexane/dichloromethane (5/1, v/v)).

Synthesis of 5 b : By using the general procedure described above,
compound 3 b (0.10 g, 0.16 mmol) was treated with elemental
sulfur (0.12 g, 0.47 mmol) to afford 5 b as a purple solid (0.09 g,
0.14 mmol, 88 % based on 3 b). M.p. 207 8C; 1H NMR (CDCl3) d=
4.03 (s, 5 H; C5H5(P)), 4.15 (s, 10 H; C5H5), 4.31 (m, 2 H; C5H4(P)),
4.37–4.41 (m, 6 H; C5H4), 4.68 (m, 2 H; Ha/C5H4), 5.14 (m, 2 H; Ha/
C5H4), 6.82 ppm (d, 3J(H,P) = 36.13 Hz, 2 H; C4H2P); 13C{1H} NMR
(CDCl3): d= 67.3 (d, 3J(C,P) = 6.9 Hz; Ca/C5H4), 68.2 (d, 3J(C,P) =
3.4 Hz; Ca/C5H4), 69.1 (s ; Cb/C5H4), 69.6 (s; Cb/C5H4), 70.2 (s; C5H5(P)),
70.6 (s; C5H5), 70.8 (d, J(C,P) = 10.0 Hz; CH/C5H4(P)), 71.2 (d, J(C,P) =
13.6 Hz; CH/C5H4(P)), 75.7 (d, 1J(C,P) = 85.30 Hz; Ci/C5H4(P)), 78.9 (d,
2J(C,P) = 16.2 Hz; Ci/C5H4), 129.8 (d, 2J(C,P) = 25.2 Hz; CH/C4H2P),
140.8 ppm (d, 1J(C,P) = 82.2 Hz; Ci/C4H2P); 31P{1H} NMR (CDCl3): d=
46.59 ppm (s); IR data (KBr): ñ= 3084 m, 2954 w, 2919 m, 2854 w,
1584 m, 1529 m, 1409 cmˇ1 m; HRMS (ESI-TOF): m/z calcd for
C34H29Fe3PS [M]+ : 667.9772; found: 667.9723; elemental analysis
calcd (%) for C34H29Fe3PS (667.98 g molˇ1): C 61.12, H 4.37; found: C
61.32, H 4.57.

Synthesis of 5 c : By using the general procedure described above,
compound 3 c (0.10 g, 0.17 mmol) was treated with elemental
sulfur (0.12 g, 0.47 mmol) to afford 5 c as a purple solid (0.03 g,
0.05 mmol, 29 % based on 3 c). M.p. 275–285 8C (decomp); 1H NMR
(CDCl3): d= 2.26 (s, 3 H; p-CH3), 2.79 (br s, 6 H; o-CH3), 4.08 (s, 10 H;
C5H5), 4.28 (m, 2 H; Hb/C5H4), 4.30 (m, 2 H; Hb/C5H4), 4.41 (m, 2 H;
Ha/C5H4), 4.55 (m, 2 H; Ha/C5H4), 6.75 (d, 3J(H,P) = 36.1 Hz, 2 H;
C4H2P), 6.90 ppm (d, 4J(H,P) = 3.9 Hz, 2 H; C6H2) ; 13C{1H} NMR
(CDCl3): d= 21.1 (s ; p-CH3), 23.8 (br s; o-CH3), 66.5 (d, 3J(C,P) =
6.5 Hz; Ca/C5H4), 67.3 (d, 3J(C,P) = 5.5 Hz; Ca/C5H4), 69.35 (s; Cb/
C5H4), 69.41 (Cb/C5H4), 70.3 (s; C5H5), 78.4 (d, 2J(C,P) = 15.5 Hz; Ci/
C5H4), 120.4 (d, J(C,P) = 67.4 Hz; Ci/C6H2), 128.3 (d, 2J(C,P) = 24.3 Hz;
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CH/C4H2P), 132.5 (d, 3J(C,P) = 11.7 Hz; CH/C6H2), 141.5 (d, J(C,P) =
2.7 Hz; Ci/C6H2), 144.9 ppm (d, 1J(C,P) = 79.5 Hz; Ci/C4H2P);
31P{1H} NMR (CDCl3): d= 45.54 ppm (s) ; IR data (KBr): ñ= 3091 w,
3071 w, 2961 w, 2924 m, 2851 w, 1602 m, 1444 m, 1410 m,
1383 cmˇ1 w; HRMS (ESI-TOF): m/z calcd for C33H31Fe2PS [M]+ :
602.0578; found: 602.0562; elemental analysis calcd (%) for
C33H31Fe2PS (602.06 g molˇ1): C 65.80, H 5.19; found: C 65.88, H
5.90.

Synthesis of 6 b : By using the general procedure described above,
compound 3 b (0.09 g, 0.14 mmol) was treated with elemental sele-
nium (0.02 g, 0.25 mmol) to afford 6 b as a purple solid (0.07 g,
0.10 mmol, 71 % based on 3 b). M.p. 225 8C; 1H NMR (CDCl3): d=
4.03 (s, 5 H; C5H5(P)), 4.16 (s, 10 H; C5H5), 4.33 (m, 2 H; C5H4(P)), 4.38
(m, 4 H; C5H4), 4.42 (m, 2 H; Hb/C5H4), 4.71 (m, 2 H; Ha/C5H4), 5.25
(m, 2 H; Ha/C5H4), 6.83 ppm (d, 3J(H,P) = 35.5 Hz, 2 H; C4H2P);
13C{1H} NMR (CDCl3): d= 67.7 (d, 3J(C,P) = 6.8 Hz; Ca/C5H4), 68.2 (d,
3J(C,P) = 3.5 Hz; Ca/C5H4), 69.2 (s; Cb/C5H4), 69.7 (s; Cb/C5H4), 70.3 (s ;
C5H5(P), 70.8 (s; C5H5), 71.0 (d, J(C,P) = 9.9 Hz; CH/C5H4(P)), 71.3 (d,
J(C,P) = 6.8 Hz; CH/C5H4(P)), 74.3 (d, 1J(C,P) = 76.1 Hz; Ci/C5H4(P)),
79.2 (d, 2J(C,P) = 16.7 Hz; Ci/C5H4), 130.0 (d, 2J(C,P) = 23.5 Hz; CH/
C4H2P), 140.6 ppm (d, 1J(C,P) = 74.4 Hz; Ci/C4H2P); 31P{1H} NMR
(CDCl3): d= 28.69 ppm (1J(P,Se) = 731 Hz); IR data (KBr): ñ= 3087 m,
3035 w, 2951 w, 2922 m, 2854 w, 1579 m, 1419 cmˇ1 m; HRMS
(ESI-TOF): m/z calcd for C34H29Fe3PSe [M]+ : 715.9221; found:
715.9198; elemental analysis calcd (%) for C34H29Fe3PSe
(715.92 g molˇ1): C 57.11, H 4.09; found: C 57.17, H 4.24.
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Syntheses, structural characterisation and
electronic structures of some simple acyclic
amino carbene complexes†‡

Samantha G. Eaves,a,b Dmitry S. Yufit,a Brian W. Skelton,c Judith A. K. Howarda and
Paul J. Low*a,b

Reactions of the vinylidene complexes [M(vCvCH2)(PP)Cp’]PF6 with NH3 readily afford the acyclic amino

carbene complexes [M{C(Me)NH2}(PP)Cp’]PF6 [M(PP)Cp’ = Fe(dppe)Cp, Ru(dppe)Cp, Ru(PPh3)2Cp,

Ru(dppe)Cp*]. Crystallographic, spectroscopic and computational data support a description of these

complexes in terms of a M-{C(Me)vN+H2} mesomeric form, and simple σ-coordination of the singlet

acyclic amino carbene.

Introduction
Heteroatom-stabilised carbene ligands have played an impor-
tant role in the development of organometallic chemistry.
Since the seminal work of Fischer identifying the earliest
examples of this class of compound, extensive studies of the
synthesis and properties of complexes bearing carbene ligands
have seen carbenes rise to such prominence as supporting
ligands that they now rival phosphines as the ubiquitous
2-electron σ-donor ligand. Indeed, many of the spectacular
advances in the area of metal complexes of carbenes are corre-
lated with the pioneering efforts that have made stable carb-
enes available as reagents.1

Stable (i.e. isolable) carbenes have been known since 1988,
when the Bertrand group reported the phosphino(silyl)carbene
(iPr2N)2PCSiMe3.2 Since then, phosphino(phosphonio)-,3

phosphino(amino)-,4 acyclic diamino carbenes,5 dicarbene-,6

mono-phosphino-,7 mono-amino-8 and a wide range of cyclic
heteroatom-stabilised carbenes, including of course N-hetero-
cyclic carbenes (NHCs),9 have been explored. However, whilst
cyclic heteroatom-stabilised carbenes have proven to be
ligands of wide applicability,10 isolated acyclic carbenes have
found less use in the preparation of metal complexes,11

although it should be noted that these are accessible through
modular template synthetic routes, and have given rise to a
number of useful catalysts.12 In the case of phosphoranyl carb-
enes, the relatively poor coordinating ability has been attribu-
ted to the wide carbene bond angle associated with the greater
stability of the triplet form and the consequent significant
reorganisation energy cost of complexation in addition to the
higher carbene reactivity.13

Relatively wide carbene angles are also observed in acyclic
mono- and di-amino carbenes such as tBuCvN(iPr)2 (120.50(12)°)8a

and (iPr)2NCN(iPr)2 (121.0(5)°),14 which can be attributed
to the steric bulk of the groups necessary to allow isolation
of the carbene. These angles contrast the much narrower
angles calculated for the smaller parent singlet amino carbene
HCNH2 (105.3°) but are closer to the structures of the corres-
ponding triplet (124.1°).13b Whilst metal complexes of these
bulky acyclic amino carbenes are known,8,13 the wide carbene
angle decreases the σ-donor properties of the carbene, and
steric factors can also destabilise the resulting complexes.10

The constrained geometries in NHCs such as the prototypical
Arduengo system, 1,3-diadamantyl-imidazol-2-ylidene (102.2(2)°),15

1,3-dimesitylimidazol-2-ylidene (101.4(2)°)16 and the saturated
analogue 1,3-dimesitylimidazolin-2-ylidene (104.7(3)°)16 are
much closer to the singlet structure of the parent acyclic
amino carbene. The propensity of these ligands to form metal
complexes is perfectly well established.10

In contrast to the coordination reactions of isolated hetero-
atom-stabilised carbenes with metal complexes, the original
Fischer synthesis of alkyloxy-stabilised carbenes involved
nucleophilic attack of an alkyl group on a metal-bound carbo-
nyl ligand to given an anionic acyl fragment, and subsequent
alkylation.17 As a consequence of the electrophilic nature
of the carbene carbon, these alkyloxy carbenes are readily
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teacher, mentor, colleague and friend.
‡CCDC 1063656–1063659. For crystallographic data in CIF or other electronic
format see DOI: 10.1039/c5dt01806d
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converted to amino-, thio-, alkyl- or aryl-carbenes providing
facile ‘on complex’ synthetic routes to a wide range of com-
plexes featuring heteroatom-stabilised carbene ligands.18 The
addition of nucleophiles such as alcohols, thiols or amines to
the α-carbon of transition metal vinylidene or allenylidene
complexes also affords Fischer-type (heteroatom-stabilised)
carbene compounds.19,20

Here we describe the facile addition of ammonia to the
α-carbon of the parent vinylidene ligand in complexes
[M(vCvCH2)(PP)Cp′][PF6] (M = Fe, PP = dppe, Cp′ = Cp; M = Ru,
PP = dppe, Cp′ = Cp; M = Ru, PP = (PPh3)2, Cp′ = Cp; M = Ru,
PP = dppe, Cp′ = Cp*) to give rare examples of complexes
bearing the simple, sterically unencumbered methyl(amino)
carbene ligand, [M{C(Me)NH2}(PP)Cp′]PF6. These complexes
have been spectroscopically and crystallographically character-
ised, and their geometric and electronic structures, together
with those of the free ligand, explored with additional insight
from density functional theory based calculations.

Results and discussion
Synthesis and characterisation

The preparation of vinylidene complexes from rearrangement
reactions of terminal alkynes within the coordination sphere
of metal complexes is very well established.19,21 For example,
in the case of half-sandwich complexes MCl(L2)Cp′ (L = phos-
phine or L2 = chelating bis(phosphine), Cp′ = Cp, Cp* etc.),
such reactions with HCuCR are typically performed in polar sol-
vents such as methanol at reflux and in the presence of a salt,
often NH4PF6, to enhance the ionisation of the M–Cl bond
and provide a large anion to assist isolation of the product
cation [M{vCvC(H)R}(L2)Cp′]+ (Scheme 1).19,22,23 Whilst the
ancillary ligands and the R group provide a degree of steric
protection for the electrophilic α-carbon, prolonged reaction
leads to the conversion of the vinylidene to the corresponding
methoxy carbene [M{vC(OMe)CH2R}(L2)Cp′]+.24 In the case of
the formation of terminal vinylidene complexes [M(vCvCH2)-
(L2)Cp*]+ from MCl(L2)Cp*, HCuCSiMe3 and NH4PF6, metha-
nol remains a suitable solvent;25 however, the less sterically
restricted Cp derivatives require the use of either a bulkier
alkyl alcohol (such as tBuOH)26 or prolonged reaction time in
a non-nucleophilic solvent, such as CH2Cl2.27

Interestingly, the prolonged (15 h) reaction of the η5-
indenyl complex RuCl(dppm)(η5-C9H7) with HCuCSiMe3 and
NH4PF6 in CH2Cl2 at elevated temperatures (90 °C) in a sealed
tube gave a methyl(amino) carbene complex, formulated as
[Ru{vC(Me)NH2}(dppm)(η5-C9H7)]PF6 (Scheme 2).28 To the
best of our knowledge, this is the only example of a complex
bearing the parent alkyl(amino) carbene fragment, and whilst
spectroscopically well characterised,28 no crystallographic data
are available through which to examine the effect of coordi-
nation on the key N–C–CMe bond angle.

Having observed similar products formed as minor by-pro-
ducts in preparations of vinylidene complexes [M(vCvCH2)(L2)-
Cp′]PF6 from MCl(L2)Cp′, HCuCSiMe3 and NH4PF6, we

pursued a more direct synthesis to complexes containing this
simple acyclic amino carbene. The reactions of the half-
sandwich complexes [Fe(vCvCH2)(dppe)Cp]PF6 ([1a]PF6), [Ru-
(vCvCH2)(dppe)Cp]PF6 ([1b]PF6), [Ru(vCvCH2)(PPh3)2Cp]-
PF6 ([1c]PF6) and [Ru(vCvCH2)(dppe)Cp*]PF6 ([1d]PF6) with
NH3 proceeded smoothly at room temperature in CH2Cl2 to
give the amino carbene complexes [Fe{C(Me)NH2}(dppe)Cp]-
PF6 ([2a]PF6), [Ru{C(Me)NH2}(dppe)Cp]PF6 ([2b]PF6), [Ru-
{C(Me)NH2}(PPh3)2Cp]PF6 ([2c]PF6) and [Ru{C(Me)NH2}-
(dppe)Cp*]PF6 ([2d]PF6) in 77–94% isolated yields (Scheme 3).
Whilst reactions were complete in 1–4 h for the Cp complexes,
in the case of [2d]PF6, overnight reaction was required to

Scheme 1 Representative syntheses of vinylidenes and methoxy carb-
enes from half-sandwich MCl(L2)Cp’ precursors.

Scheme 2 The prolonged reaction of RuCl(dppe)(η5-C9H7) with
HCuCSiMe3 and NH4PF6.28
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complete the conversion, no doubt a consequence of the
additional steric protection afforded to the vinylidene
α-carbon by the Cp* ligand.

The complexes were readily characterised by the usual spectro-
scopic methods, and single crystal X-ray diffraction studies.
In NMR spectra (Table 1), triplets (unresolved in the case of
[2c]+) in the 13C{1H} NMR spectra between 253–275 ppm
confirmed the carbene-nature of the α-carbon, whilst two
unresolved low-field doublets in the 1H NMR spectra, each
integrating to a single proton, indicated the restricted rotation
about the C(α)–N bond, supporting a CvN(+)H2 valence
description. The iminium description was further enhanced
by the observation of the Cp resonances for [2a–c]PF6 between
4.37–4.80 ppm (cf. FeCl(dppe)Cp 4.76; RuCl(dppe)Cp 4.55;29

RuCl(PPh3)2Cp 5.99;23 [1a]PF6 5.25;26 [1b]PF6 5.37;26 [1c]PF6

5.0927 ppm). A singlet between 1.60–2.90 ppm (integrating
to 3H) was assigned to the methyl group of the carbene ligand.
In the positive ion electrospray (ES(+)) mass spectra, ions
corresponding to the cation were clearly observed. In the IR
spectra, bands in the range 1600–1650 cm−1 were assigned to
δ(NH2) with the assistance of DFT based molecular models
(vide infra).

Molecular structures

Single crystal X-ray diffraction studies were carried out on
[2a–d]PF6 to explore the amino carbene ligand geometry and
metal–carbene bond lengths. A representative plot of the
cation of [2a]+ is shown in Fig. 1, and selected bond lengths
and angles are summarised in Table 2. The Ru–C(1) bond
lengths fall at the longer end of the range spanned by the
crystallographically characterised examples of methyl(methoxy)
carbene complexes: [Ru{vC(OMe)Me}Ln]+ (RuLn = RuCl{P(CHv

CH2)Ph2}(η6-C6H2Me4) 1.963(7) Å;30 Ru{P(CHvCH2)2Ph}2-
(η5-C5H4Me) 1.921(10) Å;31 RuCl{P(CHvCH2)Ph2}(η6-C6Me6)
1.964(10) Å; RuCl(PPh3)(η6-C6Me6) 1.962(10) Å and RuCl(PMe3)-
(η6-C6Me6) 2.015(8) Å.32 The M–C(1), C(1)–N(1) and C(1)–C(2)

distances are consistent with a predominant description in
terms of a strongly N-stabilised carbene with a significant
degree of CvNH2 double bond character and a M–C single
bond. There is little change in the carbene angles across the
series [2a–d]+, suggesting π-interaction between the metal and
carbene is not significant. The relatively precisely determined
M–P bond lengths are sensitive to M–P back-bonding effects,
and can be used as a proxy measure of the relative electron
density at the metal centre.33 Here, the Fe–P and Ru–P bond
distances in [2a]+, [2b]+, [2c]+ and [2d]+ compare with those of
the vinylidene cations [Fe(vCvCH2)(dppe)Cp*]+ (2.2219(15),
2.2185(16) Å),34 [Ru(vCvCH2)(PPh3)2Cp*]+ (2.362(2), 2.355(2)
Å),35 [Ru(vCvCH2)(dppe)Cp*]+ ([2d]+ 2.320(3), 2.317(3); 2.318(3),
2.308(3) Å)25 and the methyl-(methoxy) carbene complex [Ru-
{C(OMe)CH2CO2Me}(dppe)Cp]+ (2.2890(9), 2.3043(10) Å).36 The
shorter M–P bond lengths in the amino carbene complexes indi-
cates more electron-density at the metal than in the vinylidenes,
which is consistent with the poorer π-accepting character of the
Fischer-type carbene.

Scheme 3 The reaction of [1a–d]+ with NH3 to afford [2a–d]+.

Table 1 Selected spectroscopic data for complexes [1a]PF6,26 [1b]PF6,26,27 [1c]PF6,27 [1d]PF6,25 and [2a–d]PF6

[1a]+ [2a]+ [1b]+ [2b]+ [1c]+ [2c]+ [1d]+ [2d]+

δC(C(α)) (2JCP) 354.7 (33) 274.1 (22) 343.0 (18) 256.6 (13) 347.2 (15) 253.4 (m) 344.2 (16) 259.6 (13)
δH(NH2) 7.30, 8.17 7.06, 7.89 6.96, 8.40 7.18, 8.44
δP(PP) 98.0 106.9 80.8 87.9 37.9a 48.2 77.3 86.8

a Value as determined here.

Fig. 1 Structure of one of the cations of [2a]+ with selected hydrogen
atoms omitted for clarity. Ellipsoids have been drawn at the 50% prob-
ability level.
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Density functional modelling

To explore the electronic structure of these complexes we
turned to DFT calculations (B3LYP/LANL2DZ Ru, Fe; 6-31G**
all other atoms/COSMO(CH2Cl2)) with gas-phase calculations
also performed on the free ligand (B3LYP/6-31G**) for com-
parison. The free carbene MeCvNH2 has a singlet ground
state (ΔES–T = 33.8 kcal mol−1), with an appreciably bent
(112.30°) structure, which compares with the corresponding
triplet (127.59°). Interestingly, the bulkier analogue tBuCv
N(iPr)2, for which a singlet ground state is also calculated (ΔES–T =
35.8 kcal mol−1), demonstrates a significant additional steric
influence on the ground state structures in both the singlet
(122.62°) and triplet (137.40°) configurations.

The compounds [2a]+ and [2b]+ were chosen as representa-
tive examples of the metal complexes of methyl(amino)
carbene, allowing exploration of any influence that the 3d vs.
4d metal might play on the electronic structure of the com-
plexes. Key bond lengths and angles from the optimised struc-
tures are summarised in Table 2, and the composition of
selected frontier orbitals are summarised in Table 3, with sup-
porting plots given in Fig. 2. There is little change between the
calculated geometry of the gas-phase carbene MeCvNH2 and
the amino carbene ligand in the complexes. The electronic
structures of [2a]+ and [2b]+ are remarkably similar, with the
HOMO−2 to LUMO+1 being well described as the metal dz2,

dx2−y2, dxy, dyz and dxz admixed with the NvC π* system. There
is no π-type interaction between the metal and the carbene
carbon, the NvC π bonding combination lying as low as the
HOMO−21 ([2a]+) and HOMO−20 ([2b]+). The amino carbene
moiety therefore serves as a simple σ-donor ligand to the
metal centre, with the singlet carbene being stabilised exclu-
sively by π-donation from the N-atom.

Conclusion
Reactions of the terminal vinylidene complexes [M(vCvCH2)-
(PP)Cp′]PF6 with NH3 provide a convenient entry point to com-
plexes bearing the simple acyclic amino carbene ligand. Struc-
tural and electronic structure calculations indicate that the
ligand acts as a simple singlet carbene, with good σ-donor
character but little M(d)–C(p) π-interaction. Gas-phase density
functional calculations on the free ligand give a singlet–triplet
energy gap of ΔES–T = 33.8 kcal mol−1, with an appreciably
bent (112.30°) structure. The related, more sterically encum-
bered acyclic amino carbene tBuCvN(iPr)2 also offers a large
singlet–triplet energy gap (ΔES–T = 35.8 kcal mol−1), and a
more linear structure (N–C–C 122.62°) demonstrating the
steric influence on the ground state structure of the singlet.
The difficulties in formation and stability of metal complexes
of mono(amino) carbenes therefore seems to be due in no
small part to the significant steric bulk of the supporting
groups necessary to stabilise the singlet carbene. The for-
mation of these ligands through ‘on-complex’ synthetic
methods therefore appears a more suitable entry point for
further explorations.

Experimental
General conditions

All reactions were carried out under an atmosphere of dry
nitrogen using standard Schlenk techniques. Dichloromethane
was dried over CaH2, all other solvents were standard reagent
grade and used as received. No special precautions were taken
to exclude air or moisture during workup. The compounds
[Fe(vCvCH2)(dppe))Cp]PF6 ([1a]PF6),26 [Ru(vCvCH2)(dppe)-
Cp]PF6 ([1b]PF6),26 [Ru(vCvCH2)(PPh3)2Cp]PF6 ([1c]PF6)27

Table 3 Energy (eV) and composition (%) of selected frontier orbital
plots of [2a]+ and [2b]+

Energy Fe C(1) NH2 Me dppe Cp

LUMO+1 −1.29 8 27 10 3 51 1
LUMO −1.54 37 1 0 0 50 13
HOMO −6.10 68 2 3 1 9 16
HOMO−1 −6.21 72 2 0 0 9 16
HOMO−-2 −6.90 84 0 3 0 8 4

Energy Ru C(1) NH2 Me dppe Cp

LUMO+1 −1.28 14 27 8 3 40 7
LUMO −1.55 28 0 0 0 56 16
HOMO −5.97 60 2 2 2 16 19
HOMO−1 −6.14 56 4 1 0 12 26
HOMO−2 −6.73 78 1 5 0 11 5

Table 2 Selected bond lengths (Å), and bond angles (°) for [2a–d]PF6, together with data from tBuCvN(iPr)2
8a and the DFT (B3LYP/LANL2DZ

(Ru, Fe), 6-31G**/COSMO (CH2Cl2)) optimised geometries of [2a]+ and [2b]+ and gas phase (B3LYP/6-31G**) geometries of the free singlet carbenes
MeCvNH2 and tBuCvN(iPr)2 (italics)

MeCvNH2
tBuCvN(iPr)2 [2a]PF6 [2b]PF6 [2c]PF6 [2d]PF6

M–P1 2.1756(4), 2.1829(4) 2.1860 2.2657(7), 2.2733(7) 2.3740 2.326(1) 2.2910(7)
M–P2 2.2032(4), 2.1860(4) 2.1829 2.2566(7), 2.2704(7) 2.3356 2.328(1) 2.2819(7)
M–C1 1.9272(15), 1.9251(15) 1.9250 2.020(3), 2.021(3) 2.0265 2.014(4) 2.016(3)
C1–N1 1.3266 1.2976(17) 1.3214 1.312(2), 1.310(2) 1.3099 1.305(4), 1.307(4) 1.3209 1.309(5) 1.368(4)
C1–C2 1.5071 1.5392(18) 1.5452 1.518(2), 1.519(2) 1.5186 1.518(4), 1.515(4) 1.5157 1.506(6) 1.454(6), 1.477(5)a

N1–C1–C2 112.30 120.50(12) 122.62 109.4(1), 109.5(1) 109.51 110.0(3), 110.4(2) 111.84 111.9(4) 109.5(4), 108.7(3)a

a Methyl group C(2) disordered over two sites.
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and [Ru(vCvCH2)(dppe)Cp*]PF6 ([1d]PF6)25 were synthesised
by literature methods. All other reagents were commercially
available and used as received. NMR spectra were recorded in
CDCl3 solutions at 23 °C on Bruker and Varian Mercury-400
(1H, 399.97 MHz; 31P, 161.10 MHz), Bruker Avance 600
(1H, 600.1 MHz; 13C, 150.9 MHz; 31P, 242.9 MHz) or
Varian VNMRS-700 (1H, 699.73 MHz, 13C, 175.95 MHz; 31P,
279.89 MHz) spectrometers. Chemical shifts were determined
relative to internal residual solvent signals (1H, 7.26 ppm; 13C,
77.2 ppm) or external H3PO4 (31P, 0.0 ppm). FT-IR spectra were
measured on an Agilent Technologies Cary 660 spectrometer
or a Nicolet Avatar 360 spectrometer from solutions in
dichloromethane in a thin layer cell fitted with CaF2 windows.
Positive and negative ion electrospray ionization (ES(+), ES(−))
mass spectra were recorded on a Waters LCT Premier XE mass
spectrometer from solutions in methanol.

Synthesis of [Fe{C(Me)NH2}(dppe)Cp]PF6 [2a]PF6

The compound [Fe(vCvCH2)(dppe)Cp]PF6 (0.10 g,
0.14 mmol) was added to dry degassed CH2Cl2 (15 ml) in a
dry, degassed Schlenk flask connected to a gas bubbler. To a
separate dried, degassed flask, fitted with a Dreschel head con-
nected to a N2 line, was added 35% NH3(aq) (25 ml). The
output of the Dreschel head was connected by a gas-tight
transfer tube in the first flask, fitted below the CH2Cl2 solvent
level. NH3(g) was then generated by bubbling N2 gas through
the NH3(aq) solution, which was then subsequently bubbled
through the vinylidene solution for 4 h. The orange solution
colour lightened over time. After this period, the 35% NH3(l)

flask is removed and reaction flask flushed with N2 for at least
10 minutes to remove any excess NH3(g). The orange solution
was concentrated to dryness by rotary evaporation leaving an
orange residue. The orange residue was extracted with CH2Cl2

and filtered into vigorously stirred hexane, resulting in the
instantaneous precipitation of an orange solid. The solid was
collected by filtration, washed with hexane (3 × 10 ml) and
diethyl ether (3 × 10 ml) then dried under vacuum (0.079 g,
77%). Crystals suitable for single crystal X-ray diffraction were
grown from CDCl3/pentane layer diffusion.

IR (CH2Cl2/cm−1): 1651 δ(N–H2). 1H NMR (CDCl3, 700 MHz)
δ/ppm: 1.75 (s, 3H, CH3), 2.39–2.57 (m, 2H, CH2, dppe),
2.75–2.93 (m, 2H, CH2, dppe), 4.37 (s, 5H, Cp), 7.17 (t, J = 7 Hz,
4H, Hm, dppe), 7.30 (s, br., 1H, NH2), 7.38 (t, J = 7 Hz, 4H, Hm,
dppe), 7.44 (t, J = 7 Hz, 2H, Hp, dppe), 7.46–7.52 (m, 6H, Hp

and Ho, dppe), 7.53–7.60 (m, 4H, Ho, dppe), 8.17 (s, br., 1H,
NH2). 31P{1H} NMR (CDCl3, 400 MHz) δ/ppm: 106.9 (s,
Fe-dppe). 13C{1H} NMR (CDCl3, 700 MHz) δ/ppm: 26.8 (t, J =
23 Hz, CH2, dppe), 43.2 (s, CH3), 83.1 (s, Cp), 128.8 (t, J = 4 Hz,
Cm, dppe), 129.5 (t, J = 4 Hz, Co, dppe), 130.4 (s, Cp, dppe),
131.3 (s, Cp, dppe), 131.8 (t, J = 4 Hz, Cm, dppe), 132.5 (t, J =
4 Hz, Co, dppe), 133.4–133.7 (m, Ci, dppe), 139.2–139.6 (m, Ci,
dppe), 274.1 (t, J = 22 Hz, Cα). ES (+)-MS (m/z): 562 [M − PF6]+.
Calculated for C33H34NF6P3Fe: C, 56.00; H, 4.85. Found:
C, 56.12; H, 4.91.

Synthesis of [Ru{C(Me)NH2}(dppe)Cp]PF6 [2b]PF6

In a manner as described above, NH3(g) was bubbled through a
solution of [Ru(vCvCH2)(dppe)Cp]PF6 (0.061 g, 0.082 mmol)
in dry degassed CH2Cl2 (6 ml) for 4 h. The yellow solution
colour lightened over time. Work up as described above gave
the product as a yellow powder (0.049 g, 79%). Crystals suitable
for single crystal X-ray diffraction were grown from CH2Cl2/
hexane layer diffusion.

IR (CH2Cl2/cm−1): 1605 δ(N–H2). 1H NMR (CDCl3, 400 MHz)
δ/ppm: 1.77 (s, 3H, CH3), 2.40–2.58 (m, 2H, dppe), 2.77–3.00
(m, 2H, dppe), 4.80 (s, 5H, Cp), 7.06 (s, br., 1H, NH2), 7.15

Fig. 2 Selected frontier orbitals of [2a]+ (contour ± 0.04 (e bohr−3)1/2).
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(t, J = 8 Hz, 4H, Hm, dppe), 7.37 (t, J = 8 Hz, 4H, Hm, dppe),
7.38 (t, J = 8 Hz, 2H, Hp, dppe), 7.46–7.51 (m, 6H, Ho and Hp,
dppe), 7.59 (t, J = 8 Hz, 4H, Ho, dppe), 7.89 (s, br., 1H, NH2).
31P{1H} NMR (CDCl3, 400 MHz) δ/ppm: 87.9 (s, Ru-dppe).
13C{1H} NMR (CDCl3, 700 MHz) δ/ppm: 43.9 (s, CH3), 27.0 (t,
J = 23 Hz, CH2, dppe), 87.2 (s, Cp), 128.7 (t, J = 5 Hz, Cm, dppe),
129.4 (t, J = 5 Hz, Co, dppe), 130.3 (s, Cp, dppe), 131.1 (t, J =
5 Hz, Cm, dppe), 131.3 (s, Cp, dppe), 132.3–132.5 (m, Ci, dppe),
132.7 (t, J = 5 Hz, Co, dppe), 139.7–140.1 (m, Ci), 256.6 (t, J =
13 Hz, Cα). ES (+)-MS (m/z): 608 [M − PF6]+. ES (−)-MS (m/z):
145 [PF6]−. Calculated for C33H34NF6P3Ru: C, 52.58; H, 4.55.
Found: C, 52.54; H, 4.64.

Synthesis of [Ru{C(Me)NH2}(PPh3)2Cp]PF6 [2c]PF6

In a manner similar to that described above, NH3(g) was
bubbled through a solution of [Ru(vCvCH2)(PPh3)2Cp]PF6

(0.10 g, 0.12 mmol) in dry degassed CH2Cl2 (6 ml) for 1 h. The
orange solution colour lightened over time. Work-up as
described above gave the product as an orange powder
(0.095 g, 94%). Crystals suitable for single crystal X-ray diffrac-
tion were grown from CH2Cl2/ethyl acetate layer diffusion.

IR (CH2Cl2/cm−1): 1604 δ(N–H2). 1H NMR (CDCl3, 600 MHz)
δ/ppm: 2.90 (s, 3H, CH3), 4.53 (s, 5H, Cp), 6.96 (s, br. 1H,
NH2), 7.05 (t, J = 8 Hz, 12H, Ho, PPh3), 7.30 (t, J = 8 Hz, 12H,
Hm, PPh3), 7.43 (t, J = 8 Hz, 6H, Hp, PPh3), 8.40 (s, br., 1H,
NH2). 31P NMR (CDCl3, 400 MHz) δ/ppm: 48.2 (s, Ru-(PPh3)2).
13C NMR (CDCl3, 600 MHz) δ/ppm: 44.3 (s, CH3), 89.1 (s, Cp),
128.7 (t, J = 5 Hz, Cm, PPh3), 130.5 (s, Cp, PPh3), 133.6 (t, J =
5 Hz, Co, PPh3), 135.9–136.3 (m, Ci, PPh3), 253.4 (m, Cα). ES
(+)-MS (m/z): 734 [M − PF6]+, 472 [M − PPh3 – PF6]+. ES (−)-MS
(m/z): 145 [PF6]−. Calculated for C43H40NF6P3Ru: C, 58.65;
H, 4.61. Found: C, 58.65; H, 4.61.

Synthesis of [Ru{vC(Me)NH2}(dppe)Cp*]PF6 [2d]PF6

In a manner as described above, NH3(g) was bubbled through a
solution of [Ru(vCvCH2)(dppe)Cp*]PF6 (0.11 g, 0.14 mmol)
in dry degassed CH2Cl2 (15 ml) for 24 h. The solution
colour changed from yellow to pale green gradually over time.
Work up as described above gave the product as a pale
green powder (0.090 g, 78%). Crystals suitable for single
crystal X-ray diffraction were grown from CDCl3/pentane layer
diffusion.

IR (CH2Cl2/cm−1): 1639 δ(N–H2). 1H NMR (CDCl3, 700 MHz)
δ/ppm: 1.49 (s, 15H, Cp*), 1.60 (s, 3H, CH3), 2.20–2.40 (m, 2H,
CH2, dppe), 2.73–2.91 (m, 2H, CH2, dppe), 7.07 (t, J = 8 Hz, 4H,
Hm, dppe), 7.18 (s, br., 1H, NH2), 7.36 (t, J = 8 Hz, 4H, Hm,
dppe), 7.43 (t, J = 8 Hz, 4H, Hp, dppe), 7.45–7.57 (m, 8H, Ho,
dppe), 8.44 (s, br, 1H, NH2). 31P{1H} NMR (CDCl3, 400 MHz)
δ/ppm: 86.6 (s, Ru-dppe). 13C{1H} NMR (CDCl3) δ/ppm: 10.5 (s,
CH3, Cp*), 28.1 (t, J = 23 Hz, CH2, dppe), 41.8 (s, CH3), 96.9 (s,
Cp*), 128.2 (t, J = 5 Hz, Cm, dppe), 129.4 (t, J = 5 Hz, Co, dppe),
130.5 (s, Cp, dppe), 131.3 (s, Cp, dppe), 132.6 (t, J = 5 Hz, Co,
dppe), 132.9 (t, J = 5 Hz, Cm, dppe), 259.6 (t, J = 13 Hz, Cα).
ES (+)-MS (m/z): 678 [M − PF6]+, 677 [M − PF6 − H]+. ES (−)-MS
(m/z): 145 [PF6]−. Calculated for C38H44NF6P3Ru.CHCl3:

C, 49.72; H, 4.81. Found: C, 50.73; H, 5.14. Compound [2d]PF6

crystallises as a bis(chloroform) solvate. The analysis suggests
one molecule is tenaciously retained.

Crystallography

Diffraction data were collected at 120(2) K (100(2) K for [2b]PF6)
on a Bruker SMART CCD 6000 diffractometer ω-scan, 0.3°/
frame) or on an Oxford Diffraction Xcalibur diffractometer
([2b]PF6) (sealed tubes, graphite monochromators, λMo-Kα, λ =
0.71073 Å). Following absorption corrections and solution by
direct methods, the structures were refined against F2 with full
matrix least-squares using the program SHELXL37 and
OLEX2.38 Non-hydrogen atoms were refined with anisotropic
displacement parameters with hydrogen atoms added at calcu-
lated positions and refined by use of a riding model with iso-
tropic displacement parameters based on those of the parent
atoms. Disordered atoms in the structures [2c]PF6 and [2b]PF6

were refined in isotropic approximation with fixed site occu-
pation factors.

Crystal data

[2a]PF6. Formula: C33H34NP2Fe·PF6, M = 707.37. Mono-
clinic, space group P21/c, a = 21.8057(6), b = 15.4495(4), c =
18.9135(5) Å, β = 101.4690(10)°, V = 6244.5(3) Å3, Z = 8, μ =
0.698 mm−1, Dcalc = 1.505 Mg m−3, 2θmax = 60°. Reflections col-
lected = 81 779, unique = 18 220, Rint = 0.0318. Data/restraints/
parameters = 18 220/0/811, GooF = 1.036. Final R indices: R1 =
0.0302 (14 367 > 2σ(I)), wR2 = 0.0803 (all data). Δρmax,min =
0.578, −0.302 e Å−3. CCDC 1063656.

[2b]PF6. Formula: C33H34NP2Ru·PF6, M = 752.59. Mono-
clinic, space group P21/c, a = 21.9074(3), b = 15.4771(2), c =
19.0631(2) Å, β = 99.9220(10)°, V = 6366.92(14) Å3, Z = 8, µ =
0.704 mm−1, Dcalc = 1.570 Mg m−3, 2θmax = 55°. Reflections col-
lected = 63 852, unique = 14 611, Rint = 0.0420. Data/restraints/
parameters = 14 611/0/809. GooF = 1.043. Final R indices, R1 =
0.0389 (12 339 > 2σ(I)), wR2 = 0.0971 (all data). Δρmax,min =
3.132, −0.869 e Å−3. CCDC 1063659.

[2c]PF6. Formula: C43H40NP2Ru·PF6, M = 878.74. Ortho-
rhombic, space group P212121, a = 14.287(2), b = 21.502(4), c =
37.246(6) Å, V = 11 442(3) Å3, Z = 12, μ = 0.600 mm−1, Dcalc =
1.530 Mg m−3, 2θmax = 58°. Reflections collected = 158 766,
unique = 30 397, Rint = 0.0800. Data/restraints/parameters =
30 397/66/1455. GooF = 1.030. Final R indices, R1 = 0.0528
(25 573 > 2σ(I)), wR2 = 0.1265 (all data). Δρmax,min = 1.666,
−1.266 e Å−3. CCDC 1063657.

[2d]PF6. Formula: C38H44NP2Ru·PF6·2CHCl3, M = 1061.46.
Triclinic, space group P1̄, a = 10.9534(6), b = 13.4096(8), c =
15.8099(9) Å, α = 83.8710(10), β = 76.3000(10), γ = 81.0140(10)°,
V = 2222.5(2) Å3, Z = 2, μ = 0.878 mm−1, Dcalc = 1.586 Mg m−3,
2θmax = 58°. Reflections collected = 43 327, unique = 11 826,
Rint = 0.0228. Data/restraints/parameters = 11 826/44/520.
GooF = 1.077. Final R indices, R1 = 0.0526 (10 787 > 2σ(I)) and
wR2 = 0.1356 (all data). Δρmax,min = 2.371, −1.956 e Å−3. CCDC
1063658.
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Computational

All the calculations were performed with the Gaussian 09
program package,39 using the B3LYP functional,40 LANL2DZ
basis set for Ru or Fe, and 6-31G** for all other atoms.41 A con-
ductor-like polarization continuum model CPCM of CH2Cl2

solvent was applied to all calculations, and results analyzed
further with GaussSum.42 Structures obtained were confirmed
as true minima by the absence of imaginary frequencies.
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ABSTRACT: Broad-band near-infrared (NIR) transient absorption (TA) spectroscopy has been
used for the first time to probe an all-carbon-bridged organometallic radical cation complex. The
compound [{Ru(PPh3)2Cp}2(μ-CCCC)]+ ([1]+) was investigated in dichloromethane and
acetonitrile solutions, using laser excitation at 700, 800, 900, and 1000 nm; these wavelengths span
the NIR absorption band envelope. The resulting TA spectra were found to be independent of
excitation wavelength and consist of an excited state absorption feature with a peak at ca. 1150 nm
and the corresponding bleach signal of the ground-state NIR absorption band, which both decay to 0 over the 50 ps time window
investigated. Data were analyzed globally and fit collectively for each of the four different excitation wavelengths, with the
resulting best fit to a biexponential decay function indicating two processes with slightly different time scales of ca. 1.5 and ca. 9.0
ps involved in the relaxation to the ground state.

Understanding the optical properties and associated
electronic structures of compounds of the form [E−

bridge−E]•(±) (where E is an electrophore) has been the
subject of a great deal of research over the past 50 years,
underpinning much of our knowledge concerning the
fundamental aspects of electron-transfer reactions and dynam-
ics.1−5 While the term is not strictly accurate in all cases, open-
shell [E−bridge−E]•(±) radicals are conventionally referred to
as mixed-valence (MV) compounds. Typically information
concerning the localization or delocalization of the unpaired
electron in MV complexes is inferred from the band shape of
the critical intervalence charge transfer (IVCT), or charge
resonance, band using the relationships initially developed by
Hush.6,7 However, caution must be exercised when analyses are
based purely on the electronic band shape, since the presence
of multiple IVCT transitions, localized interconfigurational
transitions, MLCT/LMCT transitions, vibronic coupling
effects, and rotational dynamics leading to conformers with
distinct electronic characters can result in multiple overlapping
transitions.8−13 Thus, the interpretation of NIR spectra is
nontrivial in many cases. Very often, further support from
spectroscopic evidence, increasingly augmented by computa-
tional investigations,14 is required to fully elucidate the
electronic character of MV complexes.
Pump−probe transient absorption (TA) spectroscopy15 has

been used to explore the underlying electronic structure of MV
systems with comparatively simple absorption spectra.16−29

The majority of such time-resolved investigations have focused
on weakly coupled, valence-localized MV complexes featuring
bridging ligands based on nitrogen-containing aromatics16−20

or cyanide;21−28 a more recent investigation focusing on a
related neutral organic mixed valence molecule has also been
noted.29 Analysis of the time-dependent spectra from the short-

lived excited states that arise from photoinduced charge transfer
provides valuable information concerning solvent dynamics and
electronic relaxation processes, from which back electron
transfer rates can be extracted.
The compound [{Ru(PPh3)2Cp}2(μ-CCCC)] (1) is an

archetypal example of an “all-carbon”-bridged bimetallic
organometallic complex. Many previous studies of 1 and
related systems have described the “wirelike” properties of the
polyyndiyl ligand and the delocalized electronic structure of
radical cations such as [1]+.30 It has recently been shown that
the delocalized radical cation [1]+ exhibits multiple transitions
in the NIR region, which have been attributed to π−π* (or
charge resonance) and MLCT processes, the latter gaining
significant intensity in conformers in which the two Cp rings
are more or less orthogonal.12,31,32 Although the ground-state
potential energy surface that encompasses these different
rotamers is shallow, leading to population of a range of
conformers in solution at room temperature, the excited-state
barriers are as yet undetermined. Here, broad-band pump−
probe TA NIR spectroscopy on the femtosecond time scale has
been used to further investigate the excited states of [1]+

generated by photoexcitation at a number of wavelengths that
span the NIR absorption envelope.
Treatment of the neutral complex {Ru(PPh3)2Cp}2(μ-C

CCC) (1) with 1 equiv of ferrocinum hexafluorophosphate
in dichloromethane followed by precipitation with diethyl ether
afforded [1]PF6 as a forest green powder in 57% yield.32

Crystallization by layer diffusion of diethyl ether into a
dichloromethane solution allowed the isolation of crystals
suitable for X-ray diffraction. The complex crystallized with an
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essentially cis orientation of the cyclopentadiene rings (Figure
1), notable as the parent complex 1 has been observed in both

cis33,34 and trans34,35 forms in the solid state. There is a small
(0.02 Å) degree of asymmetry in the most precisely determined
Ru(1)−C(1) and Ru(2)−C(4) bond lengths of [1]PF6, which
may hint at a degree of valence localization in the solid state.
Pleasingly, the bond lengths along the six-atom RuCCCCRu
chain in [1]+ appear to display a more limited long/short
alternation in comparison to that found in cis-134 (Ru−C(1)
2.01(3), C(1)−C(2) 1.24(4), C(2)−C(2′) 1.31(4) Å) and
various solvates,33 which fits well to the expectations of
previous IR spectroscopic32 and computational13,32 investiga-
tions.
As discussed elsewhere,12 the NIR absorption band envelope

of [1]+ (Figure 2) deviates from the single asymmetric band
predicted by the two-state model for strongly coupled MV or
delocalized complexes.3 In the case of [1]+ as reported
elsewhere12 and in the case of related bimetallic radical
cations13,36−39 it has recently been recognized that the NIR
absorption envelope consists of at least two overlapping

transitions, corresponding to a lower energy π−π* type
transition40,41 and higher energy MLCT processes, the relative
intensities of which are sensitive to the precise details of the
molecular geometry.12,13 In an attempt to probe these
processes individually using TA NIR spectroscopy, a range of
“pump” energies were chosen (Figure 2) with the intention of
biasing the excited state populations toward one or the other of
the species responsible for the two differing transitions visible
in the NIR band envelope.
Hence, transient absorption spectra in the NIR region for

[1]PF6 were collected in degassed dichloromethane and
degassed acetonitrile solutions using excitation wavelengths of
700, 800, 900, and 1000 nm (Figure 3 and Figures S1 and S4 in

the Supporting Information). The shapes of the resulting TA
signals were found to be independent of the excitation
wavelength and consist of both an excited-state absorption
feature with a peak at ca. 1150 nm and the corresponding
bleach signal of the ground-state NIR absorption band, which
both decay to 0 over the 50 ps time window investigated.
The corresponding kinetic plots of the TA dynamics

integrated over 10 nm increments from 900 to 1350 nm for
λex 900 nm in dichloromethane are shown in Figure 4 (see also
Figures S2 and S5 in the Supporting Information). These decay
data were analyzed globally at all wavelengths and fit
collectively for each of the four different excitation wavelengths
in each solvent to a biexponential decay function, as shown in
eq 1

= + +τ τ− −I A A yexp expt
t t

1
1/ ( )

2
1/ ( )

0
1 2

(1)

where It is the intensity of the transient absorption data at time
t, τ1 and τ2 are the lifetimes, A1 and A2 are pre-exponential
scaling factors, and y0 is a horizontal offset (∼0) accounting for
any noise in the spectral data. The resulting best fit of the data
yielded decay constants of τ1 = 1.46 ± 0.07 ps and τ2 = 9.44 ±
0.47 ps for [1]+ in degassed dichloromethane, with the
corresponding fits and residuals shown in Figure 4 and Figure
S2 in the Supporting Information. In degassed acetonitrile
solution, very similar decay constants of τ1 = 1.44 ± 0.07 and τ2
= 8.76 ± 0.39 ps were obtained using the same fitting
procedure (Figures S5 and S6 in the Supporting Information).
Since the biexponential decay kinetics observed for the

transient absorption features are independent of the excitation

Figure 1. Plot of the ion pair from the structure of [1]PF6·3CH2Cl2.
Solvent molecules and hydrogen atoms have been excluded for clarity.
Selected bond lengths (Å) and angles (deg): Ru1−C1 1.926(5), C1−
C2 1.252(8), C2−C3 1.351(8), C3−C4 1.249(9), C4−Ru2 1.948(6);
Ru1−C1− C2 167.1(5), C1−C2−C3 174.9(6), C2−C3−C4
178.6(7), C3−C4−Ru2 169.7(6).

Figure 2. NIR absorption spectrum of [1]PF6 recorded in degassed
dichloromethane. The black arrows indicate laser excitation wave-
lengths used for broad-band NIR TA experiments.

Figure 3. Observed TA signals in the NIR region from 900 to 1350
nm at various time delays from t = 0.5 (red) to t = 50 ps (blue) for
[1]PF6 in degassed dichloromethane using λex 900 nm.
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wavelength (and intramolecular rotation is typically on the
picosecond time scale),42,43 it is unlikely that they correspond
to decay of the individual π−π* and MLCT excited states
associated with the different rotational conformers. Instead, it
appears that efficient internal conversion converts the higher
energy MLCT to the lower energy π−π* state within 100 fs of
excitation. As such, there remain two excited-state relaxation
mechanisms operating in this complex. The shorter lifetime
component can be readily attributed to the ground state
recovery process (reverse electron transfer), with a lifetime of
ca. 1.45 ps which matches the recovery of the ground state
“bleach” signal.
The second process with a slightly longer ca. 9 ps lifetime is

manifested by a much weaker excited-state absorption feature
centered at 1080 nm (see Figures S3 and S6 in the Supporting
Information). Similar behavior has been previously reported21

by Barbara and Hupp, who undertook variable-wavelength TA
studies on a [(NH3)5Fe

II−CN−RuIII(CN)5]− mixed-valence
complex. In that case, a long-lived component was also
observed which was assigned to a small fraction of RuIIFeIII

excited-state complexes which decay via an unassigned higher
energy RuIIIFeII excited state. A similar situation may apply
here, in which case the longer-lived lifetime may correspond to
a higher energy excited state formed on the sub-picosecond
time scale.
Alternately, the spectral features we observe for [1]+ at

longer delays may be due to vibrational cooling of an initially
formed hot ground state upon back electron transfer. This type
of behavior has been reported in more recent studies on the
relaxation processes occurring in [(NH3)5M

II−CN−
MIII(CN)5]

− complexes (M = Ru, Os),22,44,45 with back
electron transfer taking place on the order of τ < 0.5 ps to a
vibrationally hot ground state, which further decays over the τ =
2−6 ps (M = Ru) or τ = 1.8−19 ps (M = Os) time scale. In the
present case, for [1]+, the weak solvent dependence of the τ2
lifetime suggests that solvent interactions play an important
role in the relaxation kinetics for this process, and the observed
trend agrees with that expected on the basis of the thermal
diffusivities of acetonitrile in comparison to dichloromethane
(10.7 × 10−8 vs 8.81 × 10−8 m2 s−1, respectively).46 Similarly,
inspection of the normalized TA data (see Figure S7 in the

Supporting Information) reveals a progressive blue shift of the
TA data at longer time delays and spectral narrowing, which are
classical signatures of thermal relaxation processes.46,47

In summary, these data are the first time-resolved
spectroscopic measurements to be reported for an all-carbon-
bridged radical cation complex. Notably, in comparison to
simpler cyano-bridged [(NH3)5M

II−CN−MIII(CN)5]
− com-

pounds, the longer lifetime of the τ1 decay component we
obtain for [1]+ is most likely due to the longer four-atom bridge
between metal atoms, decreasing the rate of back electron
transfer. For previously reported class II mixed valence
complexes such as [(NH3)5M

II−CN−MIII(CN)5]
− (M =

Fe, Ru, Os), the terminal ν(CN) mode has been identified as
one of the key acceptor vibrations using ps-TRIR spectrosco-
py.45 In this context, the high-frequency ν(CCCC) mode
may play a similar role as an energy acceptor, being able to
dissipate a significant quanta of energy from the excited state.48

To this end, we are currently pursuing further investigations of
[1]+ using time resolved infrared (TRIR) and time-resolved
resonance Raman (TR3) spectroscopy in order to better
understand these aspects of the excited-state decay, which may
reveal further fascinating aspects of the “wirelike” properties of
this bridging ligand. Similarly, we are also investigating related
systems with longer all-carbon bridges and analogous C
CCN ligands.
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ABSTRACT: Electrochemical gating at the single molecule level
of viologen molecular bridges in ionic liquids is examined.
Contrary to previous data recorded in aqueous electrolytes, a clear
and sharp peak in the single molecule conductance versus elec-
trochemical potential data is obtained in ionic liquids. These data
are rationalized in terms of a two-step electrochemical model
for charge transport across the redox bridge. In this model the
gate coupling in the ionic liquid is found to be fully effective with
a modeled gate coupling parameter, ξ, of unity. This compares to
a much lower gate coupling parameter of 0.2 for the equivalent
aqueous gating system. This study shows that ionic liquids are far
more effective media for gating the conductance of single
molecules than either solid-state three-terminal platforms created using nanolithography, or aqueous media.

■ INTRODUCTION
Molecular switching, for instance between low and high
conductance states, has been a theme of ongoing interest
in molecular electronics and it has been shown in recent years
that this can be achieved even down to the single molecule
level.1 Molecular analogues of field effect transistors have
been achieved, in which the conductance state of a molecular
junction can be electrostatically modulated by a third (gate)
terminal. In solid-state devices this has to be achieved by
bringing the gate terminal into close proximity to the molecule
that is wired between two contacting electrodes (source and
drain). Since the separation of the source and drain electrodes
will be of molecular dimensions, it is a considerable challenge to
reliably bring the gate electrode into close enough proximity
to gate the molecular junction electrostatically. Nevertheless,
capacitive coupling of the molecular junction to the gate elec-
trode has been achieved in solid-state platforms using either
nanolithographically fabricated electrodes or mechanically con-
trolled break junctions constructed on a substrate bearing an
electrostatic “back gate” electrode. If the gate is perfectly elec-
trostatically coupled to the junction, then frontier HOMO and

LUMO molecular orbitals of the bridge would shift in unison
with the applied gate voltage, to give a gate coupling parameter,
here called ξ, of 1 (i.e., a 0.1 V shift of the gate voltage produces
a 0.1 eV shift in the molecular orbital energy). Although
relatively large coupling parameters have been achieved for
individual devices (e.g., ∼0.2),2 the nanofabrication processes
do not generally lend themselves to precise and reproducible
placement of the gate electrode, and ξ is typically much lower
than this and, moreover, exhibits significant variation from
device to device. An alternative approach is to use liquid gates,
with control of the electrochemical double layer.
“Electrolyte gating” relies on the formation of electro-

chemical double layers along the source−drain channel. Since
electrochemical double layers can have nanometer thicknesses
separating electronic surface charge and ions in solution, even
at modest electrolyte concentrations, they provide both an
effective and a highly reproducible gating platform. Moreover,
the gate voltage is readily controlled through variation of the
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electrochemical potential. Electrolyte gating has been applied to
a wide variety of bulk and nanostructured materials including
nanocrystalline thin films,5 carbon nanotubes,3,4 and solid-state
semiconductor devices in which the source−drain channel
is a solid semiconductor or even a superconductor.6,7 Such
devices are typically referred to as electrochemical double layer
transistors (EDLTs). In 1984 White et al. reported on the
fabrication of a polypyrrole derivatized microelectrode array
that operated as a transistor through electrochemical control of
the oxidation of the bulk conducting polymer film by a gating
electrode.8 More recently, this electrochemical gating concept
has been extended to the single molecular bridge level, in which
the electrochemical potentials and resultant double layers tune
molecular orbital energy levels. In the case of redox active
molecular wires, this can be used to switch the molecule
between accessible redox states. A schematic illustration of elec-
trolyte gating of a single-molecule bridge is shown in Figure 1.

The single molecule is tethered between the STM tip and
substrate surface, which can be viewed as the drain and source
electrodes, respectively. The counter and reference electrode
combination provides the gate electrode in this four-electrode
bipotentiostat setup, with independent electrochemical poten-
tial control of the substrate (working electrode 1, or “source”)
and the STM tip (working electrode 2, or “drain”). The
potential difference between these two electrodes is the bias
voltage applied to the molecular junction. Figure 1B illustrates
that the redox group is gated by the close proximity of elec-
trolyte ions.
There is now a growing number of examples of electro-

chemical gating of single molecules, using the single-molecule
electrochemical transistor-like configuration where the molec-
ular bridge is tethered between substrate and STM tip, both of
which are typically made of gold.9−33 Viologen molecular wires
were the first electrochemical redox system studied in this
single-molecule junction configuration, with the molecule
anchored to the source and drain electrodes through chemi-
sorbed thiol contacting groups.10 This redox bridge system

(the V2+/V+• redox system, with V = viologen) has continued
to be of interest due to its highly reversible electrochemical
reduction processes.11−13 Other examples of such “wired”
single-molecule electrochemical junctions include molecular
wires containing pyrrolo-tetrathiafulvalene (pTTF),14,15 oligoa-
nilines,16−18 oligothiophenes,19 unsubstituted and substituted
oligo(phenylene ethynylenes) (OPEs),20−22 ferrocene,23 anthra-
quinone,24−26 perylene tetracarboxylic bisimides (PBI),27−31

carotenoids,32 and benzodifuran.33 More recently, the electro-
lyte gating of nonredox active molecules has also been exam-
ined.34−36 Electrolyte gating where the redox active molecule is
attached to the substrate but not the STM tip, or occasionally
vice versa,37−47 has also been demonstrated. In this configura-
tion, electron tunneling through the adsorbed molecule as a
function of electrochemical potential with the STM tip located
above the adsorbed layer is monitored.37 This can be referred
to as an electrochemical scanning tunneling spectroscopy con-
figuration, and systems thus studied include, for example, metal
complexes,37,40,41,43,44 metalloproteins,48−50 DNA,51,52 and
viologens.13,46 Albrecht et al. pioneered electrochemical scanning
tunneling spectroscopy experiments conducted in ionic liquid
environments.53 There have also been studies of electrolyte
gating in large area planar molecular junctions,54 as well as
devices featuring single nanoparticles55 or fabricated nano-
electrode gaps.56,57

A comparison of the electrochemical gate voltage behavior
reported in the single molecule studies mentioned above clearly
indicates that the resulting gating response is highly variable.
In some cases, in a plot of single-molecule conductance
against applied electrochemical potential a peak is seen as the
voltage is adjusted through the reversible potential for the
redox switching.14,15,28,29,33,58,59 In other cases, no defined peak
in the molecular conductance versus electrochemical potential
is observed, but rather a monotonically rising conductance
spanning many hundreds of millivolts; an early example of this
latter behavior is the electrochemical gating of the conductance
of viologen molecular wires in aqueous solution.10,13 In this
case the conductance gradually rises as the electrochemical
potential is taken from positive values where the molecule is in
its oxidized (bipyridinium) state to potentials negative of its
first reduction;10−13 the term “soft gating” was coined to refer
to this phenomenon.12 Similar broad conductance rise or broad
conductance gating peaks feature in other electrochemical
single-molecule conductance switching systems, such as those
based on perylene (bis)imides,28,29,31,58 benzodifuran,33 anthra-
quinone-based norbornylogous bridges,24,25 and metallopro-
teins.59,60

In this present study we examine electrochemical con-
ductance gating of viologen-based single-molecule wire systems
in ionic liquids and compare the response with data from
aqueous media. The data recorded in ionic liquid reported here
fit within the two-step (hopping) mechanism introduced by
Kuznetsov and Ulstrup with a high gating coupling parameter
of ξ = 1. We refer here to such effective gating with a high gate
coupling parameter as “hard gating”. When the same model is
applied to the data from similar studies of 12+ in aqueous
solution, a much lower gate coupling parameter of ξ = 0.2 is
obtained, which accounts for the broad rise in conductance
with electrochemical potential.10,12,13 This difference in gating
behavior between the two electrolytes arises from the gating
provided by the double layers, which are expected to be very
different in ionic liquids, which represent “highly concentrated
and dense”61 electrolyte media when compared with dilute

Figure 1. (A) Electrochemical single molecule gating using an
electrochemical STM with bipotentiostat control of the electro-
chemical potential of the substrate and STM tip. The single molecule
bridge shown here (12+, see below) is derived from 1,1′-bis(6-
(acetylthio)hexyl)-4,4′-bipyridinium hexafluorophosphate. (B) Illus-
tration of the close proximity of the electrolyte ions which are “gating”
the redox group (the electrolyte gating concept).
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aqueous electrolytes (the electrolytic properties of ionic liquids
have been reviewed elsewhere61). UV/visible and IR
spectroelectrochemical experiments in both aqueous and ionic
liquid electrolytes show that the electronic structure of the
reduced viologen is not changed by the ionic liquid electrolyte.
The present study shows that ionic liquid electrochemical
gating of single-molecule conductance is far more effective than
gating that is generally achieved in solid-state three-terminal
platforms created using nanolithography or gating with aqueous
double layers.

■ RESULTS
The viologen based molecular wires used in this study (Chart 1)
contained either classical thiol contacting groups (12+) or the
more esoteric trimethylsilylethynyl contacting groups (22+).

The acetyl-protected precursor 3·[PF6]2 was synthesized by the
route shown in Scheme S1 (Supporting Information) and is an
adaptation of the synthesis of bromide salts of 32+ described
elsewhere.62 Monolayers of 12+ form in situ upon exposure of
gold substrates to solutions of the acetyl protected precursor
3·[PF6]2 (see Methods) for STM investigations.14 Compound
22+ was synthesized as the bis(tetrafluoroborate) salt (Scheme 1).
Sonogashira cross-coupling63−65 of ethynyltrimethylsilane (7)
with 4-iodobenzyl alcohol (8) gave 4-(trimethylsilyl)ethynyl-
benzyl alcohol (9). Bromination of compound 9 with PPh3·
Br2

66 gave 4-(trimethylsilyl)ethynyl-benzyl bromide (10). The
target viologen (22+) was formed by quaternization of 4,4′-
bipyridine with 10 under reflux in acetonitrile and isolated fol-
lowing exchange of the bromide counterions with ammonium
tetrafluoroborate.
Cyclic voltammetry of the initial electrochemical reduction of

3·[PF6]2, the thioacetate protected form of 12+, in the ionic
liquid 1-butyl-3-methylimidazolium triflate (BMIM-OTf) to its
radical cation is shown in Figure 2. The redox wave centered at
0 V arises from ferrocene (Fc) added to the electrolyte for
voltammetric calibration.67 The peak-to-peak separation for the

Chart 1. Viologen Based Molecular Wires (12+ and 22+) Used
in the STM Studies Described withina

aUnder the experimental conditions used, the counterions are
determined by the electrolytic medium. 3·[PF6]2 is the acetyl
protected precursor of 12+ with PF6

− counterions.

Scheme 1. Synthesis of 2·[BF4]2
a

aYields are given in parentheses.

Figure 2. Cyclic voltammograms recorded for 3 × 10−3 M of the
thioacetate protected form of 12+ (3·[PF6]2) in BMIM-OTf for 11
different scan rates and Au(111) working electrodes. The redox wave
on the left corresponds to the viologen dication/radical cation redox
couple, while the redox wave centered at 0 V arises from ferrocene
added to the electrolyte as an internal standard. The CVs were recorded
at 0.05 V s−1, 0.1 V s−1, and then in 0.1 V intervals to 1 V s−1.
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viologen (32+ ↔ 3+•) redox couple is ∼80 mV at low scan rates
and increases with increasing scan rate. This behavior points to
the quasi-reversibility of the viologen system in the ionic liquid
electrolyte. Further voltammetric data are provided in the
Supporting Information. The calculated diffusion constant
from these voltammetric data for 3·[PF6]2 in BMIM-OTf is
D = 3.41 × 10−8 cm2 s−1, and a heterogeneous rate constant for
the 32+ ↔ 3+• redox couple of khet = 6 × 10−4 cm s−1 has been
estimated (see Supporting Information).
Figure 3 shows conductance histograms for molecular

junctions formed from 12+ recorded in BMIM-OTf using an

STM and the I(s) technique (see Experimental Methods).
These conductance histograms were recorded for the marked
electrochemical potentials (versus Fc/Fc+) and for a constant
bias voltage of 0.6 V. The peak of the conductance histograms
shows a marked dependence on the electrochemical potential,
as plotted in Figure 3 (right). This plot shows data recorded for
13 separate conductance histograms for 13 different electro-
chemical potentials. We have also recorded the cyclic voltam-
metric response (Figure 4a) and conductance histograms
(Figure 4b) and plotted electrochemically gated single-
molecule conductance data (Figure 4c) for 22+, which features
the trimethylsilylethynyl anchoring groups, in the same ionic
liquid BMIM-OTf.68,69 Similar to 12+, compound 22+ also
shows a single-molecule conductance maximum centered close
to the equilibrium redox potential.
As indicated in the Introduction and described in greater

detail below, in aqueous electrolyte 12+ exhibits a gradual
sigmoidal increase in the molecular conductance with applied
gate potential over a wide electrochemical potential range
of ∼1 V. This strongly contrasts the bell-shaped conductance
response of both 12+ and 22+ in electrochemically gated systems
in ionic liquid electrolytes. In order to examine whether the
electrolytic medium gives rise to differences in the electronic
structure or conformation of the redox-active viologen cores
upon reduction, which would be important considerations in
rationalizing different gating behavior in the two media, we
have studied the reduction of 2·[BF4]2 by UV/vis and IR
spectroelectrochemistry in ionic liquid electrolytes. UV/vis
spectroscopy is a very sensitive probe of the electronic and
structural properties of the viologen radical cation, and
UV/visible spectroelectrochemical studies of the viologen
redox system in aqueous solution are very well described in
the literature.70 On the other hand we are not aware of any
reports of UV/visible and IR spectroelectrochemistry in ionic
liquid electrolytes for viologen derivatives, or indeed any other

Figure 3. Left: conductance histograms recorded for molecular bridges
formed from 12+ in ionic liquid electrolyte as a function of the marked
electrochemical potential (versus Fc/Fc+ at 0.0 V). Right: The single-
molecule conductance of 12+ versus electrochemical potential.

Figure 4. (A) Cyclic voltammograms recorded for the first reduction of 2·[BF4]2 in BMIM-OTf. The CVs were run at 0.1 V s−1 intervals between
0.1 and 1.0 V s−1. (B) Conductance histograms recorded for molecular bridges formed from 22+ in BMIM-OTf electrolyte as a function of the
marked electrochemical potential (versus Fc/Fc+ at 0.0 V). (C) Single molecule conductance of 22+ versus electrode potential in BMIM-OTf.
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electrochemical system. Details of the thin-layer spectroelec-
trochemical setup with ionic liquids and the stepwise reduction
of 2·[BF4]2 to the corresponding radical cation and neutral
viologen are given in the Experimental Methods section and
Supporting Information. UV/vis spectra recorded for 2·[BF4]2
in dry BMIM-OTf during the reduction of the dication (colorless)
to the intensely colored radical cation are presented in
Figure 5a, showing that reduction is accompanied by the

growth of intense absorption envelopes at ∼400 and ∼610 nm.
Due to insufficient solubility of 2·[BF4]2 and 3·[PF6]2 in
aqueous media, and for the purposes of comparison, the
reduction of methyl viologen (11·[Cl]2, Chart 2) has been
investigated by UV/visible spectroelectrochemistry in both
aqueous and ionic liquid media (Figure 5B and Supporting
Information).
The comparison of the viologen core reduction shown in

Figure 5a (2·[BF4]2 in BMIM-OTf) and Figure 5B (11·[Cl]2 in
water) shows the growth of bands in very similar positions
in the two different media. The spectroelectrochemically
generated UV/vis spectrum of the one-electron reduced

species 11+ in water (Figure 5B) agrees well with literature
spectra of the methyl viologen radical cation70 and is also
similar to the UV/vis spectrum of a reduced viologen
appended to a triosmium cluster in MeCN.71 The electronic
absorption properties of the V2+/V+• redox system therefore
appear to be largely unaffected by the surrounding medium,
with the only significant difference being the appearance of
dimerization in the aqueous solution (see Figure 5 caption).
This is further supported by UV/vis spectroelectrochemistry of
11·[Cl]2 in BMIM-OTf which showed that the spectra of 2+

and 11+ were nearly identical when recorded in the same
medium (see Supporting Information). Further monitoring of
the reduction of 2·[BF4]2 in BMIM-OTf by IR spectroscopy
showed formation of a strong band at 1634 cm−1 (Figure 6) in

good agreement with the ν(CC) band reported72 for a
viologen radical cation. The intensity of the ν(CC) band at
2160 cm−1 in 22+ also increases slightly as the radical cation 2+

is formed.

■ DISCUSSION
A gradual sigmoidal increase in the molecular conductance has
been observed previously in studies of electrochemically gated
conductance of 12+ in aqueous electrolytes and attributed to a
“soft” electrochemical gating of the conductance response.10−13

In contrast, the single-molecule conductance data of 12+ and 22+

in ionic liquid both show a bell-shaped conductance versus
potential form, with a clear maximum around the formal
electrode potential of the V2+/V+• couple.10−13 This bell-
shaped conductance versus potential form fits well to the two-
step hopping model of Kuznetsov and Ulstrup with partial
vibrational relaxation. The essence of the two-step process is
that at, or close to, the equilibrium potential, both the oxidized
and reduced forms of the molecular bridge contribute
comparably to the current flow across the molecular junction.
This model has been widely applied to charge transport across

Figure 5. Reversible UV/vis spectral changes accompanying the
reduction of (A) ca. 2 mM 2·[BF4]2 in BMIM-OTf to its stable radical
cation within an optically transparent thin layer electrochemical
(OTTLE) cell (l ≈ 0.2 mm) at T = 293 K. (B) Reversible UV/vis
spectral changes accompanying the reduction of 2 mM 11·[Cl]2 in
D2O/Bu4NBr to a radical cation and its subsequent dimerization
within an OTTLE cell at T = 293 K. As the doublet around ∼380 nm
grows, there is an inversion in intensities. This and the growing
absorption at ∼870 nm are ascribed to dimerization of the radical
cation in the aqueous electrolyte. These features are not observed in
BMIM-OTf; see Figure S17. (The colors are to help distinguish the
curves recorded during the reduction.)

Chart 2. Model Methyl Viologen Dichloride, 11·[Cl]2

Figure 6. Reversible IR spectral changes accompanying the reduction
of 10 mM 2·[BF4]2 in BMIM-OTf to its stable radical cation within an
OTTLE cell at T = 293 K.
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redox active molecular junctions and has also been used to justify
enhanced current flow with redox active molecules in the tip-to-
sample gap of an electrochemical STM.12,14,31,40−44,47,58,59,73,74

In this model charge is transported (“hops”) through either the
reduced or oxidized state of the molecule. In the first step the
redox center has to reorganize through environmental and
internal fluctuations so that the relevant molecular orbitals
approach the Fermi level of one of the electrodes. Charge is
transferred onto the redox center through a Franck−Condon
type transition. This is followed, in the adiabatic limit, by partial
vibrational relaxation and subsequent charge transfer to the
other electrode. In this partially relaxed state many electrons or
holes can transfer across contributing to the enhancement in
the junction current seen close to the reversible potential.
By contrast, in the weak-coupling (diabatic) limit, complete
vibrational relaxation occurs before the electron/hole transfers
to the second electrode, and current enhancement is minimal.
A schematic diagram illustrating the two-step adiabatic
Kuznetsov−Ulstrup theory used here is shown in Scheme 2.

This illustrates the electrochemical nature of this process with
step (1) representing the electron transfer from the left metal
contact onto the redox group (reduction), step (2) representing
the molecule and environment partially relaxing in the adiabatic
limit, and step (3) representing the electron transfer from the
redox group (oxidation) onto the right contact.
In contrast to these two-step hopping mechanisms, resonant

tunneling corresponds to the transferring charge populating the
HOMO or LUMO on the bridge for such short time periods
that no vibrational relaxation in the intermediate state occurs.
Since both of these levels are displaced from the Fermi levels by
the reorganization energy, this means that for resonant
tunneling the current maximum is shifted by the reorganization
(free) energy from the equilibrium potential. Since reorganiza-
tion energies in such systems typically exceed a few hundred

meV, and our ionic liquid data show the maximum molecular
conductance close to the V2+/V+• reversible potential, we
conclude that the data are best represented by a two-step
hopping model. Furthermore, the considerable current
enhancement points to the strong coupling (adiabatic) limit
being more applicable. For these reasons we use below the
adiabatic limit of the two-step model to describe the con-
ductance versus electrochemical potential data. This con-
sequently gives a maximum in the current versus electro-
chemical potential relation, with the maximum close to the
equilibrium potential.
The absence of a maximum for molecular conductance

versus electrochemical potential in the aqueous data previously
reported would indicate that resonance of the gold Fermi levels
with the redox center is not attained for the single molecule
conductance configuration in the aqueous electrolyte.12 In this
case, it has been previously argued that electron transfer in
aqueous media is instead by superexchange through a
significantly off-resonant and consequently empty redox level
of the viologen (V2+) moiety. The off-resonant oxidized state
(V2+) was thus taken to dominate the single-molecule
conductance behavior of the viologen system in aqueous elec-
trolytes. The gradual increase in conductance of the viologen
system in an aqueous electrolyte was rationalized with this
superexchange model coupled with “soft gating” to account for
the conductance rise as the electrochemical potential is made
more negative.12 The soft gating was attributed to thermally
accessible configurational fluctuations of the molecule and its
environment which bring the molecular bridge into non-
equilibrium configurations which promote more facile electron
tunneling across the molecular junction.12 Leary et al. suggested
that twisting about the central C−C bond of the V2+ moiety
could be an important low-frequency mode in this respect.15

In our present study we offer another explanation based on
our present observations that, on changing the aqueous
electrolyte to an ionic liquid electrolyte, the behavior changes
from soft gating to hard gating. Our model below attributes the
change in behavior to differences in the electrolyte gating
properties of the ionic liquid compared to the aqueous elec-
trolyte. This view is supported by the UV/vis spectroscopic
data presented above which shows that the electronic absorp-
tion properties of viologen redox systems appear to be largely
unaffected by the surrounding medium.
To model the data we take the expression for the two-step

hopping model as given by Kuznetsov and Ulstrup:73

λ≈ − | |
γ ξη− −( )

j j kT
e V kT

exp( /4 )
exp( /4 )

cosh e V e
kT

enh 0
bias

(0.5 )
2

bias

(1)

Here jenh is the enhanced current following across the molecular
junction as a result of charge transport following the two step
adiabatic model. In this equation λ is the total reorganization
energy (both inner- and outer-sphere), k the Boltzmann
constant, Vbias the bias voltage, T the temperature, and e the
charge on an electron. The modeling parameters ξ and γ
represent the fraction of the electrochemical potential and the
fraction of the bias voltage drop at the redox site, respec-
tively. The parameter ξ is referred to in the introduction as the
“gating parameter”, and it is a focus here for justifying the
differences between the data recorded in aqueous and ionic
liquid electrolytes. An expression for j0 can be found elsewhere:

73

ω π=j en /20 eff (2)

Scheme 2. Illustration of the Two-Step Adiabatic
Kuznetsov−Ulstrup Model Used, Showing the Two Gold
Electrodes (Left” and “Right”) and the Redox States of the
Molecular Bridge in betweena

aThis proceeds with electron transfer from the left metal contact onto
the redox group following pre-organization at and around the redox
center. The rate of electron transfer is represented by the
electrochemical rate constant k1 (step 1). The now reduced redox
group and surrounding environment partially relax (step 2). This is
followed by electron transfer from the redox group (re-oxidation) onto
the right contact with the electrochemical rate constant k2 (step 3),
resulting in a cascade of electron transfer between the electrodes
through the partially relaxed state of the redox bridge.
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where the κ terms refer to the electron transmission coefficient
and the ρ terms the density of electronic states in the metal
electrodes near the Fermi level. The subscripts L and R refer to
the left and right electrodes, respectively. ωeff is the effective
nuclear vibrational frequencies. From these terms a numerical
form can be obtained for jenh (see Supporting Information)
which is used in the modeling.
Figure 7a shows modeling of the conductance versus

overpotential data recorded for 12+ in ionic liquid with the

numerical form of eq 1. A gate coupling parameter of ξ = 1 is
used in this fitting with λ = 1.3 eV and γ = 0.5 (fitting errors
are ±0.2, ±0.03 eV, and ±0.1 in ξ, λ, and γ, respectively; see
Supporting Information for the plot of conductance versus
potential with error bars). Figure 7b shows the 12+ data for
aqueous phosphate buffer electrolytes and the modeling also
using eq 1. Notice here that the electrochemical axis scale in
Figure 7b covers twice the voltage range of Figure 7a, which
highlights by comparison how broad the conductance rise is in
aqueous electrolytes. These data from aqueous electrolytes10,12

have not been previously modeled, and the present study
provides opportunity to re-examine these existing data. The
fitting parameters obtained here are ξ = 0.2, λ = 0.83 eV, and
γ = 0.2 (with fitting errors of ±0.15, ±0.03 eV, and ±0.1,
respectively). As discussed elsewhere,14 a correlation is
expected between the parameters ξ and γ in the narrow
tunneling gap in which the Debye length is comparable to the
tunneling gap width. For instance, at high ionic strength a high
value for ξ (e.g., 1) might be expected to correlate with a low
value for γ (e.g., 0.1).14 This is clearly not the case here, and
this discrepancy14 may be associated with the large size of the
ionic liquid ions and the structuring and “layering” behavior
which is known to take place for ionic liquid double layers.61

The single molecule conductance versus electrochemical
potential data for 22+ has also been modeled (see Supporting
Information for data fitting). A design feature of 22+ is the
incorporation of trimethylsilylethynyl (TMSE, −CC−SiMe3)
anchoring groups. TMSE groups for contacting to gold have
been used in a number of previous molecular electronics studies
of either molecular films or single molecules.68,69,75 The TMSE
groups have a relatively large footprint, and this, coupled with
the nonlinear geometry of 22+, is used here to hinder π-stacking
and prevent formation of multimolecular junctions in the gap.
In particular, it is recognized in the literature that viologen
dications and their radical cations have a propensity to stack in

mixed-valence viologen salts.76 Reassuringly the electrochemi-
cal switching data for 22+ (Figure 4b) are similar to those for
12+. The fitting parameters obtained from the 22+ data are ξ = 1,
λ = 1.3 eV, and γ = 0.5 (with fitting errors of ±0.35, ±0.1 eV,
and ±0.1, respectively). These are comparable to the fitting
parameters for 12+ in ionic liquid, showing again the highly
effective gating in ionic liquid with ξ = 1.

■ CONCLUSIONS
Single-molecule electrochemical gating of viologen molecular
bridges, studied here for the first time in ionic liquids, is very
different from the behavior previously observed for aqueous
electrolytes. In BMIM-OTf strong electrolyte gate coupling is
observed with a calculated gate coupling efficiency of 100%.
Gate coupling efficiency for the viologen system in aqueous
electrolytes is considerably lower at 20%. This demonstrates the
effectiveness of ionic liquids for single molecule electrolyte
gating. Since the gating coupling is controlled by electrostatic
interactions between the double layer gate and the redox
bridge, we note that its efficiency might be expected to depend
on both these components and, therefore, vary between redox
systems. However, we note that a similar trend can be seen in
the data for a redox active pyrrolo-tetrathiafulvalene bridge,14

with a gate coupling of ξ = 0.8−1 in ionic liquid compared to a
lower value (ξ = 0.5) in aqueous solutions.
UV/vis spectra show that the electronic absorption proper-

ties of viologen redox systems appear to be largely unaffected
by the surrounding medium, supporting the notion that the
differences observed between ionic liquid and aqueous
environments arise from the electrolyte screening rather than
electronic structure differences of the viologen core in these
different media. Both the ionic liquid and aqueous electrolyte
single molecule data for the viologen systems could be fitted
with the standard two-step hopping model of Kuznetsov and
Ulstrup with partial vibrational relaxation. The surprising high
values of reorganization energy and uncorrelated bias voltage
(γ) and electrochemical (ξ) potential drop parameters show
that new models will be eventually required to deal with the
complexities of the molecular level structuring and screening
properties of ionic liquid electrolytes.

■ EXPERIMENTAL METHODS
N,N′-Di-(4-(trimethylsilylethynyl)benzyl)-4,4′-bipyridinium

Bis(tetrafluoroborate) (2·[BF4]2). A mixture of 4,4′-bipyridine
(100 mg, 640 μmol), compound 10 (428 mg, 1.60 mmol), acetonitrile
(30 mL), and water (3 mL) was heated at reflux for 20 h and then
allowed to cool to ambient temperature. After cooling, the creamy,
powdery precipitate was isolated by filtration and the filtrate was
discarded. The collected precipitate (350 mg) was mixed with
ammonium tetrafluoroborate (420 mg, 4.01 mmol) in absolute
ethanol (53 mL) and water (11 mL), the mixture was heated to
reflux until a transparent, pale yellow solution was obtained and
then allowed to cool to ambient temperature. Cooling resulted in
crystallization of a white solid which was isolated by filtration and
dried on the filter to afford 2·[BF4]2 in 82% yield as a white crystalline
solid (260 mg, 369 μmol). 1H NMR (699.7 MHz, CD3CN/D2O 2:1
(v/v)): δ = 0.18 (s, 18 H, Si(CH3)3), 5.81 (s, 4 H, CH2), 7.44 (m, 2 H,
H-3/H-5, C6H4), 7.49 (m, 2 H, H-3/H-5, C6H4), 8.40 (m, 2 H,
H-3/H-5, C5H4N), 9.01 (m, 2 H, H-2/H-6, C5H4N).

11B NMR
(224.5 MHz, CD3CN/D2O 2:1 (v/v)): δ = −1.4. 13C NMR
(175.9 MHz, CD3CN/D2O 2:1 (v/v)): δ = −0.2 (Si(CH3)3),
65.1 (CH2), 97.2 (CC−Si), 104.9 (CC−Si), 125.2
(C-4, C6H4), 128.4 (C-3/C-5, C5H4N), 130.5 (C-3/C-5, C6H4),
133.6 (C-2/C-6, C6H4), 134.1 (C-1, C6H4), 146.6 (C-2/C-6, C5H4N),
151.2 (C-4, C5H4N). 19F NMR (564.3 MHz, CD3CN/D2O

Figure 7. Single molecule conductance data (blue circles) and fitting
with eq 1 (solid blue lines), for 12+ in BMIM-OTf (a) and aqueous
electrolytes (b). Experimental data in (b) were recorded in 0.1 M
phosphate buffer solution and are taken from refs 10, 12.
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2:1 (v/v)): δ = −151.24 (m, 0.8 B, 11BF4), −151.19 (m, 0.2 B, 10BF4).
29Si NMR (139.0 MHz, CD3CN/D2O 2:1 (v/v)): δ = −17.1. ESI-MS:
m/z (%) 617 (17) [M − BF4]

+, 343 (80), 187 (100). Anal. Calcd for
C34H38B2F8N2Si2: C, 57.97; H, 5.44; N, 3.98. Found: C, 57.83; H,
5.46; N, 4.02.
4-(Trimethylsilylethynyl)benzyl Alcohol (9). Ethynyltrimethyl-

silane (923 mg, 9.40 mmol), 4-iodobenzyl alcohol (2.00 g, 8.55 mmol),
PdCl2(PPh3)2 (60.0 mg, 85.5 μmol), and copper(I) iodide (16.0 mg,
85.5 μmol) were dissolved in triethylamine (50 mL) at 20 °C, and the
reaction mixture was stirred at this temperature for 16 h. The solvent
was then removed under reduced pressure, and the residue was
purified by flash column chromatography (silica gel; eluent, hexanes/
ethyl acetate (80:20 (v/v)) to give a yellow oil. This oil was
crystallized from hexanes (5 mL, cooling at −20 °C) to afford 3 in
67% yield (1.17 g, 8.55 mmol) as a colorless crystalline solid. 1H NMR
(699.7 MHz CDCl3): δ = 0.25 (s, 9 H, Si(CH3)3), 4.69 (s, 2 H, CH2),
7.30 (d, 2 H, 3JH−H = 8.3 Hz, H-3/H-5, C6H4), 7.46 (d, 2 H, 3JH−H =
8.3 Hz, H-2/H-6, C6H4).

13C NMR (175.9 MHz, CDCl3): δ = 0.1
(Si(CH3)3), 65.1 (CH2), 94.4 (CC−Si), 105.0 (CC−Si), 122.5
(C-1, C6H4), 126.8 (C-2/C-6, C6H4), 123.3 (C-3/C-5, C6H4), 141.3
(C-4, C6H4).

29Si NMR (139.0 MHz, CDCl3): δ = −17.8. EI-MS: m/z
(%) 204 (22) [M+], 189 (100) [M+ − CH3].

1H and 13C NMR data
were consistent with those reported in the literature.77

4-(Trimethylsilylethynyl)benzyl Bromide (10). Bromine
(1.10 g, 6.87 mmol of Br2) was added dropwise at 0 °C to a stirred
solution of triphenylphosphine (1.89 g, 7.15 mmol) in dichloro-
methane (20 mL). On completion of this addition, a solution of
compound 9 (1.17 g, 5.72 mmol) and imidazole (467 mg, 6.87 mmol)
in dichloromethane (7 mL) was added to the solution of bromine
triphenylphosphine complex via cannula at 0 °C. Subsequently, the
reaction mixture was allowed to warm to ambient temperature, stirred
for 3 h at this temperature, and concentrated in vacuo. Diethyl ether
(30 mL) was added to the residue, and the flask was placed into an
ultrasound bath until a homogeneous beige precipitate in a pale yellow
solution was obtained. The precipitate was removed by filtration and
discarded. The filtrate was concentrated under reduced pressure,
hexanes (30 mL) were added to the residue, and the flask was once
again placed into an ultrasound bath until a homogeneous white
precipitate in a pale yellow solution was obtained. The precipitate was
removed by filtration, and the filtrate concentrated to give a pale
yellow oil; this crystallized on standing to afford 10 in 90% yield
(1.38 g, 5.17 mmol) as a yellow tinged crystalline solid. 1H NMR
(699.7 MHz CDCl3): δ = 0.25 (s, 9 H, Si(CH3)3), 4.46 (s, 2 H, CH2),
7.32 (d, 2 H, 3JH−H = 8.3 Hz, H-3/H-5, C6H4), 7.43 (d, 2 H, 3JH−H =
8.3 Hz, H-2/H-6, C6H4).

13C NMR (175.9 MHz, CDCl3): δ = 0.1
(Si(CH3)3), 33.1 (CH2), 95.4 (CC−Si), 104.6 (CC−Si), 123.4
(C-1, C6H4), 129.1 (C-2/C-6, C6H4), 132.5 (C-3/C-5, C6H4), 138.1 (C-4,
C6H4).

29Si NMR (139.0 MHz, CDCl3): δ = −17.6. EI-MS: m/z (%)
268 (25) [M+], 253 (73) [M+ − CH3], 187 (100) [M+ − Br]. 1H and
13C NMR data were consistent with those reported in the literature.78

Cyclic Voltammetry. 1-Butyl-3-methylimidazolium triflate,
BMIM-OTf (IoLiLyt, 99%), was dried for 24 h under vacuum prior
to use (120 °C). Cyclic voltammetry of the thioacetate protected form
of 12+ (3·[PF6]2) was recorded for Au(111) substrate. This gold
electrode was immersed for 24 h in a solution of 3·[PF6]2 (7.5 mM in
methanol), and then it was cleaned with methanol and Milli-Q water
(Millipore) and dried in a stream of N2 gas. Pt wires were used as
counter and quasi reference electrodes. Before measurements a drop
of diluted ferrocene was added to use as the internal reference. Mea-
surements were carried out in dried BMIM-OTf and under a N2 flow.
The concentration of 3·[PF6]2 in BMIM-OTf was 3 × 10−3 M.
Cyclic voltammetry of 2·[BF4]2 in BMIM-OTf was recorded for a

7.5 mM solution of the analyte in BMIM-OTf. This solution was pre-
pared by first dissolving 2·[BF4]2 in methanol and then adding this
solution to the ionic liquid. The methanol was removed by heating the
solution at ∼100 °C for 1.5 h with a nitrogen sparge. The working
electrode was a Au(111) bead, with a hanging meniscus, while the
counter and reference electrodes were 0.5 mm Pt wires. All potentials
were determined against an internal Fc/Fc+ reference added after the
experiment.

Single-Molecule Conductance Measurements. The STM
based I(s) method as described in refs 10 and 79 has been used to
obtain single-molecule conductance values as a function of electrode
potential. In brief, an STM tip is approached close to the gold surface
so that the target molecule can bind between the gold tip and the
substrate. The tip is then rapidly retracted, and a current (I) versus
distance (s) curve is recorded. Hundreds of such junction making and
breaking curves are analyzed statistically in histograms to yield the
conductance. To avoid ambiguity caused by the inclusion of retraction
traces where no junction is formed, we constructed conductance
histograms from retraction traces displaying plateaus and steps, which
are synonymous with molecular junction formation. The STM-I(s)
measurements were performed with flame-annealed Au substrates.
For the 12+ measurements under electrochemical potential control the
substrate was immersed for 5 min in a solution of 3·[PF6]2 (7.5 mM in
methanol), and then it was cleaned with methanol and Milli-Q water
(Millipore) and dried in a stream of N2. It has been previously shown
that adsorbed layers of thiols can be formed by direct adsorption from
the corresponding thioacetate protected molecules in ionic liquid
solutions.14 Measurements were carried out in a N2 atmosphere using
the described substrate and in a 1.5 mM solution of 3·[PF6]2 in the
ionic liquid (BMIM-OTf). A Pt wire was used as a counter electrode
with either a bare or polypyrrole coated Pt wire reference electrode.
The STM tip was an etched gold wire. Set point parameters were
I0 = 20 nA and Ut = 0.6 V.

Spectroelectrochemistry. UV/vis and IR spectroelectrochemical
experiments were carried out using an optically transparent thin layer
spectroelectrochemical (OTTLE) cell80 equipped with CaF2 optical
windows, Pt minigrid working and auxiliary electrodes, and an Ag
wire pseudoreference electrode. UV/vis spectroelectrochemistry was
recorded with a Scinco S3100 diode array spectrophotometer.
IR spectroelectrochemical data were recorded using a Bruker Vertex
70v FT-IR spectrometer equipped with a DLaTGS detector working at
the resolution of 1 cm−1. The spectroelectrochemical measurements
were monitored using thin-layer cyclic voltammetry performed with an
EmStat-3 potentiostat (PalmSens BV, The Netherlands) operated with
the PSTrace v.4.2 software.

Solutions of 2·[BF4]2 in BMIM-OTf contained 2 mM (UV−vis
spectroelectrochemistry) or 10 mM (IR spectroelectrochemistry) 2·
[BF4]2 and were prepared as follows. BMIM-OTf (IoLiLyt, 99%) was
heated in a Schlenk vessel under stirring for >18 h at 120 °C under
high vacuum. 2·[BF4]2 was partly dissolved in a few drops of ethanol,
and hot BMIM-OTf was added with a vacuum-tight Hamilton syringe
to give a homogeneous solution. The resulting solution was sparged
with dry argon at 120 °C for ca. 2 h.
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ABSTRACT: A series of cross-conjugated compounds based on an (E)-4,4′-
(hexa-3-en-1,5-diyne-3,4-diyl)bis(N,N-bis(4-methoxyphenyl)aniline) skeleton
(1−6) have been synthesized. The linear optical absorption properties can
be tuned by modification of the substituents at the 1 and 5 positions of the
hexa-3-en-1,5-diynyl backbone (1: Si(CH(CH3)2)3, 2: C6H4CCSi(CH3)3,
3: C6H4COOCH3, 4: C6H4CF3, 5: C6H4CN, 6: C6H4CCC5H4N), although
attempts to introduce electron-donating (C6H4CH3, C6H4OCH3, C6H4Si-
(CH3)3) substituents at these positions were hampered by the ensuing decreased
stability of the compounds. Spectroelectrochemical investigations of selected
examples, supported by DFT-based computational studies, have shown that
one- and two-electron oxidation of the 1,2-bis(triarylamine)ethene fragment also
results in electronic changes to the perpendicular π-system in the hexa-3-en-1,5-
diynyl branch of the molecule. These properties suggest that (E)-hexa-3-en-1,5-
diynyl-based compounds could have applications in molecular sensing and molecular electronics.

■ INTRODUCTION
Cruciform and other cross-shaped molecules have attracted
interest in recent years due to the fact that the HOMO and
LUMO associated with cross-conjugated architectures can be
selectively and independently localized to a single one of the
constituent linearly conjugated pathways or delocalized over
the entire molecule, through judicious choice of both the com-
position of the cross-conjugated backbone and the electronic
nature of substituents.1 The spatial separation of the HOMO
and LUMO that can be engineered in a cross-conjugated
system can be exploited to allow independent control of both
the HOMO−LUMO gap and intramolecular charge-transfer
(ICT) pathways within the cross-conjugated framework.2 This
property is particularly useful in the design of photoresponsive
or electro-active materials for sensing applications, as
recognition elements can be incorporated into the peripheral
groups of the cross-conjugated core, leading to molecules
where chemical binding of an analyte will result in specific and
independent changes to the optical and electronic response.3,4

These unique properties have sparked interest in materials of this
type and prompted the investigation of a variety of compounds
based on an idealized X-shaped architecture. Structures include
those based on spirocycles,5,6 tetraethynylethenes,7,8 1,2,4,5-
tetraethynyl benzenes,9−11 and tetrasubstituted distyryl benzenes
(cruciforms).3 Additionally, cross-conjugated compounds have
recently been investigated in the context of organic12,13 and

molecular electronics.14−18 For example, cross-conjugated
caroteneoids have recently been shown to display altered
electronic conductance properties in response to changes in
the electron-withdrawing nature of the cross-conjugated sub-
stituents,19 and other systems serve as models through which to
explore the concepts of quantum interference and molecular
switching in single molecule electronics.15,18,20−23 We report
herein on the synthesis of cross-conjugated donor−acceptor
systems based on the (E)-hexa-3-en-1,5-diyne skeleton and the
investigation of their electronic and structural properties as
a prelude to further studies of systems of this type in single
molecule electronic junctions.

■ RESULTS AND DISCUSSION
Syntheses. The key step in the synthesis of the cross-

conjugated target compounds 1−6 was the formation of the
hexa-3-en-1,5-diyne backbone. This was achieved by dimeriza-
tion of propargyl bromides 7 and 8 (Scheme 1) utilizing the
LiHMDS/HMPA-mediated carbenoid coupling−elimination
strategy first described by Jones.24 Initially, trialkylsilylacetylenes
11 and 12 were lithiated with n-butyl lithium and reacted
with 4-bromobenzaldehyde to afford propargyl alcohols 1325

and 14 (52%). Reaction of 13 and 14 with freshly prepared
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triphenylphosphine bromide complex furnished 7 (89%) and 8
(98%). By ensuring a high degree of purity in propargyl alcohols
13 and 14, both propargyl bromides 7 and 8 could be obtained
in sufficient purity to be used directly in subsequent reactions;
attempts at further purification of 7 and 8 resulted in
decomposition of the reactive propargyl bromides. Dimerization
of 7 using Jones’ method24 was essentially nonregiospecific and
afforded a mixture of both possible isomers of the trimethylsilyl
substituted compound 9 with an E/Z ratio of 65:35 (by
1H NMR) in the crude product. Separation of the desired E-9
from Z-9 was hindered by their very similar polarities, and
chromatography gave only a low yield of E-9 (32%) and a 1:5
mixture (by 1H NMR) of E-9 and Z-9 (50%). In addition, E-9
proved to be incompatible with subsequent Buchwald−Hartwig
amination reaction conditions (Δ ∼ 100 °C, NaOtBu)26,27 (c.f.
Scheme 2), presumably with cleavage of the C−Si bonds
resulting in a competing homocoupling or thermal polymer-
ization of the now exposed terminal alkyne moieties; E-9 also
decomposes on prolonged storage. Tuning of the E/Z selectivity
of the carbenoid coupling methodology can be achieved by
modification of the steric bulk and, to a lesser extent, electronic
properties, of substituents on the propargyl bromide back-
bone.24 In light of this, and since the triisopropylsilylethynyl
group has far greater stability toward basic conditions than the
trimethylsilylethynyl moiety,28 compound 8 was selected as a
substrate. Thus, the E configured triisopropylsilyl substituted
hexa-3-en-1,5-diyne (10) was synthesized in 56% yield from 8
(Scheme 1).
Buchwald−Hartwig26,27 coupling of the cross-conjugated

(E)-hexa-3-en-1,5-diyne building block 10 with bis(4-
methoxyphenyl)amine (15) was employed to produce the
cross-conjugated diamine 1 in 60% yield (Scheme 2). From 1 a
two pot-two step (2) or one pot-two step (3 − 6) sequence of
desilylation and Sonogashira cross-coupling reactions29−31 with
appropriate aryl iodides furnished a small library of triarylamine
donor−aryl acceptor molecules based on para-substituted
aromatic moieties pendent to the (E)-hexa-3-en-1,5-diyne core
(Scheme 2). Compound 6 could alternatively be synthesized
from 2 in 90% yield via a one pot-two step sequence of desilyla-
tion and Sonogashira cross-coupling with 4-iodopyridine. All of
the (E)-hexa-3-en-1,5-diyne-based compounds (1−6, E-9, 10)
were obtained isomerically pure, as determined by 1H NMR
spectroscopy. Single crystal X-ray diffraction (XRD) studies of

1, 6, E-9, and 10 served to confirm the assignment of this
compound family as the desired E isomers (see Supporting
Information (SI)). Compounds 2 and 6 incorporate
trimethylsilylethynyl32,33 and pyridyl34−36 moieties which can
function as surface binding groups so as to allow future
investigation of this class of compounds in single molecule
conductance experiments.18,21 However, attempts to react 1
with aryl iodides containing even modestly electron-donating
groups to create donor−donor systems, via a one pot-two step

Scheme 1. Synthesis of the Cross-Conjugated (E)-Hexa-3-
en-1,5-diyne Backbone

Scheme 2. Synthesis of Cross-Conjugated Bis-
Triphenylamine Compounds
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sequence of desilylation and Sonogashira cross coupling analog-
ously to that described for the synthesis of 2−6, for example,
through reactions of 1 with 4-iodotoluene, 4-iodoanisole, or
4-iodo(trimethylsilyl)benzene,37 failed.
Electrochemical Properties. The presence of the two

triarylamine fragments in 1−6 prompted investigation of the
electrochemical response of these compounds.38 In dichloro-
methane/0.1 M NBu4PF6 solution, the cyclic voltammogram of
each of 1−6 was characterized by two overlapped, unresolved
one-electron oxidation processes, giving rise to a wave with
ΔEp varying from 70 mV (indicating two almost completely
independent redox processes) for 2 to 140 mV for 1 (more
consistent with two overlapping processes), which compare
with ΔEp = 70 and 80 mV, respectively (Table 1) for the

internal decamethylferrocene standard.39 The electrochemical
processes were largely chemically reversible, and the apparent
half-wave potential of the detectable forward and reverse peak
potentials of the amine-based oxidations were modestly sensitive
to the electronic character of the remote aryl substituent
(Table 1). The nitrile substituted complex 5 exhibited the most
positive apparent E1/2 value (+260 mV vs FeCp2/[FeCp2]

+),
while 2, which features the much more weakly electron-
withdrawing CCSiMe3 substituent, gave an apparent E1/2
of +205 mV under the same conditions. The overlapping
voltammetric waves in the compounds 1−6 compare with
the ca. 140 mV separation of the two redox processes (ΔE1/2)
in the model bis(diarylamino)stilbene 16 (Chart 1).40,41 The

relationship between ΔE1/2 in E-bridge-E compounds (where
E = electrophore) and the electronic structure of the inter-
mediate, mixed-valence compound [E-bridge-E]+• has been
discussed and debated elsewhere,38,42−44 and we will return to
this point in the discussion of electronic structure below.

Structure Optimizations. In order to support the spectral
investigations and further explore the electronic structure of
these redox-active, cross-conjugated ene-diynes, DFT and time-
dependent density functional theory (TDDFT) calculations
were carried out on the neutral complexes 1 and 3 and also on
the somewhat simplified model complex [1′]+ in which the
SiiPr3 moieties were replaced by SiMe3 groups. All calculations
were carried out using the global hybrid functional BLYP35, the
def2-TZVP basis set, and a suitable dielectric continuum solvent
model (dichloromethane), see Computational Details below.
This computational protocol has been specifically developed to
properly characterize mixed-valence systems45,46 and was used
also for the neutral complexes 1 and 3 to maintain consistency.
Optimization of 1 and 3 gave structures that were in excellent

agreement with the available crystallographically determined
data (Table 2 and SI). The structures were optimized without

symmetry constraints, and the structural variations between the
chemically identical parts of each molecule are trivially small.
The most significant differences between these calculated and
crystallographically determined structures are associated with
the pitch of the aryl moieties in the propeller-like triarylamine
fragments, the crystallographic structures displaying generally
smaller pitch, presumably to better accommodate packing in
the solid state. In each case, the HOMO is essentially localized
along the bis(diarylamino)stilbene fragment, with the LUMOmore
heavily associated with the hexa-3-en-1,5-diyne moiety (Figure 1).

Optical Properties. The experimental optical spectra of
compounds 1−6 (Figure 2, Table 3) are each characterized by
one (1) or two (2−6) absorption bands below 370 nm.
TDDFT calculations allowed the assignment of the higher
energy (C Table 3, Figure 1) of these bands to the stilbene-like
π−π* transition and the lower (B Table 3, Figure 1) to the
hexa-3-en-1,5-diyne π−π* transition. In the case of 1 the hexa-
3-en-1,5-diyne π−π* is blue-shifted by ca. 50 nm, and so the
two π−π* features overlap and are indistinguishable in the experi-
mental spectrum. Each spectrum also exhibits a lower energy
band between 434 (1) and 494 (5) nm that can be attributed to
a charge-transfer (CT) transition from the bis(amino)stilbene
donor fragment to the hexa-3-en-1,5-diyne acceptor (A Table 3,
Figure 1). These assignments are consistent with the spectra of
other bis(diarylamino)stilbenes, such as 16 (Figure S8) and

Table 1. Cyclic Voltammetry Data for Compounds 1−6 in
0.1 M n-Bu4NPF6/Dichloromethane Relative to FeCp2/
[FeCp2]

+ (E1/2 = 0.00 V)39

E1/2 (mV) ΔEp (mV) Fc*ΔEp (mV) ipc/ipa
1 225 140 80 0.97
2 205 70 70 0.88
3 240 110 70 0.93
4 240 100 95 0.95
5 260 105 90 0.94
6 200 75 65 1.00

Chart 1. Model Bis(diarylamino)stilbenes

Table 2. Selected Bond Lengths (Å) from the Optimized
Geometries of 1, [1′]+, and 3 and Crystallographically
Determined Data From 1

1 (X-ray) 1 (DFT) [1′]+ (DFT) 3 (DFT)

C1−C1′ 1.365(4) 1.359 1.368
C1−C1a 1.376
C1−C2 1.440(3) 1.419 1.418 1.415
C1a-C2a 1.420
C2−C3 1.204(3) 1.208 1.208 1.204
C2a-C3a 1.208
C3−Si1 1.840(2) 1.837 1.841
C3a-Si1a 1.843
C1−C4 1.488(3) 1.484 1.471 1.482
C1a-C4a 1.469
C7−N1 1.405(3) 1.401 1.396 1.397
C7a-N1a 1.385
N1−C19 1.437(3) 1.417 1.403 1.418
N1a-C19a 1.422
N1−C26 1.428(3) 1.417 1.403 1.419
N1a-C26a 1.422
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1747,48 (Chart 1) and E-hexa-3-en-1,5-diynes49 and supported
by the results of TDDFT calculations on 1 and 3 (Table 3,
Figure S10). The lowest energy absorption band (A) displays
sensitivity to the electronic nature of the substituent and degree of
conjugation in the “acceptor” hexa-3-en-1,5-diyne π-system. Thus,
compound 1 featuring the shortest ene-diyne fragment has the
highest energy (shortest wavelength) CT transition (434 nm),

which shifts to 471−494 nm on introduction of the phenylene
moieties in 2−6. Within the series 2−6, the CT energy
decreases 2 (CCSiMe3) ≈ 4 (CF3) < 3 (CO2Me) < 6 (C
CC5H4N) < 5 (CN), broadly reflecting the electron accepting
properties of the aryl substituent.
Upon excitation, compounds 1−5 display extremely weak

fluorescence at room temperature in 2-methyl THF. However,

Figure 1. Plots of the orbitals (±0.02 (e/bohr3)1/2) of 1 (left) and 3 (right) responsible for the spectroscopically observed transitions.
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at cryogenic temperatures in the same solvent, the fluorescence
intensity increases significantly (Figure 3 and Table 3).
Irradiation of the solid materials 1−5 with a 356 nm UV lamp
also gives rise to visible emission (Figure S9). These observations
are attributed to the reduction of nonradiative decay in the low
temperature glasses and solid state which are promoted by
molecular motion in the solution state, sometimes referred to as
rigidochromism.50−52 Each of the compounds 1−5 exhibit near-
identical band shapes in their emission spectra, the spectrum of
1 also displaying an additional weak band at ca. 400 nm. All the
compounds were studied using three different excitation wave-
lengths (300, 350, and 430 nm (1); 300, 350, and 400 nm
(2−5)) in order to elucidate which states contribute to the
emission. In each case the profile and λmax of the excitation
spectrum proved to be independent of the excitation wavelength.
Moreover the good overlap between the excitation and absorp-
tion spectra confirms that only the states involved in absorption
at room temperature are responsible for the emission observed at
cryogenic temperatures and confirm that the observed emission
is indeed fluorescence. In addition, the emission spectra of 2−5
are significantly red-shifted relative to that of 1. Similarly to
the changes observed in the UV−vis spectra, this red shift of the

emission spectra also appears to be affected more by the
extension of the π-system than the electron-withdrawing effects
of the aromatic substituents. For example, the trifluoromethyl
(4) and cyano (5) groups are comparable electron-withdrawing
groups with greater electron-withdrawing properties than the
methyl ester group in 3. However, the emission profiles are red-
shifted such that the emission maxima fall in the order λem 4 <
3 < 5 (Table 3, Figure 3). Red shift of emission spectra in
molecules of this type is associated with lowering the energy of
the LUMO and possibly the introduction of low-lying (perhaps
twisted) CT states from which emission occurs.53

Spectroelectrochemistry. Compounds 1 and 3 were
investigated by IR and UV−vis−NIR spectroelectrochemical
methods in order to explore the influence of oxidation on the
physical and electronic structure of the cross-conjugated
backbone. While 1 is the most structurally simple example,
compound 3 was chosen as a representative example from
the series 2−6 as in addition to the extremely weak ν(CC)
(1, 2130 cm−1; 3, 2200 cm−1) and stronger aryl ν(CC)
(1, 1611sh, 1600; 3 1613sh, 1603 cm−1) and ν(C−H) (1,
1504 cm−1; 3, 1505 cm−1) bands, 3 offers an additional ester
reporting group that gives a distinct, well resolved ν(CO)
band at 1721 cm−1 in the IR spectrum.
IR absorption bands in three characteristic regions are shown

for both 1 and 3 (ν(CC) ∼ 2150 cm−1; ν(CC) ∼ 1600 cm−1;
ν(C−H) ∼ 1500 cm−1), with 3 also exhibiting an ester ν(CO)
band at ∼1700 cm−1 (Table 4, Figure 4). Although the com-
proportionation constants associated with the equilibria

+ ⇌+ +1 1 1[ ] 2[ ]2

+ ⇌+ +3 3 3[ ] 2[ ]2

are small and hence spectra collected by spectroelectrochemical
means will be a comproportionated mixture of the three
redox states, careful monitoring of the 1000−7000 cm−1 spectral
region allowed spectra containing the maximum equilibrium
concentration of the monocations to be obtained, as well as
the spectra of the dication following exhaustive electrolysis of

Figure 2. Absorption spectra of 1−6 in dichloromethane.

Table 3. Apparent Band Maxima for Absorption (1−6,
Dichloromethane, 20 °C) and Fluorescence Spectra (1−5,
2-Methyl THF, −196 °C, Excitation at 350 nm)

λabs (nm)

A B C λem (nm)

1a 434 297 536
2 471 354 300 579
3b 483 352 300 594
4 472 337 309 580
5 494 352 298 604
6 487 367 296 −

aTDDFT calculated transitions: A, HOMO → LUMO (24967 cm−1;
μtrans = 6.9 D); B, HOMO−2 → LUMO (32607 cm−1; μtrans = 6.2 D);
C, HOMO → LUMO+4 (34126 cm−1, μtrans = 6.7). bTDDFT
calculated transitions: A, (HOMO → LUMO, 19662 cm−1, μtrans =
6.9 D); B, (HOMO−2 → LUMO, 25682 cm−1, μtrans = 10.8 D); C,
HOMO → LUMO+2 (30900 cm−1, μtrans = 8.9 D).

Figure 3. Normalized absorption spectra of 1−5 in dichloromethane
(dashed lines) and normalized emission spectra of 1−5 in 2-methyl
THF at −196 °C under 350 nm irradiation (solid lines).
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the solution within the electroactive cell volume (Figure 4,
Figure S7). Interestingly, the effects of one-electron oxidation
were not confined to the bis(diarylamino)stilbene moiety, with
oxidation resulting in a shift of −20 to −35 cm−1 in the ν(CC)
band (most prominent in the series [3]n+) as well as general
decreases in the frequency of the aryl ring stretching ν(CC)
and aryl ν(C−H) modes, although the increase in the ν(CO)
band from 3 to [3]+ to [3]2+ spans only 3 cm−1.
The members of the redox series [1]n+ and [3]n+ display

broadly similar UV−vis−NIR absorption bands, indicating
similar underlying electronic structures (Figure 5), and the
spectra of the neutral species have been discussed above. In the
comproportionated mixtures of [1]n+ and [3]n+ obtained during
electrolysis, a low energy (NIR) band unique to the +1 state
was clearly observed ([1]+, 5685 cm−1; [3]+, 5590 cm−1), which
collapses on further exhaustive electrolysis to the dications.

Table 4. IR Data (cm−1) Obtained Spectroelectrochemically
for Compounds 1 and 3 in Dichloromethane/0.1 M
NBu4PF6 Using an OTTLE Cell54

ν(CC) ν(CO) ν(CC) ν(C−H)
1 2130 − 1611(sh) 1504

1600
1+ 2130 − 1608, 1599 1582

1505
12+ 2111 − 1601 1503

1588
3 2200 1721 1613(sh) 1505

1603
3+ 2200 1722 1604 1505

2166 1576
32+ 2166 1724 1608 1503

1581

Figure 4. IR data obtained spectroelectrochemically for compounds 1 (upper) and 3 (lower) in dichloromethane/0.1 M NBu4PF6 using an
OTTLE54 cell plotted against an arbitrary transmission scale.
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Similar NIR bands are observed in other formally mixed-valent
bis(diarylamino)stilbenes,40,41 and the observation raises the issue
of the most appropriate descriptions of the organic mixed-valence
systems [1]+ and [3]+ in terms of localized or delocalized
electronic structures.38 The parent bis(diarylamino)stilbene [16]+

has been characterized as a delocalized (Class III mixed valence)
radical cation, based on the intensity (ε 39500 M−1 cm−1) and
asymmetry (ν1̅/2[high]/ν1̅/2[low] = 1.40, where ν1̅/2[high] and
ν̅1/2[low] are twice the half-widths on the high and low energy
sides of the band) of the NIR (or charge resonance) band, and
comparison with the values derived from the Hush relationships
from a two-state model.40,41 In the case of [1]+ and [3]+ the
degree of coupling is apparently reduced by the introduction
of cross-conjugation to the bridging moiety, with the greater
symmetry of the NIR bands (ν1̅/2[high]/ν̅1/2[low]: [1]

+, 1.18;
[3]+, 1.22) more consistent with values obtained from the Class II

(valence trapped) alkyne bridged analogue [(MeOC6H4)2-
NC6H4CCC6H4N(C6H4OMe)2]

+ ([18]+) and lending weight
to a better description of the NIR absorption bands in both [1]+

and [3]+ as arising from true intervalence charge-transfer (IVCT)
transitions.40,41

To test the valence-trapped mixed valence description of
[1]+ and [3]+, the solvatochromic nature of the NIR band was
examined. To avoid complications arising from the high ionic
strength of the electrolyte solutions, solutions of 1 and 3 in
dichloromethane, acetone, and acetonitrile were titrated with
SbCl5 (as a 1 M solution in dichloromethane) to give solutions
containing the mixed-valence radical cations as the [SbCl6]

−

salts. The significant blue shift of the NIR band (Figure 6) in

Figure 5. UV−vis-NIR data obtained spectroelectrochemically for
compounds 1 (upper) and 3 (lower) in dichloromethane/0.1 M NBu4PF6
using an OTTLE54 cell.

Figure 6. NIR spectra of [1]+ (upper) and [3]+ (lower) obtained by
titration of 1 and 3, respectively, with SbCl5 (1 M in dichloromethane)
recorded in dichloromethane, acetone, and acetonitrile. The spectra
are plotted against an arbitrary absorbance scale.
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the more polar solvents ([1]+: dichloromethane 5685 cm−1;
acetone 6911 cm−1, acetonitrile 7067 cm−1, [3]+ dichloro-
methane 5590 cm−1; acetone 6609 cm−1, acetonitrile 7077 cm−1)
is consistent with the ca. 2170 cm−1 blue shift in the IVCT band
of [18]+ in dichloromethane (5760 cm−1) versus acetonitrile
(7930 cm−1).40,41 On further oxidation ([1]+ → [1]2+/[3]+ →
[3]2+) the IVCT band collapses, and the spectral features be-
tween 10000−25000 cm−1 gain intensity with those associated with
the neutral species between 25000−45000 cm−1 losing intensity.
The optimized structure of the model complex [1′]+ exhibits

a distinctly asymmetric molecular structure, which is most
obvious from the elongation of the N−C(aryl) bonds at one
nitrogen center (Table 1). Plots of the β-SOMO and β-LUMO
are given in Figure 7 and support the localized (Class II)

electronic structure inferred from the analysis of the NIR band-
shape described above. In addition a single IVCT-type transi-
tion at 6573 cm−1 (β-SOMO→β-LUMO, μtrans = 11.3 D) was
calculated for [1′]+ which compares well with the exper-
imentally observed values ([1]+, 5685 cm−1; [3]+, 5590 cm−1)
and provides additional evidence for the assignment of these
complexes as localized mixed valence systems. It therefore
appears that in contrast to the parent bis(diarylamino)stilbene
radical cation ([16]+), for which an extensively delocalized
electronic structure has been proposed on the basis of both
NIR band shape analysis and electronic structure calculation,
the introduction of the extended, cross-conjugated molecular
backbone leads to a more localized (Class II organic mixed
valence) electronic structure.

■ CONCLUSIONS
A robust synthetic approach to a compact cross-conjugated frame-
work based on an (E)-hexa-3-en-1,5-diyne skeleton has been

developed. Compounds 1, 2, and 10 can function as building
blocks for a variety of related compounds being easily func-
tionalized through common palladium-catalyzed cross coupling
methods. The electronic and spectroscopic properties of the
donor−acceptor ‘X’ shaped systems 1−6 are sensitive to
changes in the electronic nature of the substituents along the
hexa-3-en-1,5-diyne fragment. In addition the spectroelectro-
chemical investigations presented herein demonstrate that redox
state changes in the bis(amino)stilbene moiety affect the entire
cross-conjugated molecular backbone. This property could
prove particularly useful in the field of molecular electronics
as the wire-like (E)-hexa-3-en-1,5-diyne moiety could be
“switched” by oxidation or reduction of the triarylamine
moieties. Furthermore, the clear presence of three distinct
acetylene signals on oxidation of 1 and 3 (1 → 1+ → 12+ and
3 → 3+ → 32+) hints at the possibility of a three-state molecular
switch, allowing steps to be taken toward three-step logic in
molecular electronics. Investigations into the behavior of com-
pounds 2 and 6 in nanoscale electronic junctions are currently
in progress.

■ EXPERIMENTAL SECTION
General Procedures. All reactions were carried out under dry

nitrogen. Reaction workup was carried out in air with no specific precau-
tions against oxygen or moisture, unless otherwise stated. Solvents were
either distilled over sodium/benzophenone (tetrahydrofuran) or calcium
sulfate (triethylamine) and stored under dry nitrogen, or used as
received. The petroleum ether used was from the fraction boiling
between 40−60 °C. The compounds Pd(PPh3)4,

55 Pd2(dba)3
56

4-iodo(trimethylsilylethynyl)benzene,57 4-((4-iodophenyl)ethynyl)-
pyridine,58 13,25 15,59 and 1640 were synthesized according to literature
procedures. Unless otherwise indicated, all other reagents were
commercially available and used as received. NMR spectroscopy was
carried out using 700, 600, and 400 MHz instruments, and the spectra
were referenced relative to internal solvent resonances (1H and 13C)60

external CF3C6H5 (
19F δ = −63.72 ppm) or external tetramethylsilane

(29Si δ = 0.0 ppm). Assignment of the 1H and 13C NMR data was
supported by gradient selected 13C, 1H HMQC and HMBC
experiments. FT-IR spectra of solids were recorded from solutions in
dichloromethane in a calcium fluoride cell, the FT-IR spectra of oils
were recorded neat between sodium chloride discs. Fluorescence spectra
were measured in a cylindrical quartz cuvette at 77 K frozen in a glass of
2-methyl tetrahydrofuran and at ambient temperature in the same
solvent. Each sample was investigated using three different excitation
wavelengths (300, 350, and 430 nm (1); 300, 350, and 400 nm (2−5)).
Mass spectrometry was carried out employing ASAP (APCI) or ESI
ionization techniques. High-resolution mass spectrometry (HRMS)
was carried out using ESI-FTICR or ESI-TOF techniques. UV−vis
measurements were performed using solutions in dichloromethane
in a 1 mm quartz cuvette. Cyclic voltammetry was carried out with a
platinum disc working electrode, a platinum wire counter electrode, and
a platinum wire pseudoreference electrode, from solutions in dichloro-
methane containing 0.1 M NBu4PF6 as the electrolyte. Measurements
with ν = 100, 200, 400, and 800 mV·s−1 showed that the ratio of the
anodic to cathodic peak currents varied linearly as a function of the
square root of scan rate in all cases. The decamethylferrocene/
decamethylferrocinium (FeCp*2/[FeCp*2]+) couple was used as an
internal reference for potential measurements such that the couple falls
at −0.55 V relative to external FeCp2/[FeCp2]

+ at 0.00 V.61 FT-IR and
UV−vis−NIR spectroelectrochemistry was conducted with solutions
in dichloromethane containing 0.1 M NBu4PF6 as the electrolyte and
∼1 mg/mL of analyte using an OTTLE cell of Hartl54 design, and
electrolysis in the cell was performed using a computer controlled
potentiostat.

(E)-4,4′-(1,6-Bis(tri-isopropylsilyl)hexa-3-en-1,5-diynyl)bis(N,N-
bis(4-methoxyphenyl)aniline) (1). A mixture of 10 (2.14 g, 3.07
mmol), 15 (1.39 g, 7.05 mmol), Pd2(dba)3 (84.0 mg, 9.20 mmol),

Figure 7. A plot of the β-LUMO (upper) and the β-SOMO of [1′]+
(lower) (±0.02 (e/bohr3)1/2).
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2-(di-tert-butylphosphino)biphenyl (101 mg, 337 μmol), potassium
tert-butoxide (1.06 g, 11.0 mmol), and toluene (25 mL) was heated at
reflux for 15 h, allowed to cool to ambient temperature, diluted with
toluene (20 mL), and filtered. The solvent of the filtrate was removed
under reduced pressure, and the resulting brown residue was purified
by flash column chromatography (eluent: petroleum ether/ethyl acetate
(90:10 (v/v))). Concentration of the appropriate fractions (TLC
analysis) gave an orange solid which was dissolved in the minimum
volume of dichloromethane and diluted with methanol until solid began
to precipitate, sufficient dichloromethane was added to redissolve all
the solid, and the solution was cooled to −25 °C overnight affording 1,
as a bright yellow-orange crystalline solid, which was recovered by
filtration, in 60% yield (1.82 g, 1.83 mmol). 1H NMR (599.7 MHz
CDCl3): δ 1.01−1.02 (m, 42 H, Si(CH(CH3)2), 3.80 (s, 12 H, OCH3),
6.82−6.85 (m, 12 H, CC−C6H4 and C6H4OCH3), 7.05−7.07 (m,
8 H, C6H4OCH3), 7.73−7.75 (m, 4 H, CC−C6H4).

29Si{1H} NMR
(139.0 MHz, CDCl3): δ − 2.5. FT-IR (CH2Cl2): ν = 1505 (C−H),
1600 (CC), 2131 (CC). ESI-MS: m/z (%) 995 (10) [M+], 335
(100). Anal. calcd for C64H78N2O4Si2: C, 77.22; H, 7.90; N, 2.81.
Found C, 77.20; H, 7.84; N, 2.77. HRMS (ESI-FTICR) m/z: [M]+

calcd for C64H78O4N2Si2 994.54946; Found 994.55088. Signal
broadening affected the NMR characterization of 1 (see 1H NMR
spectrum in SI), and a satisfactory 13C{1H} NMR spectrum could
not be obtained. This may be due to steric congestion between the
triisopropyl silyl and triarylamine groups resulting in restricted rotation
about the C−N bond coupled with slow inversion at the nitrogen
center. A single crystal of 1 suitable for XRD studies was grown by layer
diffusion of ethanol into a solution of 1 in dichloromethane.
(E)-4,4′-(1,6-Bis(4-((trimethylsilyl)ethynyl)phenyl)hexa-3-en-1,5-

diyne-3,4-diyl)bis(N,N-bis(4-methoxyphenyl)aniline) (2). A solution
of tetrabutyl ammonium fluoride in tetrahydrofuran (1.0 M, 2.27 mL,
869 μmol of n-Bu4NF) was added to a stirred solution of 1 (393 mg,
395 μmol) in tetrahydrofuran (15 mL). The resulting mixture was
stirred for 15 min at ambient temperature and diluted with dichloro-
methane (30 mL) and water (20 mL), the organic phase was
separated, dried over magnesium sulfate, filtered, and concentrated to
yield a bright yellow solid. This solid was immediately dissolved in
a mixture of dichloromethane (20 mL) and triethylamine (10 mL),
and the mixture was sparged with nitrogen for 20 min followed by
addition of Pd(PPh3)4 (16.8 mg, 15.8 μmol), copper(I)iodide (3.00 mg,
15.8 μmol), and 4-iodo(trimethylsilylethynyl)benzene57 (261 mg,
869 μmol). This mixture was stirred at ambient temperature for 18 h
and then concentrated to dryness under reduced pressure. The residue
was purified by flash column chromatography (eluent: petroleum
ether/ethyl acetate (gradient elution, 90:10 → 80:20 → 70:30 (v/v))).
Concentration of the relevant fractions (TLC control) and recrystalli-
zation from absolute ethanol afforded 2 as a bright orange micro-
crystalline solid in 55% yield (224 mg, 218 μmol). 1H NMR (400.1
MHz CD2Cl2): δ 0.25 (s, 18 H, Si(CH3)3), 3.80 (s, 12 H, OCH3), 6.87
(δA) and 7.11 (δB) (AA′BB′ system, 3JA‑B = 9.4 Hz, 4JA‑A′, B−B′ = 2.2 Hz,
16 H, C6H4OCH3), 6.93 (δA) and 7.78 (δB) (AA′BB′ system, 3JA‑B =
8.4 Hz, 4JA‑A′, B−B′ = 1.6 Hz, 8 H, C6H4−CC), 7.26 (δA) and 7.38
(δB) (AA′BB′ system, 3JA‑B = 8.9 Hz, 4JA‑A′, B−B′ = 1.4 Hz, 8 H, C6H4−
CC). 13C{1H} NMR (100.6 MHz, CD2Cl2): δ − 0.06 (Si(CH3)3),
55.9 (OCH3), 94.0 (CC−CC), 97.0 (Si−CC), 98.1 (C6H4−
CC), 104.8 (C6H4−CC), 115.1 (C-3/C-5 C6H4OCH3), 119.1
(C-2/C-6, C6H4−CC), 123.4 (C-1 or C-4, C6H4−CC), 123.9 (C-1
or C-4, C6H4−CC), 126.9 (CC), 127.4 (C-2/C-6 C6H4OCH3),
130.3 (C-3/C-5, C6H4−CC), 130.7 (C-4, C6H4−CC), 131.5
(C−H, C6H4−CC) 132.2 (C−H, C6H4−CC), 140.9 (C-1
C6H4OCH3), 149.4 (C-1, C6H4−CC), 156.8 (C-4 C6H4OCH3).
29Si{1H} NMR (139.0 MHz, CD2Cl2): δ − 17.4. FT-IR (CH2Cl2): ν
1505 (C−H), 1602 (CC), 2149 (CC), 2158 (CC). APCI-MS:
m/z (%) 1027 (84) [M+], 214 (100). HRMS (ESI-TOF) m/z: [M + H]+

calcd for C68H63N2O4Si2 1027.4326; Found 1027.4303.
General Procedure for the Synthesis of 3−6. A solution of

tetrabutyl ammonium fluoride in tetrahydrofuran (1.0 M, 578 μL,
221 μmol of n-Bu4NF) was added to a stirred solution of 1 (100 mg,
100 μmol) in tetrahydrofuran (10 mL). The resulting mixture was
stirred for 15 min at ambient temperature and diluted with

triethylamine (5 mL), followed by addition of Pd(PPh3)4 (4.27 mg,
4.02 μmol), copper(I)iodide (1.00 mg, 5.27 μmol) an appropriate
4-iodobenzene derivative (2.2 equiv, 221 μmol), and water (100 μL).
This mixture was stirred at ambient temperature for 18 h and then
concentrated to dryness under reduced pressure. The residue was
dissolved in dichloromethane and precipitated with methanol to afford
the product, which was recovered by filtration and dried in air.

(E)-Dimethyl 4,4′-(3,4-bis(4-(bis(4-methoxyphenyl)amino)-
phenyl)hexa-3-en-1,5-diyne-1,6-diyl)dibenzoate (3). Bright red
powder 62% (59.0 mg, 62.0 μmol). 1H NMR (400.1 MHz CD2Cl2):
δ 3.80 (s, 12 H, C6H4OCH3), 3.89 (s, 6 H, COOCH3), 6.88 (δA) and
7.12 (δB) (AB system, 3JA‑B = 9.5 Hz, 16 H, C6H4OCH3), 6.93 (δA)
and 7.40 (δB) (AB system, 3JA‑B = 8.5 Hz, 8 H, C6H4−CC), 7.79
(δA) and 7.96 (δB) (AB system, 3JA‑B = 7.9 Hz, 8 H, C6H4COOCH3).
13C{1H} NMR (100.6 MHz, CD2Cl2): δ 52.5 (COOCH3), 55.9
(OCH3), 94.8 (CC−CC), 97.8 (CC−CC), 115.1 (C-3/C-5
C6H4OCH3), 119.1 (C-2/C-6, C6H4−CC), 127.3 (C-1,
C6H4COOCH3), 127.5 (C-2/C-6 C6H4OCH3), 128.3 (CC),
129.8 (C−H, C6H4COOCH3), 130.1 (C-4, C6H4COOCH3), 130.4
(C-3/C-5, C6H4−CC), 130.7 (C-4, C6H4−CC), 131.5 (C−H,
C6H4COOCH3), 140.8 (C-1 C6H4OCH3), 149.6 (C-1, C6H4−CC),
156.9 (C-4 C6H4OCH3), 166.6 (COOCH3). FT-IR (CH2Cl2): ν 1504
(C−H), 1603 (CC), 1720 (CO), 2198 (CC). APCI-MS:
m/z (%) 951 (32) [M+], 257 (100). HRMS (ESI-TOF) m/z: [M]+

calcd for C62H50N2O8 950.3567; Found 950.3549.
(E)-4,4′-(1,6-Bis(4-(trifluoromethyl)phenyl)hexa-3-en-1,5-diyne-

3,4-diyl)bis(N,N-bis(4-methoxyphenyl)aniline) (4). Bright red powder
74% (72.3 mg, 74.5 μmol). 1H NMR (400.1 MHz CD2Cl2): δ 3.80 (s,
12 H, OCH3), 6.87 (δA) and 7.12 (δB) (AA′BB′ system, 3JA‑B = 8.7 Hz,
4JA‑A′, B−B′ = 2.9 Hz, 16 H, C6H4OCH3), 6.93 (δA) and 7.79 (δB)
(AA′BB′ system, 3JA‑B = 8.4 Hz, 4JA‑A′, B−B′ = 1.9 Hz, 8 H, C6H4−C
C), 7.45 (m, 4 H, C6H4CF3), 7.57 (m, 4 H, C6H4−CC). 13C{1H}
NMR (100.6 MHz, CD2Cl2): δ 55.9 (OCH3), 94.2 (CC−CC),
97.0 (CC−CC), 115.1 (C-3/C-5 C6H4OCH3), 119.0 (C-2/C-6,
C6H4−CC), 124.4 (q, 1JC−F = 273 Hz, CF3), 125.7 (q, 3JC−F =
3.7 Hz, C-3/C-5, C6H4CF3), 127.2 (C-1, C6H4CF3), 127.5 (C-2/C-6
C6H4OCH3), 127.7 (m, C-2/C-6, C6H4CF3), 130.2 (CC), 130.3
(C-3/C-5, C6H4−CC), 131.9 (C-4, C6H4−CC), 140.8 (C-1
C6H4OCH3), 149.6 (C-1, C6H4−CC), 156.9 (C-4 C6H4OCH3), C-4
C6H4CF3 not observed. 19F NMR (376.5 MHz, CD2Cl2): δ −63.1.
FT-IR (CH2Cl2): ν 1504 (C−H), 1603 (CC), 2202 (CC).
APCI-MS: m/z (%) 971 (100) [M+]. HRMS (ESI-TOF) m/z: [M]+

calcd for C60H44F6N2O4 970.3205; Found 970.3199.
(E)-4,4′-(3,4-Bis(4-(bis(4-methoxyphenyl)amino)phenyl)hexa-3-

en-1,5-diyne-1,6-diyl)dibenzonitrile (5). Burgandy powder 83% (73.6
mg, 83.0 μmol). 1H NMR (400.1 MHz CD2Cl2): δ 3.80 (s, 12 H,
C6H4OCH3), 6.88 (δA) and 7.12 (δB) (AA′BB′ system, 3JA‑B = 8.1 Hz,
4JA‑A′, B−B′ = 2.2 Hz, 16 H, C6H4OCH3), 6.92 (δA) and 7.75 (δB)
(AA′BB′ system, 3JA‑B = 8.8 Hz, 4JA‑A′, B−B′ = 2.2 Hz, 8 H, C6H4−
CC), 7.41 (δA) and 7.60 (δB) (AA′BB′ system, 3JA‑B = 9.2 Hz,
4JA‑A′, B−B′ = 2.2 Hz, 8 H, C6H4CN). 13C{1H} NMR (100.6 MHz,
CD2Cl2): δ 55.9 (OCH3), 95.9 (CN), 97.0 (CC−CC), 100.4
(CC−CC), 112.0 (C-4, C6H4CN), 115.2 (C-3/C-5
C6H4OCH3), 119.1 (C-2/C-6, C6H4−CC), 127.4 (C-1, C6H4C
N), 127.5 (C-2/C-6 C6H4OCH3), 128.4 (C-4, C6H4−CC), 130.0
(CC), 130.3 (C-3/C-5, C6H4−CC), 132.1 (C−H, C6H4CN),
132.5 (C−H, C6H4CN), 140.6 (C-1 C6H4OCH3), 149.7 (C-1,
C6H4−CC), 156.9 (C-4 C6H4OCH3). FT-IR (CH2Cl2): ν 1505
(C−H), 1602 (CC), 2200 (CC), 2230 (CN). ESI-MS: m/z
(%) 884 (75) [M+], 279 (100). HRMS (ESI-FTICR) m/z: [M]+ calcd
for C60H44N4O4 884.33571; Found 884.33720.

(E)-4,4′-(1,6-Bis(4-(pyridin-4-ylethynyl)phenyl)hexa-3-en-1,5-
diyne-3,4-diyl)bis(N,N-bis(4-methoxyphenyl)aniline) (6). Bright red
powder 85% (88.6 mg, 85.4 μmol). 1H NMR (400.1 MHz CD2Cl2): δ
3.80 (s, 12 H, OCH3), 6.88 (δA) and 7.12 (δB) (AA′BB′ system, 3JA‑B =
8.3 Hz, 4JA‑A′, B−B′ = 2.9 Hz, 16 H, C6H4OCH3), 6.94 (δA) and 7.80
(δB) (AA′BB′ system, 3JA‑B = 8.3 Hz, 4JA‑A′, B−B′ = 1.5 Hz, 8 H, C6H4−
CC), 7.35 (δA) and 7.51 (δB) (AA′BB′ system, 3JA‑B = 8.5 Hz,
4JA‑A′, B−B′ = 1.7 Hz, 8 H, C6H4−CC), 7.39 (m, 4 H, H-3/H-5,
C5H4N), 8.60 (m, 4 H, H-2/H-6, C5H4N).

13C{1H} NMR (100.6 MHz,
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CD2Cl2): δ 55.5 (OCH3), 88.6 (CC−CC), 93.2 (C6H4−CC),
94.0 (C6H4−CC), 97.6 (C5H4N−CC), 114.7 (C-3/C-5
C6H4OCH3), 118.7 (C-2/C-6, C6H4−CC), 121.9 (C-1 or C-4,
C6H4−CC), 124.2 (C-1 or C-4, C6H4−CC), 125.4 (C-3/C-5
C5H4N), 126.6 (CC), 127.0 (C-2/C-6 C6H4OCH3), 129.9 (C-3/C-5,
C6H4−CC), 130.2 (C-4, C6H4−CC), 131.2 (C−H, C6H4−CC)
131.8 (C−H, C6H4−CC), 140.4 (C-1 C6H4OCH3), 149.0 (C-2/C-6
C5H4N), 149.9 (C-1, C6H4−CC), 156.4 (C-4 C6H4OCH3), C-4
(C5H4N) not observed. FT-IR (CH2Cl2): ν 1505 (C−H), 1600
(CC), 2198 (CC), 2220 (CC). ESI-MS: m/z (%) 1037 (12)
[M + H]+, 611 (90), 214 (100). HRMS (ESI-TOF) m/z: [M + H]+

calcd for C72H53N4O4 1037. 40613; Found 1037.40651.
Alternative Synthesis of (E)-4,4′-(1,6-bis(4-(pyridin-4-ylethynyl)-

phenyl)hexa-3-en-1,5-diyne-3,4-diyl)bis(N,N-bis(4-methoxyphenyl)-
aniline) (6). A solution of tetrabutyl ammonium fluoride in tetra-
hydrofuran (1.0 M, 588 μL, 225 μmol of n-Bu4NF) was added to a
stirred solution of 2 (100 mg, 97.0 μmol) in tetrahydrofuran (10 mL).
The resulting mixture was stirred for 15 min at ambient temperature,
and Pd(PPh3)4 (4.14 mg, 3.89 μmol), copper(I)iodide (1.00 mg,
5.25 μmol), 4-iodopyridine (44.0 mg, 97.0 μmol), and water (100 μL)
were added. This mixture was stirred at ambient temperature for 2 h
and then concentrated to dryness under reduced pressure. The residue
dissolved in dichloromethane (4 mL) and precipitated by addition of
methanol (20 mL), and the precipitate was isolated by filtration
affording 6 as a bright red powder in 90% yield (90.5 mg, 87.3 μmol).
All analytical data were identical to those given above. A single crystal
of 6 suitable for XRD studies was grown by slow evaporation of a
solution in d2-dichloromethane.
(E)-3,4-Bis(4-bromophenyl)-1,6-bis(trimethylsilyl)hexa-3-en-1,5-

diyne (E-9). Bromine (1.35 g, 8.47 mmol of Br2) was added dropwise
at 0 °C to a stirred solution of triphenylphosphine (2.32 g, 8.83 mmol)
in dichloromethane (27 mL). A solution of compound 13 (2.00 g,
7.06 mmol) and imidazole (577 mg, 8.47 mmol) in dichloromethane
(15 mL) was added to the solution of bromine triphenylphosphine
complex via cannula at 0 °C. Subsequently, the reaction mixture
was allowed to warm to ambient temperature, stirred for 3 h at this
temperature, and concentrated in vacuo. Diethyl ether (35 mL) was
added to the residue, and the flask was placed into an ultrasound bath
until a homogeneous beige precipitate in a pale yellow solution was
obtained. The precipitate was removed by filtration and discarded. The
filtrate was concentrated under reduced pressure, hexanes (35 mL)
were added to the residue, and the flask was once again placed into an
ultrasound bath until a homogeneous white precipitate in a pale yellow
solution was obtained. The precipitate was removed by filtration,
and the filtrate concentrated to yield 1-bromo-1-(4-bromophenyl)-3-
(trimethylsilyl)prop-2-yne (7) in 89% yield (2.19 g, 6.30 mmol) as a
yellow oil. 1H NMR (400.1 MHz CDCl3): δ 0.23 (s, 9 H, Si(CH3)3,
5.66 (s, 2 H, CHBr), 7.43−7.52 (m, 4 H, C6H4Br).

13C{1H} NMR
(175.9 MHz, CDCl3): δ 0.1 (Si(CH3)3), 36.3 (CHBr), 96.2 (CC-Si),
101.9 (CC−Si), 123.5 (C-1, C6H4), 129.8 (C-2/C-6, C6H4), 132.5
(C-3/C-5, C6H4), 138.4 (C-4, C6H4).
A solution of n-butyllithium in hexanes (2.17 mL, 1.6 M, 3.47 mmol of

n-BuLi) was added in a single portion to a solution of bis(trimethylsilyl)-
amine (510 mg, 3.18 mmol) in tetrahydrofuran (6 mL) at −10 °C. The
resulting mixture was stirred for 10 min at −10 °C, followed by addition
of hexamethylphosphoric triamide (HMPA, 569 mg, 3.18 mmol). This
mixture was taken up in a syringe and added dropwise by means of a
mechanical syringe pump (flow rate 75.0 μLmin−1) to a solution of 7
(1.00 g, 2.89 mmol) in tetrahydrofuran (12 mL) at −85 °C. Following
completion of the addition the mixture was stirred at −85 °C for 10 min
before being poured without warming onto a mixture of ice (20 g) and
saturated aqueous ammonium chloride solution (30 mL). The resulting
mixture was allowed to warm to ambient temperature and extracted with
diethyl ether (3 × 20 mL), the combined organic extracts were then
washed sequentially with cold (0 °C) hydrochloric acid (1 M, 40 mL),
water (20 mL), saturated aqueous sodium hydrogen carbonate solution
(20 mL), and brine (20 mL), dried over magnesium sulfate, filtered, and
concentrated under reduced pressure to afford a brown solid. This solid
was purified by column chromatography (eluent: petroleum ether) to
yield E-9 in 32% yield (243 mg, 458 μmol) as a white crystalline solid

along with a mixture of E-9 and Z-9 in a 1:5 ratio (50%, 381 mg,
718 μmol). E/Z assignments were confirmed by XRD analysis of
a crystal of the E isomer (see SI, Figure S5). 1H NMR E-isomer
(599.8 MHz CDCl3): δ 0.13 (s, 18 H, Si(CH3)3), 7.48 (δA) and 7.72
(δB) (AA′BB′ system, 3JA‑B = 8.4 Hz, 4JA‑A′, B−B′ = 1.4 Hz, 4 H, C6H4Br).
13C{1H} NMR E-isomer (150.8 MHz, CDCl3): δ 0.3 (Si(CH3)3), 104.5
(CC−CC), 106.7 (CC−CC), 122.6 (C-1, C6H4Br), 128.5
(CC), 130.9 (C-2/C-3/C-5/C-6, C6H4Br), 137.3 (C-4, C6H4Br).
29Si{1H} NMR E-isomer (139.0 MHz, CDCl3): δ −17.1. FT-IR
(CH2Cl2): ν = 1489 (C−H), 2135 (CC). EI-MS: m/z (%) 530 (15)
[M+], 73 (100). Anal. calcd for C24H26Br2Si2: C, 54.34; H, 4.94. Found
C, 54.13; H, 5.09. A single crystal of 9 suitable for XRD studies was
grown by slow evaporation of a solution in dichloromethane.

(E)-3,4-Bis(4-bromophenyl)-1,6-bis(tri-isopropylsilyl)hexa-3-en-
1,5-diyne (10). Bromine (1.04 g, 6.53 mmol of Br2) was added
dropwise at 0 °C to a stirred solution of triphenylphosphine (1.79 g,
6.81 mmol) in dichloromethane (21 mL). A solution of compound 14
(2.00 g, 5.44 mmol) and imidazole (445 mg, 6.53 mmol) in dichloro-
methane (7 mL) was added to the solution of bromine triphenyl-
phosphine complex via cannula at 0 °C. Subsequently, the reaction
mixture was allowed to warm to ambient temperature, stirred for 3 h at
this temperature, and concentrated in vacuo. Diethyl ether (20 mL)
was added to the residue, and the flask was placed into an ultrasound
bath until a homogeneous beige precipitate in a pale yellow solution
was obtained. The precipitate was removed by filtration and discarded.
The filtrate was concentrated under reduced pressure, hexanes (30 mL)
were added to the residue, and the flask was once again placed into an
ultrasound bath until a homogeneous white precipitate in a pale yellow
solution was obtained. The precipitate was removed by filtration and
the filtrate concentrated to yield 1-bromo-1-(4-bromophenyl)-3-
(tri-isopropylsilyl)prop-2-yne (8) in 98% yield (2.31 g, 5.37 mmol)
as a pale yellow oil. 1H NMR (699.7 MHz CDCl3): δ 1.09−1.11 (m, 21 H,
Si(CH(CH3)2), 5.70 (s, 2 H, CHBr), 6.00−7.51 (m, 4 H, C6H4Br).
13C{1H} NMR (175.9 MHz, CDCl3): δ 11.3 (Si(CH(CH3)2), 18.7
(Si(CH(CH3)2), 36.2 (CHBr), 93.1 (CC-Si), 103.5 (CC−Si),
123.1 (C-1, C6H4), 129.5 (C-2/C-6, C6H4), 132.1 (C-3/C-5, C6H4),
138.4 (C-4, C6H4).

29Si{1H} NMR (139.0 MHz, CDCl3): δ −1.1.
FT-IR (neat) ν = 2172 (CC).

A solution of n-butyllithium in hexanes (2.59 mL, 2.5 M, 6.47 mmol
of n-BuLi) was added in a single portion to a solution of bis-
(trimethylsilyl)amine (951 mg, 5.93 mmol) in tetrahydrofuran (11 mL)
at −10 °C. The resulting mixture was stirred for 20 min at −10 °C
followed by addition of hexamethylphosphoric triamide (HMPA,
1.06 g, 5.93 mmol), this mixture was taken up in a syringe and
added dropwise by means of a mechanical syringe pump (flow rate
70.0 μLmin−1) to a solution of 8 (2.32 g, 5.39 mmol) in tetrahydrofuran
(22 mL) at −78 °C. Following completion of the addition the mixture
was stirred at −78 °C for 10 min before being poured without warming
onto a mixture of ice (20 g) and saturated aqueous ammonium chloride
solution (30 mL). The resulting mixture was allowed to warm to
ambient temperature and was extracted with diethyl ether (4 × 20 mL).
The combined organic extracts were then washed sequentially with cold
(0 °C) hydrochloric acid (1 M, 40 mL), water (20 mL), saturated aqueous
sodium hydrogen carbonate solution (20 mL) and brine (20 mL), dried
over magnesium sulfate, filtered, and concentrated under reduced
pressure to afford a pale yellow solid. This solid was recrystallized from
boiling ethanol (abs.) to yield 10 in 56% yield as white needles. E/Z
assignments were confirmed by XRD analysis of a crystal of the E isomer
(see SI, Figure S6). 1H NMR (699.7 MHz CDCl3): δ 0.99−1.01 (m,
42 H, Si(CH(CH3)2), 7.46 (δA) and 7.75 (δB) (AA′BB′ system, 3JA‑B =
8.6 Hz, 4JA‑A′, B−B′ = 1.9 Hz, 8 H, C6H4Br).

13C{1H} NMR (175.9 MHz,
CDCl3): δ 11.4 (Si(CH(CH3)2), 18.7 (Si(CH(CH3)2), 103.9 (C
C−CC), 106.3 (CC−CC), 122.4 (C-1, C6H4Br), 128.7 (CC),
130.9 and 131.0 (C-2/C-3/C-5/C-6, C6H4Br), 137.9 (C-4, C6H4Br).
29Si{1H} NMR (139.0 MHz, CDCl3): δ − 1.7. FT-IR (Nujol) ν = 1461
(C−H), 2125 (CC). APCI-MS: m/z (%) 698 (100) [M+]. Anal.
calcd for C36H50Br2Si2: C, 61.88; H, 7.21. Found C, 61.73; H, 7.29.
HRMS (ESI-TOF) m/z: [M]+ calcd for C36H50Br2Si2 696.1818; Found
696.1811. A single crystal of 10 suitable for XRD studies was grown by
slow evaporation of a solution in dichloromethane.
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1-(4-Bromophenyl)-3-(tri-isopropylsilyl)prop-2-yn-1-ol (14). A
solution of n-butyllithium in hexanes (24.2 mL, 1.6 M, 38.6 mmol
of n-BuLi) was added in approximately 5 mL portions over a period of
5 min to a solution of 4-bromobenzaldehyde (5.50 g, 29.7 mmol) and
12 (5.96 g, 32.7 mmol) in tetrahydrofuran (50 mL) at −78 °C. The
reaction mixture was then stirred for 1 h at −78 °C, allowed to warm
to ambient temperature, and stirred for 16 h at this temperature. Sub-
sequently, a saturated aqueous solution of ammonium chloride (50 mL)
was added followed by ethyl acetate (30 mL), and the aqueous phase
was separated, extracted with ethyl acetate (2 × 30 mL), and discarded.
Washing of the combined organic extracts with brine (2 × 50 mL),
drying over magnesium sulfate, filtration, and concentration under
reduced pressure gave a pale yellow oil. This oil was purified by bulb-to-
bulb distillation under reduced pressure (6 × 10−2 mbar, 120−200 °C)
to afford 14 in 52% yield (5.75 g, 15.6 mmol) as a colorless, viscous oil.
1H NMR (599.6 MHz CDCl3): δ 1.08−1.09 (m, 21 H, Si(CH(CH3)2),
7.45 (δA) and 7.51 (δB) (AA′BB′ system, 3JA−B = 8.2 Hz, 4JA‑A′, B−B′ =
1.9 Hz, 4 H, C6H4Br).

13C{1H} NMR (150.8 MHz, CDCl3): δ 11.3
(Si(CH(CH3)2), 18.7 (Si(CH(CH3)2), 64.6 (CHOH), 88.7 (CC-Si),
106.5 (CC−Si), 122.5 (C-1, C6H4Br), 128.6 (C-2/C-6, C6H4Br),
131.8 (C-3/C-5, C6H4Br), 139.7 (C-4, C6H4Br).

29Si{1H} NMR
(139.0 MHz, CDCl3): δ − 1.7. FT-IR (neat) ν = 2170 (CC), 3328
(O−H). EI-MS: m/z (%) 368 (18) [M+], 325 (22) [M+ − CH(CH3)],
267 (100). Anal. calcd for C18H27OBrSi: C, 58.85; H, 7.41. Found C,
58.72; H, 7.28.
Computational Details. Structure optimizations as well as bonding

analyses were performed with TURBOMOLE 6.4.62 All DFT cal-
culations reported in the paper were performed with the global hybrid
functional BLYP35.45,46,63,64 This exchange−correlation functional was
constructed according to

= + Δ + +E E E E E0.65( ) 0.35XC X
LDSA

X
B88

X
exact

C
LYP

While not a thermochemically optimized functional, BLYP35 has
been shown to provide good agreement with ground- and excited-state
experimental data for organic mixed-valence systems45,46,64−66 as well
as for mixed-valence transition-metal complexes.63,67,68 Since all experi-
ments were carried out in dichloromethane (permittivity ε = 8.93),
it has been modeled by the conductor-like screening solvent model
(COSMO)69 in TURBOMOLE 6.4. For all calculations def2-TZVP
basis sets were employed.70 Spin-density isosurface plots were obtained
with the Molekel program.71

Subsequent TDDFT calculations of the lowest-energy electronic
transitions (IVCT bands) were done with the Gaussian 09 program,72

using the same functional and basis sets.70 In the Gaussian 09 calcula-
tions, solvent effects have been included by the CPCM keyword,73

which denotes the polarizable continuum model that is closest to the
COSMO model used in the optimizations. TURBOMOLE 6.4 was
also used for TDDFT calculations. However, the Gaussian 09 results
for 1 and 3 were consistently closer to experiment (differences are due
to cavity construction and, in particular, treatment of nonequilibrium
solvation in the two codes). Therefore, only these results are reported
here.
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(32) Marqueś-Gonzaĺez, S.; Yufit, D. S.; Howard, J. A. K.; Martín, S.;
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Reactions of alkynes with cis-RuCl2(dppm)2:
exploring the interplay of vinylidene, alkynyl and
η3-butenynyl complexes†

Samantha G. Eaves,a,b Dmitry S. Yufit,a Brian W. Skelton,c Jason M. Lynam*d and
Paul J. Low*b

Reactions of cis-RuCl2(dppm)2 with various terminal alkynes, of the type HCuCC6H4-4-R (1 equiv.), in

the presence of TlBF4 have resulted in the formation of cationic vinylidene complexes trans-[RuCl-

(vCvCHC6H4-4-R)(dppm)2]BF4 ([1]BF4). These complexes can be isolated, or treated in situ with a suit-

able base (Proton Sponge, 1,8-bis(dimethylamino)naphthalene) to yield the mono-alkynyl complexes

trans-RuCl(CuCC6H4-4-R)(dppm)2 (2). Through similar reactions between cis-RuCl2(dppm)2 with 2

equiv. of alkyne, TlBF4 and base, trans-bis(alkynyl) complexes, trans-Ru(CuCC6H4-4-R)2(dppm)2 (3), can

be isolated when R is an electron withdrawing substituent (R = NO2, COOMe, CuCSiMe3), whereas reac-

tions with alkynes bearing electron donating substituents (R = OMe and Me) form cationic η3-butenynyl

complexes [Ru(η3-{HC(C6H4-4-R)vCCuCC6H4-4-R})(dppm)2]+ ([4]+). This work highlights the impor-

tance of the electronic character of the alkyne in influencing product outcome.

Introduction
Ruthenium alkynyl complexes of the type trans-Ru(CuCR′)2-
(dppe)2 have begun to attract considerable interest as potential
components in the area of molecular electronics,1–6 due to the
extensive Ru(d)–CuC(π) frontier orbital mixing,7 wire-like
behaviour,1,5,8–10 and facile synthesis from cis-
RuCl2(dppe)2

11,12 or five-coordinate [RuCl(dppe)2]X (X = PF6,
OTf).13–15 The incorporation of a metal fragment within the
conjugated π-system also allows tuning of the orbital energies
to better match the electrode Fermi levels, leading to higher
conduction values across a junction.7,16–21 Several studies have
explored the influence of the nature and length of the alkynyl
fragments and surface binding groups.1,5,9,18,22–25 However,
given the importance the ancillary equatorial ligands might
play in tuning solubility, redox potentials and chemical stabi-

lity, optimisation of these supporting ligands should also be
an important consideration within the molecular design.

In seeking to explore the influence of supporting ligands
on the molecular electronic properties of trans-bis(alkynyl)
complexes of ruthenium, we have focussed attention on com-
plexes trans-Ru(CuCR′)2(dppm)2, complementing studies on
related complexes based on trans-Ru(CuCR′)2(dppe)2

3,26 and
trans-Fe(CuCR′)2(depe)2.18,22,27 Earlier reports have described
the preparation of such complexes from cis-RuCl2(dppm)2, or
the intermediate mono-alkynyl complexes trans-RuCl(CuCR′)-
(dppm)2, and terminal alkynes in the presence of NaPF6 and
various bases in reactions that take place over 12–24 hours,
although yields are often low (<30%), especially in the case of
alkynes bearing electron-donating substituents.28–30 Trimethyl-
stannylalkynes have also been used in related transformations
employing a CuI catalyst.31–33 However the difficulty in the acti-
vation of the second chloride from trans-RuCl(CuCR′)(dppm)2

has been noted.34 Furthermore, reactions of cis-RuCl2(dppm)2

with more than one equivalent of alkyl or phenyl acetylenes
and NaPF6 in methanol result in the formation of η3-butenynyl
products.35

We report here a rapid synthetic protocol for the prepa-
ration of trans-Ru(CuCC6H4-4-R)2(dppm)2 complexes from cis-
RuCl2(dppm)2 and HCuCC6H4-4-R in the presence of TlBF4

and a suitable base (1,8-bis-dimethylaminonaphthalene,
Proton Sponge) in CH2Cl2 solutions, and describe the
influence of the alkynyl substituents in directing the product
distribution between trans-bis(alkynyl) and η3-butenynyl
complexes.

†Electronic supplementary information (ESI) available: Detailed experimental
procedures and characterisation. Summary of molecular structures. Compu-
tational details, energies, atom coordinates and frequencies. CCDC
1426045–1426051. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/c5dt03844h
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Results
Syntheses

Reactions of CH2Cl2 solutions of cis-RuCl2(dppm)2 with
various terminal alkynes of the type HCuCC6H4-4-R (1 equiv.)
and TlBF4 (1 equiv.) result in the formation of vinylidene com-
plexes trans-[RuCl(vCvCHC6H4-4-R)(dppm)2]BF4 [R = NO2

([1a]BF4), COOMe ([1b]BF4), CuCSiMe3 ([1c]BF4), H ([1d]BF4),
Me ([1e]BF4) and OMe ([1f ]BF4) over 1–2 hours (Scheme 1).
The complexes can be isolated in high yields (66–83%) by
simple filtration (to remove TlCl) and precipitation (see ESI†).
Evidence for the formation of [1]+ include quintet (or multi-
plet) resonances for the vinylidene protons between δ
2.94–3.36 ppm, with a 4JPH coupling of 3 Hz in the 1H NMR
spectra. In the 13C{1H} NMR spectra, low field resonances for
the RuvC carbon nuclei (δ 352.5–362.6 ppm) (Table 1), dis-
playing coupling to the four cis-phosphines, and singlet reso-
nances for the RuvCvC carbon nuclei (δ 109.4–111.1 ppm)
confirm the presence of the vinylidene ligand. In the
IR spectra, the observation of ν(RuvCvC) bands
(1605–1653 cm−1) further support the presence of a vinylidene
ligand.

These vinylidene complexes serve as convenient intermedi-
ates in the preparation of the analogous acetylide complexes in
the usual fashion. Following formation of [1]BF4 in situ and fil-
tration to remove the precipitated Tl(I) salts, addition of 1,8-
bis(dimethylamino)naphthalene immediately yields the mono-
alkynyl complexes trans-RuCl(CuCC6H4-4-R)(dppm)2 (2) in
high yields (74–92%; R = NO2 (2a), COOMe (2b), CuCSiMe3

(2c), H (2d), Me (2e) and OMe (2f )) (Scheme 1). Due to the
strongly π-accepting nature of the vinylidene ligand, abstrac-
tion of the trans-chloride from [1]+ (the preliminary step in
forming bis(alkynyl) complexes, vide infra) is slow, allowing
selective formation of the mono-vinylidene and subsequent
mono-acetylide products. However, failure to control the

1 : 1 : 1 cis-RuCl2(dppm)2 : TlBF4 : alkyne stoichiometry, or
failure to allow complete formation of the mono-vinylidene
before addition of the base, results in contamination of the
product by the trans-bis(alkynyl) complex trans-Ru(CuCC6H4-
4-R)2(dppm)2, which is difficult to separate.

In the 13C{1H} NMR spectra of 2, quintet (or multiplet res-
onances) for the Ru–C carbon nuclei (δ 118.2–147.6 ppm)
(Table 1) and singlet resonances for the Ru–CuC carbon
nuclei (δ 111.9–117.0 ppm) confirm the presence of the alkynyl
ligand. In the IR spectra, ν(RuCuC) bands were observed
between 2058–2083 cm−1. Finally, the structures of 2b–f have
been determined by single crystal X-ray diffraction studies, the
structure of 2a having been previously reported,36 which
confirm the structural assignments.

One-pot reactions of cis-RuCl2(dppm)2 with TlBF4 (2 equiv.),
HCuCC6H4-4-R (2.2 equiv.; R = NO2 (3a), COOMe (3b) and
CuCSiMe3 (3c)) and 1,8-bis(dimethylamino)naphthalene
(excess) in CH2Cl2 solutions allowed the isolation of trans-bis-
(alkynyl) complexes trans-Ru(CuCC6H4-4-R)2(dppm)2 (3) in
moderate to good yields (48–80%) and after prolonged reaction
times (16 hours – 3.5 days) (Scheme 2). For complexes 3a–c, in
the 13C{1H} NMR spectra multiplet resonances for the Ru–C
carbon nuclei (δ 136.7–150.1 ppm) and singlet resonances for
the Ru–CuC carbon nuclei (δ 116.2–119.0 ppm) together with
ν(RuCuC) bands between 2053–2062 cm−1 in the IR spectra
confirm the presence of the alkynyl ligands. The structure of
3b has been determined by single crystal X-ray diffraction, the
structure of 3a having been previously reported.37

However, in contrast to the reactions yielding 3a–c, analo-
gous one-pot reactions of cis-RuCl2(dppm)2 with more elec-
tron-rich alkynes HCuCC6H4-4-R (2.2 equiv.) gave cationic η3-
butenynyl complexes [Ru(η3-{HC(C6H4-4-R)vCCuCC6H4-4-R})-
(dppm)2]BF4 ([4]BF4) (R = Me [4e]+, OMe [4f ]+) (Scheme 2).35

Evidence for the formation of [4]+ includes the observation
of four ddd resonances in the 31P{1H} NMR spectra, showing a
large 2JPP coupling constant (318 Hz, [4e]+; 322 Hz, [4f ]+) from
the four inequivalent phosphorus atoms, two of which are in a
mutually trans disposition. In the 1H NMR spectra singlet res-
onances for the methyl protons were observed at δ 2.34, [4e]+

and δ 3.81 ppm [4f ]+ and doublet resonances for the vinyl
protons were observed at δ 5.55, [4e]+ and δ 5.53 ppm, [4f ]+,

Scheme 1 Formation of vinylidene ([1]BF4) and mono-alkynyl (2)
Ru(dppm)2 complexes, where (i) TlBF4 (1 equiv.), HCuCC6H4-4-R (1
equiv.); (ii) TlBF4 (1 equiv.), HCuCC6H4-4-R (1 equiv.), 1,8-bis(dimethyl-
amino)naphthalene (excess), in CH2Cl2 solutions.

Table 1 Selected 13C{1H} NMR spectroscopy data (ppm) for vinylidene
([1]+) (CD2Cl2) and mono-alkynyl (2) complexes (CDCl3)

[1]+ 2

Complex R Cα/ppm 2JCP/Hz Cα/ppm 2JCP/Hz

a NO2 352.5 14 147.6 16
b COOMe 355.4 14 144.8 a
c CuCSiMe3 356.0 a 130.8 15
d H 358.2 13 123.0 15
e Me 359.5 15 120.4 15
f OMe 362.5 a 118.2 15

a multiplet, coupling unresolved.
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with a 4JPH coupling of 5 Hz. The coordination of the alkyne
group to the metal centre was confirmed by doublet reson-
ances at δ 108.7, [4e]+ and δ 108.5 ppm, [4f ]+, in the 13C{1H}
NMR spectra for C1 (for atom labelling see Fig. 3) with a 2JCP

coupling of 22 Hz. Furthermore, the structure of [4e]+ (Fig. 3)
has been determined by a single crystal X-ray diffraction study.

X-ray crystallography

Single crystal structure determinations have been made for
2b–f, 3b and [4e]+, with important bond lengths and angles
summarised in Tables 2 and 3, together with those of 2a 36

and 3a 37 for comparison and completeness. Crystal data and
plots of each of these molecules are given in the ESI,† and the
atom labelling scheme is summarised in Fig. 1.

The P–Ru–P bond angles between cis-phosphines (ca. 70°)
and those between trans-phosphines (ca. 178°) and Cl/C–Ru–
Cu angles (173.83–180°), indicate the octahedral geometry
about the ruthenium centre, which is in agreement with
similar structures (2a and 3a) reported earlier.36,37 The bond

angles along the 5-atom Cl–Ru–C1uC2–C3– and –C1′–Ru–
C1uC2–C3– chains are close to 180° with slight deviations that
can be attributed to molecular packing and steric effects.

The alkynyl ligand is a notoriously insensitive structural
probe of electronic character, with only a small contribution
from π-backbonding to the bonding in these ligands.38 Fur-
thermore, even this small contribution is sensitive to the
orientation adopted by the phenylene ring system relative to
the metal fragment which determines the effectiveness of
ligand (π/π*)/metal (d) orbital overlaps.1 The angle θ (Fig. 2)
provides a convenient proxy measure for the alignment of the
aryl π-system with the metal d-orbitals on geometric grounds.
Angles close to 0° or 90° give rise to the most effective overlaps
and hence greatest correlation of structural and electronic

Fig. 1 The atom labelling scheme used in Tables 1 and 2.

Table 2 Selected bond distances (Å) and torsion angles (θ/°) for: trans-RuCl(CuCC6H4-4-COOMe)(dppm)2 (2b); trans-RuCl(CuCC6H4-4-
CuCSiMe3)(dppm)2 (2c); trans-RuCl(CuCC6H5)(dppm)2 (2d); trans-RuCl(CuCC6H4-4-Me)(dppm)2 (2e); trans-RuCl(CuCC6H4-4-OMe)(dppm)2 (2f )
and trans-Ru(CuCC6H4-4-COOMe)2(dppm)2 (3b) (this work) with trans-RuCl(CuCC6H4-4-NO2)(dppm)2 (2a)36 and trans-Ru(CuCC6H4-4-
NO2)2(dppm)2 (3a)37 for reference

Ru–C1 C1uC2 C2–C3 Ru–Cl Ru–P1–4 θ

2a 36 1.998(7) 1.190(8) 1.428(8) 2.483(2) 2.332(2), 2.379(2), 2.332(2), 2.358(2) 84.1
2b 2.019(3) 1.181(4) 1.464(4) 2.4862(7) 2.3427(7), 2.3692(7), 2.3247(7), 2.3678(6) 92.5
2c 2.010(3) 1.187(4) 1.432(4) 2.4629(8) 2.3404(7), 2.3138(8), 2.3302(7), 2.3593(8) 9.1
2d 2.004(1) 1.201(3) 1.436(3) 2.4511(4) 2.3445(5), 2.3454(5), 2. 32055), 2.3557(5) 25.3
2e 1.999(4) 1.221(5) 1.427(5) 2.4938(9) 2.3487(8), 2.3358(8), 2.3312(8), 2.3744(8) 82.3
2f 2.014(9) 1.15(1) 1.45(1) 2.558(2) 2.338(2), 2.315(2), 2.348(2), 2.347(2) 2.7
3a 37 2.051(3) 1.207(4) 1.427(5) — 2.344(1), 2.344(1), 2.3341(9), 2.3341(9) 13.8
3b 2.085(6) 1.150(7) 1.457(8) — 2.331(2), 2.360(1), 2.331(1), 2.360(1) 80.3

Table 3 Selected bond angles (°) for: trans-RuCl(CuCC6H4-4-
COOMe)(dppm)2 (2b); trans-RuCl(CuCC6H4-4-CuCSiMe3)(dppm)2 (2c);
trans-RuCl(CuCC6H5)(dppm)2 (2d); trans-RuCl(CuCC6H4-4-Me)-
(dppm)2 (2e); trans-RuCl(CuCC6H4-4-OMe)(dppm)2 (2f ) and trans-
Ru(CuCC6H4-4-COOMe)2(dppm)2 (3b) (this work) with trans-RuCl-
(CuCC6H4-4-NO2)(dppm)2 (2a)36 and trans-Ru(CuCC6H4-4-
NO2)2(dppm)2 (3a)37 for reference

Cl–Ru–C1 Ru–C1–C2 C1–C2–C3 P1–Ru–P4 P2–Ru–P3

2a 36 177.7(2) 176.8(5) 168.4(7) 177.90(6) 177.15(6)
2b 175.30(7) 175.5(2) 172.9(3) 178.03(2) 177.72(2)
2c 173.83(9) 173.9(3) 177.7(4) 177.09(3) 176.31(3)
2d 177.91(5) 177.41(17) 175.2(2) 174.35(2) 178.89(2)
2e 173.9(1) 175.5(3) 172.5(4) 177.02(3) 177.31(3)
2f 174.7(2) 177.8(8) 169.1(1) 179.05(9) 179.88(1)
3a 37 180a 178.3(3) 173.9(4) 180 180
3b 180a 177.7(5) 172.0(6) 180 180

a For Cl read C(X).
Scheme 2 Formation of trans-bis(alkynyl), 3, and η3-butenynyl [4]+

Ru(dppm)2 complexes, where (i) TlBF4 (2 equiv.), HCuCC6H4-4-R (2.2
equiv.) and 1,8-bis(dimethylamino)naphthalene (excess) in CH2Cl2
solution.
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properties.1 The Ru–Cl distance also provides an alternative
geometric measure for the electronic properties of the ligands
in these systems (Table 2). In complexes 2a and 2b bearing
electron-withdrawing R groups, the Ru–Cl distances cluster at
the shorter end of the range, whilst those from 2e and 2f
bearing the more electron-rich tolyl and anisole rings are sig-
nificantly longer. These complexes adopt conformations in the
solid state with θ angles close to the idealised values. However,
less clear trends in Ru–Cl bond lengths with nature of the aryl
substituent are observed for 2c (θ = 10°) and 2d (θ = 25°). Simi-
larly, 2e and 2f have, on average, shorter Ru–P bond lengths
than 2a and 2b (by ca. 0.01 Å) consistent with increased Ru–P
back-bonding arising from increased σ-donation to the metal
from the alkynyl fragments.

A plot of the cation [4e]+ is shown in Fig. 3. The chelating
dppm ligands adopt mutually cis-positions, with the η3-buteny-
nyl ligand, exhibiting E-stereochemistry, occupying the remain-
ing two coordination sites in the equatorial plane around the
approximately octahedral cationic Ru centre. The C(1)–C(2)
(1.259(5) Å) and C(3)–C(4) (1.343(5) Å) bond lengths are con-
sistent with the butenynyl description, whilst the C(2)–C(3)
(1.367(5) Å) might imply a contribution from other resonance

forms.35 The Ru–C distances fall in the range 2.136–2.387 Å.
Structures of this type have been documented
elsewhere,35,39–41 and merit little further comment here.

Electrochemistry

The electrochemical responses of complexes 1–3 were exam-
ined by cyclic voltammetry (CV) in 0.1 M tetra-butylammonium
hexafluorophosphate ([NnBu4]PF6) CH2Cl2 solutions, and
quoted against ferrocene using an internal decamethyl-
ferrocene/decamethylferrocenium reference (FeCp*2/[FeCp*2]+

= −0.48 V vs. FeCp2/[FeCp2]+) (Table 4).42 In all cases, the first
oxidation processes displayed quasi-reversible electrochemical
behaviour at the electrode interface, with |Epc − Epa| being
close to that of the internal standard at slow scan rates, but
increasing with increasing scan rate. At room temperature
there was evidence of EC (electrochemical-chemical) behav-
iour, with ipa > ipc, but with improvement to the chemical
reversibility evident at reduced temperatures (−40 °C), where
current ratios approach unity.

The vinylidene complexes ([1a–f ]BF4) all display two oxi-
dation events (the first quasi-reversible, the second irrevers-
ible; except [1f ]BF4 where both are quasi-reversible) and a
single irreversible reduction event. The trends in E1/2(1), which
span some 0.35 V, follow the electronic properties of the
alkynyl ligand, leading to assignment of these oxidation events
largely to oxidation of the phenylene fragment. In turn, E1/2(2)
is, with the exception of [1f ]BF4, less sensitive to the nature of
the R group, and is therefore broadly assigned as a metal
centred [RuII]/[RuIII] oxidation. In the case of [1f ]BF4, the com-
bination of the very strongly electron-donating OMe group and
Ru-(dppm)2 fragment may lead to greater stabilisation of the
second, possibly ligand centred, oxidation product. The
reduction E1/2(red) is attributed to reduction of the vinylidene
ligand (population of the singlet carbene-like C(p) orbital at
Cα). For [1a]BF4, R = NO2, the vinylidene ligand reduction over-
laps the reduction of the terminal NO2 group, indicated by the
higher peak current.

Fig. 2 Representation of angle θ in trans-RuCl(CuCC6H4-4-R)(dppm)2
(2) and trans-Ru(CuCC6H4-4-R)2(dppm)2 (3) complexes.

Fig. 3 A plot of the cation [4e]+ with solvent of crystallisation (0.5 ×
C3H6O), counter ion ([BF4]−) and selected hydrogen atoms removed for
clarity. Selected bond lengths/Å: C(1)–C(2) 1.259(5) Å; C(2)–C(3) 1.367(5)
Å; C(3)–C(4) 1.343(5) Å; P(1)–Ru(1) 2.3723(10) Å; P(2)–Ru(1) 2.3497(9) Å;
P(3)–Ru(1) 2.3128(8) Å; P(4)–Ru(1) 2.3685(9) Å; Ru(1)–C(1) 2.387(3) Å;
Ru(1)–C(2) 2.208(3) Å; Ru(1)–C(3) 2.136(4) Å and selected bond angles/°:
C(1)–C(2)–C(3) 150.9(4); C(2)–C(3)–C(4) 135.7(4); P(1)–Ru(1)–P(3)
94.70(3); P(2)–Ru(1)–P(4) 167.75(3).

Table 4 Selected electrochemical data (V) of vinylidene ([1]BF4), mono-
alkynyl (2) and trans-bis(alkynyl)(3) Ru(dppm)2 complexes

E1/2(1) E1/2(2) E1/2(red) ΔE1-2 ΔEox-red

[1a]BF4 1.07 1.35 −1.79 0.28 2.44
−1.37

[1b]BF4 1.04 1.33 −1.13 0.29 2.17
[1c]BF4 0.91 1.28 −1.09 0.37 2.19
[1d]BF4 0.92 1.26 −1.04 0.34 1.96
[1e]BF4 0.84 1.27 −1.09 0.43 1.93
[1f]BF4 0.72 1.02 −1.17 0.30 1.89
2a 0.23 1.19 −1.76 — 1.97
2b 0.13 1.18 — 1.05 —
2c 0.06 1.07 — 1.00 —
2d 0.03 1.08 — 1.06 —
2e 0.00 1.03 — 1.03 —
2f −0.08 0.79 — 0.87 —
3a 0.24 0.94 −1.69 0.70 1.93
3b 0.13 0.96 — 0.83 —
3c 0.06 1.06 — 1.00 —
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The mono-(2) and bis-(3) alkynyl complexes all display two
oxidation events (the first quasi-reversible, the second irrevers-
ible; except 2f where both oxidations are quasi-reversible)
(Fig. 4 and ESI†). For 2a reduction of the nitro group is also
observed. In the case of 3a the two nitro aromatic reductions
are overlapped, evinced by the large apparent ΔEp (190 mV). In
keeping with the usual observations of the electrochemical
response of ruthenium(II) alkynyl complexes, the first oxi-
dation potential E1/2(1) tracks the electronic properties of the
alkynyl ligand, and likely arises from depopulation of an
orbital with considerable ligand character. The second oxi-
dation likely has more metal character.

Discussion
The formation, isolation and characterisation of the vinylidene
complexes [1]BF4 and mono-alkynyl complexes 2 allowed the
sequence of events leading to the formation of trans-bis-
(alkynyl) complexes 3 vs. the η3-butenynyl complexes [4]BF4 to
be followed by in situ 31P{1H} NMR spectroscopy. From a
mixture of cis-RuCl2(dppm)2 TlBF4, HCuCC6H4-4-R and 1,8-
bis(dimethylamino)naphthalene in CH2Cl2 solutions, the
mono-alkynyl complexes 2 (s, ca. δ −7.0 ppm) begin to form
within 5 minutes. As the reaction proceeds, the complexes 2
react further to give the trans-bis(alkynyl) complexes 3 (s, ca. δ
−4.0 ppm). For cases when the R substituent is electron with-
drawing (Fig. 5), 3 were ultimately formed without any appreci-
able by-products. However, when the R substituent is electron
donating (Fig. 6), before complete conversion of 2 to 3, the η3-
butenynyl complex [4]+ is observed with four new 31P{1H} NMR
resonances in a characteristic ABMX coupling pattern.35 As the
reaction proceeds, the product distribution shifts to give the
η3-butenynyl species cleanly without any appreciable by-pro-
ducts, implying the intermediacy of 3 in the formation of [4]+.

In the cases where R is an electron donating group,
attempts were made to purify the reaction mixture at inter-

mediate times and isolate the spectroscopically observed inter-
mediate trans-bis(alkynyl) complexes. These attempts were
unsuccessful, yielding only the η3-butenynyl complex, [4]+

suggesting that the trans-bis(alkynyl) complexes undergo
further reaction on work-up. Notably upon extending the reac-
tion time leading to the formation of 3b to 48 hours, minor
amounts of the corresponding η3-butenynyl complex was also
observed in solution. Though the formation of complexes of
the general type 2,28–31,36,43–47 3 19,31,37,48–50 and [4]+ 51–55 is not
uncommon, the role of the incoming alkyne in the transform-
ations to these complexes has not been explored in detail.56

A mechanism for the formation of η3-butenynyl complexes
from [1d]+ in methanol has recently been proposed, based on
spectroscopic evidence for the intermediates A and B
(Scheme 3).35 In the case of reactions reported here, no spectro-
scopic evidence for either A or B could be obtained (Fig. 5

Fig. 4 Cyclic voltammograms of representative trans-RuCl(CuCC6H4-
4-R)(dppm)2 (2) complexes, where R = NO2 (2a), H (2d) and OMe (2f ). A
complete Fig. showing the varying first oxidation potentials of 2a–f has
been included in the ESI.†

Fig. 5 In situ 31P{1H} NMR solution spectroscopy monitoring of cis-
RuCl2(dppm)2, TlBF4 (2 equiv.), HCuCC6H4-4-COOMe (2.2 equiv.), 1,8-
bis-dimethylaminonapthalene (excess), CH2Cl2: (i) 5 min; (ii) 20 min; (iii)
1 h; (iv) 3 h; (v) 7 h; (vi) 30 h.

Fig. 6 In situ 31P{1H} NMR solution spectroscopy of cis-RuCl2(dppm)2,
TlBF4 (2 equiv.), HCuCC6H4-4-Me (2.2 equiv.), 1,8-bis-dimethyl-
aminonapthalene (excess), CH2Cl2: (i) 5 min; (ii) 75 min; (iii) 2 h; (iv) 3 h;
(v) 24 h; (vi) 48 h.
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and 6). Rather deprotonation of the vinylidene complexes [1]+

affords alkynyls 2 and subsequent reaction with the efficient
halide abstracting agent TlBF4 presumably forms the five co-
ordinate species [E]+, which in the presence of a terminal
alkyne and excess 1,8-bis(dimethylamino)naphthalene gives 3,
likely via the intermediate alkynyl-vinylidene species [F]+

(Scheme 4).
From 3, it is possible to envision two alternate routes to [4]+

(Scheme 4), either via the reverse reaction to give [F]+ and iso-
merisation to the key cis-alkynyl vinylidene [D]+ or through
initial isomerisation to the cis-bis(alkynyl) complex C prior to
protonation to give [D]+. The route 3 → [F]+ → [D]+ → [4]+ is
similar to that proposed by Rappert and Yamamoto to account
for the formation of butenynyl complexes from trans-Ru-
(CuCC6H5)2(PMe3)4,57 whilst the formation of η3-butenynyl
complexes from C (Scheme 3, 4) is similar to the formation of
butenynyl complexes from cis-Ru(CuCC6H5)2{P-
(CH2CH2PPh2)3} with weak acids (NH4

+, pKa = 9; EtOH, pKa 18;
cf. pKa 1-dimethylamino-8-dimethylaminium-naphthalene
12.1 58 (water); −18.62 59 (NCMe)) observed by Bianchini and
colleagues.60

Scheme 3 Proposed mechanism for the reaction of cis-RuCl2(dppm)2,
NaPF6, HCuCC6H5 and base, where: (i) + HCuCC6H5; (ii) –
HCuCC6H5; (iii) – H+; (iv) + H+; (v) – HCl; (vi) + HCl; (vii) – Cl and R’ =
C6H5.

Scheme 4 Proposed mechanism for the reaction of cis-RuCl2(dppm)2,
TlBF4, HCuCC6H4-4-R and base, where: (i) + HCuCC6H4-4-R; (ii) –
HCuCC6H4-4-R; (iii) – H; (iv) + H (v) – Cl; (vi) + Cl; (vii) + pyridine; (viii)
– pyridine and R’ = C6H4-4-R. (a R = NO2, d R = H, f R = OMe) DFT-cal-
culated free energies at 298.15 K are shown in italics. * geometry optimi-
sation resulted in [4a]+.
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In order to gain further insight into these different mechan-
istic possibilities and also to rationalise the observed substitu-
ent effects, the potential energy surface for the formation of
[4]+ was examined using DFT methods at the PBE0-D3/def2-
TZVPP//BP86/SV(P) level with solvation corrections applied in
CH2Cl2. All energies are Gibbs energies at 298.15 K. Alkynyl
ligands with three different substituents (–C6H4–4-NO2, a;
–C6H5, d and –C6H4–4-OMe, f ) were examined and in each
case, the alkynyl–vinylidene complex [D]+ was taken as the
reference point.

The calculations indicate that in the case of the bis(alkynyl)
and alkynyl–vinylidene complexes, the trans-isomers (3 and
[F]+) are more thermodynamically favourable than the corres-
ponding cis-arrangement of ligands (C and [D]+), although the
differences are relatively small (ca. 10 kJ mol−1). The isomerisa-
tion of [F]+ to [D]+, and 3 to C was not modelled, but is
thought to proceed through a five-coordinate intermediate
with a κ1-bound dppm ligand.35 In order to assess the differ-
ences in acidity of the vinylidene ligands, deprotonation of the
cationic complexes [D]+ and [F]+ by pyridine (to give a pyridi-
nium cation and complexes C and 3 respectively) was modelled
(for details of deprotonation by other bases, see ESI†). The
data indicate that in all cases except 3a, deprotonation of the
vinylidene ligand in [F]+ by pyridine is thermodynamically
unfavourable. There is a pronounced substituent effect with
the greatest difference in energy between the (less favourable)
trans-bis(alkynyl) complexes 3 and the alkynyl–vinylidene
species [F]+ arising when two OMe substituents are present (f ).
The energy difference is much smaller in the NO2-containing
case (a). This trend may simply represent the increased basicity
of the alkynyl ligands in the presence of the OMe group.

The formation of the η3-butenynyl ligand from intermediate
[D]+ proceeds through a low energy transition state, TS[D]+–[4′]+

(Scheme 4). There is a small substituent effect in this case
with the barrier to C–C bond formation in the transition state
being lowest in the case of the OMe-substituted complex f (ΔG
= +12 kJ mol−1) and greatest in the case of the NO2-derviative a
(ΔG = +23 kJ mol−1). This is consistent with the relative nucleo-
philicity of the alkynyl ligands coupling with the electrophilic
metal-bound carbon of the vinylidene. However, given that the
barriers are very small, the calculations predict that the C–C
bond formation step from [D]+ will be extremely rapid at
298 K, regardless of the substituent employed. The observed
experimental substituent effect, where the presence of elec-
tron-donating groups favours the formation of the butenynyl-
containing complexes, may be more readily explained on the
basis of the protonation states of the complexes. The presence
of the more basic (OMe-containing) alkynyl ligand will
increase the proportion of butenynyl–vinylidene complexes
[F]+ and [D]+ thus promoting the formation of [4]+, whereas in
the case of the NO2-containing species, the proportion of these
species will be lower, hence a much slower formation of the
butenynyl complex.

One additional aspect of the calculation is that a dynamic
reaction coordinate (DRC) analysis of TS[D]+–[4′]+ (and also the
corresponding Z-isomer) reveals that the transition state does

not directly connect [D]+ to [4]+ but to an isomeric complex,
[4′]+ in which the butenynyl ligand is bound in an η1-fashion.
At all levels of theory employed [4′]+ is lower in energy than [4]+

for the hydrogen- and methoxy-substituted complexes, by 9
and 8 kJ mol−1 respectively. Geometry optimisation of the
corresponding NO2-substituted species resulted in generation
of [4a]+. Although the energy differences here are small and so
care should be taken in interpreting these data, the calcu-
lations would indicate that [4]+ and [4′]+ should both be in
equilibrium in solution. This is consistent with the fact that
the alkyne functionality in butenynyl ligands is labile and may
be readily replaced by donor ligands such as CO.39

The calculations also explain the stereochemical outcome
of the reaction as the E-substituted butenynyl ligand is
obtained. As shown in Scheme 5, the calculations indicate that
the intermediates and transition states which lead to the
alternative Z-isomer [4d-Z]+ ([Dd-Z]+ and TS[Dd-Z]+−[4d-Z]+) are
only slightly higher in energy than the corresponding species
which lead to the experimentally observed E-isomer (by 9 and
6 kJ mol−1 respectively) (Scheme 5). However, the Z-isomer of
complex [4d]+, [4d-Z]+ is at far higher energy than the E-isomer
(−47 kJmol−1 compared to −94 kJ mol−1) as is [4′d-Z]+ (−62
kJ mol−1, versus −103 kJ mol−1 for [4d]+). This implies that the
reverse reaction from [4′d-Z]+ to [Dd-Z]+ has a barrier of 84
kJ mol−1 and may be reversible at 298 K, implying that the
reaction is under thermodynamic control.

Conclusions
In summary, TlBF4 has been shown to be a reliable and
efficient halide abstracting agent in the transformation of cis-
RuCl2(dppm)2 into vinylidene and alkynyl complexes.

Scheme 5 Proposed mechanism for the formation of the Z-isomer of
the butenynyl complex [4d-Z]+. DFT-calculated free energies at
298.15 K are shown in italics.
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Although trans-bis(alkynyl) complexes, trans-Ru(CuCC6H4-4-
R)2(dppm)2, can be obtained from terminal alkynes
HCuCC6H4-4-R containing electron withdrawing R substitu-
ents, terminal alkynes containing electron donating R substi-
tuents promote further reaction to give cationic η3-butenynyl
complexes [Ru(η3-{HC(C6H4-4-R)vCCuCC6H4-4-R})(dppm)2]-
BF4. Although electron donating R substituents increase the
nucleophilicity at C1 in the incoming alkyne, HC1uC2C6H4-4-
R, which increases the nucleophilicity and electrophilicity of
the alkynyl and vinylidene Cα carbons (respectively) in the
intermediate alkynyl-vinylidene complexes, it appears that it is
the control of the protonation state by raising the energy of the
bis(alkynyl) complex which promotes the formation of the η3-
butenynyl complexes.
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ABSTRACT: A series of three charge-neutral Ir(III) com-
plexes bearing both neutral chelating ligands 4,4′-di-t-butyl-
2,2′-bipyridine (dtbbpy) and monoanionic cyclometalated
ligands derived from 2-phenylpyridine (ppyH), together with
either two monoanionic ligands (i.e., chloride and mono-
dentate pyrazolate) or a single dianionic chelate derived from
5,5′-di(trifluoromethyl)-3,3′-bipyrazole (bipzH2) or 5,5′-(1-
methylethylidene)-bis-(3-trifluoromethyl-1H-pyrazole)
(mepzH2), was successfully synthesized. These complexes are
derived from a common, structurally characterized, Ir(III)
intermediate complex [Ir(dtbbpy) (ppy)Cl2] (1), from treat-
ment of IrCl3·3H2O with equal amount of the diimine (N^N)
and precursor of the cyclometalated (C^N) ligands in a form of
one-pot reaction. Treatment of 1 with various functional pyrazoles afforded [Ir(dtbbpy) (ppy) (pz)Cl] (2), [Ir(dtbbpy) (ppy)
(bipz)] (3), and [Ir(dtbbpy) (ppy) (mepz)] (4), which display intense room-temperature emission with λmax spanning the region
between 532 and 593 nm in both fluid and solid states. The Ir(III) complexes, 3 and 4, showcase rare examples of three
distinctive chelates (i.e., neutral, anionic, and dianionic) assembled around the central Ir(III) cation. Hybrid density functional
theory (DFT; B3LYP) electronic structure calculations on 1−4 reveal the lowest unoccupied molecular orbital to be π*(bpy) in
character for all complexes and highest occupied molecular orbital (HOMO) offering d(Ir)−π(phenyl) character for 1, 2, and 4
and π(bipz) character for 3. The different HOMO composition of 3 and 4 is also predicted by calculations using pure DFT
(BLYP) and wave function (MP2) methods. On the basis of time-dependent DFT calculations, the emissive processes are
dominated by the phenyl group-to-bipyridine, ligand(ppy)-to-ligand(bpy) charge transfer admixed with metal-to-ligand transition for
all Ir(III) complexes. Organic light emitting diodes were successfully fabricated. A double emitting layer design was adopted in
the device architecture using Ir(III) metal complexes 3 and 4, attaining peak external quantum efficiencies, luminance efficiencies,
and power efficiencies of 18.1% (59.0 cd/A and 38.6 lm/W) and 16.6% (53.3 cd/A and 33.5 lm/W), respectively.

■ INTRODUCTION
In the last three decades, a large number of third-row transition-
metal complexes showing strong photoluminescence in both
fluid and solid states have been extensively investigated, with
studies of their basic photophysical properties leading to possible
use of such complexes in the fabrication of optoelectronic
devices, especially organic light-emitting diodes (OLEDs).1−9

The chelating ligands are known to control both intermolecular
interactions through steric constraints and electrical character-
istics. Hence, both variation of the metal−ligand bond strength
through choice of donor atoms of the (often chelating) auxiliary
ligands and addition of dendritic functional appendages have

proved highly valuable as part of the complex design strategy.10,11

In addition to improved luminescent efficiency, the appropriate
choice of ligand can also permit tuning of the emission color, as
well as improving various physical and chemical properties, such
as thermal and photo stability and solubility, which are important
for device fabrication.12 Among the numerous chelating ligand
designs that have been explored, 2,2′-bipyridine (bpy, Chart 1)
and analogous neutral diimines have been employed in the
construction of ionic metal-based phosphors as suitable
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candidates for fabrication of light-emitting electrochemical cells
(LECs).13−16

In sharp contrast, 2-phenylpyridine (ppyH) and its analogues
often react with transition metal complexes via cyclometalation
processes, and they serve as a class of monoanionic C,N chelates
(e.g., ppy, Chart 1).17 Through consideration of the metallic and
net ligand charge(s), charge-neutral complexes can be accessed.
The neutral formulation and generally high thermal stability and
volatility of these complexes makes them well-suited for
deposition in OLED device structures through thermal
evaporation methods.
In comparison with the large number of complexes derived

from ortho-metalated 2-phenylpyridine and derivatives, examples
featuring dianionic chelate ligands are relatively rare. Examples of
dianionic chelating ligands include the 2,2′-biphenyl dianion
(C^C, Chart 1)18,19 and benzene-1,2-dithiolate,20 which have
been successfully applied in the syntheses of heteroleptic Pt(II)
and Ir(III) metal phosphors, in various combinations with
neutral diimine and/or monoanionic cyclometalating chelates.
Computational analyses of complexes bearing this class of
dianionic chelate suggested that the occupied frontier orbitals
primarily contain electronic contributions from the metal atom
and the dianionic chelate, while the unoccupied frontier orbitals
reside on chelating ligand(s) with less anionic character.19

Hence, the lower energy optical transitions are often best
described as metal−ligand-to-ligand charge transfers (MLLCT)
and may be distinguished in character from more typical ligand-
centered (LC) ππ* and metal-to-ligand charge transfer (MLCT)
transitions in metal complexes.
Parallel to the development of metal phosphors containing

chelating diimine and cyclometalated ligands, our group has been
interested in metal phosphors containing monoanionic pyridyl
pyrazolate ligands (pypz, Chart 1), which offer bonding character
closely related to the previously mentioned cyclometalates (e.g.,
ppy, Chart 1).21−24 In seeking to further extend the synthetic
scope of functional chelating ligands, we were drawn to 5,5′-
di(trifluoromethyl)-3,3′-bipyrazole (bipzH2)

25 and 5,5′-(1-
methylethylidene)-bis(3-trifluoromethyl-1H-pyrazole)
(mepzH2) by removal of the two acidic protons to give rise to the
associated dianionic chelate ligands (bipz and mepz, respectively,
Chart 1). In fact, bipz chelate and analogues have been used to
afford many Os(II) and Ru(II) metal complexes that exhibit
strong near-infrared (NIR) emission26,27 and planar Pt(II) metal
complexes with strong solid-state ππ-stacking and Pt···Pt
bonding interaction,28 and they serve as efficient sensitizers for
dye-sensitized solar cells (DSSC).29 In this study, we have
examined the use of the dianionic bipz and mepz chelates as
constituents in the design of Ir(III) phosphors, which can serve
as decent dopant emitters in OLED devices.

■ RESULTS AND DISCUSSION
Syntheses and Characterization. It has been reported that

IrCl3·nH2O reacts with 2 equiv of 2-phenylpyridine or
derivatives, described by the general abbreviation (C^N)H, in
refluxing 2-ethoxyethanol to afford chloride-bridged dimers with
general formula [(C^N)2Ir(μ-Cl)]2 in high yields.30 Structural
studies show that each Ir(III) metal center is coordinated by two
C^N cyclometalates and two cis-arranged bridging chlor-
ides.31−33 The halide bridges are formed to compensate for the
coordinative unsaturation of the five-coordinate species
[(C^N)2IrCl] generated during the reaction.

34 While formation
of cationic bis-diimine Ir(III) complexes [Ir(N^N)2Cl2]

+ have
been documented (e.g., N^N = bpy, Chart 1),35,36 surprisingly
there is no precedent on the formation of charge-neutral
[Ir(N^N)(C^N)Cl2] by replacement of one diimine chelate
(N^N) with the cyclometalate chelate (C^N) during assembly of
metal complexes.
Here, the reaction of IrCl3·nH2O with 1 equiv of neutral

diimine (N^N) and heteroaromatic cyclometalate pro-ligand,
(C^N)H, was explored with the aim of producing the Ir(III)
complexes of formula [Ir(N^N)(C^N)Cl2] directly, whichmight
also serve as a reactive intermediate in the preparation of tris-
heteroleptic complexes. Thus, treatment of IrCl3·nH2O with a
1:1 mixture of 4,4′-di-t-butyl-2,2′-bipyridine (dtbbpy) and 2-
phenylpyridine (ppyH) afforded [Ir(dtbbpy) (ppy)Cl2] (1) as a
light orange solid in 60% yield.
Synthetic attempts to replace both chloride ligands in 1 with

strongly π-accepting anions such as the pyrazolate, pz− = 3-
CF3C3N2

−, were also examined. However, reaction of 1 with
Na[3-CF3C3N2] gave only moderate yields (35%) of the
monosubstituted product [Ir(dtbbpy) (ppy) (pz)Cl] (2). No
further substitution could be observed, despite addition of excess
Na[3-CF3C3N2], increased reaction temperatures, or extended
reaction times.37 In contrast, reactions of 1 with the disodium
salts of the chelating bis(pyrazolate) ligands 5,5′-di-
(trifluoromethyl)-3,3′-bipyrazolate (Na2[bipz]) and 5,5′-(1-
methylethy l idene)-b is(3tr ifluoromethyl -pyrazolate)
(Na2[mepz]) resulted in substitution of both chloride ligands to
form the mononuclear Ir(III) complexes [Ir(dtbbpy) (ppy)
(bipz)] (3) and [Ir(dtbbpy) (ppy) (mepz)] (4) in high yields
(75−78%). The Ir(III) metal complexes 1, 3, and 4 were purified
using routine silica gel column chromatography, followed by
recrystallization, while 2 was isolated by simple washing with a
mixture of water and acetone due to its poor stability in contact
with the silica gel. The 1HNMR spectra of each of the complexes
1−4 showed nonequivalent signals from the t-butyl protons,
consistent with the lack of symmetry in all complexes due to the
asymmetric phenylpyridyl chelate present. The geometries for 1,
3, and 4 are confirmed by X-ray crystallography (vide infra),
whereas the geometry for 2 is assigned on the basis of
computational modeling (vide infra) and shown in Chart 2.
Single-crystal X-ray diffraction studies on Ir(III) metal

complexes 1, 3, and 4 confirmed the proposed geometries and
further revealed the influence of the anionic ancillary ligands
imposed on the metal coordination framework. As shown in
Figure 1, complex 1 exhibits a slightly distorted octahedral
arrangement with the cis-disposed chloride ligands, where bite
angles of both C^N andN^N chelates (80.4(3) and 79.4(2)o) are
found to be more acute than the unconstrained Cl(1)−Ir−Cl(2)
angle of 90.29(6)o. The Ir−Cl(1) distance (2.3564(16) Å) is
notably shorter than the Ir−Cl(2) distance (2.4898(17) Å), due
to the increased trans-effect of the unique phenyl fragment.38

Chart 1. Chelating Ligands with Varying Electronic Character

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.5b01835
Inorg. Chem. 2015, 54, 10811−10821

10812

http://dx.doi.org/10.1021/acs.inorgchem.5b01835
http://pubs.acs.org/action/showImage?doi=10.1021/acs.inorgchem.5b01835&iName=master.img-001.png&w=239&h=109


Indeed, the longer Ir−Cl(1) distance in 1 is comparable to the
Ir−Cl distances (∼2.50 Å) observed in the dimer [Ir(C^N)2(μ-
Cl)]2, in which both chloride ligands are located opposite to the
carbon atoms of cyclometalated chelates.31−33

The molecular structures of the Ir(III) complexes 3 and 4 are
depicted in Figures 2 and 3, respectively, and, together with the
structure of 1, illustrate the different trans-influence imposed by
the various ligands. The Ir−C(1) (2.028(4) Å) and Ir−N(7)
(2.041(4) Å) bonds in 3, and the corresponding Ir−C(1)
(2.020(4) Å) and Ir−N(3) (2.025(3) Å) bonds in 4, all are
located trans to the pyrazolate fragments and showed an
elongation versus the comparable metal−ligand distances in 1, cf.
Ir−C(1) = 1.999(7) and Ir−N(3) = 2.010(5) Å. These changes
can be understood in terms of the increased trans-influence of the
π-accepting but strongly σ-donating pyrazolates versus that of the
inductively electron σ-withdrawing and π-donating chloride
ligands.
In the structures of complexes 3 and 4, the longest Ir−N bond

distance is found to be trans to the Ir−C bond confirming the
orientation of the ppy ligand with respect to other chelating
ligands in the structure. The N−Ir−N bite angle of bipz chelate

in 3 (77.07(14)o) is more acute than that observed for mepz
chelate of 4 (86.95(13)o). The smaller bite angle is due to the
formation of fused pyrazolate−metallacycle−pyrazolate coordi-
nation architecture of the bipz chelate in a planar arrangement in
3, whereas the mepz architecture in 4 is puckered due to the local
geometry of the interpolated methylene spacer.

Photophysical Data. The absorption and emission spectra
of Ir(III) complexes 1−4 in CH2Cl2 are shown in Figure 4, while
Table 1 lists the corresponding numerical data. In general, the
strong absorption bands above 300 nm are assigned to the spin-
allowed, LC 1ππ* transition. The next lower energy absorptions
with maxima at ∼375 nm can be ascribed to a combination of

Chart 2. Ir(III) Complexes 1−4 Investigated in This Study

Figure 1. Structural drawing of complex 1with thermal ellipsoids shown
at 30% probability level; selected bond distances: Ir−N(1) = 2.050(5),
Ir−N(2) = 2.027(5), Ir−N(3) = 2.010(5), Ir−Cl(1) = 2.3564(16), Ir−
Cl(2) = 2.4898(17), and Ir−C(1) = 1.999(7) Å; selected bond angles:
N(1)−Ir−C(1) = 80.4(3), N(2)−Ir−N(3) = 79.4(2), and Cl(1)−Ir−
Cl(2) = 90.29(6)o. Optimized geometry data: Ir−N(1) = 2.079, Ir−
N(2) = 2.062, Ir−N(3) = 2.042, Ir−Cl(1) = 2.4487, Ir−Cl(2) = 2.600,
and Ir−C(1) = 2.017 Å; selected bond angles: N(1)−Ir−C(1) = 87.02,
N(2)−Ir−N(3) = 78.99, and Cl(1)−Ir−Cl(2) = 91.34°.

Figure 2. Structural drawing of complex 3with thermal ellipsoids shown
at 30% probability level; selected bond distances: Ir−N(1) = 2.045(4),
Ir−C(1) = 2.028(4), Ir−N(6) = 2.028(4), Ir−N(7) = 2.041(4), Ir−
N(3) = 2.129(4), and Ir−N(4) = 2.032(4) Å; selected bond angles:
N(1)−Ir−C(1) = 80.21(17), N(6)−Ir−N(7) = 79.22(15), and N(3)−
Ir−N(4) = 77.07(14)o. Optimized geometrical data: Ir−N(1) = 2.080,
Ir−C(1) = 2.036, Ir−N(6) = 2.059, Ir−N(7) = 2.076, Ir−N(3) = 2.173,
and Ir−N(4) = 2.061 Å; selected bond angles: N(1)−Ir−C(1) = 80.06,
N(6)−Ir−N(7) = 78.63, and N(3)−Ir−N(4) = 76.75°.

Figure 3. Structural drawing of complex 4with thermal ellipsoids shown
at 30% probability level; selected bond distances: Ir−N(1) = 2.051(3),
Ir−N(2) = 2.033(3), Ir−N(3) = 2.025(3), Ir−N(5) = 2.051(3), Ir−
N(6) = 2.130(3), and Ir−C(1) = 2.020(4) Å; selected bond angles:
N(1)−Ir−C(1) = 80.41(15), N(2)−Ir−N(3) = 79.59(13), and N(5)−
Ir−N(6) = 86.95(13)o. Optimized geometrical data: Ir−N(1) = 2.084,
Ir−N(2) = 2.059, Ir−N(3) = 2.075, Ir−N(5) = 2.071, Ir−N(6) = 2.163,
and Ir−C(1) = 2.040 Å; selected bond angles: N(1)−Ir−C(1) = 80.08,
N(2)−Ir−N(3) = 78.59, and N(5)−Ir−N(6) = 86.50°.
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spin-allowed 1MLCT and 1MLLCT transitions. The lowest
energy band with peak maxima at 454−468 nm and with
relatively small absorptivity is assigned to the spin−orbit
coupling enhanced transitions with 3MLCT and 3MLLCT
characters. In comparison to complexes 3 and 4 with the
bipyrazolate chelate, both complexes 1 and 2 showed more red-
shifted absorption peak, with onset at ∼540 nm, confirming the
π-donor property of the chloride versus the π-acceptor character
of the bipyrazolate fragment.
Intense orange emission was observed for 1 and 2 in degassed

CH2Cl2 with peak wavelengths at 597 and 593 nm, respectively.
The observed lifetimes of ca. 816 and 799 ns, in combination
with the emission quantum yields (Φ) of 0.24 and 0.23, lead us to
deduce radiative rate constants of 2.94 × 105 and 2.88 × 105 s−1

for 1 and 2, respectively. Complex 3, which features the bipz
chelate, reveals a blue-shifted emission with λmax ≈ 546 nm,
together with a slightly shorter lifetime of 355 ns and a
comparable quantum yield,Φ = 0.27. In sharp contrast, complex
4 with the mepz chelating auxiliary exhibits a significantly longer
lifetime of 2.27 μs and Φ of 0.76. In seeking to rationalize these
differences, note that the chloride ligand present in both
complexes 1 and 2 is a π-donating and weak field ligand, which
is expected to stabilize the metal-centered (MC) dd excited state.
The reduced energy gap between the emitting state and MC dd
excited state would induce faster thermal population to the
higher-lying dd state and, hence, reduce the emission quantum
yield due to the faster deactivation channel. Interestingly, the
emission quantum yield for 3 is substantially higher (PLQY =
0.73) in the solid state than in the solution state (PLQY = 0.27).
This enhancement could be caused by the more rigid ligand
structure that effectively suppressed the large-amplitude

vibrations or temporal dissociation of the bipz chelate from the
metal coordination sphere.39

Electrochemistry. The electrochemical properties of 1−4
were examined using cyclic voltammetry. Figure 5 and Table 2

show the voltametric wave profiles and numerical data,
respectively. There is only a small variation of the anodic
oxidation peak potential as a function of complex composition,
suggesting that the stability of the MC oxidation is only slightly
influenced by the ancillary ligands, that is, chloride or
pyrazolate.40 While complexes 1, 2, and 4 show irreversible
oxidation processes with the anodic maxima at 0.80, 0.86, and
0.85 V, respectively, complex 3 showed a quasi-reversible
oxidation peak that gave a half-wave potential of 0.82 V (vs the
ferrocenium/ferrocene couple at 0.0 V) at 50 mV s−1. It seems
that the bipz chelating ligand of 3 is responsible for the higher
reversibility to the oxidized species compared to the other
complexes (cf. density functional theory (DFT) calculations,
vide infra).
For the reduction potentials, complexes 1−4 showed cathodic

peaks of −2.07, −2.07, −2.02, and −2.14 V, respectively. On the
basis of the DFT calculations (vide infra), the reduction is
expected to occur at the π*-orbital of bpy ligand with only minor
influences from the chloride and/or the pyrazolate ligands.
Hence, complexes 1 and 2 exhibited identical cathodic peak

Figure 4. Absorption and normalized emission spectra of Ir(III)
complexes recorded in degassed CH2Cl2 solution at room temperature
(ε: molar extinction coefficient).

Table 1. Photophysical Properties for the Studied Ir(III) Metal Complexes

abs. λmax (nm) [ε × 10−3 (M−1cm−1)]a PL λmax (nm)b Φ (%)b τ (ns)b kr × 10−5 (s−1) knr × 10−5 (s−1)

1 288 [30], 378 [4.8], 468 [1.6] 597 (588) 24 (24) 816 (906) 2.94 9.31
2 284 [32], 378 [4.4], 468 [1.6] 593 (574) 23 (20) 799 (996) 2.88 9.34
3 276 [45], 373 [5.4], 454 [1.3] 546 (532) 27 (73) [70] 355 (1418) 7.60 20.6
4 282 [40], 374 [5.7], 455 [1.5] 546 (545) 76 (88) [79] 2273 (1891) 3.34 1.06

aUV−vis absorption spectra were measured in 1 × 10−5 M in CH2Cl2.
bEmission spectra were measured in degassed CH2Cl2 at room temperature.

Those recorded in PMMA thin film (5 wt %) and in codeposited 26DCzPPy (4 wt %) were marked with parentheses and square brackets,
respectively.

Figure 5. Cyclic voltammograms of the studied Ir(III) complexes 1−4.

Table 2. Electrochemical Properties for the Studied Ir(III)
Metal Complexesa

E1/2
ox (V) [ΔEp (mV)]a Epa

ox (V) E1/2
red (V) [ΔEp (mV)] Epc

red (V)

1 irr 0.80 irr −2.07
2 irr 0.86 −2.02 [112] −2.07
3 0.82 [97] 0.87 −1.97 [100] −2.02
4 irr 0.85 irr −2.14

aE1/2 refers to [(Epa + Epc)/2], where Epa and Epc are the anodic and
cathodic peak potentials referenced to the FcH+/FcH couple
conducted in CH2Cl2 and ΔEp = |Epa − Epc|.
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potentials, while complexes 3 and 4 show small but distinctive
differences presumably due to the presence and absence of
extended π-conjugation on the bipz and mepz chelates,
respectively. The potential differences between the observed
anodic oxidation and cathodic reduction potentials are in a
narrow range of 2.87−2.99 V and do not follow the trends of the
emission maxima observed for 1−4, among which the difference
in potential of 1 is lower than that of 4 by 0.12 V.
Density Functional Theory Calculations. To further

investigate the optoelectronic properties of compounds 1− 4,
calculations based on DFT and time-dependent density
functional theory (TD-DFT) were undertaken. The B3LYP
functional with a LANL2DZ basis set on iridium and 6-31G** on
all other atoms, as well as a conductor-like polarization
continuum model (CPCM) of the CH2Cl2 solvent, were
employed. The model structures are denoted 1′−4′ to
distinguish the computed structural data from that determined
by the single-crystal X-ray diffraction analyses.
The results from geometry optimizations of 1′−4′ are

summarized in the captions to Figures 1−3 and Figure 6. The

majority of differences in bond lengths are within 0.03 Å,
although the Ir−Cl distances are overestimated by 0.1 Å in 1′, in
comparison with the crystallographically determined structures
where available.32

While 1, 3, and 4 were structurally characterized and
coordination geometry established, the geometry for 2 was not
confirmed. Assuming that the ppy and bpy ligands in 1 are not
scrambled during the formation of 2 from reaction of 1 with the
pyrazolate (pz) anion, there are two possible isomers (Figures S1
and S2). The geometry 2′ in Figure 6 is more stable than the
other possible isomer by 3.8 kcal mol−1 and is believed to be the
thermodynamically stable isomer of 2. Relative energies for
several possible isomers of 1−4 reveal that the geometry
observed for 1 is indeed the thermodynamically most stable
isomer, but there are more stable isomers for 3 and 4 than the
conformers found experimentally (Figures S3 and S4). Thus, the
geometries observed experimentally for 3 and 4 are formed
kinetically with the retention of ppy and bpy orientations in the
syntheses of 3 and 4 upon addition of bipyrazolate chelate to 1.

Moreover, extensive heating of both 3 and 4 for over 24 h also
produced no isomerization. This observation is in sharp contrast
to those observed in several Ir(III) metal complexes, for which
excessive heating or sublimation have induced the structural
isomerization to give formation of the thermodynamically most
stable products.41−43

The target compound 5′ containing two pyrazolate ligands
(Figure S5) from the reaction of 1 with excess pyrazolate anion
was examined computationally in an effort to explain why 5 was
not formed in the course of the reaction leading to 2. On the basis
of the total energies calculated for 1′, 2′, and 5′, compound 5
should be formed given that there is no obvious steric congestion
in the coordination sphere of 5′. It is assumed here that the
second pz anion is prevented from replacing the chloride ligand
in 2 by the restricted approach brought about by the initial pz
ligand. In contrast, [(C^N)2Ir(μ-Cl)]2 is known to react with
pzH in affording both cationic [(C^N)2Ir(pzH)2]

+ and neutral
[(C^N)2Ir(pzH) (pz)], where (C^N)H = 2-p-tolylpyridine and
pzH = C3N2H4,

37 for which the smaller pyrazolate provided the
demanded stabilization for the double chloride-to-pz substitu-
tion.
Plots of the highest occupied molecular orbital (HOMO) and

lowest unoccupiedmolecular orbital (LUMO) of 1′−4′ are given
in Figure 7, with details of the orbital contribution given in the
caption. The LUMO is bpy π*-orbital in character in all
complexes and well-isolated from the occupied (EHOMO−LUMO =
3.29 (1′), 3.29 (2′), 3.01 (3′), and 3.43 (4′) eV) and other virtual
orbitals (ELUMO‑(LUMO+1) = 0.75 (1′), 0.74 (2′), 0.75 (3′), and
0.72 (4′) eV).
In the cases of 1′, 2′, and 4′, the HOMO is predominantly

delocalized over the Ir(III) metal atom and the phenyl fragment
of ppy ligand with energies at −5.66, −5.64, and −5.71 eV,
respectively, with a moderate (12−15%) contribution from the
chloride(s) in the cases of 1′ and 2′. For 3′ the HOMO is based
largest on the bipz chelate at a considerably higher energy of
−5.39 eV (Figure 7). Given that the electrochemical oxidation
and photochemical data for 3 are similar to those for 1, 2, and 4,
the HOMO composition and energies might be expected to be
similar in all cases (at least on the basis of Koopmans’ Theorem).
However, the orbital makeups for 3′ and 4′ remain unchanged
using a range of “pure” DFT (BLYP), hybrid functionals (PBE0,
wB97) and “pure” wave function HF, MP2 methods, with
different basis sets, pseudopotentials, and solvation methods
(Table S1). Unless there is a remarkable systematic error in high-
level ab initio and DFT computations,44,45 the calculated orbital
composition for 3′ and 4′ appear to be valid. The HOMO−1 for
3′ is predominantly delocalized over the Ir(III) metal atom and
the phenyl fragment of ppy ligand (Figure 7) with a similar
energy (−5.83 eV) as the HOMO energies for 1′, 2′, and 4′.
Orbital reordering on oxidation appears to be the most likely
explanation of the observed redox properties.
In considering their absorption data in solution it is apparent

that the complexes fall into two groups: the chloride-containing
complexes 1 and 2 with lower energy absorption maxima than
the bis(pyrazolate) complexes 3 and 4 (Figure 4, Table 1). These
observations are well-matched by trends in the results from TD-
DFT from 1′, 2′, 3′, and 4′, which are summarized in Table 3,
together with lists of the energy and orbital analyses of the lowest
energy singlet and triplet transitions. The agreement between the
calculated S0 → Sn transition energies and the observed
absorption bands are very good (Figure 8) even though the
calculated energies of the S0→ T1 transitions have zero oscillator
strengths as the transitions are forbidden and the calculations do

Figure 6. Optimized geometry of one isomer of complex 2′.
Geometrical data: Ir−N(1) = 2.078, Ir−N(2) = 2.070, Ir−N(3) =
2.076, Ir−N(4) = 2.073, Ir−Cl = 2.5957, and Ir−C(1) = 2.020 Å;
selected bond angles: N(1)−Ir−C(1) = 80.14, N(2)−Ir−N(3) = 78.44,
and N(4)−Ir−Cl = 94.07°.
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not allow for spin−orbit couplings. The observed lowest energy
absorption features are, unsurprisingly, attributed to the HOMO
→ LUMO transitions (HOMO−1→ LUMO in the case of 3′),
and therefore have considerable ML(bpy)CT character as well as

themetal-halide-to-ligand charge transfer character (MXLCT) in
the cases of 1′ and 2′.
Predicted phosphorescence emission data should be obtained

from TD-DFT data on optimized T1 geometries, but open-shell

Figure 7. Plots of the HOMO−1, HOMO, and LUMO of (a) 1′ (HOMO−1 Ir 50%, Cl 34%; HOMO: Ir 42%, C6H4 33%, Cl 15%; LUMO: bpy 95%),
(b) 2′ (HOMO−1 Ir 28%, pz 48%; HOMO: Ir 39%, C6H4 29%, Cl 12%; LUMO: bpy 95%), (c) 3′ (HOMO−1 Ir 31%, C6H4 52%, bipz 3%; HOMO: Ir
4%, bipz 96%; LUMO: bpy 95%), and (d) 4′ (HOMO−1 Ir 38%, mepz 51%; HOMO: Ir 32%, C6H4 46%, mepz 10%; LUMO bpy 96%). (All contours
are plotted at ±0.04 (e/bohr3)1/2).

Table 3. Calculated S0→ S1 and S0→T1 Transition Energies (in nanometers), Orbital Analysis, and Photophysical Data of 1′−4′a

S0 → S1 oscillator strength ( f) S0 → T1 λmax (abs) λmax (em)

1′ 484 HOMO → LUMO (69%) 0.0219 519 HOMO → LUMO (67%) 468 597
2′ 478 HOMO → LUMO (97%) 0.0176 502 HOMO → LUMO (91%) 468 593
3′ 512 HOMO → LUMO (70%)

449 (S0 → S2) HOMO−1→ LUMO (68%)
0.0007,
0.0125

516 HOMO → LUMO (69%)
474 (S0 → T2) HOMO−1 → LUMO (64%)

454 546

4′ 453 HOMO → LUMO (67%) 0.0053 473 HOMO→ LUMO (52%) HOMO−1→ LUMO (38%) 455 546
aObserved absorption (abs) and calculated emission (em) maxima for 1−4 are included for comparison.

Figure 8. (a) Absorption spectra of complexes 1′−4′ simulated from calculated S0 → Sn transitions using half-height band widths of 0.12 eV and molar
extinction coefficients (ε) from oscillation strengths ( f × 240 000); (b) the observed spectra of complexes 1−4.
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geometry optimizations (excited states, e.g., Sn and Tn, n > 0) on
Ir(III) complexes are generally unreliable; the TD-DFT data
from these optimized geometries are poor as a result (Table
S2).46 The predicted emission maxima are more accurate from
TD-DFT data on S0 optimized geometries with the reverse
processes of the S0→ Sn/Tn transitions than TD-DFT data from
optimized excited-state geometries. This is particularly true when
(i) the nature of the emissions are similar to that of the
corresponding absorptions, (ii) the S0 and T1 geometries are
similar, and (iii) the calculated transitions are adjusted with an
appropriate Stokes shift energy constant.46

The calculated S0 → T1 transition wavelengths here do not
take into account the Stokes shifts expected experimentally
resulting in the predicted emission energies being overestimated,
but they do follow the trend in emission maxima (Table 3)
except for 3′. The emissions correspond to the reverse processes
of the S0 → T1 transitions in 1′ and 2′, admixed with a 10%
component from the mepz ligand in the case of 4′. The mepz
ligand is presumably responsible for the longer emission lifetime
in 4. It is very likely that the observed emission in 3 is attributed
to a ML(bpy)CT character with a bipz component as it is
phosphorescence, which implies that the metal is involved.
Assuming that the HOMO in 3′ is on the bipz ligand, it could be
argued that the HOMO−1→ LUMO (S0 → S2) process in 3 at
ca. 450 nm excitation gives a second singlet excited state (S2).
This singlet state, involving the oxidation of the iridium−phenyl
moiety, results in a triplet excited state via an intersystem crossing
(ISC) pathway. This assumption is supported by spin-density
calculations on the S1 and T1 optimized geometries of 3′ where
the spin densities are largely located on the ligands and not on the
metal (Figure S6 and Table S3). The triplet state formed from
the ISC of the metal-dominated excited singlet state (S2) is

probably responsible for the phosphorescence observed in 3
experimentally (Figure S7 and Table S3).

Organic Light-Emitting Diode Device Fabrication. To
investigate the electroluminescent (EL) performances of these
Ir(III) complexes, the device architecture using Ir(III) complex 3
as the dopant was first optimized. The same architecture was
then applied to other phosphors 4 and 1 for comparison
purposes. In general, host materials for green- or yellow-emitting
phosphors should possess triplet energy gaps greater than 2.5 eV,
to ensure adequate energy transfer as well as exciton confine-
ment.47 Furthermore, hosts with bipolar transport capability are
expected to allow fine adjustment of carrier transport and
recombination.48 Consequently, we tested three potential
bipolar hosts with suitable triplet energy gaps, namely, 4,4′-
bis(N-carbazolyl)-1,1′-biphenyl (CBP),49 1,3-bis(9-carbazolyl)-
benzene (mCP),50 and 2,6-bis(3-(9H-carbazol-9-yl)phenyl)-
pyridine (26DCzPPy).51 The compounds 1,1-bis[(di-4-
tolylamino)phenyl]cyclohexane (TAPC) and 3,5,3′,5′-tetra(m-
pyrid-3-yl)-phenyl[1,1′]biphenyl (BP4mPy) were chosen to
serve as the hole-transport layer and the electron-transport layer,
respectively.52,53 Experimental data on devices with the mCP and
26DCzPPy hosts show external quantum efficiencies of 14.1%
and 15.6% (see details given in Supporting Information, Figure
S8 and Table S4), which are notably higher than that for a device
fabricated with the CBP host (i.e., 8.7%). Although the device
formed with 26DCzPPy exhibited adequate efficiency, the turn-
on voltage increased to 6.2 V, as well as giving a pronounced
efficiency roll-off at the higher driving voltages. Thus, for
lowering the operation voltage and achieving high efficiency, an
architecture based on double emitting layers (EMLs) was
investigated.54

Figure 9. (a) Structural drawings of the chemical materials, (b) schematic device structures, and (c) the energy-level diagram of the tested green- and
yellow-emitting OLEDs.
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To form the test double EML devices, the OLED structures
were changed to indium tin oxide (ITO)/TAPC (40 nm)/mCP
& 3 (x nm)/26DCzPPy & 3 (30− x nm)/BP4mPy (40 nm)/LiF
(0.8 nm)/Al (150 nm), where LiF and aluminum are utilized as
the electron-injection layer and reflective cathode, respectively.
Optimization of EML layers was also executed, where the best
device data are obtained with x = 15 nm and with doping level of
4 wt %. Figure 9 presents the schematic device architecture, the
molecular drawings, and the energy diagram of the materials
employed. Studies were also extended to OLED devices with
relevant dopants 4 and 1. The combined OLED performances
are summarized in Figure 10 and Table 4.
Devices A, B, and C represent devices fabricated using dopants

3, 4, and 1. The EL spectra shown in Figure 10a were identical to
the respective photoluminescence (PL) spectra recorded in the

solution state, indicating effective exothermic energy transfer
from the hosts (i.e., mCP and 26DCzPPy) to the dopants.55 The
EL emission of device C (with dopant 1) is notably red-shifted
from the bipyrazolate complexes 3 and 4, and this is consistent
with the lowered energy gap recorded in solution. Furthermore,
the double EMLs would expand the emission zone, leading to a
lower exciton density compared to the traditional, single EML
devices. Thus, the triplet−triplet annihilation can be effectively
suppressed to give improved device efficiencies.56

The J−V curves of tested devices follow in descending order: A
> C > B (Figure 10b). In general, dopants with a lower energy
gap would induce rapid carrier trapping in EML (especially for
dopants with poor carrier transport abilities).57,58 In comparison
to device C with dopant 1, the lower current density of device B
revealed the negative influence of mepz chelate in 4, on carrier
transport and recombination. In contrast, complex 3 with the
bipz chelate possesses the best carrier transport capability among
all three devices. The turn-on voltages of devices A, B, and Cwere
measured to be at 4.8, 5.0, and 5.4 V, respectively. Similarly,
device A showed a maximum luminance of 84 899 cd/m2 at an
operating voltage of 15.4 V, while device B only achieved a
maximum luminance of 50 793 cd/m2 at 16.8 V. As expected,
because of the lowered PL Φ of 1 in solid state, device C
exhibited the worst maximum luminance of 32 665 cd/m2 at 16.2
V.
The external quantum efficiencies, the luminance data, and

power efficiencies are depicted in Figure 10c,d. Similarly, device
C has the lowest peak efficiencies, which can be ascribed to the
lower Φ of 1 (i.e., 24%). In addition, the peak efficiencies of
devices A and B reached 18.1% (59.0 cd/A and 38.6 lm/W) and
16.6% (53.3 cd/A and 33.5 lm/W), respectively. These
outcomes suggest a nearly unitary internal quantum efficiency
and good carrier balance in both devices A and B. Furthermore,
device A maintained forward efficiencies of 17.5%, 56.8 cd/A,
and 28.3 lm/W at 100 cd/m2, while device B gave forward

Figure 10. (a) EL spectra of devices with complexes 3, 4, and 1; (b) current density−voltage−luminance (J−V−L) curves; (c) external quantum
efficiency vs luminance; (d) power efficiency and luminance efficiency vs luminance for devices A, B, and C.

Table 4. Electroluminescent Characteristics of Tested
Phosphorescent OLEDs with Different Emitters

device A B C

emitter 3 4 1

external quantum a 18.1 16.6 9.8
efficiency (%) b 17.5 15.2 9.0
luminance a 59.0 53.3 21.5
efficiency (cd/A) b 56.8 48.7 19.7
power efficiency a 38.6 33.5 13.0
(lm/W) b 28.3 21.8 8.7
Von (V) c 4.8 5.0 5.4

max luminance 84 899 50 793 32 665
(cd/m2) [voltage] [15.4 V] [16.8 V] [16.2 V]

CIE1931 b (0.38, 0.58) (0.41, 0.56) (0.55, 0.44)
coordinates d (0.38, 0.58) (0.41, 0.56) (0.54, 0.45)

aMaximum efficiency. bRecorded at 1 × 102 cd/m2. cTurn-on voltage
measured at 1 cd/m2. dMeasured at 1 × 103 cd/m2.
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efficiencies of 15.2%, 48.7 cd/A, and 21.8 lm/W. Overall, these
data indicate the high potential of Ir(III) metal complexes 3 and
4 for use in display and lighting applications, confirming the
advantage of employing the bipz and mepz chelate in assembly of
the Ir(III) metal-based phosphors.

■ CONCLUSIONS
In summary, a new series of Ir(III) metal-based phosphors with
three bidentate chelates that consist of diimine, cyclometalate,
and bis-pyrazolate were synthesized and characterized. Of
particular interest is the complexes 3 and 4, each with bipz or
mepz chelate, which showcase a rare example, with three
distinctive chelates (i.e., neutral, anionic, and dianionic)
assembling around the central Ir(III) metal cation. TD-DFT
calculations indicate emissions to largely originate from 3MLCT
processes, admixed with 3MXLCT in the case of the chloride-
containing complexes 1 and 2. As for the bis-pyrazolate
complexes 3 and 4, the emissions are significantly blue-shifted
and with improved emission quantum yields. The Ir(III)
complexes were examined for their potential in optoelectronic
applications, particularly in the fabrication of OLED devices.
With the double EMLs design, the respective peak efficiencies of
phosphorescent OLEDs with Ir(III) metal complexes 3 and 4
were, respectively, recorded at 18.1% (59.0 cd/A and 38.6 lm/
W) and 16.6% (53.3 cd/A and 33.5 lm/W), confirming their
promising device characteristics.

■ EXPERIMENTAL SECTION
General Information and Materials. Mass spectra were obtained

on a JEOL SX-102A instrument operating in electron impact (EI) mode
or fast atom bombardment (FAB) mode. 1H and 19F NMR spectra were
obtained using the Varian Mercury-400 instruments. Elemental analyses
were performed using the Heraeus CHN-O rapid elementary analyzer.
5,5′-Di(trifluoromethyl)-3,3′-bipyrazole (bipzH2) was prepared accord-
ing to literature procedure,29 while 5,5′-(1-methylethylidene)bis(3-
trifluoromethyl-1H-pyrazole) (mepzH2) was synthesized from con-
densation of ethyl trifluoroacetate and 3,3-dimethylpentane-2,4-dione,
followed by hydrazine cyclization. All reactions were performed under
N2 atmosphere and anhydrous conditions.
Photophysical Measurement. Steady-state absorption and

emission spectra were recorded by a Hitachi (U-3900) spectropho-
tometer and an Edinburgh (FLS920) fluorimeter, respectively.
Solutions were degassed by three freeze−pump−thaw cycles prior to
measurement of PL quantum yield (Φ), with an ethanol solution of
Coumarin 530 (Φ = 0.58) used as standard. The quantum yield of
complexes immobilized in poly(methyl methacrylate) (PMMA) thin
films were measured using an integrating sphere. Lifetime studies were
performed by an Edinburgh FL 900 photon-counting system with EPL-
375 diode laser as the excitation source.
Cyclic Voltammetry. The oxidation and reduction measurements

were recorded using glassy carbon as the working electrode at the scan
rate of 50 mV s−1. All electrochemical potentials were measured in a 0.1
M TBAPF6 solution in CH2Cl2 and reported in volts against an Ag/Ag

+

(0.01 M AgNO3) reference electrode with ferrocene (FcH) as the
internal standard; ΔEp is defined as Epa (anodic peak potential) − Epc
(cathodic peak potential), and these data are quoted in millivolts.
Preparation of 1. A mixture of 4,4′-di-t-butyl-2,2′-bipyridine

(dtbbpy, 169 mg, 0.63 mmol), 2-phenylpyridine (ppyH, 98 mg, 0.63
mmol) and IrCl3·3H2O (222 mg, 0.63 mmol) in 20 mL of diethylene
glycol methyl ether (DGME)was heated at reflux for 12 h. After removal
of solvent in vacuo, the residue was purified by silica gel column
chromatography using ethyl acetate/MeOH (10:1) as eluent to afford
orange [Ir(dtbbpy) (ppy)Cl2] (255 mg, 0.37 mmol, 60%).
Spectra Data of 1.MS (FAB, 193Ir): m/z 685 [M+]; 1H NMR (400

MHz, CDCl3, 294 K): δ 10.00 (d, J = 5.8 Hz, 1H), 9.94 (d, J = 6.2 Hz,
1H), 7.99 (d, J = 2.0 Hz, 1H), 7.90−7.87 (m, 2H), 7.78 (td, J = 8.0, 1.6

Hz, 1H), 7.64 (dd, J = 8.0, 2.0 Hz, 1H), 7.60 (dd, J = 8.0, 1.2 Hz, 1H),
7.46 (d, J = 6.2 Hz, 1H), 7.30 (td, J = 8.0, 1.4 Hz, 1H), 7.05 (dd, J = 8.0,
2.0 Hz, 1H), 6.86 (td, J = 8.0, 1.2 Hz, 1H), 6.78 (td, J = 8.0, 1.4 Hz, 1H),
6.17 (d, J = 8.0 Hz, 1H), 1.50 (s, 9H), 1.29 (s, 9H). Anal. Calcd for
C29H32Cl2IrN3: N, 6.13; C, 50.80; H, 4.70. Found: N, 6.36; C, 50.35; H,
4.49%.

Selected Crystal Data of 1. C31H34Cl8IrN3; M = 924.41;
monoclinic; space group = C2/c; a = 22.8121(10) Å, b = 11.8525(5)
Å, c = 27.9109(12) Å; β = 103.0378(10)°; V = 7352.0(5) Å3; Z = 8; ρcalcd
= 1.670 Mg·m−3; F(000) = 3632; crystal size = 0.25 × 0.20 × 0.15 mm3;
λ(Mo Kα) = 0.710 73 Å; T = 200(2) K; μ = 4.239 mm−1; 27 863
reflections collected, 8453 independent reflections (Rint = 0.0568), GOF
= 1.058, final R1[I > 2σ(I)] = 0.0522, and wR2(all data) = 0.1245.

Preparation of 2. A suspension of NaH (9 mg, 0.38 mmol) in
anhydrous tetrahydrofuran (THF, 5 mL) was treated with 3-
trifluoromethylpyrazole (pzH, 30 mg, 0.22 mmol) at 0 °C, and the
mixture was stirred for 20 min. After filtration and evaporation of
solvent, the resulting pyrazolate salt was transferred to a 50 mL round-
bottom flask, together with [Ir(dtbbpy) (ppy)Cl2] (150mg, 0.22mmol)
and 30 mL of anhydrous dimethylformamide (DMF), and the mixture
was brought to reflux for 12 h. After removal of solvent, the residue was
washed with a mixture of water and acetone to afford yellow colored
[Ir(dtbbpy) (ppy) (pz)Cl] (60 mg, 0.08 mmol, 35%).

Spectra Data of 2.MS (FAB, 193Ir): m/z 785 [M+]; 1H NMR (400
MHz, CDCl3, 294 K): δ 9.87 (d, J = 6.2 Hz, 1H), 8.39 (d, J = 5.2 Hz,
1H), 7.97 (s, 1H), 7.91−7.88 (m, 2H), 7.76−7.65 (m, 4H), 7.57 (dd, J =
6.2, 2.0 Hz, 1H), 7.17−7.11 (m, 2H), 6.90 (t, J = 7.3 Hz, 1H), 6.84 (t, J =
7.3 Hz, 1H), 6.29 (s, 1H), 6.25 (d, J = 7.3 Hz, 1H), 1.47 (s, 9H), 1.31 (s,
9H). 19F NMR (376MHz, CDCl3, 294 K): δ−59.68 (s, 3F). Anal. Calcd
for C33H34ClF3IrN5: N, 8.92; C, 50.47; H, 4.36. Found: N, 8.60; C,
50.11; H, 4.05%.

Preparation of 3. A suspension of NaH (15 mg, 0.62 mmol) in
anhydrous THF (5 mL) was treated with bipzH2 (71 mg, 0.26 mmol) at
0 °C, and the mixture was stirred for 20 min. After filtration and
evaporation of solvent, the resulting pyrazolate salt was transferred to a
50 mL flask, together with [Ir(dtbbpy) (ppy)Cl2] (150 mg, 0.22 mmol)
and 30mL of anhydrous DMF, and the mixture was brought to reflux for
12 h. The product mixture was purified by silica gel column
chromatography using a 1:1 mixture of ethyl acetate and hexane as
the eluent. The yellow crystals of [Ir(dtbbpy) (ppy) (bipz)] (3) were
obtained by slow diffusion of hexane into an ethyl acetate solution (149
mg, 0.17 mmol, 78%).

Spectra Data of 3.MS (FAB, 193Ir): m/z 883 [M+]; 1H NMR (400
MHz, CDCl3, 294 K): δ 7.99 (d, J = 12.0 Hz, 2H), 7.64 (d, J = 8.0 Hz,
1H), 7.59−7.52 (m, 2H), 7.51 (d, J = 8.0 Hz, 1H), 7.44−7.37 (m, 3H),
7.21 (d, J = 8.0 Hz, 1H), 6.94−6.87 (m, 3H), 6.61 (s, 1H), 6.54 (s, 1H),
6.26 (d, J = 8.0 Hz, 1H), 1.42 (s, 9H), 1.34 (s, 9H). 19F NMR (376MHz,
CDCl3, 294 K): δ −59.42 (s, 3F), −59.83 (s, 3F). Anal. Calcd for
C37H34F6IrN7: N, 11.10; C, 50.33; H, 3.88. Found: N, 11.07; C, 50.05;
H, 3.67%.

Selected Crystal Data of 3. C41.50H43F6IrN7O1.50; M = 970.03;
triclinic; space group = P1 ̅; a = 12.7383(6) Å, b = 12.8295(6) Å, c =
14.6989(7) Å; α = 65.3518(9)°; β = 76.0091(9)°; γ = 79.6834(11)°;V =
2110.18(17) Å3; Z = 2; ρcalcd = 1.527 Mg·m−3; F(000) = 968; crystal size
= 0.28 × 0.20 × 0.12 mm3; λ(Mo Kα) = 0.710 73 Å; T = 150(2) K; μ =
3.232 mm−1; 27 417 reflections collected, 9673 independent reflections
(Rint = 0.0423), GOF = 1.127, final R1[I > 2σ(I)] = 0.0382 and wR2(all
data) = 0.0971.

Preparation of 4. Yellow colored complex 4 [Ir(dtbbpy) (ppy)
(mepz)] was prepared from [Ir(dtbbpy) (ppy)Cl2] (165 mg, 0.24
mmol) and mepzH2 (79 mg, 0.25 mmol) using the same procedures as
described for 3; yield 75%.

Spectra Data of 4.MS (FAB, 193Ir): m/z 925 [M+]; 1H NMR (400
MHz, CDCl3, 294 K): δ 7.96 (s, 1H), 7.88 (s, 1H), 7.79 (d, J = 8.0 Hz,
1H), 7.66 (d, J = 6.4 Hz, 1H), 7.61 (d, J = 8.0 Hz, 1H), 7.56 (d, J = 7.6
Hz, 1H), 7.48 (d, J = 6.0 Hz, 1H), 7.37(d, J = 6.0 Hz, 1H), 7.18 (d, J = 6.4
Hz, 1H), 6.97 (t, J = 7.6 Hz, 1H), 6.88 (t, J = 6.8 Hz, 2H), 6.78 (d, J = 6.0
Hz, 1H), 6.37 (s, 1H), 6.31 (s, 1H), 6.23 (d, J = 7.6 Hz, 1H), 1.62 (s,
3H), 1.42 (s, 9H), 1.41 (s, 3H), 1.34 (s, 9H). 19F NMR (376 MHz,
CDCl3, 294 K): δ −60.22 (s, 3F), −60.24 (s, 3F). Anal. Calcd for
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C40H40F6IrN7: N, 10.50; C, 55.84; H, 4.84. Found: N, 10.20; C, 55.66;
H, 4.57%.
Selected Crystal Data of 4. C41.5H45F6IrN7O1.50; M = 972.05;

triclinic; space group = P1̅; a = 9.4572(6) Å, b = 14.5674(9) Å, c =
15.9333(10) Å; α = 78.1015(12)°; β = 85.8939(12)°; γ = 73.1797(12)°;
V = 2055.9(2) Å3; Z = 2; ρcalcd = 1.570 Mg·m−3; F(000) = 972; crystal
size =0.26× 0.24× 0.21 mm3; λ(Mo Kα) = 0.710 73 Å; T = 200(2) K; μ
= 3.317 mm−1; 26 619 reflections collected, 9414 independent
reflections (Rint = 0.0287), GOF = 1.094, final R1[I > 2σ(I)] = 0.0308
and wR2(all data) = 0.0875.
Single Crystal X-ray Diffraction Studies. Single crystal X-ray

diffraction data were measured with a Bruker SMART Apex CCD
diffractometer using (Mo Kα) radiation (λ = 0.710 73 Å). The data
collection was executed using the SMART program. Cell refinement and
data reduction were performed with the SAINT program. An empirical
absorption was applied based on the symmetry-equivalent reflections
and the SADABS program. The structures were solved using the
SHELXS-97 program and refined using the SHELXL-97 program by
full-matrix least-squares on F2 values. The structural analysis and
molecular graphics were obtained using the SHELXTL program on a
personal computer.59 CCDC Nos. 1060246−1060248 contain the
supplementary crystallographic data for this paper.
Computational Studies. Calculations were performed with the

Gaussian 09 program package,60 using the B3LYP functional,61,62

LANL2DZ63 basis set for iridium, and 6-31G**64 for all other atoms. A
CPCM of CH2Cl2 solvent was applied to all calculations, and results
were analyzed further with GaussSum.65 Structures obtained were
confirmed as true minima by the absence of imaginary frequencies.
Calculations were also performed on 3′ and 4′with other models (Table
S1) to establish the validity of the model chemistry (B3LYP/
LANL2DZ:6-31G**/PCM-DCM) used here.
Organic Light-Emitting Diode Fabrication. The ITO-coated

glass substrate and commercial materials were purchased from Nichem
and Lumtec. Materials were subjected to temperature-gradient
sublimation under high vacuum. The organic and metal layers were
deposited by thermal evaporation in a vacuum chamber with a base
pressure of <1 × 10−6 Torr. The deposition system enabled the
fabrication of the completed device structure without breaking the
vacuum. The bottom-emitting OLED architecture consists of multiple
organic layers and a reflective cathode, which were consecutively
deposited onto the ITO-coated glass substrate. The active area was
defined by the shadow mask (2 × 2 mm2). Current density−voltage−
luminance characterization was measured using a Keithley 238 current
source-measure unit and a Keithley 6485 picoammeter equipped with a
calibrated Si-photodiode. The EL spectra were recorded using an Ocean
Optics spectrometer.
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a b s t r a c t

The reaction of [Ru3(CO)10(m-dppm)] (1) with 4-ethynyl-2,20-bipyridine (2) or 5-ethynyl-2,20-bipyridine
(3) affords the Ru3C2 clusters [Ru3(m-H)(m3-C2bpy)(CO)7(dppm)] (bpy ¼ 4-bpy, 4 (22%); bpy ¼ 5-bpy, 5
(55%)). Complexes 4 and 5 have been fully characterised by NMR spectroscopy, with 2D-COSY methods
being used to aid 1H NMR assignments, and single crystal X-ray diffraction. The pendant bipyridyl moiety
presents as a site for further reaction using the ‘Tinkertoy’ approach, and subsequent reactions of 4 and 5
with PdCl2(NCPh)2 affords the bimetallic complexes [Ru3(m-H){m3-C2bpy(k2-N0,NePdCl2)}(CO)7(dppm)]
bpy ¼ 4-bpy, 6 (55%); bpy ¼ 5-bpy, 7 (35%)).

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The development of transition metal cluster chemistry owes
much to the curiosity driven endeavours and synthetic prowess of
the early pioneers of organometallic chemistry [1e4]. The reactions
of the group 8 trimetallic dodecacarbonyl clusters (M3(CO)12,
M ¼ Fe (1-Fe), Ru (1-Ru), Os (1-Os)), which are readily obtained in
high yields from simple reactions and offer opportunity to explore
trends down the group, have proved to be particularly useful
scaffolds upon which to explore metal framework rearrangements,
growth and fragmentation processes, ligand exchange and coupling
reactions, cluster dynamics and so on [5].

Given the state of knowledge of the cluster reactions with an
immense array of different functional groups that has been accu-
mulated over the last 5 or so decades, it is interesting to consider
cluster-ligand combinations as construction units within the
‘Tinkertoy’ approach to the design of novel molecular structures
[6,7]. This approach requires the careful selection of orthogonal
reactions to sequentially introduce metal centres and ligands to a

growing molecular, cluster-based scaffold (which might be
described here in terms of the “clusters as ligands” concept [8]).

The Tinkertoy approach to molecular design and synthesis re-
quires the linking of metal-complex ‘nodes’ by various bi-
functional ligands. Selective synthetic design requires the use of
both mono-functionalised fragments to cap or block the growing
molecular structure, and bi- (or higher multi) functional fragments
to serve as connectors that link the growing structure with
incoming building blocks. We have recently become interested in
the organometallic chemistry of ethynyl-substituted heterocycles
[9,10], including 5-ethynyl-2,20-bipyridine [11]. The bi-functional
nature of these compounds makes them ideally suited for the
construction of multi-metallic systems, and 5-ethynyl-2,20-bipyr-
idine has found application as a linking unit within the Tinkertoy-
based construction of multi-metallic frameworks based on
mononuclear nodes [12,13]. Further exploration has revealed the
capacity of such ligands to promote weak electronic interactions
between the tethered nodes [14].

The cluster chemistry of alkynes has been particularly well
explored for the group 8 metals, with demonstrated capacity to
serve as a terminal end-on, 1-e donor h1-C≡CR fragment, 3-e donor
m-C2R fragment bridging a metalemetal bond or edge, a 4-e donor
face capping alkyne m-RC2R0, 5-e donor m-C2R fragment or even a 6-
e donor C2 -fragment. The chemistry of cluster-bound alkynes,
acetylides and related all-carbon fragments has been reviewed in a
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wide variety of contexts [15e20]. In contrast, literature concerning
the course of reactions between group 8 clusters and 2,20-bipyr-
idine derivatives is rather more sparse, as described below.

The initial investigations in the area of group 8 clusters with 2,2-
bipyridine (bpy) were undertaken by the Lewis group, with reac-
tion of 2,20-bipyridine and [Ru3(CO)10(NCMe)2] affording
[Ru3(CO)10(m-N,N0-bpy)], and subsequent thermolysis resulting in
ortho-metallation of the heterocycle to give [Ru3(m-H)(m-{k2-N,C-
h1-N0-C10H7N2})(CO)9] [21], the structure of the Os analogue having
been determined [22]. From [Ru3(CO)12] and bpy, crystallographi-
cally characterised [Ru3(m-CO)2(k2-N0,N-bpy)(CO)8] with an
Fe3(CO)12-like structure was obtained [23e25]: thermolysis affor-
ded the ortho-metallated product [24]. Unsurprisingly given the
weaker FeeFe bonds, trimethylamine-N-oxide promoted reactions
of [Fe3(CO)12] and [Fe2(CO)9] with bpy gave mono- [Fe(CO)3(bpy)]
and bi-metallic [Fe2(k2-N0,N-bpy)(CO7)] products [25]. Similarly,
whilst the higher nuclearity cluster [Fe5(m5-C)(CO)15] fragments
into [Fe(bpy)3][Fe4(m-H)(m4-C)(CO)12]2 on reaction with bpy [25],
carbonyl substitution and ortho-metallation processes are observed
in analogous reaction with higher nuclearity Ru clusters [Ru4(m-
H)4(CO)12] [26] and [Ru5(m5-C)(CO)15] [27], although [Ru6(m6-
C)(CO)17] proved rather more prone to cluster fragmentation in the
presence of bpy [27]. Interestingly, the methyl CeH bonds in 6,60-
dimethyl-2,20-bipyridine are readily activated on reaction with
[Ru3(CO)12] or [Os3(CO)10(NCMe)2] to give products containing
methylene (CH2), methyne (CH) and carbyne (C) clusters [28e30].

In the spirit of the early pioneers in the field, we were therefore
prompted to consider the reactions of the prototypical clusters
[Ru3(CO)12] and [Ru3(CO)10(dppm)] with 4- and 5-ethynyl-2,20-
bipyridine, both to explore the competitive reactivity of the acet-
ylene and bipyridine in the same ligand towards the metal frame-
work, and also as a potential route to the assembly of larger
structures via Tinkertoy concepts.

2. Results and discussion

2.1. Synthesis

Survey reactions of [Ru3(CO)12] (1-Ru) with 4- and 5-ethynyl-
2,2’-bipyridine (2, 3) were conducted in hexane and monitored by
TLC and IR spectroscopy. In contrast to reactions between 1-Ru and
Me3SiC^CC^CC^CSiMe3 carried out in this fashion, which affords
the tetrametallic cluster [Ru4(CO)12(m-Me3SiC^CC2C^CSiMe3)]
(35%) as the major product [31], these survey reactions gave a
plethora of products, none of which could be satisfactorily isolated
or characterised. Similar difficulties were encountered in thermal
reactions between 1-Ru and 2 or 3 in THF. Although activation of 1-
Ru towards reactions with alkynes under mild conditions through
reaction with trimethylamine-N-oxide (TMNO) is well known
[32e34], unfortunately here reactions conducted in the presence of
trimethylamine N-oxide (TMNO) also failed to yield tractable
products. In seeking other methods of mild activation of the cluster
core towards 2 and 3 we turned to a fluoride ion catalyst [35,36],
but with similarly singular lack of success.

In contrast to the often capricious reactions of terminal alkynes
with 1-Ru, the dppm-substituted cluster [Ru3(CO)10(dppm)] un-
dergoes rather facile thermal reaction with terminal alkynes,
HC≡CR, to give clusters of general type Ru3(m-H)(m-
C2R)(CO)7(dppm) [37]. Gratifyingly, reactions of both 2 and 3 with
[Ru3(CO)10(dppm)] gave the anticipated bipyridine-substituted
Ru3C2 clusters 4 (22%) and 5 (55%) (Scheme 1). Each cluster dis-
played the usual n(CO) pattern associated with the [Ru3(m-H)(m-
C2R)(CO)7(dppm)] framework (c.f. [Ru3(m-H)(m-C2Ph)(CO)7(dppm)]
n(CO) (cyclohexane): 2065s, 2011vs, 2003vs, 1994sh, 1985 m,
1958 m, 1940w cm!1) [37], in addition to characteristic 31P NMR

spectra containing doublet (JPP ¼ 52 Hz) and doublet of doublet
(JPP ¼ 52 Hz; JPH ¼ 27 Hz) signals evincing the localisation of the
hydride (dH ca!19 ppm) on the NMR time scale (the hydride falling
out of the range of the proton decoupler). Positive ion electrospray
ionisation mass spectra (ES-MS) of 4 and 5 were characterised by
the observation of the [MþH]þ and [MþNaþNCMe]þ ions [38].

The clusters 4 and 5 were analysed by 1H and 31P{1H} NMR
spectroscopies, with 1H resonances assigned through the applica-
tion of 1He1H COSY methods, and elemental analysis. The atom
labelling scheme used in the NMR discussions follows the con-
ventional numbering of the 2,20-bipyridine fragment. Whilst
1He1H correlations allowed the protons of each C6H5 ring of the
dppm ligands to be associated, it was not possible to definitively
determine the identity of each ring. These ring systems are there-
fore arbitrarily labelled A, B, C and D in Experimental, Section 4.2.

The signals in the 1H NMR spectra of 4 and 5 could be assigned
by using 2D-NMR spectroscopy, specifically 1He1HeCOSY
methods. Assignments are given here within a first order approx-
imation of the coupling interactions. In the case of compound 4, the
hydrogen atoms in the 6- and 60 positions of the bipyridyl fragment
(H6 and H60) appear at the highest chemical shifts (8.46 and
8.74 ppm, respectively), due to their proximity to the nitrogen
atoms, and were therefore readily identified and assigned. From
there on, following the coupling interactions and cross-peaks the
resonances arising from the hydrogen atoms in 5- and 50- positions
could be identified (H5, 7.16 ppm; H50 coincident with resonances
from one of the dppm phenyl rings near 7.35 ppm). The H5 and H6-
protons appear as doublets displaying a mutual coupling of
3JHH ¼ 5 Hz, with the resonance for H5 being somewhat broadened
by additional 4JHH to H3, which is also found as a somewhat
broadened resonance at 8.16 ppm. The H50 shows further cross-
peaks identifying H40, which appears as a doublet of doublets, be-
ing also coupled to H30. However, the 3JHH-coupling constants be-
tween H40 and both H30 and H50 are identical making the signal to
appear as a pseudo-triplet at 7.82 ppm. The H30 proton could easily
be assigned to a doublet at 8.33 ppm.

Scheme 1. The preparation of compounds 4, 5, 6 and 7.
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The 1H NMR spectrum of compound 5 was assigned in similar
fashion with H6 (8.46 ppm) and H60 (8.69 ppm) again being used to
commence the assignment based on the COSY spectrum. From H60,
signals H30, H40 and H50 could be assigned from following the
coupling interactions along the ring, starting with H50 due to the
coupling interaction with H60 with a 3J-coupling constant of 4.8 Hz.
The signal at 7.31 ppm arising from H50 shows a doublet of doublets
due to the additional coupling with H40 (3J-coupling constant of
7.7 Hz). This interaction allowed the assignment of the signal at
7.82 ppm to H40. The signal appears as pseudo-triplet due to the
equal 3JHH-coupling constants of H40 with H30 and H50 of 7.7 Hz in
each case. Following this last coupling along the ring the doublet at
8.37 ppm could be assigned to H30. This leaves two doublets (in first
order approximation) in the aromatic region, each integrating to
1H, to be assigned to H3 and H4. These doublets show a mutual 3J-
coupling constant of 8.2 Hz. However, the doublet at 7.66 ppm
shows broadening due to additional coupling to H6, allowing the
assignment of this signal to H4. The remaining doublet at 8.21 ppm
can therefore be assigned to H3.

The presence of the 4- and 5- substituted bipyridyl moieties in
clusters 4 and 5 provides opportunity to tether the cluster core to
other metal centres. Here, this property was examined briefly
through reaction with PdCl2(NCPh)2. Coordination of the PdCl2
fragment to the clusters 4 and 5 occurred readily, and was complete
(as adjudged by TLC and IR spectroscopy) within 5 min at room
temperature in THF solution, and the orange coloured, hetero-
metallic products 6 and 7 isolated and purified by precipitation and
crystallisation (Scheme 1).

The 1H and 31P{1H} NMR and IR (n(CO)) spectra of compounds 6
and 7 were, as might be expected, similar to those of the precursor
clusters 4 and 5, although the lower solubility of the heterometallic
species precluded closer examination and recording of the 13C NMR
spectra. The most diagnostic spectroscopic changes associated with
coordination of the {PdCl2} fragment were the small shift of the
n(CO) bands in the infrared spectra to higher energies, the shift to
lower field of the signals arising from H6 and H60 in the 1H NMR
spectrum and the colour change from yellow to orange associated
with Pd/bpyMLCT transitions in 6 and 7. Whilst the low solubility
of the heterometallic complexes 6 and 7 complicated solution
spectroscopy, 1-D 1H NMR and 2D 1He1HeCOSY NMR spectra of
sufficient quality were obtained to permit assignment of the
bipyridyl signals based on comparison with the spectra of the
parent clusters 4 and 5.

The 1H NMR spectrum of compound 6 allowed the assignment
of the signals at 9.49 ppm and 8.81 ppm to H60 and H6 respectively.
Comparing the coupling constant of the doublet due to H6 of 6.0 Hz
to the coupling constants of the other doublets in the spectrum, the
signal at 6.96 ppm, further split by coupling to H3, could be assigned
to H5. The doublet at 7.73 ppm with the integral count of 1H and a
coupling constant of 7.8 Hz was assigned to H30 since both H40 and
H50 are expected to display additional coupling. Comparing the
splitting pattern of the signals of H40 and H50 to the parent com-
pound 4 the signal for H40 is expected to show two very similar
coupling constants from the coupling interactions with H30 and H50

contrary to the significantly different coupling constants for H50.
Therefore the signal of H40 could, as already observed for compound
4, appear as a pseudo-triplet instead of the expected doublet of
doublets. This is consistent with the signal at 8.09 ppm that appears
as a pseudo-triplet with a coupling constant of 7.8 Hz, matching the
3J-coupling constant of H30 and therefore was assigned to H40. The
doublet of doublets at 7.00 ppm can be assigned to H50 showing
matching coupling constants of 7.8 Hz and 5.7 Hz respectively. The
signal for the remaining H3 could only be assigned by COSY spec-
troscopy to the region around 7.55 ppm, being superimposed with
the phenyl proton signals.

For compound 7, again, H6 and H60 could be assigned in the 1H
NMR spectrum due to their low field shift. The doublet at 9.49 ppm
with a coupling constant of 5.6 Hz could be assigned to H60 and the
doublet at 8.85 ppm with a coupling constant of 1.6 Hz, probably
due to coupling with H4, could be assigned to H6. Following the
coupling interactions H50 could be assigned to the region near
7.57 ppm, although the exact position cannot be determined due to
superposition of the signal with a signal from a phenyl ring.
However, H40 could be assigned to the pseudo-triplet at 8.09 ppm
with a coupling constant of 7.6 Hz for the coupling with H50 and H30,
both. The doublet at 7.89 ppm with a coupling constant of 7.6 Hz
could then be assigned to H30. The remaining H3 and H4 should both
appear as doublet resonances. A pseudo-doublet at 7.86 ppm,
somewhat broadened due to coupling with H6, could be assigned to
H4. The signal for H3 was assigned to a resonance near 7.76 ppm by
COSY spectroscopy, although this resonance was heavily obscured
by phenyl signals.

The ES-MS of the heterometallic complexes were characterised
by ions assigned to [MþMeCN]þ and [MþHþNaþMeCN]þ, with
evidence of higher mass aggregates involving solvent, alkali metal
ions and {PdCl2}n polymers. Whilst compound 6 analysed well for a
MeOH/CH2Cl2 solvate (these solvents being used in the recrystal-
lization of the bulk sample), all efforts to obtain a satisfactory
analysis of 7 failed, likely due to complications with partial
desolvation.

2.2. Molecular structures

Crystals of each of 4 (from CH2Cl2/MeOH), 5 (CH2Cl2/MeOH), 6
(as a MeOH/CHCl3 solvate from those solvents) and 7 (as a bis-
CH2Cl2 solvate from CH2Cl2/hexanes) were confirmed by single
crystal X-ray diffraction. Plots of each molecule are given in
Figs. 1e4, and a summary of important bond lengths and angles is
given in Table 1.

Inspection of the structures reveals few significant differences in
the cluster geometries within the family of compounds 4, 5, 6 and 7.

Fig. 1. A plot of a molecule of 4 showing the atom labelling scheme with atomic
displacement ellipsoids shown at the 50% probability level. In this and all subsequent
Figures, hydrogen atoms are shown as spheres with an arbitrary radius.
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The metal core adopts a close to equilateral triangular geometry in
4, although the hydride-bridged Ru(1)-Ru(3) bond is somewhat
shorter in the case of 5, 6 and 7. The hydride was identified in the
difference maps, and refined in all cases, although other hydrogen
atoms were placed in calculated positions and refined in a riding
model. The 2,2

0
-bipyridyl fragment is distinctly non-planar in 4, and

also in 5 albeit to a lesser degree (Table 1). Coordination of the PdCl2
fragment gives rise to the anticipated planarization of the 2,2

0
-

bipyridyl moiety. However, in the case of the 4-substituted 2,2
0
-

bipyridiyl heterometallic complex 6, the trend in Ru(2)-C(1), C(1)-
C(2), C(2)-C(44) and PdeN(41) bond lengths in comparison with
those in the 5-ethynyl isomer 7 suggests a degree of donor-acceptor
character between the cluster and Pd fragments through the line-
arly conjugated 4-substituted 2,2

0
-bipyridyl fragment. This is sup-

ported by the small shift in cluster n(CO) frequencies to higher
wavenumbers through the series 5z 4 <7 < 6. It is also of note that
in the case of 6 the steric requirements of the 4-ethynyl bipyridyl
moiety causes the PdCl2 fragment to reside “exo” of the Ru3 triangle
while in 7 the PdCl2 unit points towards the Ru3. The phenomena
no doubt consequent of packing preference in the solid state.

3. Conclusion

The 4-ethynyl and 5-ethynyl-derivatives of 2,20-bipyridine react

Fig. 2. A plot of a molecule of 5 showing the atom labelling scheme. Atomic
displacement ellipsoids are plotted at the 50% probability level.

Fig. 3. A plot of a molecule of 6 showing the atom labelling scheme. Atomic
displacement ellipsoids are plotted at the 30% probability level.

Fig. 4. A plot of a molecule of 7 showing the atom labelling scheme. Atomic
displacement ellipsoids are plotted at the 30% probability level.

Table 1
Selected bond lengths (Å), bond and torsion angles (!) for complexes 4, 5, 6 and 7.

4 5 6 7

Ru(1)-Ru(2) 2.8077(4) 2.82559(14) 2.8163(6) 2.8015(5)
Ru(1)-Ru(3) 2.7935(5) 2.7888(5) 2.7767(6) 2.7726(5)
Ru(2)-Ru(3) 2.7929(6) 2.82783(15) 2.8118(8) 2.8337(5)
Ru(1)-P(1) 2.2990(3) 2.2954(4) 2.3084(14) 2.3190(11)
Ru(2)-P(2) 2.2883(3) 2.2908(4) 2.2735(18) 2.2873(11)
Ru(2)-C(1) 1.9527(11) 1.9358(13) 1.925(6) 1.937(4)
C(1)-C(2) 1.3201(15) 1.3218(18) 1.326(8) 1.318(6)
C(2)-C(44)/(45) 1.4587(15) 1.4549(19) 1.445(7) 1.456(6)
PdeN(41) 2.018(4) 2.026(4)
PdeN(51) 2.028(5) 2.031(4)
PdeCl(1) 2.2891(16) 2.2996(14)
PdeCl(2) 2.2748(14) 2.2883(14)
Ru(1)-Ru(2)-Ru(3) 59.841(3) 59.118(4) 59.12(2) 58.94(1)
Ru(2)-Ru(3)-Ru(1) 60.342(3) 60.401(4) 60.52(2) 59.95(1)
Ru(3)-Ru(1)-Ru(2) 59.816(3) 60.481(4) 60.36(2) 61.11(1)
Ru(2)-C(1)-C(2) 150.61(9) 153.9(1) 154.2(4) 153.9(4)
C(1)-C(2)-C(44)/(45) 144.8(1) 139.7(1) 140.6(5) 141.3(4)
N(41)-C(42)-C(52)-N(51) 153.73 171.52 3.86 "0.06
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readily with [Ru3(CO)10(dppm)] under mild thermally activated
conditions to give the anticipated electron precise 48 CVE hydrido
clusters, [Ru3(m-H)(m-C2bpy)(CO)7(dppm)] in moderate yield. The
bipyridyl moiety is not hampered by coordination of the ethynyl
pendant to the cluster, and remains available for further reaction,
allowing use as a cluster-based ligand and compatible with the
‘Tinkertoy’ approach to the assembly of larger structures. There is
evidence for a slightly greater degree of charge transfer from the
cluster to the PdCl2(bpy) fragment through the 4-substituted
bipyridyl unit.

4. Experimental

4.1. General conditions

The compounds Ru3(CO)10(dppm) [39], 4-ethynyl-2,20-bipyr-
idine [40e43] 5-ethynyl-2,20-bipyridine [41] and PdCl2(NCPh)2 [44]
were synthesised following literature procedures. All reaction sol-
vents were used dried from an Innovative Technology solvent pu-
rification system. All reagents were used as purchased. Reactions
were performed under inert nitrogen atmosphere. No special pre-
cautions were taken to exclude air or moisture during work up.

NMR spectrawere recorded on Bruker Avance III HD 600MHz or
500MHz NMR spectrometers as solutions in CDCl3. 1H NMR spectra
were referenced to the residual signals of protio-chloroform set to
7.26 ppm [45], and 31P{1H} NMR spectra referenced against
external H3PO4. Comment: Although the 31P-NMR spectra were
recorded proton decoupled the second phosphorus signal displayed a
splitting pattern showing proton coupling caused by the hydride
proton in the cluster (dH ca -19 ppm), which fell out of the range of the
decoupler. IR spectra were recorded on a Nicolet Avatar 350 FT-IR
spectrometer as solutions in CH2Cl2. Electrospray mass spectra
(ES-MS) were recorded in positive ion mode from solutions in
NCMe on a Waters LCT spectrometer. Elemental analyses were
performed by London Metropolitan University, London, United
Kingdom.

4.2. Syntheses

4.2.1. Reaction of Ru3(CO)10(dppm) with 4-ethynyl-2,20-bipyridine:
synthesis of 4

A solution of Ru3(CO)10(dppm) (1) (200 mg, 0.21 mmol) and 4-
ethynyl-2,20-bipyridine (2) (56 mg, 0.31 mmol) in dry THF (20 ml)
was heated at reflux point. The progress of the reaction was fol-
lowed by IR spectroscopy. After 3 h the n(CO) band of 1 at
2082 cm!1 had disappeared completely, showing the complete
conversion of the startingmaterial. The solvent was removed under
reduced pressure and the brown residue purified by column
chromatography (silica, acetone: hexane 1:3) giving 4 as a yellow
powder (49mg, 22%). Crystals suitable for X-ray spectroscopy could
be obtained by slow diffusion of MeOH into a CH2Cl2 solution of the
compound. 1H NMR (CDCl3, 600 MHz) d/ppm: 8.74 (1H, d,
J ¼ 4.2 Hz, H60), 8.46 (1H, d, J ¼ 5.0 Hz, H6), 8.33 (1H, d, J ¼ 7.8 Hz,
H30), 8.16 (1H, s, H3), 8.05e8.00 (2H, m, PhD), 7.82 (1H, pseudo-t,
J ¼ 7.8 Hz, H40), 7.66e7.61 (2H, m, PhC), 7.59e7.53 (3H, m, PhD),
7.52e7.44 (3H, m, PhC), 7.39e7.30 (6H, m, PhB and H50), 7.16 (1H, d,
J ¼ 5.0 Hz, H5), 6.52 (1H, t, J ¼ 6.8 Hz, PhA), 6.39e6.34 (2H, m, PhA),
6.34e6.28 (2H, m, PhA), 4.32e4.21 (1H, m, CH2), 3.32e3.21 (1H, m,
CH2), !19.38 (1H, d, J ¼ 33.7 Hz, m-H). 31P NMR (CDCl3, 202 MHz) d/
ppm: 38.44 (d, J¼ 52.2 Hz), 34.39 (dd, J¼ 52.2, 27.2 Hz). IR (CH2Cl2)
n/cm!1: 2065 (s), 2007 (s), 2001 (s), 1980 (m), 1954 (m), 1931 (w).
ES(þ)-MS m/z: 1066 [MþH]þ, 1129 [MþNaþMeCN]þ. Elemental
analysis: calculated for C44H30N2O7P2Ru3: C: 49.35, H: 3.48%, N:
2.62%; found: C: 49.34, H: 3.39%, N: 2.67%.

4.2.2. Reaction of Ru3(CO)10(dppm) with 5-ethynyl-2,20-bipyridine:
synthesis of 5

Compound 5 was isolated (122 mg, 55%) in a manner entirely
analogous to that described for 4 from Ru3(CO)10(dppm) (1)
(200 mg, 0.21 mmol) and 5-ethynyl-2,20-bipyridine (3) (56 mg,
0.31 mmol). Crystals suitable for X-ray diffraction were grown by
slow diffusion (CH2Cl2/MeOH). 1H NMR (CDCl3, 600 MHz) d/ppm:
8.69 (1H, pseudo-d, J ¼ 4.8 Hz, H60), 8.46 (1H, d, J ¼ 2.0 Hz, H6), 8.37
(1H, pseudo-d, J¼ 7.7 Hz, H30), 8.21 (1H, d, J¼ 8.2 Hz, H3), 8.03e7.93
(2H, m, PhB), 7.82 (1H, pseudo-t, J¼ 7.7 Hz, H40), 7.66 (1H, dd, J¼ 8.2,
2.0 Hz, H4), 7.65e7.58 (2H, m, PhB), 7.56e7.41 (6H, m, PhB(1H) and
PhC (5H)), 7.41e7.33 (5H, m, PhD), 7.31 (1H, dd, J ¼ 7.7, 4.8 Hz, H50),
6.92e6.83 (1H, m, PhA), 6.51e6.43 (2H, m, PhA), 6.41e6.31 (2H, m,
PhA), 4.35e4.26 (1H, m, CH2), 3.35e3.27 (1H, m, CH2), !19.27 (1H,
d, J ¼ 33.3 Hz, m-H). 31P NMR (CDCl3, 202 MHz) d/ppm: 38.44 (d,
J ¼ 52.2 Hz), 34.39 (dd, J ¼ 52.2, 27.2 Hz). IR (CH2Cl2) n/cm!1: 2064
(s), 2004 (s), 2000 (s), 1978 (m), 1953 (m), 1930 (w).ES-(þ)-MSm/z:
1066 [MþH]þ, 1129 [MþNaþMeCN]þ. Elemental analysis: calcu-
lated for C44H30N2O7P2Ru3: C: 49.35, H: 3.48%, N: 2.62%; found: C:
49.35, H: 3.42%, N: 2.71%.

4.3. Reaction of 4 with PdCl2(NCPh)2: synthesis of 6

To a solution of 4 (43 mg, 0.04 mmol) in dry THF (3 ml),
PdCl2(NCPh)2(16 mg, 0.04 mmol) was added, resulting in a colour
change from yellow to orangeered. After stirring for 5 min, the
solution was concentrated under reduced pressure to approx. 2 ml.
Hexanes (10 ml) were added to precipitate the product as orange
powder. The precipitate was collected by filtration, washed with
hexanes (5 ml) and dried in air. The product was further purified by
recrystallisation from CH2Cl2/MeOH by slow diffusion (23mg, 55%).
Crystals suitable for X-ray were obtained by slow diffusion (CHCl3/
MeOH). 1H NMR (CDCl3, 500 MHz) d/ppm: 9.49 (1H, dd, J ¼ 5.7,
1.0 Hz, H60), 8.81 (1H, d, J ¼ 6.0 Hz, H6), 8.09 (1H, pseudo-t,
J ¼ 7.8 Hz, H40), 8.07e8.02 (2H, m, Ph), 7.73 (1H, d, J ¼ 7.8 Hz,
H30), 7.72e7.67 (1H, m, Ph), 7.65e7.45 (6H, m, H3 and Ph), 7.53e7.45
(3H, m, Ph), 7.45e7.35 (5H, m, Ph), 7.00 (1H, dd, J ¼ 7.8, 5.7 Hz, H50),
6.96 (1H, dd, J¼ 6.0, 1.8 Hz, H5), 6.63e6.57 (2H, m, Ph), 6.24 (2H, dd,
J ¼ 12.1, 7.6 Hz, Ph), 4.29e4.20 (1H, m, CH2), 3.32e3.22 (1H, m,
CH2), !19.36 (1H, d, J ¼ 33.6 Hz, m-H). 31P NMR (CDCl3, 202 MHz) d/
ppm: 37.09 (d, J¼ 50.2 Hz), 36.69 (dd, J¼ 50.2, 22.4 Hz). IR (CH2Cl2)
n/cm!1: 2069 (s), 2014 (s), 2006 (s), 1986(m), 1960 (m), 1939 (w).
ES(þ)-MS m/z: 1282 [MþMeCN]þ, 1306 [MþHþNaþMeCN]þ.
Elemental analysis: calculated for C44H30N2Cl2O7P2PdRu3: C:42.58,
H: 2.44%, N: 2.26%; calculated for C44H30N2Cl2O7P2P-
dRu3$CH2Cl2$CH3OH: C: 39.67, H: 2.53%, N: 2.01%; found: C: 39.59,
H: 2.35%, N: 2.26%.

4.4. Reaction of 5 with PdCl2(NCPh)2: synthesis of 7

The reaction of 5 (122 mg, 0.11 mmol) with PdCl2(NCPh)2
(44 mg, 0.11 mmol) in dry THF (7 ml) was carried out as described
above for 4, and the product purified by precipitation (hexanes) and
recrystallization (CH2Cl2/hexanes) to give 7 (41 mg, 35%). 1H NMR
(CDCl3, 500 MHz) d/ppm: 9.49 (1H, d, J ¼ 5.6 Hz, H60), 8.85 (1H, d,
J¼ 1.6 Hz, H6), 8.09 (1H, pseudo-t, J¼ 7.6 Hz, H40), 7.97 (2H, m), 7.89
(1H, d, J¼ 7.6 Hz, H30), 7.86 (1H, pseudo-d, J¼ 8.0 Hz, H4), 7.79e7.73
(3H, m), 7.66e7.61 (1H, pseudo-t, J ¼ 6.8 Hz), 7.60e7.54 (3H,
pseudo-t, J ¼ 7.5 Hz, H50 and Ph), 7.50e7.33 (9H, m), 6.76 (2H, t,
J ¼ 7.1 Hz), 6.29e6.22 (2H, m), 4.26e4.15 (1H, m, CH2), 3.35e3.23
(1H, m, CH2), !19.31 (1H, d, J ¼ 31.7 Hz, m-H). 31P NMR (CDCl3,
202MHz) d/ppm: 38.28 (d, J¼ 49.6 Hz), 36.13 (dd, J¼ 49.5, 29.2 Hz).
IR (CH2Cl2) n/cm!1: 2067 (s), 2011 (s), 2003 (s), 1984 (m), 1958 (m),
1937 (w).ES(þ)-MSm/z: 1282 [MþMeCN]þ, 1306 [MþHþNa
þMeCN]þ.
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Table 2
Crystal data and structure refinement for 4, 5, 6 and 7.

Compound 4 5 6 7

Empirical formula C44H30N2O7P2Ru3 C44H30N2O7P2Ru3 C46H35Cl5N2O8P2PdRu3 C46H34Cl6N2O7P2PdRu3

Formula weight 1063.85 1063.85 1392.56 1411.00
Temperature/K 100(2) 100(2) 100(2) 100(2)
Wavelength/Å 0.71073 0.71073 1.54178 0.71073
Crystal system Monoclinic Monoclinic Triclinic Triclinic
Space group P21/c P21/n P1 P1
a/Å 13.05620(10) 16.3113(2) 11.1218(4) 9.9099(4)
b/Å 15.33750(10) 13.73130(10) 14.7682(4) 15.1144(7)
c/Å 20.10260(10) 19.8666(3) 15.6751(4) 18.6750(6)
a/! 94.209(2) 100.657(3)
b/! 92.3430(10)! 112.925(2)! 97.173(3)! 103.849(3)
g/! 92.499(3)! 107.364(4)
V/Å3 4022.17(5) 4098.18(10) 2543.95(13) Å3 2490.93(18)
Z 4 4 2 2
Dc/Mg m"3 1.757 1.724 1.818 1.881
m/mm"1 1.246 1.223 13.333 1.685
Crystal size/mm3 0.36 # 0.27 # 0.17 0.45 # 0.23 # 0.155 0.205 # 0.098 # 0.028 0.415 # 0.105 # 0.035
qmin,max/! 2.258, 38.477 2.009, 37.195 2.850, 67.341 2.115, 30.024
Index ranges "22 $ h $ 22, "26 $ k $ 26, "34 $ l $ 35 "27 $ h $ 27, "23 $ k $ 23, "33 $ l $ 33 "13 $ h $ 13, "17 $ k $ 13, "15 $ l $ 18 "13 $ h $ 13, "19 $ k $ 20, "24 $ l $ 22
Reflections collected 157567 146216 25030 22663
Unique reflections (Rint) 22213 (0.0357) 20643 (0.0357) 9048 (0.0291) 13116 (0.0340)
Max./min. transmission 0.823/0.713 0.851/0.716 0.697/0.230 0.947/0.642
Data/restraints/parameters 22213/0/527 20643/0/527 9048/38/628 13116/2/662
Goodness-of-fit on F2 1.080 1.066 1.037 1.061
R1, wR2 indices (I > 2s(I)) 0.0243, 0.0566 0.0282, 0.0682 0.0449, 0.1203 0.0511, 0.0890
R1, wR2 indices (all data) 0.0293, 0.0590 0.0361, 0.0728 0.0506, 0.1246 0.0786, 0.0996
Drmax,min/e.Å"3 0.994, "0.643 1.373, "0.936 1.945, "1.802 1.358, "1.867
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4.5. Crystallography

The crystal data for 4, 5, 6 and 7 are summarized in Table 2 with
the structures depicted in Figs. 1e4. Selected bond lengths and
bond and torsion angles are listed in Table 1. Crystallographic data
for the structures were collected at 100(2) K on an Oxford
Diffraction Xcalibur diffractometer fitted with MoKa (4, 5, 7) or an
Oxford Diffraction Gemini diffractometer fitted with CuKa(6) ra-
diation. Following analytical absorption corrections and solution by
direct methods, the structures were refined against F2 with full-
matrix least-squares using the program SHELXL-2014 [46] The
hydrido atom was refined without restraints in 4, 5 and 6. All
remaining hydrogen atoms were added at calculated positions and
refined by use of a riding model with isotropic displacement pa-
rameters based on those of the parent atoms. All non-hydrogen
atoms were refined with anisotropic displacement parameters.

In the case of 6, a sample was recrystallised from CH2Cl2/MeOH
but the crystals were of poor quality. The structure reported here
was the result of recrystallisation from CHCl3/MeOH. The first
crystal chosen contained CHCl3 as the only solvent but was twin-
ned. The presented structure was from a second crystal from the
same sample and contains both CHCl3 and MeOH. The CHCl3 and
the CHCl3/MeOH solvates have similar triclinic cells. In the pre-
sented structure, the solvent was modelled as one molecule of
CHCl3 and one of methanol. The geometries of the CHCl3 molecule
were restrained to ideal values. Any further electron density was
effectively removed using the program SQUEEZE. One carbonyl
ligand C,O(22) wasmodelled as being disordered over two sets sites
with occupancies constrained to 0.5. The hydrido atomwas refined
without restraints. All remaining hydrogen atoms were added at
calculated positions and refined by use of a riding model with
isotropic displacement parameters based on those of the parent
atoms. All non-hydrogen atoms were refined with anisotropic
displacement parameters.

In the case of 7, the solvent modelled as two CH2Cl2 molecules
both of which are disordered over two sites with occupancies
constrained to 0.5 after trial refinement. The hydrido atom was
refined with RueH distances restrained to ideal values. All
remaining hydrogen atoms were added at calculated positions and
refined by use of a riding model with isotropic displacement pa-
rameters based on those of the parent atoms. All non-hydrogen
atoms were refined with anisotropic displacement parameters.

Structural data have been deposited in the CCDC (1415608-
1415611). These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Acknowledgements

We gratefully acknowledge the Australian Research Council for
funding (DP DP140100855). P.J.L. holds an ARC Future Fellowship
(FT FT120100073). S.B. holds an International Postgraduate
Research Scholarship, and S.B. and C.F.M. were both awarded
Australian Postgraduate Award and the UWA Safety Net Top-Up
Scholarships by The University of Western Australia and the
Australian Government. The authors acknowledge the facilities,
and the scientific and technical assistance of the Australian Mi-
croscopy & Microanalysis Research Facility at the Centre for Mi-
croscopy, Characterisation & Analysis, The University of Western
Australia, a facility funded by the University, State and Common-
wealth Governments.

References

[1] J. Lewis, P.R. Raithby, J. Organomet. Chem. 500 (1995) 227e237.
[2] R.B. King, Prog. Inorg. Chem. 15 (1972) 287e473.
[3] F.G.A. Stone, Angew. Chem. Int. Ed. Engl. 23 (1984) 89e99.
[4] M.I. Bruce, Coord. Chem. Rev. 76 (1987) 1e43.
[5] E.W. Abel, F.G.A. Stone, G. Wilkinson (Eds.), Comprehensive Organometallic

Chemistry II Vol. 7, Elsevier, 1995.
[6] H. Lang, R. Packheiser, B. Walfort, Organometallics 25 (2006) 1836e1850.
[7] H. Lang, R. Packheiser, Coll. Czech. Chem. Commun. 72 (2007) 435e452.
[8] W. Cen, K.J. Haller, T.P. Fehlner, Inorg. Chem. 32 (1993) 995e1000.
[9] G.A. Koutsantonis, P.A. Schauer, B.W. Skelton, Organometallics 30 (2011)

2680e2689.
[10] M.P. Cifuentes, M.G. Humphrey, G.A. Koutsantonis, N.A. Lengkeek, S. Petrie,

V. Sandord, P.A. Schauer, B.W. Skelton, R. Stranger, A.H. White, Organome-
tallics 27 (2008) 1716e1726.

[11] G.A. Koutsantonis, G.I. Jenkins, P.A. Schauer, B. Szczepaniak, B.W. Skelton,
C. Tan, A.H. White, Organometallics 28 (2009) 2195e2205.

[12] R. Packheiser, H. Lang, Eur. J. Inorg. Chem. (2007) 3786e3788.
[13] R. Packheiser, H. Lang, Inorg. Chem. Commun. 10 (2007) 580e582.
[14] G.A. Koutsantonis, P.J. Low, C.F.R. Mackenzie, B.W. Skelton, D.S. Yufit, Organ-

ometallics 33 (2014) 4911e4922.
[15] G. Sanchez-Cabrera, F.J. Zuno-Cruz, M.J. Rosales-Hoz, J. Clust. Sci. 25 (2014)

51e82.
[16] P.R. Raithby, M.J. Rosales, Adv. Inorg. Chem. 29 (1985) 169e247.
[17] J.F. Halet, Coord. Chem. Rev. 143 (1995) 637e678.
[18] P.J. Low, J. Clust. Sci. 19 (2008) 5e46.
[19] P.J. Low, M.I. Bruce, Adv. Organomet. Chem. 48 (2001) 71e288.
[20] M.I. Bruce, P.J. Low, Adv. Organomet. Chem. 50 (2004) 179e2004.
[21] G.A. Foulds, B.F.G. Johnson, J. Lewis, J. Organomet. Chem. 294 (1985) 123e129.
[22] A.J. Deeming, R. Peters, M.B. Hursthouse, J.D.J. Backer-Dirks, J. Chem. Soc.

Dalton Trans. (1982) 787e791.
[23] T. Ven€al€ainen, J. Pursiainen, T.A. Pakkanen, J. Chem. Soc. Chem. Commun.

(1985) 1348e1349.
[24] M.I. Bruce, M.G. Humphrey, M.R. Snow, E.R.T. Tiekink, R.C. Wallis,

J. Organomet. Chem. 314 (1986) 311e322.
[25] M. DelaVarga, R. Costa, R. Reina, A. Nú~nez, M.A. Maestro, J. Mahía,

J. Organomet. Chem. 677 (2003) 101e117.
[26] J. Nijhoff, M.J. Bakker, F. Hartl, G. Freeman, A.L. Ingham, B.F.G. Johnson,

J. Chem. Soc. Dalton Trans. (1998) 2625e2633.
[27] G. Freeman, S.L. Ingham, B.F.G. Johnson, M. McPartlin, I.J. Scowen, J. Chem. Soc.

Dalton Trans. (1997) 2705e2711.
[28] J.A. Cabeza, I. da Silva, I. del Rio, L. Martinez-Mendez, D. Miguel, V. Riera,

Angew. Chem. Int. Ed. Engl. 43 (2004) 3464e3467.
[29] J.A. Cabeza, I. del Rio, L. Martinez-Mendez, D. Miguel, Chem. Eur. J. 12 (2006)

1529e1538.
[30] B. Poola, C.J. Carrano, M.G. Richmond, Organometallics 27 (2008) 3018e3028.
[31] P.J. Low, K.A. Udachin, G.D. Enright, A.J. Carty, J. Organomet. Chem. 578 (1999)

103e114.
[32] G.A. Foulds, B.F.G. Johnson, J. Lewis, J. Organomet. Chem. 296 (1985) 147e153.
[33] B.F.G. Johnson, J. Lewis, D.A. Pippard, J. Chem. Soc. Dalton Trans. (1981)

407e412.
[34] S.R. Drake, R. Khattar, Organomet. Synth. 4 (1988) 234e237.
[35] S. Rivomanana, G. Lavigne, N. Lugan, J.-J. Bonnet, Organometallics 10 (1991)

2285e2297.
[36] P.J. Low, T.M. Hayes, K.A. Udachin, A.E. Goeta, J.A.K. Howard, G.D. Enright,

A.J. Carty, J. Chem. Soc. Dalton Trans. (2002) 1455e1464.
[37] (a) M.I. Bruce, P.A. Humphrey, E. Horn, E.R.T. Tiekink, B.W. Skelton, A.H. White,

J. Organomet. Chem. 429 (1992) 207e227;
(b) L.T. Byrne, N.S. Hondow, G.A. Koutsantonis, B.W. Skelton, A.A. Torabi,
A.H. White, S.B. Wild, J. Organomet. Chem. 693 (2008) 1738e1750;
(c) A.A. Torabi, A.S. Humphreys, G.A. Koutsantonis, B.W. Skelton, A.H. White,
J. Organomet. Chem. 655 (2002) 227e232;
(d) S.E. Kabir, G. Hogarth, Coord. Chem. Rev. 253 (2009) 1285e1315.

[38] W. Henderson, B.K. Nicholson, L.J. McCaffrey, Polyhedron 17 (1998)
4291e4313.

[39] M.I. Bruce, B.K. Nicholson, M.L. Williams, Inorg. Synth. 28 (1990) 221e230.
[40] A. Baron, C. Herrero, A. Quaranta, M.-F. Charlot, W. Leibl, B. Vauzeilles,

A. Aukauloo, Inorg. Chem. 51 (2012) 5985e5987.
[41] (a) V. Grosshenny, F.M. Romero, R. Ziessel, J. Org. Chem. 62 (1997)

1491e1500;
(b) P.F.H. Schwab, F. Fleischer, J. Michl, J. Org. Chem. 67 (2002) 443e449.

[42] R.A. Jones, B.D. Roney, W.H.F. Sasse, K.O. Wade, J. Chem. Soc. B (1967)
106e111.

[43] D. Wenkert, R.B. Woodward, J. Org. Chem. 48 (1983) 283e289.
[44] G.K. Anderson, M. Lin, Inorg. Synth. 28 (1990) 60e63.
[45] H.E. Gottlieb, V. Kotlyar, A. Nudelman, J. Org. Chem. 62 (1997) 7512e7515.
[46] G.M. Sheldrick, Acta Cryst. A64 (2008) 112e122.

S. Bock et al. / Journal of Organometallic Chemistry 812 (2016) 190e196196

http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref1
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref1
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref2
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref2
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref3
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref3
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref4
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref4
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref5
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref5
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref6
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref6
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref7
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref7
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref8
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref8
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref9
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref9
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref9
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref10
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref10
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref10
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref10
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref11
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref11
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref11
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref12
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref12
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref13
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref13
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref14
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref14
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref14
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref15
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref15
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref15
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref16
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref16
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref17
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref17
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref18
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref18
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref19
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref19
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref20
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref20
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref21
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref21
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref22
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref22
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref22
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref23
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref23
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref23
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref23
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref23
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref24
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref24
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref24
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref25
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref25
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref25
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref25
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref26
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref26
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref26
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref27
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref27
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref27
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref28
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref28
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref28
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref29
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref29
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref29
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref30
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref30
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref31
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref31
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref31
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref32
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref32
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref33
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref33
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref33
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref34
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref34
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref35
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref35
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref35
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref36
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref36
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref36
http://refhub.elsevier.com/S0022-328X(15)30150-9/bib37a
http://refhub.elsevier.com/S0022-328X(15)30150-9/bib37a
http://refhub.elsevier.com/S0022-328X(15)30150-9/bib37a
http://refhub.elsevier.com/S0022-328X(15)30150-9/bib37b
http://refhub.elsevier.com/S0022-328X(15)30150-9/bib37b
http://refhub.elsevier.com/S0022-328X(15)30150-9/bib37b
http://refhub.elsevier.com/S0022-328X(15)30150-9/bib37c
http://refhub.elsevier.com/S0022-328X(15)30150-9/bib37c
http://refhub.elsevier.com/S0022-328X(15)30150-9/bib37c
http://refhub.elsevier.com/S0022-328X(15)30150-9/bib37d
http://refhub.elsevier.com/S0022-328X(15)30150-9/bib37d
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref37
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref37
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref37
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref38
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref38
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref39
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref39
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref39
http://refhub.elsevier.com/S0022-328X(15)30150-9/bib41a
http://refhub.elsevier.com/S0022-328X(15)30150-9/bib41a
http://refhub.elsevier.com/S0022-328X(15)30150-9/bib41a
http://refhub.elsevier.com/S0022-328X(15)30150-9/bib41b
http://refhub.elsevier.com/S0022-328X(15)30150-9/bib41b
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref40
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref40
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref40
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref41
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref41
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref42
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref42
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref43
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref43
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref44
http://refhub.elsevier.com/S0022-328X(15)30150-9/sref44


Effects of Electrode−Molecule Binding and Junction Geometry on
the Single-Molecule Conductance of bis-2,2′:6′,2″-Terpyridine-based
Complexes
Ross Davidson,† Oday A. Al-Owaedi,‡,§ David C. Milan,∥ Qiang Zeng,⊥,# Joanne Tory,⊥
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ABSTRACT: The single molecule conductances of a series of
bis-2,2′:6′,2″-terpyridine complexes featuring Ru(II), Fe(II),
and Co(II) metal ions and trimethylsilylethynyl (Me3SiC
C−) or thiomethyl (MeS-) surface contact groups have been
determined. In the absence of electrochemical gating, these
complexes behave as tunneling barriers, with conductance
properties determined more by the strength of the electrode−
molecule contact and the structure of the “linker” than the
nature of the metal-ion or redox properties of the complex.

■ INTRODUCTION

The development of methods that permit the measurement of
the electrical characteristics of single molecules under routine
laboratory conditions,1,2 coupled with the incentives for
technological innovation arising from ever increasing challenges
facing top-down miniaturization of solid-state electronic
devices, has seen a renaissance in the field of molecule
electronics over the past decade.3−6 In the context of
developing molecular components for use in hybrid solid-
state/molecular electronics technology, many different molec-
ular structures have been examined within molecular junctions,
including oligophenylenes,7 oligoaryleneethynylenes,8 and
oligoynes,9 and aryleneethynylene based molecular wires up
to 8 nm in length.10−12 However, while the majority of
metal|molecule|metal junctions studied to date has been derived
from organic molecules, the possibility that metal complexes
may play a role in molecular electronics has been recognized,13

and inorganic and organometallic molecular components for
electronics are now attracting increasing attention.14−18

Various families of metal complexes have been explored for
their wire-like properties and higher functionalities,19,20

including porphyrin oligomers21 and assemblies22 and metal
alkynyl complexes.23−28 Within the context of exploratory
studies, bis-2,2′:6′,2″-terpyridine complexes are particularly
attractive, being compatible with a broad cross-section of the
metallic elements of the transition series, and thereby offering a
wide range of metal d-electron configurations and charges,
electro- and photochemical activity, and diverse synthetic
approaches. Of these various synthetic methods, “on surface”
strategies are particularly notable, having been used in the
construction of quite complex surface bound mono-29 and
multimetallic30−32 films with impressive electrical character-
istics.33−38 Within single molecule junctions, the flexibility of
the coordination bonds around the metal center has led to the
opportunity for manipulation of transport properties through
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such “Cardan-joint” style metal complexes by mechanical
stimulus.39,40

Regardless of the method of assembly, as components in
molecular electronics, metal complexes offer the potential for
finer tuning of the frontier molecular orbitals in metal
complexes to match the Fermi levels of the electrodes,41 the
possibilities of augmenting electronic characteristics through
accessing available redox levels42 and manipulating them
through electrochemical gating,43−45 the introduction of
magnetic effects,46,47 and high thermoelectric efficiency.48

These various factors are then expanded further by
experimental and computational work in which multiple
metal centers are introduced along a linear “wire-like” chain,
either as an array of metal atoms14,49,50 or in ligand-linked
assemblies.24−27

While there is a body of experimental evidence, such as the
observation of Kondo effects in transition metal complex based
molecular junctions51−53 and electrostatically gated spin-
blockade effects,46 which indicates that the metal center is
involved directly in the transport mechanism, this is not always
the case.41 Recent studies have highlighted the potential role of
metal centers as a structural element with the surrounding
ligands providing the pathway for the through molecule
current.54 In such cases, the molecule−electrode contact and
electronic structure of the ligand framework will play a more
significant role in determining the overall transport properties
of the molecule than the identity of the metal in the complex.
The important role of the molecule−electrode contact in

determining transport properties of a molecular junction is now
widely recognized,55 and many different functional groups have
been explored in this regard, with thiols, amines, and pyridines
being particularly widely used.56 In addition to the chemical
nature of the binding group, the electrode−molecule contact
also depends on the structure of the electrode surface. For
example, thiolate binds a wide variety of sites on the gold
surface including different various points on flat terraces (atop
surface atoms, in bridging or in hollow sites), adjacent step

edges, or adatoms.57,58 Each of these different contact types
give rise to a different conductance signature, which accounts
for the appearance of multiple peaks in the conductance
histograms of even simple thiolate contacted molecules.59 One
possible strategy to limit the range of these possible binding
sites, and thereby simplifying the conductance profile of the
molecular junction, would entail increasing the steric bulk
around the surface coordinating atom. Thioethers are
beginning to attract attention both in studies of self-assembled
monolayers (SAM) on gold60 and as a contact in molecular
junctions where they often give rise to simpler conductance
histograms than analogous thiolates.61−66

Recently, the trimethylsilylethynyl moiety has been identified
as a possible “bulky” anchoring moiety for use in single
molecule electronics.28,67−70 Results from single molecule
junctions indicate that the use of the trimethylsilylethynyl
moiety as a surface contact group leads to current histograms
containing only a single conductance peak in the measurable
current range, although junction formation probabilities are low
(ca. 5%).28,67 Detailed studies of SAM formed from
trimethylsilylethynyl functionalized unsaturated hydrocarbons
have indicated pit-etching features, consistent with a surpris-
ingly strong Au−Si interaction.71 A close registry of the silyl
molecules with the underlying Au(111) surface and evidence
for a degree of Si−Au interaction from synchrotron radiation
photoelectron spectroscopy led to the suggestion of a local
surface complex featuring a five-coordinate silicon atom in
these self-assembled films.72,73 Later refinements to the model
have shown the importance of lateral intermolecular Van der
Waals interactions in preorganizing the silyl headgroup in such
a position as to promote the Si−Au interaction.74 However, the
nature of the Si−Au interaction in the case of the isolated
molecules used in single molecule junction studies is an area for
further investigation.
In what follows, we seek to extend these studies and arrive at

a more detailed understanding of the role of the anchor unit
and metal complex fragment on the behavior of these junctions,

Chart 1
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by studying Fe(II), Ru(II), and Co(II) bis-2,2′:6′,2″-terpyridine
complexes anchored by thiomethyl60−63 and trimethylsilyl-
ethynyl28,67−70 moieties within molecular junctions, supported
by electrochemical and spectroelectrochemical measurements
and quantum chemical models.

■ RESULTS AND DISCUSSION
The bis(terpyridyl) complexes [1-M](PF6)2, [2-M](PF6)2, and
[3-M](PF6)2 (M = Fe, Ru; Chart 1) were prepared in
conventional fashion from reactions of FeCl2·4H2O or RuCl3·
3H2O (the latter in the presence of ethyl morpholine) with the
ligands 4′-(trimethylsilylethynyl)-2,2′:6′,2″-terpyridine (L1),75

4′-[4-(trimethylsilylethynyl)phenyl]-2,2′:6′,2″-terpyridine
(L2),75 and 4′-[4-(methylthio)phenyl]-2,2′:6′,2″-terpyridine
(L3),76 respectively, followed by anion metathesis with
NH4PF6 or [Ag(NCMe)4]PF6. While [1-Co](PF6)2 could not
be isolated, and indeed was not observed in ES-MS monitoring
of analogous reactions of [Co(H2O)6](BF4)2 with L1, the
addition of [Co(H2O)6](BF4)2 to solutions of L2 or L3 readily
gave [2-Co](BF4)2 and [3-Co](BF4)2. All of the complexes
were characterized by the usual array of spectroscopic and
spectrometric methods and elemental analysis.
The complexes [1-M](X)2, [2-M](X)2, and [3-M](X)2 each

undergo a metal-centered M(II/III) oxidation and two
terpyridine-based reduction processes (Table 1, Table S1),
with assignments made on the basis of spectroelectrochemical
studies (Table S2). In addition, the complexes [2-Co](BF4)2
and [3-Co](BF4)2 display a metal-based Co(II/I) reduction at
less negative potentials than the terpyridyl reductions (Table
1).
Interestingly, one-electron reduction products [1-M]+ and

[2-M]+ display subtly different electronic characteristics, which
can be conveniently assessed through IR spectroelectrochem-
ical studies, using the ν(CC) and ν(tpy) reporting vibrations.
Each [1-Fe]2+ (ν(CC) 2164 cm−1) and [1-Ru]2+ (ν(CC)
2162 cm−1) feature a single ν(CC) band. The IR spectrum
of the spectroelectrochemically observed one-electron reduc-
tion product [1-Fe]+ is characterized by the appearance of a
new, strong ν(CC) band with an apparent maximum at 2111

cm−1 together with a second ν(CC) band coincident with
the ν(CC) band in [1-Fe]2+. These IR data are consistent
with a [Fe(L1)([L1]•−)]+ form which is localized on the IR
time scale.77 The reduction of [1-Ru]2+ to [1-Ru]+, which
slowly decomposed in the course of the spectroelectrochemical
experiment, resulted in a similar splitting (ν(CC) at 2161
and 2113 cm−1). In the case of [2-Fe]+ and [2-Ru]+, the low-
energy shifts and size of the splitting of the ν(CC) bands
were considerably smaller, resulting in the overlap of the new
ν(CC) bands associated with [2-Fe]+ (2156, 2147 cm−1)
and a single ν(CC) band at 2150 cm−1 for [2-Ru]+. While
close inspection of the entire NIR region of these one-electron
reduced complexes (through spectroelectrochemical experi-
ments performed independently of the data presented in
Figures S6, S9, S12, S15) failed to conclusively identify an
interligand charge transfer transition, the observation of two
ν(CC) bands in [1-M]+ and [2-Fe]+ suggests a localized
terpyridyl reduction. In contrast, the observation of only a
single ν(CC) band in [2-Ru]+ is consistent with fast electron
exchange between the terpyridyl ligands on the IR time-scale.
The general conclusions drawn for the redox properties,

molecular bonding, and stability in the oxidized and reduced
states presented above for the redox series based on [2-M]2+

can also be adopted for [3-M]2+. Only marginal differences
between their redox potentials and electronic absorption
spectra and those of [2-M]2+ have been encountered. Futher
details of the analysis and copies of the spectra obtained by
spectroelectrochemical methods are presented in the Support-
ing Information (Figures S5−S22, and Table S2).
To date, the few compounds featuring trimethylsilylethynyl

based electrode contacts that have been studied in molecular
junctions have been charge-neutral organic com-
pounds28,68−70,78 or organometallic complexes.28 Therefore,
prior to single-molecule measurements and by way of example,
the deposition of the trimethylsilyl terminated complex [2-
Fe](PF6)2 on gold substrates from dilute acetonitrile solution
was explored to ensure the trimethylsilylethynyl moiety would
be capable of interacting with the gold substrate in the relatively
highly charged coordination complexes studied here. A polished

Table 1. Experimental (Exp. G) and Calculated (Th. G) Conductances, Experimental Break-off Distances, and Calculated
Geometric Parameters from the Type III Junction Geometries (vide infra), with Redox Potentialsa for Complexes [1-M]2+, [2-
M]2+, and [3-M]2+, Recorded at 10−3 M in Acetonitrile Containing 10−1 M NBu4PF6

molecule Exp. G/nS (G0)
b Th. G/nS (G0)

c
Z*

/nmd
Z/
nme

dAu−Au
/nmf

d/
nmg,h

X/
nmi

E1/2
1

/Vj
E1/2
2

/Vk
E1/2
3

/Vl
E1/2
4

/Vm

[1-Fe](PF6)2 2.3 ± 0.7 ((3.0 ± 0.9) × 10−5) 2.0 0.77 −1.46 −1.62
[1-Ru](PF6)2 3.7 ± 1.0 ((4.8 ± 1.3) × 10−5) 2.0 0.92 −1.49 −1.73
[2-Fe](PF6)2 1.9 ± 0.7 ((2.5 ± 0.9) × 10−5) 2.67 (3.45 × 10−5) 2.2 2.85 3.10 2.71g 0.39 0.72 −1.56 −1.68
[2-Ru](PF6)2 2.0 ± 0.7 ((2.6 ± 0.9) × 10−5) 2.77 (3.58 × 10−5) 2.4 2.88 3.13 2.74g 0.39 0.87 −1.58 −1.83
[2-Co](BF4)2 1.4 ± 0.6 ((1.8 ± 0.8) × 10−5) 1.95 (2.51 × 10−5) 2.7 2.83 3.08 2.69g 0.39 −0.08 −1.08 −1.92 −2.25
[3-Fe](PF6)2 2.4 ± 0.6 ((3.1 ± 0.8) × 10−5) 3.63 (4.69 × 10−5) 2.4 2.21 2.46 2.15h 0.30 0.69 −1.60 −1.73
[3-Ru](PF6)2 2.4 ± 0.6 ((3.1 ± 0.8) × 10−5) 3.28 (4.23 × 10−5) 2.4 2.24 2.49 2.19h 0.30 0.83 −1.64 −1.87
[3-Co](BF4)2 4.1 ± 1.0 ((5.3 ± 1.3) × 10−5) 5.60(7.23 × 10−5) 2.0 2.20 2.45 2.14h 0.30 −0.10 −1.14 −1.96 −2.30
aThe electrode potentials of the Fe(II) and Ru(II) complexes were internally referenced against FeCp2/[FeCp2]

+ at ν = 100 mV s−1, while the
Co(II) complexes were internally referenced against decamethylferrocene/decamethylferrocenium (FeCp*2/[FeCp*2]+ = −0.48 V vs FeCp2/
[FeCp2]

+) at ν = 1 V s−1. The same half-wave potentials were recorded in butyronitrile used for IR spectroelectrochemistry due to higher solubility
of the complexes. bExperimentally determined conductance G (nS). cCalculated conductance values Th. G (nS) at EF − EF

DFT = −0.14 eV.
dExperimental break-off distance Z* (nm). eThe calculated electrode separation in a relaxed type III junction, Z = dAu−Au − 0.25 nm, where 0.25 nm
is the calculated center-to-center distance of the apex atoms of the two opposing gold pyramids when conductance = G0 in the absence of a molecule.
fdAu−Au is the calculated center-to-center distance of the apex atoms of the two opposing gold pyramids in the relaxed type III junctions (vide infra).
gDistance between the centers of silicon atoms in the relaxed junction. hDistance between centers of sulfur atoms in the relaxed junction. iBond
length between the top gold atoms of the pyramids and the anchor atoms in the relaxed junctions. jMetal-centered oxidation. kMetal-centered
reduction. lLigand-based reduction. mSecond ligand-based reduction.
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gold electrode was immersed in a solution of 10−3 M [2-
Fe](PF6)2 in acetonitrile and deposition allowed to proceed
overnight. The modified electrode was rinsed with acetone and
dried prior to use. Surface-enhanced resonance Raman
spectroscopy (λex = 633 nm, chosen to be coincident with
the plasmon absorption of a gold surface) revealed bands at
1044 and 1605 cm−1, attributed to the tpy ligands, confirming
attachment of [2-Fe](PF6)2 to the surface (Figure S23). The
surface bound complex showed a reversible anodic wave, the
shape of which was independent of scan rate up to 1 V s−1

(Figure S24). The peak current of the anodic wave and
cathodic counterwave scales linearly with increasing scan rate
(Figure S25), while the corresponding peak−peak separation is
ca. 25 mV and remains unaffected by changes of scan rate.
The molecular conductance of the bis-2,2′:6′,2′′-terpyridine-

based complexes [1-M](X)2−[3-M](X)2 (M = Fe, Ru, X =
PF6

−; M = Co, X = BF4
−) on a Au(111) surface was

investigated by scanning tunnelling microscopy (STM) under
ambient conditions using the I(s) technique.1 Approximately
500 I(s) scans containing current plateaus were used in the
construction of the conductance histograms (Figures 1 and 2),

from which the conductance, G, of the compounds under
investigation can be extracted (Table 1). In addition, the break-
off distance, Z*, which is calculated from the sum of the initial
separation of the tip and substrate (s0) and the retraction
distance defined by the end of the current plateau in the I(s)
trace, can also be obtained from the conductance curves (Table
1). The relatively rigid junction between molecule and tip
formed by both Me3SiCC− and MeS− contacts was
apparent from the observation of only short plateaus in the
I(s) curves.79 The conductance values, break-off distances, and
calculated molecular lengths are summarized in Table 1, with
conductance histograms obtained from the I(s) data shown in
Figures 1 and 2.
The data in Table 1 are consistent with literature studies of

OPEs and oligoynes, whose tunnelling conductances decay
with increasing numbers of phenyl rings and triple bonds,
respectively; one expects the conductances of [2-M](X)2 to be
lower than those of [1-M](X)2 and [3-M](X)2, because each
end of [2-M](X)2 contains both a phenylene and a triple bond
in series, where each end of [1-M](X)2 and [3-M](X)2 contains
only a single phenylene spacer or a single triple bond,
respectively. There are several competing factors here,
including the increased molecular length (β for polyphenylene
chains is said to be 0.6 A−1)80 and the decreased conjugation

brought about by the twisting of the phenylene ring relative to
the plane of the tpy π-system.81,82 While for each series [2-M]2+

and [3-M]2+ the overall span of values is not more than a factor
of 3 (Table 1, Figure 2), the apparent order of conductance is
Fe ∼ Ru > Co for the trimethylsilylethynyl-contacted
complexes [2-M]2+, while for the MeS derivatives [3-M]2+ a
trend of Co > Ru ∼ Fe is observed. However, there is no
correlation between the trends in solution-based redox
potentials and the observed conductance behavior (Table 1),
which may be an indication of nonresonant transport
mechanisms. The relative energies of the gold electrode
Fermi energies and the molecular redox states (or energies of
the HOMO and LUMO orbitals) are not readily estimated with
significant accuracy, as the electrochemical potentials (Table 1)
will depend on experimental factors such as solvation and ion-
pairing and the effects of the double layer at the (electro-
chemical) electrode surface. In contrast, the STM experiments
are based on two-terminal (STM tip and substrate) measure-
ments in which the electrochemical potential is not controlled.
In this case, the STM tip and substrate operate with a bias
between them (Utip = 0.6 V), and the precise level relative to
vacuum depends on the open circuit potentials adopted.
Therefore, to further explore the properties of these

molecular junctions, quantum chemical modeling of the
complete junctions were undertaken to compare the electrical
properties of the Fe, Ru, and Co molecular pairs [2-M](X)2
and [3-M](X)2 (M = Fe, Ru, X = PF6

−; M = Co, X = BF4
−;

Figure 3).
Before calculating electron transport properties, each

member of the [2-M](X)2 and [3-M](X)2 series was optimized
within the junctions (Figure 3). To explore the role of the
electrode geometry, three electrode shapes were chosen to
represent not only the idealized planar surface (type I) but also
surfaces containing a single adatom (type II) and larger surface

Figure 1. Conductance histograms of [1-Ru](PF6)2 and [2-Ru]-
(PF6)2.

Figure 2. Conductance histograms. (a) −CCSiMe3 contacted
complexes [2-Fe](PF6)2, [2-Co](BF4)2, and [2-Ru](PF6)2. (b) −SMe
contacted complexes [3-Fe](PF6)2, [3-Co](BF4)2, and [3-Ru](PF6)2.
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features modeled as gold pyramids (type III). To obtain
realistic values of molecular conductance for the type III
junctions with a Me3SiCC− anchor group, the binding
energies of these structures were computed for a range of
different molecular orientations within the junction (defined by
the angle Θ, ∠Cipso−Si−Au, Figure 4).

Within this range of different conformations of type III
junctions, the maximum binding energy varied by about 0.1 eV
from 105° to 125° depending on the metal ion involved
(Figure 5). Allowing for room-temperature thermal fluctuations

of ∼25 meV, this suggests that the optimal conformation of the
angle Θ within the junction may vary from as little as 100° for
[2-Co] to as much as 130° for [2-Fe] and [2-Ru]. However,
since the results do not depend strongly on the angle, we have
chosen to plot results for the case of Θ = 110° as a
representation of the results for a range of nearby angles.
Results for binding energies (Figure 6) and transport properties
(vide infra) are shown for type III junctions with Θ = 110°.

Calculated binding energies for the various complexes [2-
M](X)2 and [3-M](X)2 in various junction models I, II, and III
(Θ = 110°) are plotted in Figure 6, with two trends
immediately apparent. First, the MeS-based structures ([3-
M]2+) bind more strongly than the Me3SiCC-anchored
structures ([2-M]2+). Second, the binding energies of the type
III electrode geometry are higher than those of the other
junctions. For these type III junctions, the order of the binding
energies with Me3SiCC-anchor groups ([2-M](X)2) is Ru >
Fe > Co, whereas with MeS-anchor groups (i.e., compounds
[3-M][X]2), the order of binding energies is Co > Fe > Ru,
which are broadly consistent with the conductance trends.
The most stable trimethylsilylethynyl-based configurations in

the single-molecule junctions formed with complexes [2-M]2+

are not as might have been expected based on previous
proposals drawn from studies of self-assembled monolayers of
trimethylsilylethynyl functionalized long-chain hydrocarbons on
flat Au(III) surfaces.71,72,74,83 Rather than a five-coordinate
silicon species chemisorbed to a flat terrace, the type III
junctions are most stable, and the silicon center maintains an
approximately tetrahedral geometry (Table 2). It seems that for
the single-molecule experiments, in the absence of additional

Figure 3. This Figure illustrates the three distinct electrode geometries explored in this work, denoted type I, type II, and type III, and illustrated
with [2-Co](BF4)2 and [3-Co](BF4)2 by way of example (see Figures S31, S32, and S33 for all relaxed structures).

Figure 4. A pictorial representation of the angle Θ used to describe the
various geometries within type III junctions for complexes [2-M]2+.

Figure 5. Plots illustrating the binding energies as a function of the
angle between Au−Si−C atoms, Θ (Figure 4), for the type III
configurations with the Me3SiCC-anchored compounds [2-M](X)2.

Figure 6. Plots of the binding energy of [2-M](X)2 and [3-M](X)2 for
three types of junction configurations, type I, type II, and type III.

Table 2. Summary of Bond Lengths (Å) and Angles at Si
(deg) of the Dication [2-M]2+ in Type III Junctions

type III junction

[2-Fe]2+ [2-Ru]2+ [2-Co]2+

CC 1.234 1.234 1.234
Si−C 1.824 1.825 1.819
Si−Cmethyl 1.907 1.887 1.889
∠Cmethyl−Si−Calkyne 109.7 109.1 109.3
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dispersion forces present in the self-assembled monolayer films,
which might give additional energetic preference to alternative
contact geometries,71−74 the most stable trimethylsilylethynyl|
gold contacts are best described in terms of a molecule
physisorbed at a defect site.
Regarding the relaxed geometries of the molecular junctions

formed by the SMe-contacted molecules [3-M](X)2, we note
that while the thiolate (RS−) to gold interaction has been
studied extensively,84,54 the thioether (R2S) to gold interaction
has been less thoroughly explored. In the thioether-contacted
type III systems, the compounds [3-M]2+ sit close to the apex
of each pyramid-shaped model gold electrode, with a Au−S
distance of 3.0 Å and a Au−S−Cipso angle of 103.74°. These
geometries compare with compounds such as [Ph3PAuSMe2]-
[CF3SO3] (Au−S, 2.323(2) Å; Au−S−Cmethyl 106.7(2),
104.7(2)°),85 and as such the sulfur−gold interaction is well
approximated in terms of a coordination-type interaction
(chemisorption) between the sulfur donor atom of the thio-
ether and the gold atoms near the apex of the pyramid.
The calculated conductances as a function of the Fermi

energy for complexes [2-M](X)2 and [3-M](X)2 within the
three different molecular junctions types I, II, and III are shown
in Figures 7 and 8. For both molecular contacts, it is clear that

the conductances of the structures with the type III
configurations are the highest, which correlates with their
more favorable binding energies (Figure 6). This is consistent
with the relatively simple conductance histograms observed for
trimethylsilylethynyl- and SMe-contacted molecules described
here and elsewhere28,61−63 and might be attributed to
molecules bound at surface defects contributing predominantly
to the conductance histograms.
For each of the most energetically favorable type III

structures of [2-M](X)2 and [3-M](X)2, the room temperature
electrical conductance G was calculated as described in the

Computational Details section and plotted against the Fermi
level (EF − EF

DFT; Figures 7 and 8). Since DFT does not
usually predict the correct value of the Fermi energy (EF

DFT),
we treat EF as a free parameter which we determine by
comparing the calculated conductance with experiment. For EF
− EF

DFT = −0.14 eV, the conductances follow the small
experimental trends with a remarkably high degree of
correlation (Table 1, Figure 9). Thus, despite the changes in

metal and surface contacting group, the observed conductances
of these metal complexes, which span a relatively small range of
values (from 1.4 ± 0.6 to 4.1 ± 1.0 nS, Table 1), follow the
trends in the edge of the LUMO resonances (Figures 7 and 8).
In contrast, there is a more pronounced variation in the
position of the HOMO resonances, but such variations are not
consistent with the conductance data. LUMO-based con-
duction mechanisms have also recently been noted for a
somewhat related Cu(1,10-phenanthroline) complex.41 Inter-
estingly, a family of SMe contacted oligo(thiophene-S,S-
dioxides) have been shown to shift from LUMO to HOMO

Figure 7. Plots of the theoretical conductances as a function of the
Fermi energy for [2-M](X)2 with three different molecular junctions
(types I, II, III).

Figure 8. Plots of the theoretical conductance as a function of the
Fermi energy for all [3-M](X)2 structures with three different
molecular junctions (types I, II, III).

Figure 9. A comparison between experimental and theoretical
conductances G, plotted against the relaxed electrode separations Z
as shown in Table 1.
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mediated conductance mechanisms as a function of increasing
molecular length.62

■ CONCLUSIONS
The single-molecule conductance of bis(terpyridyl) complexes
[1-M](X)2, [2-M](X)2, and [3-M](X)2 display trends that are
more closely associated with the binding energy and ligand
structure than the nature of the metal ion. The limited role of
the metal ion can be traced in part to the LUMO-based
conduction mechanisms that arise from the use of trimethylsi-
lylethynyl and, in the geometries adopted here, thiomethyl
binding groups. The optimized structures of the molecular
junctions and considerations of the calculated conductance
profiles indicate that the most conductive trimethylsilylethynyl
contact to the gold electrodes is best described in terms of
physisorption at defect sites, explaining the simple conductance
profiles observed for compounds contacted through this group.
The thiomethyl moiety contacts the gold electrodes in a more
chemisorbed fashion, again at defect sites on the gold
electrodes in the most conductive junctions. The conductances
of [2-M](X)2 are found to be lower than those of [1-M](X)2
and [3-M](X)2, which is consistent with single phenylene and
triple-bond spacers acting as tunneling barriers.

■ EXPERIMENTAL SECTION
General Details. NMR spectra were recorded in deuterated

solvent solutions on Bruker DRX-400 and Varian Inova 300, 400, and
500 spectrometers and referenced against residual protio solvent
resonances (1H, 13C). ES-MS data were recorded on a TQD mass
spectrometer (Waters Ltd., UK) in acetonitrile. Microanalyses were
performed by Elemental Analysis Service, London Metropolitan
University, United Kingdom.
Analytical grades of solvents were used except for dichloromethane

(CH2Cl2), which was further purified by distillation over calcium
hydride. The compounds 4′-(trimethylsilylethynyl)-2,2′:6′,2″-terpyr-
idine (L1),75 4′-[4-(trimethylsilylethynyl)phenyl]-2,2′:6′,2″-terpyri-
dine (L2),75 4′-[4-(methylthio)phenyl]-2,2′:6′,2″-terpyridine (L3),76

[Ru(L3)2](PF6)2 ([3-Ru](PF6)2),
76 and [Ag(CH3CN)4]PF6

86 were
synthesized according to literature methods. All other chemicals were
purchased and used as received.
Syntheses. [Fe(L1)2](PF6)2 ([1-Fe](PF6)2). The salt FeCl2·4H2O (60

mg, 0.30 mmol) was added to a solution of L1 (200 mg, 0.60 mmol) in
methanol (20 mL), immediately turning the solution purple. The
reaction mixture was stirred for 30 min; then solvent was removed,
leaving a purple residue, which was then dissolved in acetonitrile (20
mL). To this solution, [Ag(CH3CN)4]PF6 (249 mg, 0.60 mmol) was
added, forming a white precipitate, which was removed via filtration
through Celite. The solvent was removed from the filtrate, leaving a
purple residue, which was dissolved in CH2Cl2 (20 mL) and
precipitated by adding a minimal amount of hexane. The supernatant
was removed by decantation, and the remaining purple oil was washed
with hexane twice before being dried under high vacuum conditions to
give a purple solid. Yield: 150 mg (49%). ESMS: m/z 357 [M]2+. 1H
NMR(CD3CN): δ 8.94 (s, 4H), 8.48 (d (J = 8 Hz), 4H), 7.90 (t (J = 8
Hz), 4H), 7.13−7.07 (m, 8H), 0.46 (s, 18H) ppm. 13C{1H} NMR
(CD3CN): δ 161.1, 158.1, 154.1, 139.9, 133.0, 128.5, 126.4, 125.0,
105.6, 102.0, −0.42 ppm. Anal. Calcd for C40H38F12FeN6P2Si2: C,
47.82; H, 3.81; N, 8.36%. Found: C, 47.75; H, 3.73; N, 8.27%.
[Ru(L1)2](PF6)2 ([1-Ru](PF6)2). The complex salt RuCl3·3H2O (78

mg, 0.30 mmol), L1 (200 mg, 0.60 mmol), and five drops of ethyl
morpholine in methanol (20 mL) were heated at reflux for 6 h, after
which time the solution was allowed to cool to room temperature and
filtered. The solvent was removed from the filtrate, leaving a red
residue. The residue was redissolved in acetonitrile, and [Ag-
(CH3CN)4]PF6 (313 mg, 0.75 mmol) was added, forming a white
precipitate, which was removed by filtration through Celite. The
solvent was removed from the filtrate, forming a red solid, which was

dissolved in CH2Cl2 and filtered and the filtrate subjected to silica
column chromatography eluted with CH2Cl2/acetonitrile (1:1). The
red band was collected, and removal of the solvent gave the product as
a red solid. Yield: 50 mg (15%). ESMS: m/z 380 [M]2+. 1H
NMR((CD3)2CO): δ 9.10 (s, 4H), 8.92 (d (J = 8 Hz), 4H), 8.09 (t (J
= 8 Hz), 4H), 7.80 (d (J = 8 Hz), 4H), 7.35 (t (J = 8 Hz), 4H), 0.40
(s, 18 H) ppm. 13C{1H} NMR ((CD3)2CO): δ 158.7, 156.4, 153.7,
139.4, 131.2, 129.0, 126.8, 125.9, 104.1, 102.5, −0.21 ppm. Anal. Calcd
for C40H38F12RuN6P2Si2: C, 45.76; H, 3.65; N, 8.00%. Found: C,
45.65; H, 3.77; N, 7.94.

[Fe(L2)2](PF6)2 ([2-Fe](PF6)2). The complex was prepared using the
same procedure as described for [1-Fe](PF6)2 except L

2 was used in
place of L1. Yield: 142 mg (63%). ESMS: m/z 433 [M]2+. 1H
NMR(CD3CN): δ 9.19 (s, 4H), 8.63 (d (J = 8 Hz), 4H), 8.34 (d (J =
8 Hz), 4H), 7.93 (t (J = 8 Hz), 4H), 7.88 (d (J = 8 Hz), 4H), 7.20 (d
(J = 7 Hz), 4H), 7.10 (t (J = 7 Hz), 4H), 0.35 (s, 18H) ppm. 13C{1H}
NMR (CD3CN): δ 161.3, 158.9, 154.0, 150.2, 139.7, 137.7, 133.8,
129.0, 128.3, 126.1, 124.8, 122.4, 105.0, 98.0, −0.16 ppm. Anal. Calcd
for C52H46N6F12P2FeSi2: C, 53.99; H, 4.01; N, 7.26%. Found: C,
53.71; H, 4.09; N, 7.17%.

[Co(L2)2](BF4)2 ([2-Co](BF4)2). The complex salt [Co(H2O)6](BF4)2
(85 mg, 0.25 mmol) was added to a solution of L2 (200 mg, 0.49
mmol) in CH2Cl2 (10 mL) and methanol (5 mL), immediately
forming a red solution. The solution was allowed to stir for 30 min,
before the solvent was removed, leaving a red solid that was dissolved
in CH2Cl2 and the resulting solution filtered through Celite. The
solvent was removed from the filtrate giving the product as a red solid.
Yield: 212 mg (83%). ESMS: m/z 435 [M]2+. Anal. Calcd for
C52H46B2F8CoN6Si2·1/2CH2Cl2: C, 58.06; H, 4.36; N, 7.74%. Found:
C, 58.13; H, 4.19; N, 7.47%.

[Ru(L2)2](PF6)2 ([2-Ru](PF6)2). This complex was prepared using the
same procedure as described for [1-Ru](PF6)2 except L

2 was used in
place of L1. Yield: 174 mg (29%). ESMS: m/z 456 [M]2+. 1H
NMR(CD3CN): δ 9.02 (s, 4H), 8.67(d (J = 8 Hz), 4H), 8.23 (d (J = 8
Hz), 4H), 7.97 (t (J = 8 Hz), 4H), 7.45 (d (J = 8 Hz), 4H), 7.20 (d (J
= 7 Hz), 4H), 7.10 (t (J = 7 Hz), 4H), 0.33 (s, 18H). 13C{1H} NMR
(CD3CN): δ 159.0, 156.4, 153.4, 148.0, 143.2, 139.0, 137.8, 133.7,
128.9, 128.4, 125.5, 122.4, 105.0, 97.7, −0.17 ppm. Anal. Calcd for
C52H46N6F12P2RuSi2: C, 51.95; H, 3.86; N, 6.99%. Found: C, 51.84;
H, 4.02; N, 6.80%.

[Fe(L3)2](PF6)2 ([3-Fe](PF6)2). The complex salt FeCl2·4H2O (55 mg,
0.28 mmol) was added to a solution of L3 (200 mg, 0.56 mmol) in
CH2Cl2 (10 mL) and methanol (10 mL), immediately forming a
purple solution. The reaction mixture was stirred for 30 min, after
which time the solvent was removed in vacuo before being redissolved
in neat methanol. The addition of NH4PF6 (137 mg, 0.84 mmol)
resulted in the formation of a precipitate. The precipitate was collected
by filtration and washed thoroughly by methanol, followed by CH2Cl2
and finally diethyl ether. The combined filtrates were taken to dryness,
giving the product as a purple powder. Yield: 215 mg (73%). ESMS:
m/z 383 [M]2+. 1H NMR(CD3CN): δ 9.19 (s, 4H), 8.64 (d (J = 8
Hz), 4H), 8.29 (d (J = 8 Hz), 4H), 7.93 (t (J = 8 Hz), 4H), 7.70 (d (J
= 8 Hz), 4H), 7.22 (d (J = 6 Hz), 4H), 7.11 (t (J = 6 Hz), 4H), 2.69
(s, 6H). 13C{1H} NMR (CD3CN): δ 160.2, 158.0, 153.0, 149.7, 143.0,
138.6, 132.6, 128.1, 127.2, 126.4, 123.7, 121.0, 14.2 ppm. Anal. Calcd
for C44H34N6F12P2FeS2: C, 50.01; H, 3.24; N, 7.95%. Found: C, 49.83;
H, 3.16; N, 7.85%.

[Co(L3)2](BF4)2 ([3-Co](BF4)2). The complex was prepared using the
same procedure as described above for [2-Co](BF4)2 except L

3 was
used in place of L2. Yield: 213 mg (81%). ESMS: m/z 385 [M]2+. Anal.
Calcd for C44H34N6F8B2CoS2: C, 56.02; H, 3.63; N, 8.91%. Found: C,
55.97; H, 3.55; N, 9.07%.

Single Molecule Conductance Measurements. Gold on glass
substrates (Arrandee, Schröer, Germany) were cleaned with acetone
and flame-annealed with a butane torch until a slight orange hue was
obtained. The slide was kept in this state for 20 s, during which time
the torch was kept in motion around the sample to avoid overheating.
This procedure was performed three times to generate flat Au (111)
terraces.87 The freshly annealed substrates were immersed in a 10−4 M
acetonitrile (99.9% ChromasolV Plus for HPLC) solution of the
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complex under investigation for 1 min, after which time the gold
sample was removed and washed with ethanol and then dried in an
argon flow. The short immersion time and low concentration of
solution were chosen to promote low molecular coverage of the gold
surface, which increases the formation of single molecule events over
aggregate phenomena.
Conductance values of those compounds and the break-off distance

were obtained with a STM (Agilent 5500 SPM microscope), using the
I(s) technique in which an electrochemically etched gold tip is
approached close to the substrate surface and then retracted with the
tunnelling current (I) recorded against distance (s).88 The Agilent
5500 SPM was fitted with a low-current preamplifier, and set point
conditions of I = 10 nA and bias voltage, Utip = 0.6 V, were employed.
The I(s) method involves repeatedly moving the STM tip toward the
gold surface to given set-point values and then rapidly away from the
surface. During these cycles, molecular junctions are occasionally
formed which can be recognized by deviations from the usual
exponential decay of current in the form of current plateaus. In this
case, as the junction is stretched beyond its maximum length, the
molecule bridge breaks, leading to a sharp decrease in current and
currents steps. Hence these junction formation and cleavage processes
are recognized by plateaus and steps in the current-distance currents.
Since the I(s) technique is a “non-contact” method (no metallic
contact between the gold STM tip and gold surface), the molecular
junction formation probability, as recognized by the plateau-step
traces, is significantly smaller than break junction techniques. The I(s)
tip retraction cycles are repeated many times (normally 4000−5000
traces) in order to record sufficient traces where molecular junctions
form, called molecular junction formation scans, as opposed to most
traces for which no junction forms. Molecular junction formation
scans are recognized by recording only traces which exhibit a plateau
longer than 1 Å. This accounted for ∼15% of the current decay curves
for the molecules with SMe anchor group but as low as 1% for the
TMSE end groups (Figure S36). The very low hit rate for the TMSE
terminal groups may be related to either their relatively weak contact
binding or possibly their propensity to bind as only specific surface
defects sites (e.g., gold steps) with sufficient conductance. The
resulting I(s) curves are binned in current steps (16 pS) and plotted to
give a conductance histogram comprised of at least 500 I(s) scans
showing plateaus. The error associated with each current value
reported has been statistically obtained from the standard deviation of
the points comprising the conductance peak.
Spectroelectrochemistry. UV−vis−NIR spectroelectrochemistry

was conducted using a Scinco S-3100 diode array spectrophotometer
(50 000−10 000 cm−1) or a PerkinElmer Lambda 900 double-beam
spectrophotometer (50 000−5000 cm−1). An optically transparent
thin-layer electrochemical (OTTLE) cell89 was connected to a
PalmSens EmStat3 potentiostat. Infrared spectra were recorded with
a Bruker Vertex 70v spectrometer. All spectroelectrochemical
experiments were conducted in predried solvents (acetonitrile,
butyronitrile) containing 3 × 10−1 M NBu4PF6 and 10−3 M complex
(UV−vis−NIR monitoring) or 10−2 M complex (IR monitoring).
Deposition of [2-Fe](PF6)2 on Au Microdisc Electrode Surface. In

order to deposit [2-Fe](PF6)2 on a gold disc microelectrode (d = 0.4
mm), the electrode surface was polished by hand on polishing pads,
using MasterPrep polishing solution (0.5 μM alumina). It was then
sonicated for 15 min to remove any adsorbed alumina particles prior
to electrochemical cleaning. Diluted sulfuric acid (0.5 M) was placed
into a standard electrochemical cell fitted with a silver wire
pseudoreference electrode, platinum wire counter electrode, and
polished gold microdisc working electrode. Twenty CV cycles were
then run to clean the gold surface. After cleaning, the standard three-
electrode cell was refilled with the acetonitrile/10−1 M NBu4PF6
electrolyte, and a “blank” CV scan was run to prove that the gold
surface was clean prior to deposition. The polished gold electrode was
submerged into a solution of 10−3 M [2-Fe](PF6)2 in acetonitrile and
left overnight; after the deposition, it was rinsed with acetone and
dried.
Resonance Raman Spectroscopy. The cleaned and polished Au

microdisc electrode modified by deposition of [2-Fe](PF6)2 on the

surface was used for the resonance Raman spectroscopy. The electrode
was rinsed with acetone and dried before use to remove any molecules
of [2-Fe](PF6)2 that were not adsorbed onto the gold surface.
Resonance Raman spectra were recorded on a Renishaw inVia Raman
microscope, using a 633 nm laser beam focused into the middle of the
gold microdisc.

■ COMPUTATIONAL DETAILS
Geometrical optimizations were carried out using the DFT code
SIESTA, with a generalized gradient approximation (PBE func-
tional),90 double-ζ polarized basis set, 0.01 eV/A force tolerance, a
real-space grid with a plane wave cutoff energy of 250 Ry, zero bias
voltage, and 1 k points. To compute the electrical conductance of the
molecules, they were each placed between pyramidal gold electrodes.
The complex cations and their associated counterions were then
placed in the vicinity of the metal|molecule|metal junctions. The
complexes and the first few layers of gold were again allowed to relax,
to yield the structures shown in Figures 3, S31, S32, and S33. For each
structure, the transmission coefficient T(E) describing the propagation
of electrons of energy E from the left to the right electrode was
calculated by first obtaining the corresponding Hamiltonian and
overlap matrices using SIESTA91 and then using the GOLLUM code92

to compute T(E) via the relation

= Γ Γ †T E E G E E G E( ) Trace{ ( ) ( ) ( ) ( )}R
R

L
R

In this expression, ΓL,R(E) = i(∑L,R(E) − ∑L,R
† (E)) describes the

level broadening due to the coupling between left (L) and right (R)
electrodes and the central scattering region, ∑L,R(E) are the retarded
self-energies associated with this coupling, and GR = (ES − H − ∑L −
∑R)

−1 is the retarded Green’s function, where H is the Hamiltonian
and S is the overlap matrix (both of them obtained from SIESTA).
Finally, the room temperature electrical conductance was computed

from the formula ∫= −−∞
∞ ( )G G Edet( ) df E

dE0
( ) where f(E) = [eβ(E−EF)

+ 1]−1 is the Fermi function, β = 1/kBT, EF is the Fermi energy, and

= ( )G e
h0

2 2
is the quantum of conductance. Since the quantity

−( )df E
dE
( ) is a probability distribution peaked at E = EF, with a width of

order kBT, the above expression shows that G/G0 is obtained by
averaging T(E) over an energy range of order kBT in the vicinity of E =
EF. It is well-known that the Fermi energy EF

DFT predicted by DFT is
not usually reliable, and therefore Figures 7 and 8 show plots of G/G0
as a function of EF − EF

DFT. To determine EF, we compared the
predicted values of all molecules with the experimental values and
chose a single common value of EF which gave the closest overall
agreement. This yielded a value of EF − EF

DFT = −0.14 eV, which is
used in all theoretical results.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.inorg-
chem.5b02094.

Experimental details, tables of electrochemical data and
plots of voltammograms, further discussion of electro-
chemical and spectroelectrochemical results with plots of
UV−vis−NIR and IR spectra, details of deposition of [2-
Fe](PF)6 on Au surfaces and characterization, further
text describing the role of the electrolyte on the electrical
response of the junction, details of the single molecule
conductance experiments, and plots of conductance
traces from the I(s) experiments (PDF)

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.5b02094
Inorg. Chem. 2016, 55, 2691−2700

2698

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b02094/suppl_file/ic5b02094_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b02094/suppl_file/ic5b02094_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.5b02094
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.5b02094
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.5b02094/suppl_file/ic5b02094_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.5b02094


■ AUTHOR INFORMATION

Corresponding Authors
*E-mail: f.hartl@reading.ac.uk.
*E-mail: r.j.nichols@liverpool.ac.uk.
*E-mail: c.lambert@lancaster.ac.uk.
*E-mail: paul.low@uwa.edu.au.

Notes
The authors declare no competing financial interest.
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Mr. Daniel Cripps (University of Reading) is thanked for his
valuable contribution to this work, in particular the CV and
SERS measurements of complexes deposited on the gold
electrode surface. D.C.M., R.D., F.H., S.J.H., R.J.N., C.J.L., and
P.J.L. thank EPSRC for funding (EPSRC grants EP/K007785/
1, EP/H035184/1, EP/K007548/1, EP/K00753X/1, EP/
N017188/1, EP/M014452/1). F.H. also gratefully acknowl-
edges the University of Reading for the support of the Reading
Spectroelectrochemistry Centre (University Project D14-015
Spectroelectrochemical Cells). P.J.L. holds an ARC Future
Fellowship (FT120100073) and gratefully acknowledges
funding for this work from the ARC (DP140100855). C.J.L.
and O.A.A. acknowledge financial support from the Ministry of
Higher Education and Scientific Research of Iraq. C.J.L.
acknowledges funding from the EU through the FP7 ITN
MOLESCO (project number 212942).

■ REFERENCES
(1) Nichols, R. J.; Haiss, W.; Higgins, S. J.; Leary, E.; Martin, S.;
Bethell, D. Phys. Chem. Chem. Phys. 2010, 12, 2801.
(2) Schwarz, F.; Lörtscher, E. J. Phys.: Condens. Matter 2014, 26,
474201.
(3) Sun, L.; Diaz-Fernandez, Y. A.; Gschneidtner, T. A.; Westerlund,
F.; Lara-Avila, S.; Moth-Poulsen, K. Chem. Soc. Rev. 2014, 43, 7378.
(4) Bergfield, J. P.; Ratner, M. A. Phys. Status Solidi B 2013, 250,
2249.
(5) Son, J. Y.; Song, H. Curr. Appl. Phys. 2013, 13, 1157.
(6) Lu, W.; Lieber, C. M. Nat. Mater. 2007, 6, 841.
(7) Liu, H.; Wang, N.; Zhao, J.; Guo, Y.; Yin, X.; Boey, F. Y. C.;
Zhang, H. ChemPhysChem 2008, 9, 1416.
(8) Kaliginedi, V.; Moreno-García, P.; Valkenier, H.; Hong, W.;
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ABSTRACT: The conductance and the decay of conductance
as a function of molecular length within a homologous series
of oligoynes, Me3Si(CC)nSiMe3 (n = 2, 3, 4, or 5), is
shown to depend strongly on the solvent medium. Single mole-
cule junction conductance measurements have been made with
the I(s) method for each member of the series Me3Si
(CC)nSiMe3 (n = 2, 3, 4, and 5) in mesitylene (MES),
1,2,4-trichlorobenzene (TCB), and propylene carbonate (PC).
In mesitylene, a lower conductance is obtained across the whole
series with a higher length decay (β ≈ 1 nm−1). In contrast,
measurements in 1,2,4-trichlorobenzene and propylene carbo-
nate give higher conductance values with lower length decay (β
≈ 0.1 and 0.5 nm−1 respectively). This behavior is rationalized
through theoretical and computational investigations, where β values are found to be higher when the contact Fermi energies are
close to the middle of the HOMO−LUMO gap but decrease as the Fermi energies approach resonance with either the occupied
or unoccupied frontier orbitals. The different conductance and β values between MES, PC, and TCB have been further explored
using DFT-based models of the molecular junction, which include solvent molecules interacting with the oligoyne backbone.
Good agreement between the experimental results and these “solvated” junction models is achieved, giving new insights into how
solvent can influence charge transport in oligoyne-based single molecule junctions.

■ INTRODUCTION
Oligoynes hold particular interest in molecular electronics as the
ultimate one-dimensional molecular wires formed from simple
linear strings of sp-hybridized carbon atoms.1−6 In contrast to an
infinite one-dimensional carbon string, oligoynes are terminated
at either end by protons (H) or organic, inorganic, or organo-
metallic moieties and can be represented by the general formula
R(CC)nR. The terminating groups, R, can be chosen to
aid the formation of metal−molecule−metal junctions, with

examples including pyridyl, cyano, dihydrobenzo[b]thienyl, and
other anchoring groups.3,4,7,8 Oligoynes feature extensive
electron delocalization along the sp-hybridized carbon backbone,
with appreciable bond length alternation evidenced in structural
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studies.9 The presence of delocalized states makes oligoynes
attractive targets for both theoretical and experimental studies of
ultrathin wires for molecular electronics. Single molecule wires of
oligoynes have been experimentally investigated up to octa-
1,3,5,7-tetraynes (n = 4),3,4 while theoretical evaluations have
been made for hypothetical infinitely long chains as well as finite
chains.1 However, it would be wrong to assume that oligoynes
offer rigid-rod linear geometries; on the contrary, they can be
considerably curved and flexible offering a surprisingly low
bending force.9 Nevertheless, this structural flexibility does not
detract from the impressive electronic properties of oligoynes,
which offer considerable interest for their electronic, optoelec-
tronic, and electrical charge transport properties.10

Despite their apparent chemical simplicity, it is a challenge to
synthesize long carbon chains due to potential instability of
R(CC)xH intermediates and also instability of the longer
oligoyne products for certain, particularly small R groups. This
issue was circumvented by Bohlmann, who introduced bulky
tertiary butyl (tBu) end groups in an n = 7 oligomer (tBu(C
C)7tBu),11 and then also by Johnson and Walton, who
extended the chain to tBu(CC)12tBu.12 It has also been
shown that in addition to a wide range of other bulky organic
capping groups, cyano, aryl, or organometallic terminal groups
can stabilize oligoyne chains.13 A recent approach to oligoyne
stabilization has been “insulation” of the oligoyne by threading
through the cavity of a macrocycle to give a rotaxane.14−17 Metal
centers have also been widely used as stabilizing end-caps to give
complexes with the stoichiometry [{LmM}{μ-(CC)n}-
{MLm}]

x+, which have provided interesting test beds for
examination of their electronic, physical, and chemical properties
as a function of metal oxidation state.18 In particular, electronic
and vibrational spectroscopies of complexes of this type, coupled
with detailed computational investigations, have enabled
electronic structures of the all-carbon chain bridged complexes
to be assessed.19 More direct assessment of the electrical
properties of oligoynes can be achieved by wiring them into
electrical junctions with metal contacts.3,4,20

Here we report conductance measurements of novel
molecular wires Me3Si−(CC)n−SiMe3 (n = 2, 3, 4, or 5;
Scheme 1), using STM-based techniques. In particular the

influence of the solvent on conductance and β-values has been
investigated. The molecular wires chosen here represent a strong
choice for experimental investigations of solvent effects since
they would be expected to be less affected by the small amounts
of water present in even ostensibly well dried organic solvents. In
this respect, it is mentioned that they have no functional groups
in the backbone to coordinate the water (cf., the gating by water
of thiophene-based molecules21) and no thiol end groups to be
hydrated and thereby adversely affect the conductance (cf., ref
22). The experimental measurements of molecular conductance
are complemented by density functional theory (DFT)
computations of charge transport through the molecular bridge.
Using DFT, changes in the conductance and β values in response
to the solvent medium are explained by shifts in the Fermi energy
of the contact, which impacts both the transmission coefficient of
the systems and the β-value.

■ EXPERIMENTAL AND THEORETICAL METHODS
General Details. All reactions were carried out in oven-dried

glassware under oxygen-free argon atmosphere. NEt3 was
purified by distillation from CaSO4; other reaction solvents
were purified and dried using Innovative Technology SPS-400
and, if necessary, degassed before use. The compounds
AuCl(PPh3),

23 Me3Si(CC)3SiMe3,
24 HCCC

CSiMe3,
25 ICCCCSiMe3,

26 and Pd(PPh3)4
27 were pre-

pared by the literature methods. Other reagents were purchased
commercially and used as received. NMR spectra were recorded
in deuterated solvent solutions on Bruker Avance 400 MHz and
Varian VNMRS 700 MHz spectrometers and referenced
against residual protio-solvent resonances (CHCl3,

1H 7.26
ppm, 13C 77.00 ppm; (CD3)2CO,

1H 2.05 ppm, 13C 29.84 and
206.26 ppm) or H3PO4 (31P). In the NMR assignment, the
phenyl rings associated with the PPh3 ligand are denoted Ph.
Mass spectra were measured on a Waters Xevo OtoFMs with

an atmospheric solids analysis probe (ASAP). Electron ioniza-
tion mass spectra were recorded on a Thermoquest Trace or
Thermo-Finnigan DSQ. Infrared spectra were recorded on a
Thermo 6700 spectrometer in CH2Cl2 solution in a cell fitted
with CaF2 windows. Elemental analyses were performed on a
CE-400 elemental analyzer. Single-crystal X-ray data were
collected at 120(2) K on a Bruker SMART CCD 6000 (fine-
focus sealed tube, graphite monochromator).

1,8-Bis(trimethylsilyl)-1,3,5,7-octatetrayne28. A Schlenk
flask was charged with ICCCCSiMe3 (0.10 g, 0.40 mmol),
HCCCCSiMe3 (90.0 μL, 0.07 g, 0.60 mmol), Pd(PPh3)4
(6.8 mg, 0.06 mmol), and CuI (1 mg, 0.06 mmol) in a degassed
solution of NEt3 (10 mL). The yellow solution was stirred
overnight at room temperature, under argon. The mixture was
purified on a silica gel column eluted with hexane to give the
product as a yellow oil, which crystallized in air on standing.
Yield: 0.09 g, 92%. 1H NMR (400 MHz, CDCl3): δ 0.20 (s, 18H,
SiMe3) ppm.

13C {1H} NMR (700 MHz, CDCl3): δ 88.0, 87.8,
62.2, 62.1 (C), −0.6 (SiMe3) ppm. MS (ASAP+; m/z): 484.2
[2M]+. Anal. Calcd for C14H18Si2: C, 69.35; H, 7.48. Found: C,
69.25; H, 7.56. IR (CH2Cl2): ν(CCSiMe3) 2044 (s); 2150,
2016 cm−1. The NMR data are consistent with the previous
literature.28

1,6-Bis(triphenylphosphine gold(I))-1,3,5-hexatriyne,
(PPh3)Au−CCCCCC−Au(PPh3). A 250 mL two-
necked round-bottomed flask was charged with 1,6-bis-
(trimethylsilyl)hexa-1,3,5-triyne (0.22 g, 1.0 mmol), AuCl-
(PPh3) (0.94 g, 1.9 mmol), and NaOH (0.78 g, 20 mmol)
dissolved in MeOH (150 mL). The reaction mixture was stirred
at room temperature for 42 h. The bright yellow suspension was
filtered, and the solvent was removed under vacuum to give a pale
yellow solid. Yield: 0.95 g, 96%. Crystals suitable for X-ray
diffraction were obtained by slow evaporation of a CDCl3
solution. 1H NMR (400 MHz, CDCl3): δ 7.52−7.41 (m, 30H,
Ph) ppm. 31P{1H} NMR (400 MHz, CDCl3): 41.2 ppm. 13C
{1H} NMR (101 MHz, CDCl3): δ 134.2 (d, J = 13.8 Hz, Ph),
131.6 (Ph), 129.7 (Ph), 129.1 (d, J = 11.4 Hz, Ph), the other
quaternary 13C are not seen. MS (MALDI-TOF; m/z): 990.0
[M]+. HR-ESI+-MS: m/z calcd for C42H30P2

197Au2H 991.1257;
found 991.1232. Calcd for C42H30Au2P2: C, 50.93; H, 3.05.
Found: C, 50.82; H, 2.97. IR (CH2Cl2): ν(CC−Au) 2112 (br);
2691 (s) cm−1. Crystal data: C42H30Au2P2, M = 990.53,
orthorhombic, space group Fddd, a = 14.2261(7), b =
33.5370(11), c = 34.6372(11) Å, U = 16525.4(10) Å3, F(000) =
7520, Z = 16, DC = 1.593 mg/mm3, μ = 7.196 mm−1; 58717

Scheme 1. Molecules Studied in This Work
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reflections were collected, yielding 5765 unique data (Rmerg =
0.0764). Final wR2(F

2) = 0.0475 for all data (205 refined
parameters), conventional R1(F) = 0.0314 (for 4421 reflections
with I ≥ 2σ), GOF = 1.081.
1,10-Bis(trimethylsilyl)-1,3,5,7,9-decapentayne28. To a

solution of degassed THF (90 mL) was added PPh3AuC
CCCCCAuPPh3 (0.90 g, 0.91 mmol), 1-iodo-2-
(trimethylsilyl)acetylene (52 mg, 0.28 mL, 1.82 mmol),
Pd(PPh3)4 (52 mg, 0.04 mmol), and CuI (17 mg, 0.09 mmol).
The solution was stirred at room temperature for 20 h under
argon and dried, and then the reaction mixture purified on a silica
gel column eluted with hexane. The first band was collected,
giving a yellow solution, which was dried to yield a brown oil.
Yield: 92 mg, 38%. 1HNMR (400MHz, CDCl3): δ 0.21 (s, 18H,
SiMe3) ppm. 13C {1H} NMR (101 MHz, CDCl3): δ 88.6, 87.7,
62.6, 62.2, 61.2 (C), −0.6 (SiMe3) ppm. MS (ASAP+; m/z):
266.1 [M]+. HR-(ASAP+)-MS m/z: calcd for C16H18

28Si2
266.0947; found 266.0940. IR (CH2Cl2): ν(CC-SiMe3)
2027 (s); 2102 (s). The NMR data were consistent with the
literature.28

Single Molecule Conductance Measurements. An
Agilent STM running Picoscan 5.3.3 software was used for all
single molecule conductance measurements, which were
performed at room temperature in mesitylene, propylene
carbonate, and trichlorobenzene solutions. Molecular ad-layers
were formed on Au(111) textured substrates. These commer-
cially available (Arrandee) substrates were produced from gold
on glass samples with a chromium adhesive layer and were flame
annealed immediately prior to use. Flame annealing involved
gently heating the gold slide until it developed a slight orange
glow. It was then kept in this state for approximately 30 s, but care
was taken to ensure that the sample did not overheat. Molecular
adsorption was achieved by placing the gold slide in a 0.2 mL
solution of 1 × 10−4 M of the target molecule in either
mesitylene, propylene carbonate, or trichlorobenzene. Gold
STM tips were fabricated from 0.25 mm Au wire (99.99%),
which was freshly electrochemically etched for each experiment
at +7 V in a mixture of ethanol (50%) and conc. aqueous
HCl (50%).
Electrical measurements were performed using an STM and

the I(s) method29−31 in the solvent of choice, which was
degassed with argon. In brief, this method involves the repeated
formation and cleavage of molecular bridges generally formed
between gold contacts (a Au STM tip and a Au substrate). The
I(s) method differs from the in situ STM break junction method
of Xu and Tao32 in that metallic contact between the Au STM tip
and substrate is avoided. In the I(s) technique, the STM tip is
moved toward the surface to a close distance determined by the
STM set point conditions, but avoiding metallic contact between
tip and surface, and is then rapidly retracted.29−31 In these
measurements, the I(s) process involves repeating this cycle
many times, with a fraction of these approach/retraction cycles
leading to the formation of molecular bridges. Such events are
recognized during the retraction process as current steps
characteristic of the cleavage of Au|molecule(s)|Au electrical
junctions. At least 500 such junction forming scans, with plateaus
longer than 1 Å, were recorded and used in the histogram
analysis. I(s) traces are not included for scans where there are no
characteristic steps to avoid the ambiguity of inclusion of traces
where no molecular junction is formed. In this work, we have
performed I(s) scans from the position defined by the set-point
values of tunneling current (I0) and tunneling voltage (Ut) to a
distance of +4 nm with STM tip retraction rate of 20 nm s−1.

Set point values of I0 = 30 nA and a bias voltage of 0.6 V were
employed to ensure that the STM tip initially approached the
surface to distances much shorter than the molecular length to
promote molecular junction formation. The voltage to length
conversion factor of the STM was calibrated using images of
Au(111) monatomic steps (0.235 nm height).

Theoretical Details: ComputationalMethods.TheDFT-
Landauer approach used in the modeling assumes that on the
time scale taken by an electron to traverse the molecule, inelastic
scattering is negligible. This is known to be an accurate
assumption for molecules up to several nanometers in length.33

Geometrical optimizations were carried out using the DFT code
SIESTA, with a generalized gradient approximation34,35 (PBE
functional), double-ζ polarized basis set, 0.01 eV/A force
tolerance, and 250 Ry mesh cutoff. All molecules in this study
were initially geometrically relaxed in isolation to yield the
geometries presented in the Results and Discussion section.
For each structure, the transmission coefficient, T(E),

describing the propagation of electrons of energy E from the
left to the right electrode was calculated by first obtaining the
corresponding Hamiltonian and overlap matrices using SIESTA
and then using the GOLLUM code36 to compute T(E) via the
relation T(E) = Tr{ΓR(E)G

R(E)ΓL(E)G
R†(E)}.

In this expression, ΓL,R(E) = i(∑L,R(E) −∑L,R
†(E)) describes

the level broadening due to the coupling between left (L) and
right (R) electrodes and the central scattering region, ∑L,R(E)
are the retarded self-energies associated with this coupling, and
GR = (ES − H − ∑L − ∑R)

−1 is the retarded Green’s function,
where H is the Hamiltonian and S is the overlap matrix (both of
them obtained from SIESTA). Finally the room temperature
electrical conductance, G, was computed from the formula
G = G0∫ −∞

∞ dET(E)[−df(E)/dE] where f(E) = [eβ(E−EF) + 1]−1 is
the Fermi function, β = 1/(kBT), EF is the Fermi energy, andG0 =
(2e2)/h is the quantum of conductance. Since the quantity
df(E)/dE is a probability distribution peaked at E = EF with a
width on the order kBT, the above expression shows that G/G0 is
obtained by averaging T(E) over an energy range on the order
kBT in the vicinity of E = EF. It is well-known that the Fermi
energy, EF

DFT, predicted by DFT is not usually reliable, and
therefore we show later plots of G/G0 as a function of EF− EF

DFT.
To determine EF, we compared the predicted values of all
molecules with the experimental values and chose a single
common value of EF, which gave the closest overall agreement.
This yielded a value of EF − EF

DFT = −0.725 eV, which is used in
all theoretical results. In addition, the Fermi energy may depend
on the environment (solvent). To determine EF, we compared
the calculated β values to experimental data and chose those
Fermi energies where we found agreement.

■ RESULTS AND DISCUSSION
The family of trimethylsilyl end-capped oligoynes
Me3Si(CC)nSiMe3 (n = 2−5) were chosen as the
platform upon which to base the investigations of molecular
conductance and solvent effects in wire-like oligoyne derivatives.
These compounds are readily available, syntheses of oligoynes
Me3Si(CC)nSiMe3 (n = 237,38 and 324) being well-
known, while the diyne (n = 2) is also available commercially. For
the octatetrayne, existing synthetic routes range from a homo-
coupling of 4-trimethylsilylbuta-1,3-diyne under Hay condi-
tions39 to a Stille-style cross-coupling between 1,4-diiodobuta-
1,3-diyne and 1-trimethylsilyl-2-trimethylstannyl acetylene.28

Here, oligoyne Me3Si(CC)4SiMe3 was prepared in very
good yield (92%) fromaCadiot−Chodiewicz inspired cross-coupling
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reaction26 of 1-iodo-4-trimethylsilylbuta-1,3-diyne25 and
1-trimethylsilylbuta-1,3-diyne.40 The longest oligoyne
Me3Si(CC)5SiMe3 was prepared from 1,6-bis-triphenyl-
phosphinegold-hexa-1,3,5-triyne through a double cross-
coupling41−44 with 1-iodo-2-(trimethylsilyl)acetylene.
The trimethylsilyl moiety, SiMe3 (TMS), was chosen as the

oligoyne end-cap and contacting group to the gold surfaces
(substrate and STM tip) for a number of reasons. The synthesis
of oligoynes with TMS terminal groups is relatively uncompli-
cated and leads to stable analogues, which is not necessarily
expected to be the case for some other contacting groups such as
thiols. In addition, molecular wires with trimethylsilylethynyl
(CCSiMe3 or TMSE) groups have shown a single low
conductance peak in conductance histograms, which has been
attributed to its steric bulk, which limits the range of conductive
junction configurations.45,46 The resulting narrow and sharp
conductance peaks allow us to measure the shift of the
conductance values with greater certainty. Also in the case of
other more polar surface contacting groups, such as thiols,
solvation of the contacting group has been proposed to have a
major effect on conductance.22 Furthermore, it is expected that
the relatively large footprint of the TMS linker will inhibit
stacking and close approach of neighboring molecules. This
is an important consideration because for certain classes of
π-conjugated molecules, for instance, oligo(phenylene)-
ethynylene (OPE) derivatives, it has been shown that proximal
molecular bridges can π-stack in molecular electrical junctions
and can, on occasions, give rise to additional complications in the
conductance signatures of such compounds.47

The single molecule conductance of the oligoynes 2−5 was
explored in each of three organic solvents of differing polarity,
namely, mesitylene (MES), trichlorobenzene (TCB), and
propylene carbonate (PC). Mesitylene is a nonpolar solvent
with zero dipole moment, and it is commonly used in STMbased
single molecule electrical measurements because of its high
boiling point and relatively low vapor pressure.48−50 TCB is also
frequently used in STMbased singlemolecule electrical measure-
ments, and like mesitylene it is a high boiling point and low vapor
pressure organic solvent. However, it is a slightly polar solvent with
a dipole moment of 1.35D.51 By contrast, propylene carbonate is a
strongly dipolar solvent with a dipole moment of 4.9 D.
Figure 1 shows conductance histograms for 2−5 recorded in

propylene carbonate, which had been degassed with argon.
These measurements required a preliminary study to check the
effect of the propylene carbonate on the gold surface and, due to

the polarity of this solvent, check the capacitive and faradaic
background currents16 (see Supplementary Figures S4−S8).
As can be seen from Figure 1, the conductance values decrease
with the molecular length, and the break-off distance histogram
distributions shift to longer distance along the series. The diyne,
2 (n = 2), shows a mean break-off distance of 1.3 nm, and this
increases to 2.0 nm for the pentayne (n = 5). Using the Si···Si
distances computed from molecular modeling and a silicon to
gold contact distance of 0.31 nm, also estimated from molecular
modeling, gives a theoretical Au-to-Au junction separation
of 1.4 nm for 2 and 2.1 nm for 5. Figure 2 shows data recorded in
a similar manner in TCB, while Figure 3 shows data recorded in
mesitylene.

The single molecule conductance data are summarized in
Table 1 and Table S1 of the Supporting Information. A plot of
ln(conductance) versus junction length is given in Figure 4. The
conductance values are larger in TCB and PC than those
obtained in mesitylene solutions. From this, it is apparent that
the same molecule can give conductance values that vary
significantly with the solvent medium. Not only does the conduc-
tance change, but different length decays are also obtained across
the series of oligoynes as quantified by the β values (Figure 4).
The β value recorded in mesitylene (0.94 nm−1) is substantially
higher than those in TCB (0.13 nm−1) and PC (0.54 nm−1);
the corresponding experimentally determined β values per

Figure 1. I(s) conductance (A) and break-off distance (B) histograms
recorded for the series of oligoynes 2, 3, 4, and 5 in PC. Conductance
histograms have been offset vertically for clarity.

Figure 2. I(s) conductance (A) and break-off distance (B) recorded for
the series of oligoynes 2, 3, 4, and 5 in TCB. Conductance histograms
have been offset vertically for clarity.

Figure 3. I(s) conductance (A) and break-off distance (B) recorded in
mesitylene for 2, 3, 4, and 5. Conductance histograms have been offset
vertically for clarity.
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incremental (CC) unit are 0.26 (MES), 0.036 (MES),
and 0.145 (PC).
Quantum Chemical Modeling. To gain a deeper insight

into the role of the solvent medium and molecular length on
molecular conductance, we turned to computational modeling.
Before computing transport properties, all molecules were
initially geometrically relaxed in isolation to yield the geometries
shown in Figure 5. This figure shows that the HOMOs and
LUMOs are extended across the backbone for each molecule,
with HOMOs showing large contributions from the carbon−
carbon triple bonds, while the LUMOs have greater contribu-
tions from the carbon−carbon single bonds, as expected from
previous studies of oligoynes.3,52−54

To explore how the solvent medium (MES, TCB, or PC)
affects the conductance of these molecules, six molecules of each
solvent were initially placed at a nearest distance χ from the
oligoyne backbone within the model junction (Figure 6). In each
simulation, the molecule plus solvent molecules together with a
few layers of gold at each pyramidal electrode were allowed to
relax. These simulations were carried out with seven different
initial distances χ for each solvent as shown in Figure 7, resulting
in seven different relaxed geometries. The relaxed structures are
shown in Figure 8 for the three different solvents.
Before calculating the transport properties of these structures,

the binding energies were computed for the contact formed
between the gold cluster and the TMS terminal groups for
each of the different optimized distances, χ. Two points are note-
worthy from the binding energy plots of Figure 7. First, for the
junctions modeled in Figure 7 with compound 3 by way of an
example, the optimized distance at which the contact binding

energy reaches its maximum value is χ = 0.7 nm. Consequently,
in what follows, the transport properties are calculated for the
structures with the optimized distance χ = 0.7 nm. Second,
the structures with TCB and PC solvation exhibit slightly
stronger Au−TMS contact binding than for mesitylene solvation
(−0.41 eV for the structures with MES and −0.44 eV for the
structures with TCB and PC). However, the differences in
binding energies are small and less than or on the order of kBT at
room temperature.
To investigate the electronic properties of these molecules in

three different environments, we used the SIESTA code, which
employs norm-conserving pseudopotentials and linear combi-
nation of atomic orbitals (LCAO) to span the valence states. All
systems were initially placed between two pyramidal gold
electrodes, and then the oligoyne molecule plus solvent
molecules and a few layers of gold were allowed to relax to
yield the structures. Then to calculate the transmission coeffi-
cient, T(E), using the GOLLUM code, the resulting config-
urations were connected to bulk gold electrodes grown along the
(111) direction as shown in Figure 8 and described in detail
elsewhere.36

The theoretical and experimental data are summarized in
Figures 9 (illustrated for 3 by way of an example), 10, and 11 and
Table 1. Figure 9 shows the calculated room temperature
conductances (in G/G0), plotted for energies in the HOMO−
LUMO gap region, as a function of the Fermi energy (EF) for 3,

Table 1. Theoretical and Experimental Conductances and Decay Constant, in nm−1 (β (nm−1)) and per Incremental(CC)
unit, β(CC), in Three Different Solvents (MES, TCB, and PC)

MES TCB PC

n theor G/G0 expt G/G0 theor G/G0 expt G/G0 theor G/G0 expt G/G0

2 2.03 × 10−5 2.02 × 10−5 10.3 × 10−5 11 × 10−5 14.2 × 10−5 12.6 × 10−5

3 1.35 × 10−5 1.57 × 10−5 10.2 × 10−5 10.8 × 10−5 13.7 × 10−5 12.9 × 10−5

4 1.16 × 10−5 1.42 × 10−5 9.60 × 10−5 10.5 × 10−5 12.6 × 10−5 11.3 × 10−5

5 0.94 × 10−5 0.90 × 10−5 6.16 × 10−5 9.95 × 10−5 10.6 × 10−5 8.14 × 10−5

β (nm−1) 1.003 0.94 0.775 0.13 0.378 0.54
β(CC) 0.257 0.258 0.17 0.035 0.1 0.145

Figure 4. Plots of ln(conductance) versus junction length for the series
2, 3, 4, and 5. Data recorded in mesitylene (MES), trichlorobenzene
(TCB), and propylene carbonate (PC) as labeled. The linear fitting of
each plot gives the β value of each solvent series.

Figure 5. Isosurfaces of the HOMOs and LUMOs for 2−5.
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relative to the DFT-predicted Fermi energy (EF
DFT) (see

Supporting Information Figure S8 for all conductance curves).
Figure 9 is plotted for energies in the HOMO−LUMO gap
region. Since DFT does not usually predict the correct value of
the Fermi energy, we treat EF as a free parameter, which we
determine by comparing the calculated decay constant with
experiment.55

Figure 10 shows the Fermi energy dependence of the decay
constant (β) for the molecular series 2, 3, 4, and 5 in MES, TCB,

and PC solutions, respectively. The best agreement with
experimental data as shown in Figure 11 is obtained at EF =
−0.72 eV, which is shifted toward the center of the HOMO−
LUMO gap, compared with the DFT-predicted value. With this
choice of EF, both computational (Figure 9) and experimental
(Figure 4) data sets show that the order of the conductance at the

Figure 6.Definition of the distance (χ) used to describe the various geometries representing solvent−oligoyne interaction with 3 by way of an example.
χ is the distance between carbon (gray), chlorine (green), or oxygen (red) atoms of the solvent molecules (MES, TCB, or PC) and the nearest adjacent
carbon atom of the backbone. For clarity, only two of the six solvent molecules employed to represent the first solvation shell are shown in these
schematic representations.

Figure 7. continued

Figure 8. Relaxed structures of junctions incorporating 2−5 in each of three different solvents (MES, TCB, and PC).

Figure 9. Room-temperature conductances as a function of the Fermi
energy for 3 in mesitylene (MES), trichlorobenzene (TCB), and
propylene carbonate (PC).
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chosen Fermi energy is PC ≈ TCB > MES. At EF = −0.72 eV,
the computational β values (Figure 10) follow the trend βMES >
βTCB > βPC, meaning that the experimentally observed β value
recorded in TCB is not so well reproduced by theory. However, it
can be seen from Figure 10 that the β versus Fermi energy curve
around the chosen EF value has a high slope. This sensitivity to
the precise Fermi energy value may explain this disparity.
Figure 11 and Table 1 summarize and compare the experi-

mental and theoretical conductance values versus the number of
carbon−carbon triple bonds (n). We note here that for both
experimental and computational data sets the conductance of the
structures with PC and TCB is higher than that with MES.
Although oligoynes represent one of the most archetypical

molecular wires, the effects of solvents on their single molecule
conductance has not been considered before. The calculations
described above show that the solvent surrounding the oligoyne
molecule bridge has a strong impact on the computed electron
transmission curves for the junctions. As a result different
conductance and length dependence values are obtained across
the homologous series. This is not the result of covalent inter-
actions between the solvent and the bridge, but rather occurs

from longer range electrostatic interactions. This could be
described as a “solvent induced gating of the molecular junction
electrical properties”.
Solvent effects have only been examined in detail in the

literature for a relatively small number of single molecular
junctions, which is perhaps surprising given that most measure-
ments of this kind are performed in a liquid or ambient environ-
ment. Li et al. found the conductance values of octanedithiol to
be independent of solvent (toluene, dodecane, and water).56

This is perhaps not unexpected given the very large HOMO−
LUMO gap for this far-off-resonance tunneling system. On the
other hand, Leary et al. have demonstrated large solvent
dependence for the conductance of oligothiophene-containing
molecular wires.21 This was attributed to water molecules
directly interacting with the thiophene molecular rings and
thereby shifting transport resonances with the effect of greatly
increasing conductance. Water dependence has also been seen in
perylene tetracarboxylic diimide (PCTDI)-containing molecular
bridges, with the measured conductance being temperature
dependent in aqueous solvent but temperature independent in
toluene.57 In a theoretical study of this system, the water and
temperature dependence was modeled through thermal effects
on the hydrogen bonding network interacting primarily with the
carbonyl moieties on PCTDI.58 Other models have considered
the effect of the solvent on the gold contact work function.
In such a study, Fatemi et al. experimentally determined that
solvents could increase the conductance of 1,4-benzenediamine
(BDA)−gold molecular junctions by up to 50%.59 This was
attributed to shifts in the gold contact Fermi energies resulting
from solvent binding, leading to better alignment to the HOMO
of BDA and hence higher conductance. These studies collectively
show the complexity of solvent effects in molecular junctions,
which have, depending on the system, been modeled through
electrostatic interactions between the solvent and molecular
bridges, chemical bonding between the solvent and molecular
bridge, or solvent binding to gold contact atoms. Our present
study demonstrates that longer range solvent−molecular bridge
interactions alone can describe the experimentally observed
solvent effects on oligoyne junction conductance. Our study also
rationalizes the previously unexpected differences observed
between different studies of oligoyne molecular conductance,3,4

which can be now attributed to solvent effects.

■ CONCLUSION
In conclusion, we have demonstrated that changing the solvent
can lead to changes in both the conductance and the attenuation
factor of oligoyne molecular bridges. DFT computations show
that both the molecular junction conductance and the attenua-
tion factors depend in a very sensitive manner on the position of
the contact Fermi energies within in the HOMO−LUMO gap.
These results show that the solvent environment is an important
variable to consider in interpreting conductance measurements
and that the environment can give rise to dramatic changes in
both conductance and attenuation factors.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jpcc.5b08877.
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cat.liverpool.ac.uk/80

Figure 10. Decay constant β (nm−1) for the molecular series 2, 3, 4,
and 5 as a function of the Fermi energy in three different solvents
(MES, TCB, and PC).

Figure 11.Conductance versus length for all molecules in three different
solvents (MES, TCB, and PC) as shown in Table 1. Panel A shows the
experimental conductance (G/G0) versus L (nm), where L is the
distance between Si atoms (Si···Si). Panel B shows the calculated
conductance G/G0 versus L.
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Summary of conductance and β values, analysis of the
suitability of PC as a solvent for the junction conductance
measurements, water content and conductivity of the
solvents, X-ray crystallography of one compound, addi-
tional theoretical data (PDF)
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ABSTRACT: The local molecular environment is a critical factor which should be taken into
account when measuring single-molecule electrical properties in condensed media or in the
design of future molecular electronic or single molecule sensing devices. Supramolecular
interactions can be used to control the local environment in molecular assemblies and have
been used to create microenvironments, for instance, for chemical reactions. Here, we use
supramolecular interactions to create microenvironments which influence the electrical
conductance of single molecule wires. Cucurbit[8]uril (CB[8]) with a large hydrophobic
cavity was used to host the viologen (bipyridinium) molecular wires forming a 1:1
supramolecular complex. Significant increases in the viologen wire single molecule
conductances are observed when it is threaded into CB[8] due to large changes of the
molecular microenvironment. The results were interpreted within the framework of a Marcus-type model for electron
transfer as arising from a reduction in outer-sphere reorganization energy when the viologen is confined within the
hydrophobic CB[8] cavity.
KEYWORDS: STM, single molecule conductance, cucurbituril, viologen, host−guest complexes

The ability to measure the electrical properties of single
molecules bridging between two metal contacts, based
on the use of mechanically controlled break junctions

(MCBJ)1−3 or scanning probes techniques such as STM4−6 or
conducting AFM,7 has given a great boost to the field of
molecular electronics over the last 15 years.8 Charge-transport
mechanisms, long-range low-attenuation factor molecular
wires,9−13 conductance switching, and single molecule tran-
sistor effects14,15 have been subjects of ongoing interest in the
literature. As knowledge of these mechanisms grows, molecules
of increasing chemical complexity have become more amenable
to study. Attention has therefore been directed toward not only
single molecules but also supramolecular assemblies.16

Examples of supramolecular interactions being exploited in
molecular junctions include π-stacking between pairs of
oligo(phenylene ethynylene) (OPE) molecular wires,17,18

hydrogen bonding between facing pairs of carboxylic acids,19

noncovalently linked porphyrin−fullerene dyads,20 molecular
donor−acceptor complexation,21,22 hydrogen bonding of

nucleotides,23 and rotaxane-based memory cells.16 Supra-
molecular interactions have been previously used to inhibit
aggregation of molecular wires in junctions and thereby
promote the formation of single molecular junctions for
molecules.24 Kiguchi et al. reported the formation of molecular
junctions assembled from a single π-conjugated molecular wire
threaded within α-cyclodextrin.24 This study found that such
encapsulation leads to reduced conductance and a reduced
spread of conductance values; the latter was attributed to
damping of intramolecular conformational mobility of the
molecular wire as well as the elimination of intermolecular
interactions.24

Our group has previously studied the influence of water on
the single molecule conductance.25 In this present study we
take a different approach to control the microenvironment of
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single molecule wires by employing host−guest supramolecular
interactions between cucurbit[8]uril (CB[8]) and viologen
molecular bridges.5 CB[8] is a macrocycle with eight glycol-uril
units and has been described as having a pumpkin26 or barrel
shape (see Scheme 1 and the Supporting Information (SI),

Figure S8). CB[8] macrocycles have identical carbonyl lined
rims at either end. These are highly polar especially when
compared to the main cavity, which is considered to be
hydrophobic.26−33 Host−guest complexes of CB[8] and
viologen derivatives have been studied in detail,26−28,34−39

with the strong dipole−dipole and hydrophobic interactions
between these components resulting in binding constants of up
to 106.28 Recently, a method has been presented for the
assembly of surface-immobilized viologens threaded by
CB[8],33 which has provided inspiration for our present
investigations of CB[8]:viologen assemblies within single
molecular electrical junctions.
In the present work, we explore the single molecule

conductance of three different viologen-based molecular
wires, 6-[1′-(6-mercaptohexyl)[4,4′]bipyridinium]hexane-1-
thiol bromide (12+), 1,1′-bis(4-(methylthio)benzyl)[4,4′-bipyr-
idine]-1,1′-diium bromide (22+), and 1,1′-bis(4-(methylthio)-
phenyl)-[4,4′-bipyridine]-1,1′-diium chloride (32+) (Scheme
1), and their supramolecular assembles when threaded through
CB[8]. The well-known bis(hexylthiol) compound 12+5,40,41 is
prepared and stored as the thioacetyl-protected derivative.40

The thioacetyl groups are readily liberated on exposure to gold
surfaces resulting in binding of the compounds via strong
gold−sulfur interactions. The benzyl derivative 22+ and phenyl
derivative 32+ feature the thioether −SMe functional group as a
surface-contacting moiety.42 The −SMe group has attracted
attention in recent years as an alternative to the thiolate/
thioacetyl moiety.42 While the Au−S(Me) contact has been
found to be less electrically transparent than Au−S in studies
carried out to date, resulting in slightly lower conductance
values, it is more readily introduced into a range of complex
molecular structures, does not require removal of the protecting
group, and offers a contact “strength” (Au−S(Me) bond
rupture force) which is comparable to those of other well-

known contacting groups such as −NH2 and pyridine.43 We
show here that encapsulation of these viologen wires in Scheme
1 by CB[8] is seen to markedly impact their single-molecule
conductance, and possible mechanisms of this conductance
gating are discussed. Since host:guest assembly between the
three viologen molecular targets has not been examined before,
a detailed characterization is also included, with the host−guest
complexation being examined by 1H NMR spectroscopy, mass
spectrometry, ultraviolet−visible (UV/vis) spectroscopy, and
cyclic voltammetry (CV).

RESULTS
Spectroscopic Characterization for Viologen−CB[8]

Interaction. It has been reported that a variety of alkyl
viologen derivatives form host−guest complexes with CB[8]
with inclusion constants (K) up to ∼106.28 However, the
binding between 12+, 22+, and 32+ and CB[8], respectively, has
not been previously investigated. To clarify the binding
stoichiometry of these three viologen compounds with CB[8]
we have recorded mass spectra. Mass spectra (ESI+) of 12+−
CB[8], 22+−CB[8], and 32+−CB[8] are shown in Figures S9−
S14. The m/z value for 12+−CB[8] is 859.3, and this is
consistent with a 1:1 complex of the viologen dication. For
22+−CB[8], mass spectrometry data show the base peak at m/z
= 879.8 amu, while 32+−CB[8] gives a base peak at m/z =
865.3 amu. In each case, the isotope pattern shows a 0.5 amu
progression, consistent with the dicationic nature of these
assemblies, with a mass/charge ratio consistent with the
formation of the 1:1 viologen/CB[8] complex.
The HRMS (ESI+, Q-TOF) data for 12+−CB[8] and 32+−

CB[8] further demonstrate the formation of a 1:1 complex
between 12+ or 32+ and CB[8]. For 22+, its CB[8] complex
HRMS (ESI+, Q-TOF) data demonstrated that the 1:1 complex
22+−CB[8] is the predominant form, although a low intensity
ion peak at higher mass (m/z 1544) corresponding to the
binding of two molecules of CB[8] by the viologen dication
was also observed (Figure S13). Given the nature of the
binding site of the CB[8] moiety along the molecular “thread”
of 22+ (Scheme 1 and discussion below), such 1:2 viologen/
CB[8] assemblies are not unexpected.
UV/vis spectra of 12+(Br−)2, 2

2+(Br−)2, and 32+(Cl−)2 in the
absence and presence of CB[8] were recorded. Solutions of
12+(Br−)2 are colorless (i.e., do not absorb between 300−800
nm) but rather contain an absorption band in the UV region
centered at 261 nm. With the addition of CB[8] there is a small
red shift of the absorption band from 261 to 263 nm and a
decrease in molar absorptivity (Figure 1b). This decrease in
absorptivity of the peak around 260 nm of the viologen dication
is consistent with reported data for other viologen derivative−
CB[8] systems34,39 and has been used as evidence for the
binding between viologen dications and CB[8] in solution.
UV/vis spectra have also been recorded for 22+ and 32+ in the

absence and presence of CB[8]. These spectra are more
complex than for 12+ due to the presence of benzyl or phenyl
groups appended to the viologen core, which give rise to
intramolecular charge transfer and solvatochromism (see the
Discussion). We find the notable solution color changes and a
red-shifted absorbance band of 22+ and 32+ upon addition of
CB[8] (see Figures S15 and S16). Such absorbance band red-
shifts of viologen derivative systems induced by CB[8]
complexation have been previously noted and attributed to
the stabilization LUMO of the viologen core upon formation of
the binary CB[8]−acceptor complex.30

Scheme 1. Structures of Viologens and CB[8]a

a12+, 22+, 32+ (left, from top to down) and 12+−CB[8], 22+−CB[8],
32+−CB[8] (right, from top to down) are shown as their thiol or
thioether form, and counterions are omitted.
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1H NMR spectroscopy was used to investigate the relative
position of the dicationic viologen guest within the CB[8] host
as well as confirm the host−guest stoichiometry proposed on
the basis of the mass spectrometry data. 1H NMR spectra for all
compounds were acquired using solvents suppression via either
presaturation or WATERGATE (water suppression by
gradient-tailored excitation): see Figure 1c (red line) for the
NMR for 12+, Figure 1c (blue line) for the NMR for 12+−
CB[8], and Figures S17 and S18 for the NMR of 12+−CB[8]
with concentration ratios of 5:1 and 2:1. It should be noted that
the peak due to protons 1 of free 12+ indicated in Table S3 (see
Figure 1a for numbering scheme) partially overlapped with the
solvent signal and were only detected in 1H NMR experiments
without irradiation (not shown in Figure 1c). Upon

incorporation into the host, the protons of the aliphatic carbon
chains of 12+ shifted upfield (see Figure 1c, right inset, for a
magnified view), while the protons of the CB[8] cage in 12+−
CB[8] exhibit just a slight change compared with the free
CB[8]. The upfield shift of the α/α′ protons compared to the
downfield shift of the β/β′ protons upon CB[8] complexation
is consistent with these two sets of aromatic protons being in
different shielding regions of the CB[8] cavity, with the α/α′
protons being shielded and the β/β′ ones deshielded. These
results indicate that the bipyridinium core is centrally included
in the CB[8] host since simple chemical shifts are seen for the
bipyridinium core rather than an increased complexity of the
splitting pattern. The upfield shift of the aliphatic protons of 12+

upon CB[8] complexation corresponds to them becoming
shielded. This increased shielding of these aliphatic protons
indicates that they change conformation or environment upon
complexation, perhaps either coiling in toward the opening of
the host or folding inside the hydrophobic cavity of CB[8] as
shown in Figure 1a.32

The chemical shifts of the 32+ bipyridinium core show similar
trends to 12+ upon addition of CB[8] (details can be found in
the SI). These results also suggest that the bipyridinium core is
included centrally in the CB[8] host. On the other hand, the
protons of CB[8] in the complex exhibited large changes when
compared with free CB[8], and we also observed the
coexistence of the uncomplexed CB[8] in solution together
with the 32+−CB[8] complex. Thus, the 5.83 ppm resonances
from free CB[8] appear as two peaks at 5.72 and 5.87 in the
complex and starting CB[8], respectively, while the 4.22 ppm
resonances split into two peaks at 4.23−4.24 (Figure S19,
inset). The 1H NMR spectra of 22+−CB[8] are shown in Figure
S20, and the 1H,1H−COSY is in Figure S21. The 22+−CB[8]
complex shows a much more complicated chemical shift
pattern than the aforementioned two complexes. This addi-
tional complexity for 22+−CB[8] can be explained by a model

Figure 1. (a) The structure of 12+ with H atom labeling and
complexation with CB[8]; (b) UV/vis spectra of 12+ with addition
of CB[8]; (c) 1H NMR spectra of CB[8], 12+, and 12+−CB[8]. The
inset is for 12+−CB[8]. The left inset shows a magnification of
peaks around 9.0 ppm, while the right inset shows magnification of
features around 3.0−0.0 ppm.

Figure 2. (a) CVs of 12+ monolayer modified Au(111) in 0.1 M PB at different scan rates from 40 to 100 mV/s (inset: corresponding linear
relationship between peak height and scan rate); (b) CVs of 12+−CB[8] monolayer modified Au(111) in 0.1 M PB at different scan rates from
200 to 1000 mV/s (inset: the corresponding linear relationship between peak height and scan rate); (c) CVs of 12+ and 12+−CB[8] monolayer
modified Au(111) in 0.1 M PB at a scan rate of 400 mV/s; (d) scheme of redox reaction for 12+ and 12+−CB[8].
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in which the CB[8] host is positioned asymmetrically with
respect to the 22+ guest. In this situation, both phenyl rings
exhibit different chemical shifts and give rise to complex
patterns. All of the chemical shifts are included in Table S3 (for
the 12+ system) and Tables S4 (32+) and S5 (22+).
Electrochemical Behavior. The influence of CB[8] on the

electrochemical behavior of 12+ monolayers has been
investigated both in 0.1 M phosphate buffer (PB, pH 6.98)
and 0.1 M NaPF6 (pH 2.48). Cyclic voltammograms (CVs) of
12+ and 12+−CB[8] monolayers on Au(111) in PB buffer at
different scan rates are shown in Figure 2a,b. CVs recorded in

NaPF6 are shown in Figures S22 and S23. In PB, two clear
redox waves were observed for the 12+ monolayer. The −0.42/
−0.47 V pair of redox peaks are assigned to the process 12+ ↔
1•+, while the −0.63/−0.83 V redox peaks correspond to 1•+ ↔
10. These values show that there is a significant variation in Ep

a

− Ep
c values (the potential difference between the anodic and

cathodic waves) for each wave. This and differences in Ep
a − Ep

c

values for CVs of the first reduction wave recorded in 0.1 M
NaPF6 show that ion migration into the monolayer provides a
significant contribution to the cyclic voltammetric response
associated with the redox processes. Figure 2c shows a

Figure 3. Single molecule conductance measurements: (left column) molecular junction schematic, (center column) 1-D conductance
histograms, (right column) 2-D (conductance-junction distance) histograms. The data are for the following junctions 12+ (a), 12+−CB[8] (b),
22+ (c), 22+−CB[8] (d), 32+ (e) and 32+−CB[8] (f).
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comparison between cyclic voltammograms of 12+ and 12+−
CB[8] monolayers in PB electrolyte. The first oxidative peak
potential (1•+ → 12+) is slightly more positive (−0.40 V) with
CB[8] complexation than without (−0.43 V). On the other
hand, the second oxidative peak potential (10 → 1•+) is slightly
more negative (−0.68 V) with CB[8] complexation than
without (−0.63 V). Differences between the cyclic voltammetry
of the 12+−CB[8] monolayer in NaPF6 are discussed further in
the SI.
Both in PB and NaPF6 electrolytes, the peak current height

linearly increased with the scan rate. The linear relationship
between peak current and scan rate for both 12+ and 12+−
CB[8] is consistent with surface immobilization of the redox-
active viologen moiety. From integration of the 12+ → 1•+

redox wave in Figure 2a, the coverage of 12+ was estimated to
be 5.0 × 10−10 mol/cm2. This is consistent with previous
reports44 and demonstrates that a high coverage self-assembled
monolayer of 12+ has been formed on the Au(111) surface.
Similar analysis of Figure 2b shows the coverage of 12+−CB[8]
to be 1.5 × 10−10 mol/cm2, which is considerably lower than
that of the 12+ monolayer due to the large spatial requirement
of CB[8].
Compounds 22+ and 32+ are thioethers, in contrast to 12+,

which has thiol end groups. It is not possible to form self-
assembled monolayers from thioethers. Thus, we performed
aqueous solution electrochemistry for 22+, 32+, and their
complexes with CB[8] (details of which can be found in the
SI). The CVs of 22+ (and also 32+) before and after CB[8]
complexation demonstrated the reduction potential of 22+(32+)
exhibited little change after CB[8] complexation (Figures S24
and S25).
Single Molecule Conductance. A noncontact STM

technique for forming molecular junctions (the so-called I(s)
technique) was used to determine the single-molecule
conductance of 12+, 12+−CB[8], 22+, 22+−CB[8], 32+, and
32+−CB[8] in aqueous solution. This technique relies on
approaching the STM tip to high set-point current values and
then recording current (I) as a function of tip retraction
distance (s) as the tip is rapidly retracted. Since a large
proportion of such I(s) retraction events do not lead to capture
of molecules in the junction, those specific to molecular
junction formation are recognized by characteristic current
plateaus and recorded. At least 500 such molecular junction
formation scans were recorded for each viologen compound
and their CB[8] complex (see Figure S27 for examples of
molecular junction formation I(s) scans). For 12+, a single
molecular conductance in water of 0.49 nS was determined
(Figure 3 a, middle). This value closely agrees with values
reported in the literature.5 Figure 3a, right, shows a two-
dimensional (2-D) histogram representation of the data, with
conductance on the ordinate, distance on the abscissa
(corrected for the initial tip−substrate distance at the start of
the I(s) scan), and the color representing the point density
ranging from blue (very low) to green to red (high point
count). High point counts are seen at conductance values
corresponding to the peak in the 1D histogram, and also a high
count tail is seen at the base of the plot which corresponds to
low conductance values at the break-off region, with the
junction conductance dropping toward the noise floor after the
molecular bridge cleaves. According to the 2D histogram
(Figure 3, b, right), the break-off distance of 12+−CB[8] is 2.1
nm. This is close to the length of a 12+ molecule, given that
molecular modeling of the free molecule produces a distance

between the two sulfur atoms of 2.4 nm for trans-oriented alkyl
chains. This implies that polymethylene chains of 12+ are
extended out and away from the CB[8] cavity in the 12+−
CB[8] single molecule conductance measurement as schemati-
cally depicted in Figure 3b, left.
The peak conductance value for the 12+−CB[8] complex is

1.67 nS (Figure 3b, middle and right). This clearly
demonstrates that formation of the host−guest complex
increases the conductance of 12+ more than 3-fold. It has
been reported that the conductance of 12+ increased from 0.5 to
2.8 nS when 12+ was electrochemically reduced from the
dication to the radical cation states.5 For 22+, the conductance
was found to be 0.84 nS in water, which increased to 1.65 nS
upon complexation with CB[8] (Figure 3d, middle and right).
The conductance of 32+ was 1.57 nS in water (Figure 3e,
middle and right), and the conductance of the 32+−CB[8]
complex was 4.2 nS (Figure 3f, middle and right). The small
additional peaks for 3.2 nS in Figure 3d and 8.0 nS in Figure 3f
at roughly twice the conductance of the principle histogram
peak (1.65 and 4.2 nS) are most probably attributed to “double
junctions”4 (two molecules simultaneously attached between
tip and surface).

DISCUSSION
The conductance changes observed for the viologen wires 12+,
22+ and 32+ upon complexation with CB[8] are now discussed
in terms of possible mechanisms for electron transfer across the
molecular junction, also by taking into account electronic and
structural characterization data. It is first noted that in each case
the characterization data, and in particular the mass spectros-
copy and 1H NMR in solution, support a 1:1 stoichiometry
between host and guest. Only in the case of 22+ associating with
CB[8] there is a small signal that corresponds to the binding of
two CB[8] molecules by a single 22+ seen in the HRMS (ESI+,
Q-TOF) spectra. The NMR spectra for 12+ and 32+ threaded
within the CB[8] host shows that the viologen core is enclosed
symmetrically within the CB[8] host. The additional complex-
ity of the 1H NMR spectra reported above for 22+−CB[8] is
rationalized in terms of an asymmetrical placement of the 22+

guest with respect to the host cavity. Compound 12+ exhibits a
relatively straightforward UV/vis spectrum with an intense
absorbance at ∼260 nm, which is assigned to a π → π*
transition of the bipyridinium core. Notably, this transition
hardly changes in energy upon complexation with CB[8],
although its absorbance does decrease slightly. Alongside this
characteristic absorption band, 22+ and 32+ also exhibit a lower
energy transition which is attributed to an intramolecular
charge transfer involving the bipyridinium core and appended
benzyl (22+) or phenyl (32+) rings. The appreciable
solvatochromism of this transition supports this assignment.
Electrochemical data for self-assembled monolayers of 12+ on
Au(111) shows the formation of a high coverage phase. This
coverage is greatly reduced for 12+−CB[8] monolayers due to
the large spatial requirement of CB[8]. The reduction potential
for 12+ only shows a very small change when complexed with
the CB[8] host.
Electron transfer across molecular junctions is generally

considered to occur through either tunneling (or super-
exchange) mechanisms or incoherent hopping type mecha-
nisms. Electron transfer through Au|12+|Au single molecule
electrical junctions has been studied in detail using STM under
electrochemical potential control. The single molecule
conductance increased about 6-fold (from 0.5 to 2.8 nS)
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following electrochemical reduction of the viologen dication to
its cation radical. This electrochemical gating effect has been
interpreted within the framework of the two-step hopping
model of Kuznetsov and Ulstrup (Scheme 2, a).45 In this

model, an electron is transferred (hops) from one gold
electrode leading to reduction (step 1) and then partial
relaxation (step 2) of the system. A second, subsequent
electron-transfer step from the now reduced viologen group to
the other gold electrode (step 3) of the junction completes the
electron-transfer process. Due to the electrochemical nature of
these electron-transfer processes, the redox center is subject to
reorganization through environmental and internal fluctuations
prior to the electron transfer steps, which then proceed through
Franck−Condon-type transitions.
In light of the 6-fold increase upon electrochemically

reducing the viologen dication to its cation radical, the
conductance increase when free 12+ (Au|12+|Au 0.5 nS) is
complexed to form Au|12+−CB[8]|Au junctions (1.67 nS) is
substantial. UV/vis spectroscopy shows that the optical band
gaps of 12+ and 12+−CB[8] are practically identical. This would
imply that the conductance change cannot be attributed to
changes in the HOMO/LUMO gap. The lack of change in the
optical band gap also implies that the bipyridinium moiety does
not change substantially in terms of conjugation or
configuration when it is threaded into the CB[8] host. The
electrochemical potential for reduction of the bipyridinium
moiety for monolayers of 12+ and 12+−CB[8] on Au(111) are
also very similar. This would also imply minor differences in
alignment between the contact Fermi energies and the frontier
LUMO orbitals in the two-terminal molecular junctions. This
invariance in the orbital alignment and band gap within this

system would go against a simple tunneling (or super-
exchange)-type mechanism of electron transfer, and as such,
the focus in the following text is on incoherent hopping
transport and the Kuznetsov−Ulstrup model. Likewise, there
are only small changes in the optical bandgap of the redox
active bipyridinium core in both 22+ and 32+ (see the SI). In the
case of 22+, the intense absorbance at 260 nm, which is assigned
to a π → π* transition of the bipyridinium core, does not
change much; for 22+, it shifts from 265 to 270 nm (Figure
S15a), while for 32+, it shifts from 264 to 279 nm. The
additional absorbance band at higher wavelength observed for
22+ and 32+ is attributed to charge transfer between the
electron-rich thioanisole and the electron-deficient 2,2′-
bipyridine core and therefore less indicative of electron
transport via the redox active core (as described here by the
Kuznetov−Ulstrup model). In addition, the electrochemical
reduction potential changes little for 22+ and 32+ before and
after CB[8] complexation (Figure S24 and S25). This would
also imply minor differences in alignment between the Fermi
energies and the frontier LUMO orbitals in the two-terminal
molecular junctions.
The two-step hopping-type model of Kuznetsov and

Ulstrup45 (Scheme 2 a) centers around derivation of rate
constants for electron transfer onto the bridge, partial
vibrational relaxation of the redox center, and then subsequent
electron transfer to the other electrode also modeled by
electron-transfer rate equations. The rate constants for electron
transfer in the adiabatic limit onto the bridge (ka for step 1, in
Scheme 2a) and sequential electron transfer off the bridge (kb
for step 3) have the following form:46
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Here, λ is the reorganization energy, e is the charge on an
electron, Vbias is the bias voltage, η is the overpotential, kB is
Boltzmann’s constant, T is the temperature, γ is the fraction of
the bias voltage at the site of the redox center, ξ is the fraction
of the electrochemical potential experienced at the redox site,
and ωeff is a characteristic nuclear vibrational frequency. In this
two-step process, the steady-state current across the junction is
given, in the limit of strong electronic interactions between the
molecular redox group and the electrodes, by46

= +i en
k k

k k
2tunn
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el

a b
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Here, nel, is the number of electrons transferred through the
molecular junction, while the redox level relaxes after the first
electron-transfer step of the sequential electron transfer across
the electrical junction.46 The reorganization energy, λ, has two
contributions, one from the outer sphere and one from the
inner sphere. In the case of the viologen bridge system here, the
spectroscopic and electrochemical data indicate that the
bipyridinium center and its reduction are very similar in the
absence and presence of the CB[8] host. The larger size of the
cavity compared to the bipyridinium moiety would lead one to
expect that this moiety is free to rotate in the cavity. Simulated
UV spectra shown in the SI (Figure S28) demonstrate a
significant red shift in the spectral absorbance of 12+ when the

Scheme 2. (a) Illustration of the Two-Step Adiabatic
Kuznetsov−Ulstrup Model Used, Showing the Two Gold
Electrodes (“Left” and “Right”) and the Redox States of the
Molecular Bridge in between; (b) Scheme of Viologen−
CB[8] Molecular Junction
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dihedral angle between the two rings in the bipyridinium
moiety changes from twisted to flat. Since the experimentally
recorded UV/vis spectra of 12+ demonstrate great similarity
between the optical band gap for the bipyridinium moiety with
and without CB[8], this implies no significant change in
electronic structure of the bipyridinium core upon threading
into CB[8]. Likewise, the π→ π* transition of the bipyridinium
core of 22+ and 32+ shows only minor changes upon CB[8]
complexation (see spectra in the SI).
Taking these observations into account, it seems reasonable

to assume that the inner sphere organization energies for the
bipyridinium center are similar in the absence and presence of
the CB[8] host. Attention is therefore directed toward outer-
sphere contributions and the medium surrounding the viologen
moiety. The environment has been shown to have a strong
bearing on the conductance of single molecular wires, and this
has been generally considered within phase-coherent models
for charge transport involving DFT computations.25,47,48

Within phase-incoherent hopping and Marcus theory type
models, changes in the environment would be accompanied by
changes in the medium dielectric properties, and this in turn
would be anticipated to impact the outer sphere reorganization
energies since these are controlled by the dielectric displace-
ment. This can be seen by taking the simplest case of a
spherical ion placed in front of a metal electrode surface. An
expression for the outer reorganization energy, taking into
account the full image charge interaction, is given by the
following equation calculated using a macroscopic electrostatic
model (i.e., not taking into account molecular structure and
dynamics of the dielectric medium)49
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where ε0 is the permittivity of free space, ε∞ is the optical value
of the dielectric constant, and εs is the static value of the
dielectric constant. The radius of the ion is a and d is the
distance from the electrode surface.49 For constant electron-
transfer reaction parameters (a and d in eq 3) changes in λout
can be clearly induced by changes in the Pekar factor,

= −ε ε∞( )c0
1 1

s
. Generally, this Pekar factor would be expected

to only vary slightly with changes in εs for high static dielectric
media like water. However, large changes in this factor have
been predicted for dramatic medium changes. For instance, as
described by Krishtalik,50 changing from water (c0 ≈ 0.54) to a
nominal protein environment with εs taken as equal to 4, gives
c0 ≈ 0.15 (i.e., a factor of 3 change in the Pekar factor).
Krishtalik describes how the low static dielectric permittivity of
proteins (compared to water) gives rise to the low
reorganization energies for electron transfer within them.50 In
a similar manner, we hypothesize here that a low static
dielectric permittivity within the CB[8] could explain the
higher conductance for viologens introduced into this host.
Simulations by Biedermann et al. show that the CB[8] cavity
incorporating the viologen guest contains also a residual
amount of water molecules whose conformational space and
hydrogen bonding ability is restricted by the cavity.31 They
describe these water molecules which are situated in the
hydrophobic cavity as “high energy”.31 This placement of the
water at the hydrophobic cavity surface and the restricted
hydrogen bonding ability would be expected to impact the

water environment and also consequently the medium
dielectric properties.
The factor by which the conductance increases upon

threading the viologen into the CB[8] host is largest for 12+

(a factor of 3.4). The corresponding factor for 22+ is 2.0, while
it is 2.7 for 32+. A possible explanation for this difference is the
CB[8] position on the viologen derivative. According to the
results of 1H NMR and 1H,1H−COSY, the positively charged
bipyridinium moiety of 12+ and 32+ are positioned inside the
CB[8] cavity. However, for 22+, one phenyl group and half of
the bipyridinium moiety is positioned in the CB[8] cavity. This
reduced encapsulation within the CB[8] cavity could explain
the lower factor by which the conductance increases upon
host:guest complexation for 22+.

CONCLUSIONS
In conclusion, we have investigated the molecule conductance
values of viologen−CB[8] host−guest complexes. The
conductance of viologen derivatives increases upon encapsula-
tion within the hydrophobic CB[8] cavity, which is interpreted
as arising from a reduced outer sphere reorganization energy
within the framework of a Marcus-type model for electron
transfer. These findings show that the local microenvironment
within a supramolecular complex encapsulating the molecular
wire has a large impact on the molecule conductance, providing
a solid theoretical basis for designing supramolecular electronic
devices.

METHODS
Synthesis of 22+ and 32+. The synthesis of compound 22+ and 32+

can be found in the SI.
Solution Preparation of Viologen−CB[8] Complexes. The

12+−CB[8] aqueous solution (1 mM) was prepared by adding CB[8]
powder into a 1 mM solution of 12+ under sonication until all powder
dissolved, and then this solution was allowed to stand overnight. 22+−
CB[8] (1 mM) and 32+−CB[8] (0.5 mM) solutions were prepared in
a similar manner. For the STM experiments, the 100 μM 12+, 12+−
CB[8], 22+, 22+−CB[8], 32+, and 32+−CB[8] aqueous solutions were
prepared by dilution of 1 or 0.5 mM sample solutions. Phosphate
buffer (0.1 M, pH 6.98) and NaPF6 (0.1 M, pH 2.48) was used as
supporting electrolyte for electrochemistry.

UV/vis, 1H NMR, 1H,1H−COSY Spectra Measurement. For the
study of host−guest complexation of CB[8] and guests, 100 μM
CB[8], 1 mM 12+, 12+−CB[8], 22+, 22+−CB[8], 0.5 mM 32+, and 32+−
CB[8] solutions were prepared in D2O. NMR spectra were acquired
on a Bruker 500 MHz Avance III spectrometer at ambient
temperature. 1H NMR spectra for all compounds were acquired
using solvents suppression via either presaturation or a WATERGATE
scheme (water suppression by gradient tailored excitation), while
1H,1H−COSY included a presaturation sequence. In addition, 40 μM
12+, 32.5 μM 22+, 100 μM 32+, and their CB[8] complex solutions
containing different concentrations of CB[8] were prepared for
obtaining absorption spectra on a UV-2550 from SHIMADZU at
room temperature. Mass spectra were recorded using a Micromass
LCT (ESI+) or Agilent 6530 LC/MS (ESI+, Q-TOF) mass
spectrometers.

Electrochemical Experiments. All cyclic voltammetry measure-
ments were performed on EcoChemie Autolab potentiostats, either
the PGSTAT 20 or PGSTAT 30 model with the corresponding
Autolab GPES software. A three-electrode setup was used, with a
Au(111) working electrode (WE), Pt wire mesh counter-electrode
(CE), and SCE as the reference electrode. The electrode surface area
of the Au(111) WE was the measured geometric area in contact with
the electrolyte. The glass electrochemical cell was cleaned in a 10%
HNO3 (aq) solution prior to use and rinsed several times in Milli-Q
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water. The CE and WE were flame annealed prior to use. The cell was
dried in an oven at 150 °C before use.
For electrochemistry of the 12+ monolayers, the Au (111) bead

electrode was immersed in 1 mM 12+ ethanol solution for 18 min at 70
°C with N2 protection and then rinsed with ethanol and water before
being inserted into the electrochemistry cell containing degassed 0.1 M
phosphate buffer or 0.1 M NaPF6 electrolyte. For electrochemistry of
the 12+−CB[8] monolayer, the aforementioned 12+ monolayer
modified Au(111) bead electrode was immersed into the saturated
CB[8] solution for 2 h at 40 °C under an inert N2 atmosphere and
then rinsed with water before being inserted into the electrochemical
cell containing 0.1 M phosphate buffer or 0.1 M NaPF6 with N2
degassing.
Single-Molecule Conductance Measurements. All of the

single-molecule experiments were performed using an Agilent 5500
STM controller in conjunction with the Agilent Picoscan 5.3.3
software. Au STM tips were prepared using 0.25 mm Au wire (99.99%,
Goodfellows), which were electrochemically etched in a 1:1 solution of
HCl and ethanol at approximately +7.0 V. The Au tips were then
coated with a layer of Apiezon wax, ensuring that only the very end of
the tip was exposed. Commercial gold-on-glass substrates (Arrandee)
were flame annealed for approximately 5 min prior to use, but care was
taken to avoid overheating. For the STM measurements, all adlayers
were formed on the gold-on-glass substrate by immersing the substrate
in the 100 μM sample solution for 1 min. The gold electrode was then
rinsed with ethanol, water, and acetone and blown dry using N2. After
the gold sample was installed into the STM cell, 100 μL of water was
added to the solution cell followed by about 10 μL of the 50 μM
complex solution and 10 μL of 50 μM CB[8]. STM measurements
were then made.
The STM I(s) technique was employed for single-molecule

conductance determination with a set-point current (I0) of 40 nA
and a sample bias voltage (Vbias) of +0.6 V. To record current (I) versus
retraction distance (s) curves, the tip was withdrawn from the set-point
distance by 4 nm with a retraction duration of 0.1 s. Those scans which
showed molecular junction formation were plotted into a histogram,
which was used to find the molecular conductance.
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ABSTRACT: Proligands to the monoanionic tridentate
chelate 4-(tert-butyl)-2-(2,4-difluorophenyl)-6-(3-isopropyl-
imidazol-2-ylidene)pyridine ((phpyim-H2)PF6) and dianionic
tridentate chelates derived from functional 2-pyrazol-3-yl-6-
phenylpyridine chelates, i.e. L1-H2−L5-H2, have been
synthesized and characterized. Treatment of (phpyim-H2)PF6
with [Ir(COD)(μ-Cl)]2 in the presence of sodium acetate,
followed by heating at 200 °C with 1 equiv of the dianionic
chelate, afforded the respective charge-neutral, bis-tridentate
Ir(III) complexes [Ir(phpyim)(Ln)] (1−5; n = 1−5). The
hydride complex [Ir(phpyim)(L5-H)(H)] (6) was made when
the “one-pot” reaction of (phpyim-H2)PF6, [Ir(COD)(μ-
Cl)]2, and L5-H2 was carried out at 140 °C. Complex 6 is likely an intermediate in the formation of 5, as it is converted to
5 on heating to 200 °C. Compounds 1−6 have been characterized by NMR spectroscopy and, in the cases of 1, 5, and 6, by X-
ray structural analysis. TD-DFT computations confirmed that the emission bands are derived from 3MLCT transitions involving
the chelates L1−L5, resulting in a wide range of emission wavelengths from 473 (cyan) to 608 nm (orange-red) observed for 1 −
5. A series of green- and red-emitting organic light-emitting diodes (OLEDs) with a simplified trilayer architecture were
fabricated using the as-prepared Ir(III) complexes 2 and 5, respectively. A maximum external quantum efficiency of 18.8%, a
luminance efficiency of 58.5 cd/A, and a power efficiency of 57.4 lm/W were obtained for the green-emitting OLEDs (2), which
compares with 15.4%, 10.4 cd/A, and 9.0 lm/W obtained for the red-emitting OLEDs (5). The high efficiencies of these OLED
devices suggest great potential for these bis-tridentate Ir(III) metal phosphors in the fabrication of multicolored OLED devices.

■ INTRODUCTION
Since the first report on organic electroluminescence (EL) in
1987,1 there has been continued interest in the development of
organic light-emitting diodes (OLEDs) for use in the next
generation of display and lighting technologies. Over the past
two decades, phosphors based on third-row, late-transition-
metal complexes have emerged as compelling molecules in
these areas of research, offering high luminescent efficiencies.
While organic emitters are best described as fluorescent
materials, which emit only through singlet excitons (i.e., only
25% of the total excitons), the efficient singlet/triplet
intersystem crossing induced by the third-row transition-
metal elements allows efficient harvesting of both the singlet

and triplet excitons generated during electrical excitation which,
in the ultimate limit, can give rise to an unitary internal
quantum efficiency.2 In this regard, Os(II), Ir(III), and Pt(II)
complexes have attracted much attention because of their great
potential to exhibit both greater emission efficiency and color
tunability through control and optimization of the supporting
ligand spheres.3

To date, most of the Ir(III) phosphors bear three bidentate
chelates such as cyclometalated 2-phenylpyridine (ppy) in the
prototypical example [Ir(ppy)3].

4 However, Williams and Haga
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have independently reported a class of Ir(III) complexes with
formula [Ir(dpyx)(ppy)Cl] (dpyxH = 4,6-dipyridylxylene)
using both bidentate and tridentate cyclometalating ligands.5

In contrast, studies on the bis-tridentate Ir(III) complexes have
met only with limited success,6 among which [Ir(dpyx)(dppy)]
(dppy = 2,6-diphenylpyridine) and [Ir(fpbpy)(dppy)] (fpbpy =
6-(5-trifluoromethylpyrazol-3-yl)-2,2′-bipyridine) provided the
basic model: i.e., the need for a pair of monoanionic and
dianionic chelates in assembling the charge-neutral bis-
tridentate architecture (Chart 1).7 Recently, we also discovered

that an azole-containing dianionic chelate such as 2-(pyrazol-3-
yl)-6-phenylpyridine can be employed in the preparation of the
relevant bis-tridentate Ir(III) complexes (also see Chart 1) with
tunable color and enhanced efficiencies that are desirable for
OLED applications.8

However, due to the enhanced stabilization effect exhibited
by tridentate ligands, these complexes are expected to be even
more kinetically stable than the traditional tris-bidentate
counterparts. Therefore, bis-tridentate complexes offer the
possibility of further improved chemical stability and resistance
against cleavage of metal−ligand bonds upon chemical or
electrical excitations, as well as increased structural rigidity,
which may subdue the undesirable nonradiative decay
processes. These expectations motivated us to investigate the
generalized design and routes that could afford the bis-
tridentate Ir(III) complexes and further explore their potential
for use as phosphors for efficient OLED applications.9

Bearing this in mind, we have prepared charge-neutral Ir(III)
phosphors using the monoanionic tridentate chelate phpyim,
i.e. 4-(tert-butyl)-2-(2,4-difluorophenyl)-6-(3-isopropylimida-
zol-2-ylidene)pyridine, from [phpyim-H2]

+ salts and various
dianionic tridentate chelates with the 2-pyrazol-3-yl-6-phenyl-
pyridine core skeleton from their precursors: i.e., 2-(5-
trifluoromethyl-1H-pyrazol-3-yl)-6-(4-fluorophenyl)pyridine
(L1-H2), 2-(5-trifluoromethyl-1H-pyrazol-3-yl)-6-(4-
trifluoromethylphenyl)pyridine (L2-H2), 2-(5-trifluoromethyl-
1H-pyrazol-3-yl)-6-(4-tert-butylphenyl)pyridine (L3-H2), 2-(5-
trifluoromethyl-1H-pyrazol-3-yl)-6-naphthylpyridine (L4-H2)
and 1-phenyl-3-(5-trifluoromethyl-1H-pyrazol-3-yl)-
isoquinoline (L5-H2) shown in Chart 2. As similar dianionic
tridentate chelates are known to form stable complexes with the

isoelectronic Ru(II) and Os(II) metal atoms,10 we anticipated
that these ligands are equally suitable for the synthesis of the
respective charge-neutral, bis-tridentate Ir(III) phosphors.
Indeed, the successful coordination of both phpyim and
dianionic chelates L1−L5 around the Ir(III) metal center has
led to the isolation of bis-tridentate Ir(III) complexes
[Ir(phpyim)(Ln)] (1−5, n = 1−5) with the observed emission
color ranging from cyan (1) to orange-red (5). When the
reaction temperature was lowered with the isoquinolinyl
prochelate ligand L5-H2, the metal hydride complex [Ir-
(phpyim)(L5-H)H] (6) was isolated. Complex 6 has the L5-H
chelate in a bidentate bonding mode, where the pyrazolyl ligand
sits trans to the pyridine donor in phpyim and the hydride is
located opposite to the isoquinolinyl fragment. Chart 3 depicts

the structural drawings of these synthesized Ir(III) metal
phosphors and intermediate. A series of OLEDs were fabricated
using phosphors 2 and 5, which has laid a solid foundation for
further exploration of bis-tridentate Ir(III) metal complexes as
efficient OLED emitters.

■ RESULTS AND DISCUSSION
Synthesis and Structural Characterization. The pre-

cursor to the monoanionic tridentate chelate 4-(tert-butyl)-2-
(2,4-difluorophenyl)-6-(3-isopropylimidazol-2-ylidene)pyridine
((phpyim-H2)PF6) was synthesized using a multistep protocol
(Scheme 1). First, treatment of 4-(tert-butyl)-2,6-dichloropyr-
idine and imidazole in the presence of tetrabutylammonium
bromide (NBu4Br) as a phase transfer catalyst afforded the

Chart 1. Ir(III) Complexes Featuring Two Distinctive
Tridentate Chelates

Chart 2. Tridentate Chelate Precursors Employed in This
Study

Chart 3. Bis-Tridentate Ir(III) Complexes Discussed in This
Study
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pyridine-imidazole derivative. This imidazole derivative was
then reacted with 2,4-difluorophenylboronic acid in the
presence of catalytic Pd(dppf)Cl2 to form 4-(tert-butyl)-2-
(2,4-difluorophenyl)-6-(1H-imidazol-1-yl)pyridine. Subse-
quently, the isolated phenyl-pyridine-imidazole derivative was
treated with 2-iodopropane in toluene solution to afford 1-[4-
(tert-butyl)-6-(2,4-difluorophenyl)pyridin-2-yl]-3-isopropyl-
1H-imidazol-3-ium iodide ((phpyim-H2)I). Anion exchange
with NH4PF6 resulted in the precipitation of the corresponding
PF6 salt, (phpyim-H2)PF6. This proligand forms the mono-
anionic tridentate ligand phpyim in the presence of sodium
acetate, which is basic enough to induce the imidazolium to
imidazol-2-ylidene conversion.
Preparation of the corresponding bis-tridentate Ir(III) metal

complexes was typically executed in a two-step process. First,
the imidazolium ligand (phpyim-H2)PF6 was treated with
[Ir(COD)(μ-Cl)]2 in the presence of sodium acetate in
refluxing acetonitrile. We expected that sodium acetate is
capable of inducing both the cyclometalation of the phenyl
group and formation of the imidazol-2-ylidene moiety at the
same time, affording an Ir(III) intermediate bearing the
tridentate phpyim chelate. Without isolation and character-
ization of the intermediate species, acetonitrile was replaced by
decalin as the solvent, together with the addition of a second
tridentate ligand, Ln-H2 (n = 1−5). The resulting mixture was
then brought to reflux overnight at 200 °C. The cyan- to red-
emitting Ir(III) metal complexes [Ir(phpyim)(Ln)] (1−5)
were isolated by silica gel column chromatography, followed by
recrystallization. The isoquinolinyl prochelate L5-H2 gave
[Ir(phpyim)(L5-H)H] (6) containing the bidentate L5-H
chelate and retention of a metal hydride fragment instead of
complex 5 if the “one-pot” reaction was conducted in refluxing
xylene at 140 °C. As expected, the bidentate L5-H chelate in 6
underwent phenyl C−H activation to form the thermodynamic
product [Ir(phpyim)(L5)] (5) upon heating in decalin at 200
°C. Hence, the complex with a bidentate Ln-H chelate plus a
hydride around the coordination sphere may be an
intermediate to the formation of every bis-tridentate product
made here.
Single-crystal X-ray diffraction studies of the Ir(III)

complexes 1 and 5 confirm the coexistence of two tridentate
chelates arranged in the orthogonal, bis-tridentate bonding
mode (Figures 1 and 2). The monoanionic phpyim chelate of
both complexes exhibits short Ir−C distances for the terminal

phenyl and carbene fragments (cf. Ir−C(1) = 2.040(4) Å and
Ir−C(12) = 2.047(5) Å for 1; Ir−C(33) = 2.037(4) and Ir−
C(20) = 2.051(3) Å for 5), which are consistent with the
respective Ir−C distances observed in Ir(III) complexes bearing
both a central cyclometalating entity and trans-disposed NHC
carbene unit.11 On the other hand, the phenyl fragment of the
dianionic pyrazol-3-yl phenylpyridine chelates L1 and L5 shows
an even shorter Ir−C distance (Ir−C(22) = 2.024(5) Å for 1;
Ir−C(1) = 2.016(3) Å for 5), located trans to the anionic
pyrazolate fragment, which in turn contains long Ir−N bond
lengths (Ir−N(5) = 2.113(4) Å for 1; Ir−N(2) = 2.097(3) Å
for 5). In sharp contrast, the Ir−N distance of the central
pyridyl fragment in both tridentate chelates L1 and L5 (Ir−
N(1) = 1.990(4) Å and Ir−N(4) = 1.995(4) Å for 1; Ir−N(1)
= 1.999(3) Å and Ir−N(6) = 1.996(3) Å for 5) are notably
shorter than all other metal−ligand distances of the peripheral

Scheme 1a

aLegend: (i) imidazole, KOH, NBu4Br, 80 °C; (ii) Pd(dppf)Cl2,
F2H3C6B(OH)2, toluene/ethanol/H2O, 110 °C; (iii) PriI, toluene, 80
°C; (iv) NH4PF6, H2O/ethanol, room temperature. Figure 1. Structural drawing of Ir(III) complex 1 with ellipsoids shown

at the 30% probability level. Selected bond distances (Å): Ir−C(1) =
2.040(4), Ir−N(1) = 1.990(4), Ir−C(12) = 2.047(5), Ir−N(5) =
2.113(4), Ir−N(4) = 1.995(4), Ir−C(22) = 2.024(5). Selected bond
angles (deg): C(1)−Ir−C(12) = 158.18(19), N(5)−Ir−C(22) =
158.79(18), N(1)−Ir−N(4) = 174.77(15).

Figure 2. Structural drawing of Ir(III) complex 5 with ellipsoids shown
at the 30% probability level. Selected bond distances (Å): Ir−C(1) =
2.016(3), Ir−N(1) = 1.999(3), Ir−N(2) = 2.097(3), Ir−C(20) =
2.051(3), Ir−N(6) = 1.996(3), Ir−C(33) = 2.037(4). Selected bond
angles (deg): C(1)−Ir−N(2) = 159.09(12), C(20)−Ir−C(33) =
158.37(13), N(1)−Ir−N(6) = 175.27(11)°.
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donors, which is attributed to the inherent geometrical
constraint imposed. Shortening of the metal−ligand distance
at the central ligating unit, versus those at the peripheral
donors, has been well documented in metal complexes with
terpyridine and other functional tridentate chelates.10c

The X-ray analysis of 6 showed two crystallographically
independent but structurally similar molecules within the
crystal lattices, only one of which is depicted in Figure 3. As in

1 and 5, the tridentate phpyim chelate has phenyl and
imidazolylidene Ir−C distances of 2.051(3) and 2.027(3) Å and
a contracted Ir−N distance of 1.996(2) Å. However, the L5-H
ligand is now coordinated to the Ir(III) atom with pyrazolate
located trans to the central pyridine unit of phpyim. As a result,
the phenyl group of L5-H resides opposite to the hydride and
adopts a twisted orientation versus the chelate to reduce steric
interaction with the phpyim chelate. This molecular structure is
reminiscent of that of the recently reported Ir(III) intermediate
with phenyl dicarbene and similar dianionic chelates.8b

Photophysical Data. The UV−vis absorption and emission
spectra of 1−5 were recorded at room temperature in CH2Cl2
solution (Figure 4 and Table 1). Complexes 1−5 all show very

strong absorption bands below 350 nm (ε > 1.4 × 104 M−1

cm−1) due to 1ππ* transitions localized on both tridentate
chelates, together with a set of less intense bands in the region
>400 nm (ε > 3 × 103 M−1 cm−1), which are attributed to
MLCT transitions from the Ir(III) metal ion to the tridentate
chelates. For the Ir(III) complexes 1−3, the lowest energy
1MLCT absorption maximum is at ∼410 nm, involving a
common pyrazol-3-yl phenylpyridine core (i.e., Ln) such as
L1−L3 and the monoanionic phpyim ligand. Introduction of a
naphthyl moiety (L4) or replacement of the central pyridyl
group with an isoquinolinyl fragment (iq of L5), forming 4 and
5, gives significantly red shifted 1MLCT absorptions at 458 and
481 nm, respectively. The spin-forbidden 3MLCT absorptions
along with the 3ππ* transitions were not observed due to the
lowered extinction coefficient.
Figure 4 also depicts the emission spectra of 1−5, showing

the influence imposed by the Ln substituents in L1−L3 and the
effect of increased π-conjugation of L4 and L5 chelates. As can
be seen in Figure 4, the Ir(III) complexes 1−3 showed
relatively blue shifted emissions. The vibronic fine structures
imply notable contributions from ligand-centered ππ* tran-
sitions. Replacing the fluoro substituent of L1 in 1 with CF3 in
2 and tert-butyl group in 3 red-shifts the highest energy peak
maximum from 473 nm to 495 and 481 nm, respectively.
The naphthyl moiety in place of the peripheral phenyl group

of L1 shifts the emission peak wavelength to 583 nm in 4 in
comparison to 473 nm in 1 with a large energy difference of 0.5
eV. The emission profile for 4 is much less structured than for
the other complexes, 1−3 and 5. This is unexpected, as DFT
calculations (vide inf ra) predict the dominant ligand-centered
ππ* transitions in 4 which should lead to a structured emission
profile. Replacement of the central pyridyl unit with an
isoquinolinyl group in L5 shifts the emission peak wavelength
to 608 nm for 5. The extended π-conjugation units present in
the L4 and L5 chelates decrease the ππ* transition energies,
leading to red-shifted emissions.
In Table 1, emission quantum yields (QY) of nearly 100%

were observed for the Ir(III) complexes 1−3, with the parent
Ln chelate such as L1−L3. Apparently, the bis-tridentate
architecture in these Ir(III) complexes increases the radiative
decay and reduces the nonradiative decay processes and, hence,
improves their QY.
The observed lifetimes for complexes 1−5 are intriguing as

the lifetimes decreasing with increasing QY. The shortest
lifetime is 3.01 μs for 3, with the highest QY, whereas the
longest lifetime is 9.23 μs for 4, with the lowest QY. Complex 4
may contain a different photophysical process, as the peak
profile for 4 is less structured. Accordingly, the naphthyl group
has a detrimental effect on the solution luminescence in
comparison to the phenyl group it replaces.
The reduced QY could also be partially offset by the higher

rigidity of chelate in 5 vs 4, as the central isoquinolinyl
fragment L5 in 5 is buttressed by two peripheral substituents,
for which the total stiffness could be greater than that of the
chelate L4 with a terminal naphthyl appendage in 4. The
radiative rate constant of 5 (kr = 1.1 × 105 s−1), calculated from
the equations kr + knr = 1/τobs and QY (%) = kr/(kr + knr), is
notably larger than that of 4 (kr = 2.7 × 104 s−1), while both
complexes exhibit similar magnitudes of nonradiative rate
constants (knr = 7.5 × 104 s−1 for 5 and knr = 8.1 × 104 s−1 for
4). This implies that the ligating motif in 5 is critical to the
enhanced radiative process (i.e., as shown by the increased kr)

Figure 3. Structural drawing of Ir(III) complex 6 with ellipsoids shown
at the 30% probability level. Selected bond distances (Å): Ir(1)−C(1)
= 2.051(3), Ir(1)−C(12) = 2.027(3), Ir(1)−N(1) = 1.996(2), Ir(1)−
N(4) = 2.229(2), Ir(1)−N(5) = 2.017(2), Ir(1)−H(1) = 1.65(3).
Selected bond angles (deg): C(1)−Ir(1)−C(12) = 158.70(12),
N(1)−Ir(1)−N(5) = 176.04(9), H(1)−Ir(1)−N(4) = 168.4(11).

Figure 4. UV/vis absorption and emission spectra of Ir(III) complexes
1−5 in CH2Cl2 solution at room temperature.
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but not so much to the nonradiative decay (i.e., identical knr)
versus the naphthyl substituted Ir(III) complex 4.
Electrochemistry. The electrochemical behavior of these

Ir(III) complexes was measured, and the corresponding redox
data are given in Table 2. Each of the complexes 1−5 showed a
reversible metal-centered oxidation peak potential (EOx

1/2) in
the region of 0.54−0.71 V and an irreversible reduction peak
potential (ERe

pc) between −2.40 and −2.67 V, respectively. For
the first three complexes 1−3, the trend of the oxidation
potentials is consistent with the presence of electron-with-
drawing substituents on the tridentate Ln chelates (i.e., L1 and
L2), which shifts the potentials to the more positive direction:
i.e., 2 (0.71 V) > 1 (0.66 V) > 3 (0.57 V) with CF3, fluorine and
tert-butyl substituents, respectively. The peak potential of 0.54
V for 4 suggests that the naphthyl group is involved in the
HOMO, presumably via π-conjugation, thus resulting in a more
negative oxidation potential than the phenyl analogue 1. On the
other hand, the oxidation potential of 5 (0.57 V) is similar to
that of 3, indicating that the isoquinolinyl substituent has little
effect on the HOMO. While the reduction waves are
irreversible, the less negative reduction potential of −2.40 V
observed for 5 by at least 0.18 V in comparison to those of 1 −
4 (−2.58 to −2.67 V) implies that the LUMO is mainly located
on the isoquinolinyl moiety in 5.
DFT Calculations. To investigate the optoelectronic

properties of complexes 1−5, calculations based on density
functional theory (DFT) and time-dependent density func-
tional theory (TD-DFT) were undertaken. The B3LYP hybrid
DFT functional with a LANL2DZ basis set on the iridium atom
and 6-31G** on all other atoms, as well as a conductor-like
polarization continuum (CPCM) model in the CH2Cl2 solvent,
were employed. The results of the geometry data after
optimization for the Ir(III) complexes 1−5 are summarized
in Table S1 in the Supporting Information. The majority of the
bond lengths are overestimated by only ca. 0.03 Å in
comparison with the crystallographically determined structures,

with a slightly larger difference in the case of the Ir−N bonds
associated with the anionic pyrazolyl moiety (ca. 0.05−0.06 Å).
Nevertheless, agreement between the experimental and
calculated structures gives high confidence in the accuracy of
the optimized geometries.
Plots of the HOMO, LUMO, and LUMO+1 for complexes

1−5 are given in Figure 5, and the percentages of orbital
contributions from each designated group in 1−5 are given in
Tables S2−S6 in the Supporting Information. The HOMOs of
1−3 contain significant contributions from the Ir(III) dπ
orbitals (Ir, 31−34%) admixed with contributions from the
phenyl fragment of the pyrazolyl Ln chelates. The metal
contribution in the HOMO decreases in 5 (Ir, 26%) and even
further in 4 (Ir, 22%). It is worth noting that there may be a
relationship between the QYs and the iridium metal
contributions in the HOMOs, where the decreasing trend in
QYs of 1−3 (91−100%), 5 (57%), and 4 (25%) parallel the
decreasing iridium dπ contributions in the HOMO of these
complexes.
The discussion of the LUMO and LUMO+1 in each complex

is necessary, as there are two distinct pyridyl moieties in the
phpyim and L1−L4 chelates where the LUMO and LUMO+1
can be close in energy (Table 2). The relative ordering of these
LUMOs, i.e. pyridyl (or isoquinolinyl) π* systems, varies along
the series (1, LUMO = phpyim-py, LUMO+1 = L1-py; 2,
LUMO = L2-py, LUMO+1 = phpyim-py; 3, LUMO = phpyim-
py, LUMO+1 = L3-py; 4, LUMO = L4-py, LUMO+1 =
phpyim-py; 5, LUMO = L5-iq, LUMO+1 = phpyim-py) with
the CF3 group in L2 and naphthyl and isoquinolinyl groups in
L4 and L5 bringing the corresponding orbitals lower in energy
than the respective phpyim chelate. TD-DFT computations
(vide infra), however, predict that the observed emissions in
this study involve the pyridyl (or isoquinolinyl) unit at the Ln
chelate in all cases.
The significantly longer emission wavelengths in 4 and 5 in

comparison to those for 1−3 are due to the considerably

Table 1. Photophysical Data of the Studied Ir(III) Complexes 1−5 and TD-DFT Studies

abs λmax (nm) (ε (104 M−1 cm−1))a PL em λmax (nm)b QY (%)b,c calcd em λmax (nm)d τobs (μs)
b kr (s

−1) knr (s
−1)

1 304 (2.25), 340 (1.77), 398 (0.38) 473, 508 99 474 3.10 3.2 × 105

2 311 (2.1), 350 (1.40), 410 (0.34) 495, 534, 574 (sh) 91 491 3.91 2.3 × 105 2.6 × 104

3 310 (2.53), 343 (1.81), 408 (0.44) 481, 515 ∼100 479 3.01 3.3 × 105

4 330 (2.38), 430 (0.4), 458 (0.31) 583, 618 25 576 9.23 2.7 × 104 8.1 × 104

5 345 (2.64), 448 (0.60), 481 (0.29) 608, 663, 725 (sh) 57 619 5.40 1.1 × 105 7.5 × 104

aMeasured in CH2Cl2 with a concentration of 10
−5 M at room temperature. bEmission peak maxima (in nm) measured in degassed CH2Cl2 solution

at room temperature. cCoumarin (C153) in EtOH (QY = 58% and λmax 530 nm) and 4-dicyanomethylene-2-methyl-6-(4-dimethylaminostyryl)-4H-
pyran in DMSO (QY = 80% and λmax 637 nm) were employed as standard.

dEmission peak maxima (in nm) predicted from TD-DFT computations.

Table 2. Electrochemical and DFT MO Energy Data for the Studied Ir(III) Complexes 1−5

obsd (eV) calcd (eV)

EOx
1/2 (V) [ΔEp]a ERepc (V) [ΔEp]

b HOMOc HLGd LUMOe HOMOf HLGf LUMOf LUMO+1f

1 0.66 [0.06] −2.58 [irr] −5.46 3.21 −2.25 −5.43 3.83 −1.60 −1.43
2 0.71 [0.08] −2.67 [irr] −5.51 3.34 −2.17 −5.49 3.81 −1.68 −1.62
3 0.57 [0.07] −2.62 [irr] −5.37 3.16 −2.21 −5.34 3.77 −1.57 −1.40
4 0.54 [0.07] −2.61 [irr] −5.34 3.12 −2.22 −5.25 3.61 −1.64 −1.60
5 0.57 [0.09] −2.40 [irr] −5.37 2.92 −2.45 −5.29 3.36 −1.93 −1.61

aE1/2 (mV) refers to (Epa + Epc)/2, where Epa and Epc are the anodic and cathodic potential peak referenced to the ferrocene (FcH/FcH
+ = −4.8 eV)

in CH2Cl2 solution at room temperature.32 bEpc is the cathodic peak potential, and “irr” denotes an irreversible process. The reduction potential was
measured in degassed THF at room temperature. cHOMO = −4.8 − EOx1/2.

dHOMO−LUMO gap (HLG) = energy difference calculated from two
anodic waves, EOxpa − ERepa.

eLUMO = HOMO + HLG. fValues from electronic structure DFT calculations; LUMO+1 energy data are included, as
LUMO and LUMO+1 are close in energy.

Organometallics Article

DOI: 10.1021/acs.organomet.6b00205
Organometallics 2016, 35, 1813−1824

1817

http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.6b00205/suppl_file/om6b00205_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.6b00205/suppl_file/om6b00205_si_001.pdf
http://dx.doi.org/10.1021/acs.organomet.6b00205


smaller HOMO−LUMO energy gaps in 4 and 5 by different
factors. In 4, the HOMO energy is raised by the naphthyl
group, whereas in 5, with an even longer emission wavelength,
the LUMO energy is considerably lowered by the isoquinolyl
unit.
In considering the optical absorption and emission properties

of 1−5, it is clear that the studied Ir(III) complexes can be
considered as belonging to three distinct groups, 1−3, 4, and 5.
The general order of the 1MLCT bands observed in the
experimental spectra (Figure 4) is adequately reproduced by
the results of TD-DFT calculations. (1, S0 → S1 406 nm,
ML(phpyim)-CT and S0 → S2 387 nm, ML(L1)-CT; 2, 404
and 401 nm; 3, 413 and 393 nm). In agreement with
experiment, the 1MLCT transitions in 4 (423 and 420 nm) and
5 (454 and 419 nm) are red-shifted in comparison with those
of 1−3.
The triplet energies (albeit with zero oscillator strength in

these computational models, which ignore spin−orbit cou-
pling) on the optimized ground state geometries were
calculated to give some insight into the nature of the emission
in these Ir(III) complexes 1−5. It is assumed here that the
nature of the emission mirrors the absorption data obtained
from the optimized S0 ground state geometries. The TD-DFT
calculated S0 → Tn transition energies do not take into account
the Stokes shifts expected from S0 ← Tn transitions, and hence

the predicted emission energies would be overestimated.12

Hence, the predicted absorption energies are converted by
assuming a Stokes shift energy scaling factor for predicted
emission energies which are in excellent agreement with the
observed emission maxima (Table 1). The S0 ← T1 transition is
rather well described as 3MLn(py)-CT in 1−4, or 3ML5(iq)-
CT in the case of 5. Interestingly, they are not 3 M(phpyim)-
CT, as might have been expected for complexes 1 and 3 on the
basis of their LUMOs from DFT calculations. In accord with
the measured absorption spectra and CV traces, the tuning of
the emission color is largely due to changes in the tridentate Ln
chelates.

OLED Device Fabrication. Complexes 2 and 5 were
selected as dopants to investigate applications in electro-
luminescent (EL) devices because of their higher photo-
luminescence (PL) QY as well as their saturated green and red
emission colors. In this study, optimization of the device
architecture was achieved following a sequence of (i) selecting a
suitable host material for the emission layer (EML), (ii)
choosing an appropriate hole-transport layer (HTL) and
electron-transport layer (ETL), (iii) adjusting the thickness of
the HTL, and (iv) varying the dopant concentration.
Considering the triplet energy gaps (ET) of 2 and 5, the host
materials should possess triplet energy gaps higher than 2.7 eV
to ensure sufficient energy transfer as well as exciton

Figure 5. Plots of the HOMO, LUMO, and LUMO+1 of the studied Ir(III) complexes 1−5. All contours are plotted at ±0.04 (e/bohr3)1/2.
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confinement. In addition, hosts with bipolar transport capability
allow for the convenient adjustment of carrier recombination
and carrier balance. Four potential hosts, including 4,4′-N,N′-
dicarbazolebiphenyl (CBP), 3-bis(9-carbazolyl)benzene
(mCP), 2,6-bis(3-(9H-carbazol-9-yl)phenyl)pyridine
(26DCzppy), and 2,6-bis(9H-carbazol-9-yl)pyridine (PYD-
2Cz), were tested.13 Furthermore, 1,1-bis[(di-4-tolylamino)-
phenyl]cyclohexane (TAPC) and 1,3,5-tris[(3-pyridyl)phen-3-
yl]benzene (TmPyPB) were respectively selected as the HTL
and ETL of OLEDs with green-emitting complex 2, because
their wide triplet energy gaps (about 2.87 and 2.78 eV,
respectively) promote high-energy exciton confinement.14 The
mCP-based device exhibited a higher external quantum
efficiency (EQE) of 16.6%, versus devices using other host
materials (cf. 12.9% for PYD-2Cz, 14.0% for 26DCzppy, and
15.2% for CBP). On the other hand, the same bipolar hosts
were also used to examine the host−guest system in OLEDs for
complex 5. In general, a certain degree of hole-trapping
phenomena caused by the narrower gap of the dopant could be
compensated by adopting an ETL with lower mobility.
Therefore, in comparison to TmPyPB with a higher electron
mobility of ∼10−3 cm2/(V s), 3,5,3′,5′-tetrakis(m-pyrid-3-

yl)phenyl[1,1′]biphenyl (BP4mPy) with adequate electron
mobility (i.e., ∼10−4 cm2/(V s)) is more suitable for use as
the ETL in red-emitting OLEDs.14 Experimental results
showed that superior carrier balance was obtained by using
the CBP host. The respective maximum EQE of OLEDs with
CBP, mCP, 26DCzppy, and PYD-2Cz hosts were evaluated to
be 10.7%, 9.7%, 10.6%, and 9.8%. Thus, mCP and CBP were
respectively chosen as the host materials for complexes 2 and 5
on the basis of the outcomes of host−guest tests.
Because of the mismatched refractive indices of the ITO and

organic layers, the thicknesses of ITO and HTL would also
affect the out-coupling efficiency.15 On the basis of our previous
experience, the thicknesses of ITO for green and red
phosphorescent OLEDs were set at 70 and 90 nm, respectively.
In addition, the hole mobility of TAPC was reported to be 10−2

cm2/(V s), allowing us to alter the thickness of HTL without
significantly increasing the operating voltage.14a,b Thus, OLEDs
were designed with variable TAPC thicknesses to examine the
effect of out-coupling.16 The green OLEDs were fabricated with
a simplified trilayer architecture consisting of ITO (70 nm)/
TAPC (x nm)/mCP with 4 wt % 2 (20 nm)/TmPyPB (50
nm)/LiF (0.8 nm)/Al (150 nm), while the architecture of the

Figure 6. (a) Molecular structures of the employed materials. (b) Schematic architecture of OLED devices with complexes 2 and 5.

Figure 7. EL characteristics of green and red OLEDs with different doping concentrations: (a) EL spectra; (b) current density−voltage−luminance
(J-V-L) curves; (c) external quantum efficiency vs luminance; (d) luminance efficiency and power efficiency as a function of luminance for devices G
and R.
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red OLEDs was set to ITO (90 nm)/TAPC (y nm)/CBP with
4 wt % 5 (20 nm)/BP4mPy (40 nm)/LiF (0.8 nm)/Al (150
nm), where LiF and aluminum respectively served as the
electron injection layer and reflective cathode. The x and y
values were varied from 40 to 70 nm (cf. Figure S7 in the
Supporting Information). The results indicate that the optimal
thickness of TAPC was 70 and 40 nm for green and red
OLEDs, respectively. Figure 6 presents the structures of the
employed materials along with the schematic architecture of the
as-fabricated OLEDs.
The EL spectra of the aforementioned OLEDs are shown in

Figure S7a. All OLEDs showed EL spectra similar to the
respective PL spectra of 2 and 5, confirming the effective
energy transfer between the host and guest as well as the carrier
recombination well within the EML.17 Hence, the installed
HTL and the ETL have provided good confinement and
avoided the exciton diffusion to the adjacent layers.18 The slight
variation in EL in both devices is mainly due to the different
optical interference.19 Moreover, the corresponding green and
red devices showed stable CIE coordinates of (0.27, 0.60) and
(0.67, 0.33) within a wide range of luminance from 102 to 104

cd/m2, respectively. It is worth mentioning that the CIE
coordinates of device R doped with 4 wt % of 5 superimpose
with the deep red apex of NTSC.
Figure S7b shows the current density−voltage−luminance (J-

V-L) curves of the tested devices. As expected, an increase in
the HTL thickness in devices G and R led to lowered current
densities. In comparison to the J-V curves of both series of
devices G and R, the higher current densities in device R
resulted from the use of a thinner ETL as well as the 90 nm
ITO with a lower sheet resistance. Figure S7c,d shows the trend
for efficiency versus luminescence. Clearly, the efficiency of
devices G increased with the TAPC thickness, while the
efficiency of devices R stayed essentially unchanged. On the
basis of these findings, the optimized TAPC thicknesses were
set as 70 and 40 nm for the devices G and R, respectively. This
architecture was further optimized with doping concentrations
varied from 2 to 8 wt %. The EL characteristics as well as the
corresponding numerical data of the tested devices are depicted
in Figure 7 and Table 3.
Figure 7a shows the EL spectra of both devices G and R with

different doping concentrations, where no other emission
except for that of dopant was observed even at the low
concentration of 2 wt %, implying effective energy transfer in
these host−guest systems. From the J-V-L curves shown in

Figure 7b, the current densities of both devices reached the
highest values at a doping level of 4 wt %. In general, the carrier
transport capability of dopant is affected by both the energy
level and doping concentration,20 and the latter also influences
the site of carrier recombination.21 Thus, the maxima obtained
at 4 wt % might be the result of a fine balance between carrier
trapping and transport. The lowest turn-on voltages (i.e., 3.3
and 4.0 V) of both devices were also recorded at this doping
concentration. As shown in Figure 7c,d, the corresponding
maximum efficiencies of devices G and R reached 18.8% (58.5
cd/A, and 57.4 lm/W) and 12.5% (10.4 cd/A and 9.0 lm/W).
Hence, these devices were calculated to possess nearly 100% of
internal quantum efficiency on the basis of their observed EL
and PL efficiencies.22 Furthermore, devices G and R at 4 wt %
of 2 and 5 maintain forward efficiencies of 15.3% (47.6 cd/A,
and 31.0 lm/W) and 11.1% (9.3 cd/A, and 4.7 lm/W) at 102

cd/m2, respectively. Overall, these recorded performances
demonstrated the high potential of these bis-tridentate Ir(III)
complexes in OLED applications.

■ CONCLUSIONS
In summary, a new series of Ir(III) based phosphors with bis-
tridentate chelating architecture were synthesized and charac-
terized. Of particular interest is the design of the monoanionic
tridentate chelate, i.e. phpyim (4-(tert-butyl)-2-(2,4-difluoro-
phenyl)-6-(3-isopropylimidazol-2-ylidene)pyridine), and the
dianionic tridentate Ln chelates bearing a 2-pyrazol-3-yl-6-
phenylpyridine based design, i.e. L1−L5. With these ligands,
our studies showcase a rare example of tridentate chelates that
are capable of coordinating to an Ir(III) atom to give a bis-
tridentate charge-neutral assembly. TD-DFT calculations
indicate emissions to largely originate from 3MLnCT processes,
together with contribution from ligand-centered ππ* tran-
sitiodn, and the emission color is heavily influenced by the
dianionic chelate Ln with the maxima ranging from 473 to 608
nm. OLED devices fabricated using a simplified trilayer
architecture and phosphors 2 and 5 demonstrated high
performance. The green OLEDs using 2 gave a peak external
quantum efficiency of 18.8%, a luminance efficiency of 58.5 cd/
A, and a power efficiency of 57.4 lm/W, while the device with 5
showed maximum efficiencies of 12.5%, 10.4 cd/A, and 9.0 lm/
W. Moreover, the device with complex 5 exhibits a saturated
red emission and the CIE coordinates superimpose with the
deep red apex of NTSC, which fulfills the requirements for high
color saturation in display applications.

Table 3. EL Characteristics of Tested Devices with Different Doping Concentrations

device green red
host/dopant mCP/2 CBP/5
HTL/ETL TAPC (70 nm)/TmPyPB (50 nm) TAPC (40 nm)/BP4mPy (40 nm)
concn (wt %) 2 4 6 8 2 4 6 8
EQE (%) a 15.9 18.8 17.0 17.0 12.5 12.5 12.1 11.7

b 13.5 15.3 14.0 13.5 10.3 11.1 10.5 10.3
LE (cd/A) a 49.6 58.5 52.9 53.7 10.4 10.4 9.8 9.5

b 42.3 47.6 43.6 42.5 8.5 9.3 8.5 8.3
PE (lm/W) a 45.8 57.4 48.9 50.2 8.6 9.0 8.6 8.3

b 24.7 31.0 24.7 23.5 3.8 4.7 3.8 3.9
Von (V) c 3.5 3.3 3.6 3.6 4.3 4.0 4.1 4.1
max L (cd/m2) [voltage (V)] 9098 [15.2] 8093 [16.6] 5608 [14.4] 5595 [13.6] 4244 [15.0] 6886 [13.2] 5637 [14.2] 5230 [14.2]
CIE1931 coordinates b 0.28, 0.60 0.27, 0.60 0.27, 0.60 0.28, 0.60 0.67, 0.33 0.67, 0.33 0.67, 0.33 0.67, 0.32

d 0.28, 0.60 0.27, 0.60 0.27, 0.60 0.28, 0.60 0.67, 0.33 0.67, 0.33 0.67, 0.33 0.67, 0.32
aMaximum efficiency. bRecorded at 102 cd/m2. cTurn-on voltage measured at 1 cd/m2; dMeasured at 103 cd/m2.
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■ EXPERIMENTAL SECTION
General Information and Materials. All reactions were

performed under a nitrogen atmosphere, and solvents were distilled
from the appropriate drying agents prior to use. Commercially
available reagents were used without further purification unless
otherwise stated. 4-(tert-Butyl)-2,6-dichloropyridine was prepared by
a consecutive double chlorination of 4-tert-butylpyridine.23 The
dianionic tridentate chelates with the 2-pyrazol-3-yl-6-phenylpyridine
class of core skeleton, i.e. 2-(5-trifluoromethyl-1H-pyrazol-3-yl)-6-(4-
fluorophenyl)pyridine (L1-H2), 2-(5-trifluoromethyl-1H-pyrazol-3-yl)-
6-(4-trifluoromethylphenyl)pyridine (L2-H2), 2-(5-trifluoromethyl-
1H-pyrazol-3-yl)-6-(4-tert-butylphenyl)pyridine (L3-H2), 2-(5-trifluor-
omethyl-1H-pyrazol-3-yl)-6-naphthylpyridine (L4-H2) and 1-phenyl-
3-(5-trifluoromethyl-1H-pyrazol-3-yl)isoquinoline (L5-H2), were pre-
pared using the reported method, followed by hydrazine cyclization.24
1H, 13C, and 19F NMR spectra were measured with a Varian Mercury-
400 or Bruker Avance 500 instrument. Mass spectra were recorded on
a JEOL SX-102A instrument operating in electron impact (EI) or fast
atom bombardment (FAB) mode. The elemental analysis was carried
out on a Heraeus CHN-O Rapid Elementary Analyzer. UV−vis spectra
were recorded on a Hitachi U-3900 spectrophotometer. Steady-state
emission spectra and lifetimes were measured according to those
described in the literature.25

1-(4-(tert-Butyl)-6-(2,4-difluorophenyl)pyridin-2-yl)-3-iso-
propyl-1H-imidazol-3-ium Hexafluorophosphate, (phpyim-
H2)PF6. A mixture of 4-(tert-butyl)-2,6-dichloropyridine (1.3 g, 6.37
mmol), imidazole (0.48 g, 7.01 mmol), and potassium hydroxide (0.43
g, 7.64 mmol) were heated to 80 °C using tetrabutylammonium
bromide (NBu4Br) (1.03 g, 3.18 mmol) as a phase transfer catalyst in
the absence of solvent. The imidazolium product (0.88 g, 3.75 mmol)
was subsequently reacted with 2,4-difluorophenylboronic acid (0.88 g,
5.60 mmol), Pd(dppf)Cl2 (0.11 g, 0.15 mmol), and K2CO3 (2.07 g,
15.00 mmol) in a mixture of toluene (15 mL), ethanol (3 mL), and
water (3 mL). The reaction mixture was heated to 110 °C for 12 h to
form 4-(tert-butyl)-2-(2,4-difluorophenyl)-6-(1H-imidazol-1-yl)-
pyridine. The isolated product (1.15 g, 3.68 mmol) was then heated
with 2-iodopropane (0.8 mL, 8.07 mmol) in toluene (40 mL) to afford
1-[4-(tert-butyl)-6-(2,4-difluorophenyl)pyridin-2-yl]- 3-isopropyl-1H-
imidazol-3-ium iodide. This imidazolium iodide preligand (1.5 g, 3.1
mmol) was subjected to anion exchange using NH4PF6 (4.04 g, 25
mmol) and stirring in ethanol for 2 h. Addition of water resulted in the
precipitation of (phpyim-H2)PF6. The overall yield in the multistepped
synthetic procedures is approximately 61%.
Spectral data of (phpyim-H2)PF6 are as follows. 1H NMR (400

MHz, CDCl3): δ 9.53 (s, 1H), 8.24 (s, 1H), 8.01−7.95 (m, 1H), 7.88
(s, 1H), 7.81 (s, 1H), 7.48 (s, 1H), 7.06−7.02 (m, 1H), 6.97−6.92 (m,
1H), 4.99−4.96 (m, 1H, CH), 1.59 (d, J = 6.6 Hz, 3H, Me), 1.58 (d, J
= 6.6 Hz, 3H, Me), 1.42 (s, 9H, t-Bu). 13C NMR (100 MHz, CDCl3):
166.63, 163.70 (dd, JCF = 251.4, 12.2 Hz), 160.70 (dd, JCF = 252.2,
11.9 Hz), 152.32 (d, JCF = 3.1 Hz), 146.03, 132.57 (dd, JCF = 9.9, 4.0
Hz), 132.01, 122.56 (d, JCF = 10.9 Hz), 121.83 (dd, JCF = 10.9, 3.8
Hz), 120.52, 120.13, 112.36 (dd, JCF = 21.0, 3.6 Hz), 109.73, 104.51 (t,
JCF = 26.2 Hz), 54,31, 35.79, 30.26, 22.61. 19F NMR (376 MHz,
CDCl3): δ −70.90 (d, J = 712 Hz, PF6), −107.10 (s, 1F), −111.65 (s,
1F).
Complex 1. Complex 1 was prepared in a consecutive two-step

reaction. A mixture of (phpyim-H2)PF6 (470 mg, 0.94 mmol),
[Ir(COD)(μ-Cl)]2 (300 mg, 0.45 mmol), and NaOAc (366 mg, 4.47
mmol) was first heated in anhydrous acetonitrile (20 mL) for 12 h and
then evaporated to dryness. After then, decalin (20 mL) and pyrazole
ligand L1 (316 mg, 1.03 mmol) were added and the mixture was
subsequently refluxed overnight. For workup, the yellow product was
obtained by column chromatography with pure CH2Cl2 solvent as
eluent. Overall yield in two-step process: 23%. Single crystals were
obtained from a layered solution of CH2Cl2 and hexane at room
temperature.
Spectral data of 1 are as follows. 1H NMR (400 MHz, CDCl3): δ

8.14 (s, 1H), 7.76 (t, J = 8.0 Hz, 1H), 7.60−7.55 (m, 4H), 7.37 (s,
1H), 6.91 (s, 1H), 6.79 (d, J = 2.4 Hz, 1H), 6.56−6.51 (m, 1H), 6.32−

6.26 (m, 1H), 5.53 (d, J = 8.0 Hz, 2H), 3.53−3.29 (m, 1H, CH), 1.54
(s, 9H, t-Bu), 0.80 (d, J = 6.8 Hz, 3H, Me), 0.74 (d, J = 6.8 Hz, 3H,
Me). 13C NMR (100 MHz, d6-acetone): 173.9, 169.8, 165.9, 165.3,
164.5 (dd, JCF = 256, 11 Hz), 163.7, 163.4, 163.4, 162.8, 162.7 (dd, JCF
= 257.7, 11.6 Hz), 153.6, 152.5, 151.2, 142.1, 141.8 (q, JCF = 36 Hz),
138.1, 129.6, 127.6 (d, JCF = 9.1 Hz), 123.9 (q, JCF = 266 Hz), 119.1,
118.4, 117.6 (d, JCF = 16.7 Hz), 116.5 (d, JCF = 18.0 Hz), 115.2 (d, JCF
= 11.9 Hz), 113.6 (dd, JCF = 14.2, 2.8 Hz), 108.7 (d, JCF = 23 Hz),
104.9, 103.3, 98.6 (t, JCF = 26.7 Hz), 52.9, 36.7, 27.7, 22.6. 19F NMR
(376 MHz, CDCl3): δ −59.81 (s, 3F), −107.49 (d, J = 9.8 Hz, 1F),
−110.48 (d, J = 9.8 Hz, 1F), 110.52 (s, 1F). MS [FAB]: m/z 852.6,
M+. Anal. Calcd for C36H29F6IrN6: C, 50.76; H, 3.43; N, 9.87. Found:
C, 50.64; H, 3.77; N, 9.48.

Selected crystal data of 1 are as follows: C36.50H30ClF6IrN6; Mr =
894.32; T = 200(2) K; λ(Mo Kα) = 0.71073 Å; monoclinic; space
group C2/c; a = 23.0408(11) Å, b = 10.8244(5) Å, c = 28.9246(13) Å,
β = 95.7113(11)°; V = 7178.1(6) Å3; Z = 8; ρcalcd = 1.655 Mg cm−3; μ
= 3.861 mm−1; F(000) = 3512; crystal size 0.36 × 0.25 × 0.20 mm3;
27270 reflections collected, 8246 independent reflections (Rint =
0.0475), maximum and minimum transmission 0.5123 and 0.3370,
restraints/parameters 56/477, GOF = 1.050, final R1(I > 2σ(I)) =
0.0378 and wR2(all data) = 0.0985, largest difference peak and hole
1.191 and −0.708 e Å−3.

Complex 2. Complex 2 was synthesized using a method similar to
that described for 1. (phpyim-H2)PF6 (303 mg, 0.63 mmol),
[Ir(COD)(μ-Cl)]2 (200 mg, 0.30 mmol), and NaOAc (244 mg,
2.98 mmol) in CH3CN solution (20 mL) were refluxed overnight.
After evaporation of solvent, ligand L2 (245 mg, 0.68 mmol) and
decalin were added. The mixture was heated to 200 °C for 1 day, and
the solvent was removed. The yellow product was obtained after
column chromatography with CH2Cl2 solution as eluent. Yield: 26%.
Complexes 3−5 were prepared from L3−L5 using this generalized
method in yields of 25, 35, and 27%, respectively. Single crystals of 5
were obtained from a layered solution of CH2Cl2 and heptane at room
temperature.

Spectral data of 2 are as follows. 1H NMR (400 MHz, CDCl3): δ
8.15 (s, 1H), 7.81 (t, J = 8.0 Hz, 1H), 7.72 (d, J = 8.0 Hz, 1H), 7.67 (d,
J = 8.0 Hz, 1H), 7.64 (d, J = 8.0 Hz, 1H), 7.58 (s, 1H), 7.39 (s, 1H),
7.05 (d, J = 8.0 Hz, 1H), 6.93 (s, 1H), 6.81 (s, 1H), 6.33−6.27 (m,
1H), 6.05 (s, 1H), 5.49 (s, 1H), 3.33−3.27 (m, 1H, CH), 1.53 (s, 9H,
t-Bu), 0.80 (d, J = 6.8 Hz, 3H, Me), 0.74 (d, J = 6.8 Hz, 3H, Me). 13C
NMR (100 MHz, d6-acetone): 173.6, 169.4, 166.2, 164.6 (dd, JCF =
256, 11.0 Hz), 163.4, 163.4, 163.2, 162.7 (dd, JCF = 258, 11.9 Hz),
154.0, 153.6, 151.0, 149.6 (d, JCF = 27.1 Hz), 142.1 (q, JCF = 35.6 Hz),
138.3, 130.4, 129.5, 127.6, 125.1 (q, JCF = 271 Hz), 123.9 (q, JCF = 266
Hz), 119.2, 118.7, 118.6, 118.6, 116.6, 116.3, 116.0 (d, JCF = 17.8 Hz),
113.5 (dd, JCF = 15.4, 2.8 Hz), 105.0, 103.6, 98.2 (t, JCF = 26.7 Hz),
53.0, 36.8, 22.7, 22.5. 19F NMR (376 MHz, CDCl3): δ −59.89 (s, 3F),
−62.81 (s, 3F), −107.42 (d, J = 9.8 Hz, 1F), −110.35 (d, J = 9.8 Hz,
1F). MS [FAB]: m/z 902.7, M+. Anal. Calcd for C37H29F8IrN6: C,
49.27; H, 3.24; N, 9.32. Found: C, 49.29; H, 3.33; N, 8.91.

Spectral data of 3 are as follows. 1H NMR (400 MHz, CDCl3): δ
8.13 (s, 1H), 7.72 (t, J = 8.0 Hz, 1H), 7.59−7.56 (m, 3H), 7.46−7.44
(m, 2H), 6.92 (s, 1H), 6.82 (dd, J = 8.0 Hz, 2.0 Hz, 1H), 6.73 (d, J =
2.0 Hz, 1H), 6.30−6.24 (m, 1H), 5.64 (d, J = 2.0 Hz, 1H), 5.60 (dd, J
= 8.0 Hz, 2.0 Hz, 1H), 3.39−3.32 (m, 1H), 1.50 (s, 9H, t-Bu), 0.92 (s,
9H, t-Bu), 0.81 (d, J = 6.8 Hz, 3H, Me), 0.69 (d, J = 6.8 Hz, 3H, Me).
13C NMR (125 MHz, CD2Cl2): 174.7, 169.0, 165.1, 164.2 (dd, JCF =
257, 10.6 Hz), 164.1, 163.4, 163.3, 162.3 (dd, JCF = 247, 11.5 Hz),
152.9, 151.2, 146.8, 142.0 (q, JCF = 34.2 Hz), 141.8, 136.8, 129.8,
129.0, 126.5, 124.6, 123.3 (d, JCF = 267 Hz), 118.8, 117.6, 117.0, 116.0
(d, JCF = 17.6 Hz), 114.3 (d, JCF = 19.6 Hz), 113.4, 113.0, 103.1, 102.6,
97.9 (t, JCF = 26.5 Hz), 52.2, 36.2, 34.4, 31.1, 31.0, 30.7, 22.8, 22.6. 19F
NMR (376 MHz, CDCl3): δ −59.77 (s, 3F), −107.80 (d, J = 9.8 Hz,
1F), −111.36 (d, J = 9.8 Hz, 1F). MS [FAB]: m/z, 890.7 M+. Anal.
Calcd for C40H38F5IrN6: C, 53.98; H, 4.30; N, 9.44. Found: C, 54.19;
H, 4.53; N, 9.05.

Spectral data of 4 are as follows. 1H NMR (400 MHz, CDCl3): δ
8.61 (d, J = 8.0 Hz, 1H), 8.38 (d, J = 8.0 Hz, 1H), 8.17 (s, 1H), 7.82 (t,
J = 8.0 Hz, 1H), 7.65−7.60 (m, 2H), 7.56 (d, J = 2.0 Hz, 1H), 7.48 (t,
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J = 8 Hz, 1H), 7.41 (s, 1H), 7.28 (t, J = 8.0 Hz, 1H), 7.10 (d, J = 8.0
Hz, 1H), 6.94 (s, 1H), 6.73 (d, J = 2.0 Hz, 1H), 6.28−6.22 (m, 1H),
6.11 (d, J = 8.0 Hz, 1H) 5.45 (d, J = 8.0 Hz, 1H), 3.45−3.39 (m, 1H,
CH), 1.55 (s, 9H, t-Bu), 0.76 (d, J = 6.8 Hz, 3H, Me), 0.73 (d, J = 6.8
Hz, 3H, Me). 13C NMR (125 MHz, d6-acetone): 173.9, 170.2, 165.7,
165.4, 164.5 (dd, JCF = 256, 11.1 Hz), 163.4, 163.4, 162.6 (dd, JCF =
257, 11.6 Hz), 156.1, 154.5, 153.5, 151.3, 142.0 (q, JCF = 34.9 Hz),
137.8, 137.6, 133.3, 131.7, 131.0, 130.5, 130.3, 129.5, 127.7, 124.6 (q,
JCF = 266 Hz), 123.2, 122.0, 119.1 (d, JCF = 27.6 Hz), 118.5, 115.9 (d,
JCF = 18.1 Hz), 114.4, 113.6 (d, JCF = 15.3 Hz), 104.8, 103.3, 97.6 (t,
JCF = 26.8 Hz), 52.8, 36.7, 31.1, 22.7, 22.5. 19F NMR (376 MHz,
CDCl3): δ −59.75 (s, 3F), −107.24 (d, J = 9.8 Hz, 1F), −110.65 (d, J
= 9.8 Hz, 1F). MS [FAB]: m/z, 884.5 M+. Anal. Calcd for
C40H32F5IrN6: C, 54.35; H, 3.65; N, 9.51. Found: C, 54.17; H, 3.99;
N, 9.23.
Spectral data of 5 are as follows. 1H NMR (400 MHz, CDCl3): δ

8.95 (d, J = 8.0 Hz, 1H), 8.32 (d, J = 8.0 Hz, 1H), 8.14 (s, 1H), 8.05
(d, J = 7.6 Hz, 1H), 7.98 (s, 1H), 7.73−7.67 (m, 2H), 7.56 (d, J = 2.0
Hz, 1H), 7.39 (s, 1H), 6.94 (s, 1H), 6.93 (t, J = 6.8 Hz, 1H), 6.75 (d, J
= 2.0 Hz, 1H), 6.71 (t, J = 7.6 Hz, 1H), 6.28−6.22 (m, 1H), 6.06 (d, J
= 6.8 Hz, 1H), 5.45 (m, 1H), 3.34−3.27 (m, 1H, CH), 1.54 (s, 9H, t-
Bu), 0.72 (d, J = 6.8 Hz, 3H, Me), 0.66 (d, J = 6.8 Hz, 3H, Me). 19F
NMR (376 MHz, CDCl3): δ −59.65 (s, 3F), −107.69 (d, J = 9.8 Hz,
1F), −110.85 (d, J = 9.8 Hz, 1F). MS [FAB]: m/z, 884.3 M+. Anal.
Calcd for C40H32F5IrN6: C, 54.35; H, 3.65; N, 9.51. Found: C, 54.01;
H, 4.03; N, 9.15.
Selected crystal data of 5 are as follows: C41.33H34.67Cl2.67F5IrN6; Mr

= 997.15; T = 150(2) K; λ(Mo Kα) = 0.71073 Å; trigonal; space
group R3̅c; a = b = 43.0841(10) Å and c = 22.6082(5) Å; V =
36343.8(19) Å3; Z = 36; ρcalcd = 1.640 Mg cm−3; μ = 3.544 mm−1;
F(000) = 17712; crystal size 0.25 × 0.24 × 0.20 mm3; 60031
reflections collected, 9278 independent reflections (Rint = 0.0396),
maximum and minimum transmission 0.7456 and 0.6350, restraints/
parameters 55/563, GOF = 1.052, final R1(I > 2σ(I)) = 0.0289 and
wR2(all data) = 0.0682, largest difference peak and hole 0.685 and
−1.291 e Å−3.
Complex 6. Complex 6 was prepared using a procedure identical

with that described for 5, except that xylene was used instead of
decalin in the second step. Hence, the red product was obtained after
column chromatography with a 1/4 mixture of ethyl acetate and
hexane as eluent. Yield: 20%. Single crystals were obtained from a
layered solution of CH2Cl2 and heptane at room temperature.
Spectral data of 6 are as follows. 1H NMR (400 MHz, CDCl3): δ

8.08 (s, 1H), 7.81 (d, J = 8.2 Hz, 1H), 7.66 (s, 1H), 7.56 (t, J = 7.4 Hz,
1H), 7.34 (s, 1H), 7.17 (t, J = 7.4 Hz, 1H), 7.11 (s, 1H), 7.02−6.98
(m, 2H), 6.92−6.81 (m, 3H), 6.63 (s, 1H), 6.53 (d, J = 7.4 Hz, 1H),
6.33−6.27 (m, 1H), 6.19 (d, J = 7.4 Hz, 2H), 4.01−3.95 (m, 1H, CH),
1.44 (s, 9H, t-Bu), 1.32 (d, J = 6.8 Hz, 3H, Me), 0.84 (d, J = 6.8 Hz,
3H, Me), −23.47 (s, 1H, M-H). 19F NMR (376 MHz, CDCl3): δ
−59.93 (s, 3F), −108.02 (d, J = 9.8 Hz, 1F), −112.82 (d, J = 9.8 Hz,
1F). MS [FAB]: m/z, 886.2 M+. Anal. Calcd for C40H34F5IrN6: C,
54.23; H, 3.87; N, 9.49. Found: C, 53.99; H, 4.12; N, 9.25.
Selected crystal data of 6 are as follows: C82.50H73Cl5F10Ir2N12; Mr =

1984.17; T = 150(2) K; λ(Mo Kα) = 0.71073 Å; triclinic; space group
P1 ̅; a = 12.2533(10) Å, b = 12.2839(10) Å, and c = 26.849(2) Å; V =
3934.5(5) Å3; Z = 2; ρcalcd = 1.675 Mg cm−3; μ = 3.626 mm−1; F(000)
= 1962; crystal size 0.31 × 0.19 × 0.09 mm3; 35943 reflections
collected, 18047 independent reflections (Rint = 0.0152), maximum
and minimum transmission 0.7456 and 0.5711, restraints/parameters
26/1034, GOF = 1.073, final R1(I > 2σ(I)) = 0.0242 and wR2(all
data) = 0.0511, largest difference peak and hole 1.230 and −1.239 e
Å−3.
Conversion of 6 to 5. A solution of 6 (50 mg, 0.06 mmol) and

NaOAc (10 mg, 0.12 mmol) in 5 mL of decalin was refluxed at 200 °C
for 18 h. Removal of solvent and purification by column
chromatography with a 1/4 mixture of ethyl acetate and hexane as
eluent afforded the red complex 5 in 85% yield.
Single-Crystal X-ray Diffraction Studies. Single-crystal X-ray

diffraction studies were performed with a Bruker SMART Apex CCD
diffractometer using Mo Kα radiation (λ = 0.71073 Å). The data

collection was executed using the SMART program. Cell refinement
and data reduction were performed with the SAINT program. An
empirical absorption was applied on the basis of the symmetry-
equivalent reflections and the SADABS program. The structures were
solved using the SHELXS-97 program and refined using the SHELXL-
97 program by full-matrix least squares on F2 values. The structural
analysis and molecular graphics were obtained using the SHELXTL
program on a PC.

Cyclic Voltammetry. The electrochemical properties of these
complexes were studied on a CHI621A Electrochemical Analyzer.
Platinum wire and Ag/Ag+ acted as counter electrode and reference
electrode, respectively. For the oxidation potential measurements, a
glassy-carbon electrode was used as the working electrode and 0.1 M
NBu4PF6 in CH2Cl2 was used as the supporting electrolyte. For the
reduction measurements, a gold electrode and 0.1 M NBu4PF6 in THF
solution were used, respectively. The potentials were referenced
externally to the ferrocenium/ferrocene (FcH+/FcH) couple.

Computational Studies. Calculations were performed with the
Gaussian 09 program package using the B3LYP functional26 and the
LANL2DZ basis set27 for iridium and 6-31G** for all other atoms.28 A
conductor-like polarization continuum model (CPCM) of CH2Cl2
solvent was applied to all calculations, and the results were analyzed
further with GaussSum.29 Structures obtained were confirmed as true
minima by the absence of imaginary frequencies. TD-DFT
computations were carried out on the optimized ground state
geometries of 1−5 to predict their absorption data. The predicted
S0 ← T1 emission wavelengths were converted from the TD-DFT
absorption wavelengths of S0 → T1 using an energy scaling factor30 of
0.94 to take into account the expected constant Stokes shift in these
iridium complexes.12 The model chemistry B3LYP/LANL2DZ:6-
31G**/PCM used here has been shown to be appropriate for iridium
complexes elsewhere.31

OLED Fabrication. Two kinds of ITO-coated glass (i.e., 70 and 90
nm) were purchased from Ruilong. Their sheet resistances were
measured to be 50 and 25 Ω/square, respectively. All purchased
organic materials were subjected to high-vacuum temperature-gradient
sublimation before use. The organic and metal layers were deposited
by thermal evaporation in a vacuum chamber with a base pressure of
<10−6 Torr. Device fabrication was completed in a single cycle without
breaking the vacuum. The OLED architecture consists of multiple
organic layers and a reflective cathode consecutively deposited onto
the ITO-coated glass substrate. The deposition rates of organic
materials and aluminum were respectively kept at around 0.1 and 0.5
nm/s. The active area was defined by the shadow mask (2 × 2 mm2).
Current density−voltage−luminance characterization was measured
using a Keithley 238 current source-measure unit and a Keithley 6485
picoammeter equipped with a calibrated Si photodiode. The
electroluminescent spectra were recorded using an Ocean Optics
spectrometer.
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a b s t r a c t

Tetrakis(ferrocenylethynyl)ethene (1) has been prepared in four steps from ethynyl ferrocene (2). In a
dichloromethane solution containing 10!1 M NBu4[PF6], only a single oxidation process is observed by
cyclic voltammetry, corresponding to the independent oxidation of the four ferrocenyl moieties. How-
ever, in dichloromethane containing 10!1 M NBu4[BArF4] electrolyte, where [BArF4]e is the weakly
associating anion [B{C6H3(CF3)2-3,5}4]e, four distinct oxidation processes are resolved, although further
spectroelectrochemical investigation revealed essentially no through bond interaction between the in-
dividual ferrocenyl moieties. Quantum chemical treatment of 1 identified several energetic minima
corresponding to different relative orientations of the ferrocenyl moieties and the plane of the all-carbon
bridging fragment. Further computational investigation of the corresponding monocation [1]þ supported
the notion of charge localisation with no evidence for significant through bond electronic interactions.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Molecular compounds that feature multiple, identical redox
sites related by some element of symmetry, and which localize
charge upon changes to the oxidation states of the redox centres are
of interest as data elements and logic systems through the
Quantum-dot Cellular Automata (QCA) concept [1e6], charge
storage and memory applications [7]. The well-behaved redox
chemistry of ferrocene derivatives has led to interest in molecules
containing more than two ferrocene units around a common core,
such as 1,3,5-tris(ferrocenylethynyl)benzene [8], tetrakis(ferro-
cenyl)nickel dithiolene [9] and hexakis(ferrocenylethynyl)benzene

[10,11], and the electronic structures of the mixed-valence com-
pounds derived from them. For example, the mono- and dications
derived by one- or two-electron oxidation of [{CpFe(h5-C5H4)}4(h4-
C4)CoCp] have been characterised as Class II and Class IIeIII mixed
valence species based on the solvatochromic properties of the IVCT
band, IR and M€ossbauer spectroscopy [6]. The metal-free
porphyrin-bridged complex 5,10,15,20-tetrakis(ferrocenyl)
porphyrin (H2TFcP) exhibits four independent one-electron
oxidation waves in a 5 # 10!2 M NBu4[B(C6F5)4] ortho-dichloro-
benzene or CH2Cl2 solution, with comprehensive spectroscopic
analysis leading to description of [H2TFcP]nþ (n ¼ 1, 2, 3) as weakly
coupled (Class II) mixed valence species, with coupling terms Hab
derived from the classical Hush expressions of the order of
550e1150 cm!1 [12]. Analogous transition metal porphyrin-
bridged tetraferrocenyl complexes behave similarly [13].

In looking to extend such studies, the cross-conjugated 1,1,2,2-
tetraethynylethene can be identified as a possible bridge struc-
ture capable of linking multiple redox-active sites to a common,

* Corresponding author..
** Corresponding author.
*** Corresponding author.

E-mail addresses: f.hartl@reading.ac.uk (F. Hartl), martin.kaup@tu-berlin.de
(M. Kaupp), paul.low@uwa.edu.au (P.J. Low).

Contents lists available at ScienceDirect

Journal of Organometallic Chemistry

journal homepage: www.elsevier .com/locate/ jorganchem

http://dx.doi.org/10.1016/j.jorganchem.2016.04.018
0022-328X/© 2016 Elsevier B.V. All rights reserved.

Journal of Organometallic Chemistry 821 (2016) 40e47

Delta:1_surname
Delta:1_surname
Delta:1_surname
mailto:f.hartl@reading.ac.uk
mailto:martin.kaup@tu-berlin.de
mailto:paul.low@uwa.edu.au
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jorganchem.2016.04.018&domain=pdf
www.sciencedirect.com/science/journal/0022328X
http://www.elsevier.com/locate/jorganchem
http://dx.doi.org/10.1016/j.jorganchem.2016.04.018
http://dx.doi.org/10.1016/j.jorganchem.2016.04.018
http://dx.doi.org/10.1016/j.jorganchem.2016.04.018


conjugated core. The synthetic chemistry of this carbon-rich motif
has been well established [14,15] and hence tetrakis(ferrocenyle-
thynyl)ethene (1) was envisioned as a potential target compound.
This paper describes the synthesis of 1, the electrochemical and
spectroelectrochemical (IR, UV-vis-NIR) response of this unusually
conjugated multi-ferrocenyl redox system, and a description of the
electronic structure from quantum chemical (BLYP35-D3/def2-
TZVP/COSMO(CH2Cl2)) calculations.

2. Results and discussion

2.1. Synthesis

Complex 1, incorporating four ferrocenyl moieties around the
1,1,2,2-tetraethynylethene core, was synthesised according to
Scheme 1. The intermediates in the synthesis of 1 were obtained
according to literature procedures. First, the reaction of lithiated
ethynyl ferrocene (2) with ethyl formate gave the diferrocenyl
alcohol 3 [16] that was oxidised to ketone 4 [17] with activated
manganese dioxide. Dibromo-olefination [16] of 4 allowed the
preparation of 5, containing the suitably functionalised ethenyl
core, and subsequent Sonogashira-style [18e21] cross coupling of 5
with ethynyl ferrocene (2) afforded the desired tetrakis(ferroce-
nylethynyl)ethene (1) in 19% yield relative to 5. Despite the high
conversion observed in the preparation of 1 from 5 (crude 1 is
obtained in approximately 75% yield and 80e90% purity, as
assessed by 1H NMR, directly from the reaction mixture) the pure
compound could only be isolated in relatively low yield. Compound
1 proved to have limited stability under chromatographic condi-
tions; however, no other method of removing the primarily ferro-
cene based contaminants proved successful. Thus chromatography
was necessary in order to produce electrochemically and spectro-
scopically pure 1 despite the loss of overall yield this entailed. This
instability is presumably related to the arrangement of four
electron-donating ferrocene units around a highly conjugated
organic core. Similarly, we have recently observed analogous

instability in organic cross-conjugated systems based on an (E)-
hexa-3-en-1,5-diyne-3,4-diyl fragment when the cross-conjugated
core is substituted with four electron donating moieties [22].

The synthesis of 5 largely followed the methods outlined in the
work of Diederich [17] and Ren [16]. While the literature methods
were found to be generally efficacious, several points are worth
highlighting. In this work, the MnO2 used in the synthesis of 4 was
prepared according to a method described in the early literature
[23]. Commercial MnO2 was found to react inconsistently as the
properties of this compound as an oxidant are highly dependent on
the particle size/surface area of the material, and this appears to
vary depending on the source. In addition we note that of the two
previous reports on the series of compounds 3e5, only one noted
successful preparation of compound 5 [16], the earlier attempt
using an ostensibly identical method having failed [17]. In our
hands, the literature procedure for dibromo-olefination [16] func-
tioned perfectly well provided that the carbon tetrabromide used
was purified by vacuum sublimation before use. Sublimation was
necessary regardless of the reagent origin or age and following
purification it could be stored for several months under nitrogen
without loss of efficacy in this reaction.

2.2. Cyclic voltammetry

In dichloromethane containing 10!1 M NBu4[PF6] as supporting
electrolyte, a single, reversible redox process was observed in the
cyclic voltammogram of compound 1 (Fig. 2). This single wave has
the shape of a one-electron process, indicating independent
oxidation of all four ferrocenyl groups (Fig. 1, Table 1). However,
when NBu4[B{C6H3(CF3)2-3,5}4] (NBu4[BArF4]) containing the
weakly ion-pairing or associating anion [BArF4]! was employed as
an electrolyte, a significant separation of the individual redox
events ensued, and four sequential, reversible, one-electron pro-
cesses could be discerned (Fig. 1, Table 1). These individual events,
better resolved by differential pulse voltammetry (DPV), can be
attributed to the sequential oxidation of the four ferrocenyl termini
in a similar manner to other multi-ferrocenyl compounds [9e11] as
outlined above, and consistent with a significant ‘through-space’
interaction between the ferrocenyl moieties [9,24].

2.3. Spectroelectrochemistry

IR and UV-vis-NIR spectroelectrochemistry was carried out in
CH2Cl2/NBu4[B{C6H3(CF3)2-3,5}4] in an attempt to spectroscopically
observe each of the four redox products indicated by the resolved
individual redox waves in the cyclic and differential pulse vol-
tammograms of 1 in this electrolyte. From the electrochemical data,
comproportionation constants Kc ¼ eDEF=RT , and in turn the
maximum purity of the intermediate mixed-valence oxidation
products at equilibrium, can be estimated as: [1]þ Kc ¼ 70 (80%);
[1]2þ Kc ¼ 110 (84%); [1]3þ Kc ¼ 190 (87%). Thus, the electronic
absorption and IR spectra of these oxidised species will most
certainly contain features from the adjacent redox partners within
the comproportionated mixture.

The IR spectrum of 1 (Fig. 2) exhibits a relatively low intensity,
broad n(C ^ C) band envelope with an apparent maximum at
2191 cm!1 and an even weaker feature near 2219 cm!1. During the
early stages of oxidation (comproportionated mixtures of [1]nþ,
n ¼ 0, 1, 2) the primary n(C ^ C) band envelope gains intensity
appreciably, but shifts in energy only modestly to smaller wave-
numbers (2171 cm!1). The weaker feature remains unaffected by
the oxidation. The vibrational band envelopes clearly contain
multiple vibrational modes which may indicate the presence of
multiple conformations in the relevant oxidation states (n¼ 0, 1, 2).
The limited shift in the wavenumber of these n(C ^ C) bands,Scheme 1. Synthesis of tetrakis(ferrocenylethynyl)ethane (1).
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coupled with increase in intensity on oxidation, likely indicates a
ferrocene based oxidation event and that the initial high symmetry
of 1 is lifted in the redox products. Further oxidation (n¼ 3, 4) leads
to a slight shift of the n(C ^ C) band envelope to 2168 cm"1). The
analysis was facilitated by the parallel recording of UV-vis spectra
(Fig. 3). Slow precipitation of [1]4þ occurred at the relatively high
concentration necessary to observe the weak n(C ^ C) bands (see
Section 4 Experimental).

The informative value of anodic UV-vis-NIR spectroelec-
trochemistry was affected by heavy overlap of absorption features

in this region and also the issues of comproportionation (Fig. 3). The
electronic absorption spectrum of neutral 1 (Fig. 3a) shows char-
acteristic absorption bands with maxima at 24,750 and
19,460 cm"1, which are responsible for the deep purple/red colour
of this compound, with no absorption features at lower energy. The
broader, higher energy feature is assigned to a combination of
ferrocene-to-TEE(p*) MLCT type transitions overlapped with local
ferrocene transitions (ferrocene itself absorbs at 22,540 cm"1). The
lower energy feature is better resolved and arises from a p-p*
transition with more TEE character (see Section 2.4 Quantum
Chemistry).

The electronic absorption spectra of [1]nþ (n ¼ 1e4) display a
number of broad, heavily overlapped transitions in the visible re-
gion tailing into the NIR region (Fig. 3). The poor resolution of these
multiple transitions, and complications from the comproportiona-
tion equilibria (as commented upon above) mean that meaningful
deconvolution is impossible, and no clear assignments could be
made. In addition to the comproportionation equilibria, as com-
mented on above, the presence of various geometric forms arising
from different relative positions of the ferrocenyl moieties ‘above’
and ‘below’ the tetraethynylethene plane (Fig. 4) may lead to

Fig. 1. The electrochemical response of compound 1 relative to an external FeCp2/
[FeCp2]þ standard at 0.00 V: (a) Cyclic voltammetry in CH2Cl2/10"1 M NBu4[PF6]
(dashed line) or CH2Cl2/10"1 M NBu4[B{C6H3(CF3)2-3,5}4] (solid line); (b) differential
pulse voltammetry in CH2Cl2/10"1 M NBu4[B{C6H3(CF3)2-3,5}4].

Fig. 2. IR spectral changes in the n(C ^ C) region accompanying oxidation of the
ferrocene moieties of 1 (red) to [1]2þ (green) and [1]4þ (purple) in CH2Cl2/NBu4[B
{C6H3(CF3)2-3,5}4] within an OTTLE cell plotted against an arbitrary transmission scale.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 1
Oxidation potentials (in mV) of compound 1 in CH2Cl2/NBu4[X] (X ¼ PF6 and B
{C6H3(CF3)2-3,5}4) relative to external FeCp2/[FeCp2]þ standard at 0.00 V.

[X]" E01 E02 E03 E04 DEp1 DEp2 DEp3 DEp4 DEp(ref)

1 [PF6]"a 230 85 80
[BArF4]"a 110 220 350 480 65 65 70 70 60
[BArF4]"b 115 223 343 478

aCyclic voltammetry. bDifferential pulse voltammetry.
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broadening due to the different transitions associated with each
conformation. Nevertheless, at the lower concentrations used for
the UV-vis-NIR study, precipitation of the higher charged species
noted in the IR SEC results was less problematic and back-reduction
led to almost complete recovery of the spectrum of parent 1. In the
absence of clear evidence for the character of the oxidised species,
including assignment of any putative IVCT transition in the oxida-
tion products, we turned to quantum chemical calculations in order
to explore the molecular and electronic structure of 1 and [1]þ, as a
representative example of the oxidation products.

2.4. Quantum chemistry

To better understand the electronic structure, spectroscopic and
redox properties of 1, attention was turned to quantum chemical
methods. Whilst B3LYP has been used with success to model the
electronic structure of ferrocene [25], the challenges of arriving at a
reliable quantum chemical protocol for the characterisation of
mixed-valence compounds have been significant [26e29]. It has
been well-established that DFT calculations with pure (local or
gradient corrected) or hybrid exchange-correlation functionals
such as B3LYP give an overly delocalised description due to self-
interaction errors [30]. A modified form of the BLYP functional
with 35% exact exchange (termed BLYP35) has been proposed as a
global hybrid functional for mixed-valence compounds [28], and,
used in conjunction with a suitable solvent model, has been found
to give good agreement with the available experimental data for
the organic, inorganic and organometallic systems so far examined
[31e34].

In addition to considerations of the computational methodol-
ogy, it is becoming increasingly recognized that a single minimum
energy structure may not model the distribution of molecular
conformations present in solutions of real compounds. The idea
that population of a number of local minima may impact on the
appearance of spectral features has recently been discussed for
several organometallic systems, including mixed-valence radical
cations [30,32,35e40]. As such DFT calculations on neutral 1 using
both B3LYP-D3 and BLYP35-D3 methods (see Computational De-
tails), def2-TZVP basis sets and the COSMO(CH2Cl2) solvent model
were configured to sample a number of different orientations of the
ferrocene moieties relative to each other and the plane of the tet-
raethynylethene moiety. In each case, the computational survey
resulted in the identification of four structural minima, all lying
very close in energy to one another (Fig. 4). Given the similarity of
results for 1 from each functional, and themore appropriate level of
exact exchange in BLYP35 for the study of the redox products, the
discussion of the electronic structure of 1 which follows is
restricted to results from BLYP35-D3/def2-TZVP/COSMO(CH2Cl2)
for brevity.

Optimisation of the four initial structures of [1]nþ (n ¼ 0, 1) at
the BLYP35-D3/def2-TZVP/COSMO(CH2Cl2) level predicts the
“planar” structure (all ferrocenyl moieties co-located on the same
face of the tetraethynylethene ligand) to be energetically most
favourable, not only in case of the neutral compound (n ¼ 0) but
also for the cation (n ¼ 1). However, in each case (n ¼ 0, 1) the
energies of the different conformers differ little (Table 2). The

 

Fig. 3. Reversible UV-vis-NIR spectral changes accompanying oxidation of the ferro-
cenyl moieties of 1 in CH2Cl2/NBu4[B{C6H3(CF3)2-3,5}4] within an OTTLE cell, plotted
against an arbitrary absorbance scale. (a) The unresolved oxidation of 1 (red) to a
comproportionated mixture of [1]þ, dominant [1]2þ (green) and [1]3þ. (b) Partial
resolution of the further oxidation to give [1]3þ (blue). (c) Complete oxidation of the
sample to [1]4þ (purple). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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[C5H4]! ligands of individual ferrocene moieties, which are stag-
gered with respect to the corresponding C5H5 ligand, do not lie in
the plane of the tetraethynylethene fragment. Rather, the ferro-
cenyl groups are arranged in a propeller-like fashion, presumably in
order to minimise steric interactions (Fig. 5). The barrier for rota-
tion of one Fc unit by 180" is estimated to be ~15 kJ mol!1 (from
calculations which identify the transition state to be an interme-
diate geometry in which the mobile ferrocene moiety lies approx-
imately perpendicular to the other ferrocene fragments and in

planewith the tetraethynylethene backbone). Therefore, a dynamic
equilibrium between conformers appears likely in solution at room
temperature.

An average FeeCp(centroid) distance of 1.70 Å is obtained for all
neutral conformers. This compares with data for the optimised
structure of FcH under the same conditions
(FeeCp(centroid) ¼ 1.69 Å) though the computational model
overestimates this distance by ca. 0.04 Å (FcH experimental (XRD)
data FeeCp(centroid) ¼ 1.65 Å [41]). Oxidation to [1]þ leads to
elongation of the FeeCp(centroid) distances to 1.74 Å for just one
ferrocenyl moiety with all other interatomic distances virtually
unchanged, strongly suggesting a description of [1]þ in terms of a
localised (class I) or weakly coupled (class II) mixed-valence system
is appropriate.

The compositions of the highest occupied molecular orbitals
(HOMO) and lowest unoccupied molecular orbitals (LUMO) of the
neutral isomers are shown in Table 3. On average the HOMO and
LUMO have only small metal contributions of 16% and 9%, respec-
tively. Differences between the conformers in terms of the distri-
bution of the metallic contributions to these frontier orbitals are
negligible. For each conformer, the HOMO and LUMO are better
described in terms of the p-system of the tetraethynylethene
backbone (Table 3). Occupied orbitals with more substantial metal
character lie at lower energy (e.g. planar-1: HOMO-4 (Fe 89.5%);
HOMO-3 (Fe 88.1%); HOMO-2 (Fe 85.6%); HOMO-1 (Fe 77.9%),
selected examples of which are shown in Fig. 6.

Time-dependent DFT (TD DFT) calculations performed on the
lowest energy (‘planar’) conformer of 1 indicates the first electronic
transition of significant oscillator strength (calculated 22,840 cm!1;
observed 19,790 cm!1) corresponds to the HOMO-LUMO transition,
which has significant TEE p-p* character (Table 3, Fig. 6). The
higher energy absorption envelopes observed in the experimental
spectrum with an apparent maximum at 25,640 cm!1 and a
shoulder at 30,340 cm!1 correspond to electronic transitions from
HOMO-1 to LUMO (calculated 29,861 cm!1) and HOMO-3/ LUMO
(calculated 30,774 cm!1) both of which have ferrocene-TEE MLCT
character; the ferrocene localised transitions are also likely within
these envelopes (cf. ferrocene 22,540, 30,550 cm!1).

In the case of the oxidised species [1]þ there is significant orbital
re-ordering, and the frontier molecular orbitals of all conformers
exhibit a considerable degree of localisation on one ferrocenyl
moiety (Table 4, Fig. 7). The LUMO and in particular SOMO now
exhibit appreciable localisation on the oxidised metal centre
(Fe(2)), in clear support of a localised MV radical cation. The tet-
raethynylethene p-system which comprises the HOMO in 1 de-
scends below the SOMO in [1]þ and forms the first doubly occupied
HOMO with only slightly more metal character than the HOMO of
the neutral complexes (cf. Table 3), and with some decrease in

Fig. 4. A representation of the structures of the four initial conformers used in the
quantum chemical investigation of 1.

Table 2
Energies of the BLYP35-D3/def2-TZVP/COSMO(CH2Cl2) optimised structures in kJ
mol!1 for [1] and [1]þ relative to the energetically most favourable conformer.

[1] [1]þ

Planar 0.00 0.00
Asymmetric 2.29 4.65
Cisoid 0.06 1.59
Transoid 4.72 5.81

Fig. 5. Planar conformer of [1] optimised at BLYP35-D3/def2-TZVP/COSMO(DCM) level.

Table 3
Percentage contribution of the metal centres and the tetraethynylethene backbone
(TEE) to the frontier molecular orbitals of the different conformers of neutral [1].

Fe(1) Fe(2) Fe(3) Fe(4) Total Fe TEE

Planar
HOMO 3.7 4.4 4.4 3.7 16.3 60.4
LUMO 2.0 2.4 2.4 2.0 8.8 76.6
Asymmetric
HOMO 4.3 3.9 3.9 4.0 16.2 60.6
LUMO 2.4 2.1 2.1 2.1 8.7 76.6
Cisoid
HOMO 4.0 3.8 4.2 4.3 16.4 60.4
LUMO 2.0 1.9 2.4 2.5 8.8 76.6
Transoid
HOMO 4.0 4.0 4.1 4.0 16.1 60.7
LUMO 2.2 2.2 2.2 2.2 8.8 76.5
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character from the oxidised ferrocene moiety.

3. Conclusion

The multi-ferrocenyl compound tetrakis(ferrocenylethynyl)
ethene (1) has been prepared and isolated. Comparisons of cyclic
voltammetry experiments with 1 conducted in dichloromethane
solutions containing NBu4[PF6] and NBu4[B{C6H3(CF3)2-3,5}4] sup-
porting electrolytes indicate that there is a significant through-
space contribution to the separation of the four redox waves
observed in the latter, more weakly associating, electrolyte. UV-vis-
NIR and IR spectroelectrochemical experiments conducted in
dichloromethane/10!1 M NBu4[B{C6H3(CF3)2-3,5}4] also reveal five
individual redox states ([1]nþ (n ¼ 0e4), although analyses of data
from the redox products were complicated by low intensity (IR) and
heavily overlapping (UV-vis-NIR) electronic transitions and com-
proportionation equilibria. Nevertheless these spectroelec-
trochemical data are strongly suggestive of a localised ferrocenyl to
ferrocenium oxidation.

Quantum chemical calculations using the BLYP35 functional,
large basis sets and a solvent model indicate that the frontier or-
bitals of the parent compound 1 are closely related to the p-system
of tetraethynylethene, supported by small contributions from the
ferrocene metal centres, the ferrocene-type fragment orbitals lying
lower in energy. On oxidation to [1]þ, orbital re-ordering takes
place, giving a system well described in terms of a localised ferro-
cenyl oxidation, fully consistent with the suggestions made on the
basis of the spectroelectrochemical experiments. Further chal-
lenges for this work now rest on taking the design concept towards
amore tractable and easily characterised analogue for further study
in the higher charge states.

4. Experimental

4.1. General conditions

All reactions were carried out under an atmosphere of dry ni-
trogen using standard Schlenk techniques. Diisopropylamine was
distilled over calcium sulfate and freeze-pump-thaw degassed
before use; other solvents were standard reagent-grade and used as
received. No special precautions were taken to exclude air or
moisture during workup except where otherwise indicated. Ethy-
nyl ferrocene (1) was synthesised according to ref [42] or [43]. The
compounds 3 [16], 4 [17], 5 [16], MnO2 [23], NBu4[B{C6H3(CF3)2-Fig. 6. Selected frontier orbitals of planar-1 (isosurfaces ± 0.02 (e/bohr3)1/2).

Table 4
Percentage metal and TEE backbone contributions to the frontier molecular orbitals
of the four conformers of the radical cation [1]þ.

Total TEE

Fe(1) Fe(2) Fe(3) Fe(4) Fe

Planar
HOMO 8.0 1.5 5.4 3.5 18.3 57.4
SOMO 0.2 46.8 0.9 0.7 48.6 25.9
LUMO 1.4 30.4 1.5 1.3 34.7 50.1
Asymmetric
HOMO 8.7 1.3 4.9 3.8 18.7 57.0
SOMO 0.2 50.0 0.7 0.6 51.5 23.4
LUMO 1.6 27.3 1.4 1.5 31.8 52.6
Cisoid
HOMO 8.1 1.3 5.3 4.0 18.6 57.2
SOMO 0.2 50.5 0.7 0.7 52.1 22.4
LUMO 1.5 25.6 1.6 1.8 30.4 54.4
Transoid
HOMO 8.4 1.4 5.0 3.8 18.6 57.1
SOMO 0.2 48.9 0.8 0.7 50.6 23.9
LUMO 1.5 27.9 1.5 1.5 32.4 52.8
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3,5}4] [44] and [Pd(PPh3)4] [45] were synthesised according to
literature procedures, and CBr4 was sublimed before use. All other
reagents were commercially available and used as received. NMR
spectra were recorded at 23 !C on a Varian NMR Systems 600 (1H,
599.8 MHz; 13C, 150.8 MHz) spectrometer using CDCl3 as the

solvent. Chemical shifts were determined relative to internal sol-
vent signals [46]. Assignment of the 1H and 13C NMR data was
supported by gradient selected 13C,1H HMQC and HMBC experi-
ments. IR spectra were recorded on a Nicolet Avatar 6700 FT-IR
from samples in dichloromethane using a CaF2 cell. ASAP-MS
spectra were recorded from solid samples on an LCT Premier XE
mass spectrometer (Waters Ltd., U.K.) or Xevo QToF mass spec-
trometer (Waters Ltd., U.K.). Cyclic voltammetry was carried out
using an EmStat2 (PalmSens, NL) potentiostat, with a platinum disc
working electrode, a platinum wire counter electrode, and a plat-
inum wire pseudo-reference electrode, from solutions in
dichloromethane containing either 10"1 M NBu4[PF6] or 10"1 M
NBu4[B{C6H3(CF3)2-3,5}4] as the electrolyte. Measurements with
n ¼ 100, 200, 400 and 800 mV.s"1 showed that the ratio of the
anodic to cathodic peak currents varied linearly as a function of the
square root of scan rate in all cases. The decamethylferrocene/
decamethylferrocenium (FeCp*2/[FeCp*2]þ) couple was used as an
internal reference for potential measurements such that the couple
falls at "0.55 V (CH2Cl2/NBu4[PF6]) or "0.62 V (CH2Cl2/NBu4[B
{C6H3(CF3)2-3,5}4]) relative to external FeCp2/[FeCp2]þ at 0.00 V
[47]. ATR-IR and UV-vis-NIR spectra were recorded on a Bruker
Vertex 70v FT-IR spectrometer and a Scinco S3100 diode array
spectrophotometer, respectively. NIR spectra were explored with a
Perkin-Elmer Lambda 900 spectrophotometer. Spectroelec-
trochemical experiments at room temperature were conducted
with an OTTLE [48] cell equipped with a Pt-minigrid working
electrode and CaF2 windows. The optical path of the cell was ca.
0.2 mm. The concentrations of the analytes and the supporting
electrolyte used in these measurements were 1.3 % 10"2 and
3 % 10"1 mol dm"3 for IR, and 10"3 and 3 % 10"1 mol dm"3 for the
UV-vis-NIR studies, respectively. The potential control during
carefully conducted thin-layer cyclic voltammetry was obtained
with an EmStat3 (PalmSens, NL) potentiostat.

4.2. Preparation of (FcC ≡ C)2C ¼ C(C ≡ CFc)2 (1)

Compound 2 (62.8 mg, 299 mmol), 5 (60.0 mg, 100 mmol),
[Pd(PPh3)4] (5.76 mg, 4.98 mmol) and CuI (1.90 mg, 9.97 mmol) were
added to diisopropylamine (20 mL) and the mixture was stirred at
room temperature for 16 h. The reaction mixture was filtered and
the precipitatewas extracted into hexanes/dichloromethane (50:50
(v/v)). Following removal of the solvents, the residue was taken up
in dichloromethene and purified by column chromatography
(eluent: hexanes / hexanes/dichloromethane (70:30 (v/v)))
carefully eluting three close running bands. The solvent was
removed from the third band (Rf ¼ 0.35 in hexanes/dichloro-
methane (70:30 (v/v))) to afford 1 in 19% yield (16.0 mg, 18.6 mmol)
as a dark purple solid. 1H NMR (599.7 MHz, CDCl3): d 4.28 (s, 20H,
C5H5), 4.30 (m, 8H, H2/H5 C5H4), 4.59 (m, 8H, H3/H4 C5H4). 13C NMR
(150.8MHz, CDCl3): d 64.9 (C1 C5H4), 69.6 (C3/C4 C5H4), 70.5 (C5H5),
71.9 (C2/C5 C5H4), 85.0 (C]CeC^C), 97.7 (C]CeC^C), 110.2 (C]
CeC^C). ASAP-MS(þ): m/z 861.1 [M]þ. ASAP-HRMS(þ) m/z:
860.0228 (found); 860.0215 (calculated for C50H36Fe4).

4.3. Quantum chemical methods

Structure optimisations as well as bonding analyses were per-
formed using a version of the TURBOMOLE 6.4 [49] code locally
modified by the Berlin group. All DFT calculations reported in the
paper were performed with the global hybrid functional BLYP35
[28,30,31,50]. This exchange-correlation functional was con-
structed according to

EXC ¼ 0:65
!
ELDSAX þ DEB88X

"
þ 0:35EexactX þ ELYPC :

Fig. 7. LUMO (upper), SOMO (middle), and HOMO (lower) of planar-[1]þ (±0.02 (e/
bohr3)1/2).
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While not a thermochemically optimized functional, BLYP35 has
been shown to provide good agreement with ground- and excited-
state experimental data for organic mixed-valence systems
[28,31,50e52], as well as for mixed-valence transition-metal
complexes [30,32,35]. Since all experiments were carried out in
dichloromethane (permittivity ε ¼ 8.93), it has been modeled by
the conductor-like screening solvent model (COSMO) [53]. Semi-
empirical dispersion correction terms within Grimme's DFT-D3
approach [54] were added, as implemented in TBM 6.4 [55]. For
all calculations valence triple-zeta basis sets (def2-TZVP) were used
with grid size m3 (grid 1 for the SCF and grid 3 for the final energy
evaluation) [56]. Kohn-Sham and TDDFT calculations were carried
out at the same level of theory. Spin-density isosurface plots were
obtained with the Molekel program [57].

Acknowledgements

We gratefully acknowledge funding from the EPSRC (EP/
K00753X), ARC (DP 140100855) and DFG (KA1187/13-1). PJL held an
EPSRC Leadership Fellowship and now holds an ARC Future
Fellowship (FT 120100073). This project has been greatly enhanced
by funding from the DAAD/Go8 enabling exchange visits of JBGG,
SG, PJL and MK between Perth and Berlin. FH thanks the University
of Reading for the support of the Reading Spectroelectrochemistry
laboratory (Project D14-015).

References

[1] C.S. Lent, Science 288 (2000) 1597e1599.
[2] A. Pulimeno, M. Graziano, A. Sanginario, V. Cauda, D. Demarchi, G. Piccinini,

IEEE Trans. Nanotechnol. 12 (2013) 498e507.
[3] J.A. Christie, R.P. Forrest, S.A. Corcelli, N.A. Wasio, R.C. Quardokus, R. Brown,

S.A. Kandel, Y. Lu, C.S. Lent, K.W. Henderson, Angew. Chem. Int. Ed. 127 (2015)
15668e15671.

[4] Z. Li, T.P. Fehlner, Inorg. Chem. 42 (2003) 5715e5721.
[5] H. Qi, S. Sharma, Z. Li, G.L. Snider, A.O. Orlov, C.S. Lent, T.P. Fehlner, J. Am.

Chem. Soc. 125 (2003) 15250e15259.
[6] J. Jiao, G.J. Long, F. Grandjean, A.M. Beatty, T.P. Fehlner, J. Am. Chem. Soc. 125

(2003) 7522e7523.
[7] D. Astruc, Electron Transfer and Radical Processes in Transition-metal

Chemistry, Weily-VCH, Weinheim, 1995.
[8] H. Fink, N.J. Long, A.J. Martin, G. Opromolla, A. White, D.J. Williams, P. Zanello,

Organometallics 16 (1997) 2646e2650.
[9] F. Barri!ere, N. Camire, W.E. Geiger, U.T. Mueller-Westerhoff, R. Sanders, J. Am.

Chem. Soc. 124 (2002) 7262e7263.
[10] A.K. Diallo, J.-C. Daran, F. Varret, J. Ruiz, D. Astruc, Angew. Chem. Int. Ed. 48

(2009) 3141e3145.
[11] A.K. Diallo, C. Absalon, J. Ruiz, D. Astruc, J. Am. Chem. Soc. 133 (2011)

629e641.
[12] V.N. Nemykin, G.T. Rohde, C.D. Barrett, R.G. Hadt, C. Bizzarri, P. Galloni,

B. Floris, I. Nowik, R.H. Herber, A.G. Marrani, R. Zanoni, N.M. Loim, J. Am.
Chem. Soc. 131 (2009) 14969e14978.

[13] G.T. Rohde, J.R. Sabin, C.D. Barrett, V.N. Nemykin, New J. Chem. 35 (2011)
1440.

[14] O.F. Koentjoro, P. Zuber, H. Puschmann, A.E. Goeta, J.A.K. Howard, P.J. Low,
J. Organomet. Chem. 670 (2003) 178e187.

[15] R.R. Tykwinski, M. Schreiber, R.P. Carlon, F. Diederich, V. Gramlich, Helv. Chim.
Acta 79 (1996) 2249e2281.

[16] G.-L. Xu, B. Xi, J.B. Updegraff, J.D. Protasiewicz, T. Ren, Organometallics 25
(2006) 5213e5215.

[17] A. Auffrant, F. Diederich, C. Boudon, J.P. Gisselbrecht, M. Gross, Helv. Chim.
Acta 87 (2004) 3085e3105.

[18] R. Chinchilla, C. Najera, Chem. Soc. Rev. 40 (2011) 5084e5121.
[19] K. Sonogashira, Y. Tohda, N. Hagihara, Tetrahedron Lett. 16 (1975)

4467e4470.
[20] K. Sonogashira, J. Organomet. Chem. 653 (2002) 46e49.
[21] R. Chinchilla, C. Najera, Chem. Rev. 107 (2007) 874e922.
[22] J.B.G. Gluyas, V. Manici, S. Gückel, K.B. Vincent, D.S. Yufit, J.A.K. Howard,

B.W. Skelton, A. Beeby, M. Kaupp, P.J. Low, J. Org. Chem. 80 (2015)
11501e11512.

[23] J. Attenburrow, A.F.B. Cameron, J.H. Chapman, R.M. Evans, B.A. Hems,
A.B.A. Jansen, T. Walker, J. Chem. Soc. (Resumed) (1952) 1094.

[24] F. Barri!ere, W.E. Geiger, J. Am. Chem. Soc. 128 (2006) 3980e3989.
[25] S. Coriani, A. Haaland, T. Helgaker, P. Jørgensen, ChemPhysChem 7 (2006)

245e249.
[26] J. Hankache, O.S. Wenger, Chem. Rev. 111 (2011) 5138e5178.
[27] A. Heckmann, C. Lambert, Angew. Chem. Int. Ed. 51 (2012) 326e392.
[28] M. Renz, K. Theilacker, C. Lambert, M. Kaupp, J. Am. Chem. Soc. 131 (2009)

16292e16302.
[29] C. Sutton, T. K€orzd€orfer, V. Coropceanu, J.-L. Br#edas, J. Phys. Chem. C 118

(2014) 3925e3934.
[30] M. Parthey, M. Kaupp, Chem. Soc. Rev. 43 (2014) 5067e5088.
[31] M. Renz, M. Kess, M. Diedenhofen, A. Klamt, M. Kaupp, J. Chem. Theory

Comput. 8 (2012) 4189e4203.
[32] M. Parthey, J.B.G. Gluyas, M.A. Fox, P.J. Low, M. Kaupp, Chem. Eur. J. 20 (2014)

6895e6908.
[33] M. Parthey, K.B. Vincent, M. Renz, P.A. Schauer, D.S. Yufit, J.A.K. Howard,

M. Kaupp, P.J. Low, Inorg. Chem. 53 (2014) 1544e1554.
[34] M. Kaupp, S. Gückel, M. Renz, S. Klawohn, K. Theilacker, M. Parthey,

C. Lambert, J. Comput. Chem. 37 (2015) 93e102.
[35] M. Parthey, J.B.G. Gluyas, P.A. Schauer, D.S. Yufit, J.A.K. Howard, M. Kaupp,

P.J. Low, Chem. Eur. J. 19 (2013) 9780e9784.
[36] S.W. Lehrich, A. Hildebrandt, T. Rüffer, M. Korb, P.J. Low, H. Lang, Organo-

metallics 33 (2014) 4836e4845.
[37] U. Pfaff, A. Hildebrandt, M. Korb, D. Schaarschmidt, M. Rosenkranz, A. Popov,

H. Lang, Organometallics (2015) 2826e2840.
[38] S. Scheerer, N. Rotthowe, O.S. Abdel-Rahman, X. He, S. Rigaut, H. Kvapilov#a,

S. Z#ali$s, R.F. Winter, Inorg. Chem. 54 (2015) 3387e3402.
[39] J. Zhang, M.-X. Zhang, C.-F. Sun, M. Xu, F. Hartl, J. Yin, G.-A. Yu, L. Rao, S.-H. Liu,

Organometallics 34 (2015), 150812135152004.
[40] U. Pfaff, A. Hildebrandt, M. Korb, S. Oßwald, M. Linseis, K. Schreiter, S. Spange,

R.F. Winter, H. Lang, Chem. Eur. J. 22 (2016) 783e801.
[41] P. Seiler, J.D. Dunitz, Acta Crystallogr. B 35 (1979) 2020e2032.
[42] D. Courtney, C.J. McAdam, A.R. Manning, H. Müller-Bunz, Y. Ortin, J. Simpson,

J. Organomet. Chem. 705 (2012) 7e22.
[43] J. Polin, H. Schottenberger, Org. Synth. 73 (1996) 262.
[44] N.A. Yakelis, R.G. Bergman, Organometallics 24 (2005) 3579e3581.
[45] S.O. Mihigo, W. Mammo, M. Bezabih, K. Andrae-Marobela, B.M. Abegaz, Bio-

org. Med. Chem. 18 (2010) 2464e2473.
[46] G.R. Fulmer, A.J.M. Miller, N.H. Sherden, H.E. Gottlieb, A. Nudelman,

B.M. Stoltz, J.E. Bercaw, K.I. Goldberg, Organometallics 29 (2010) 2176e2179.
[47] J.B.G. Gluyas, A.J. Boden, S.G. Eaves, H. Yu, P.J. Low, Dalton Trans. 43 (2014)

6291e6294.
[48] M. Krej$cik, M. Danĕk, F.J. Hartl, J. Electroanal. Chem. 317 (1991) 179e187.
[49] Turbomole; Turbomole GmbH: A development of University of Karlsruhe and

Forschungszentrum Karlsruhe GmbH: Karlsruhe, Germany, 1989"2007, 2012.
[50] M. Kaupp, M. Renz, M. Parthey, M. Stolte, F. Würthner, C. Lambert, Phys.

Chem. Chem. Phys. 13 (2011) 16973.
[51] M. Renz, M. Kaupp, J. Phys. Chem. A 116 (2012) 10629e10637.
[52] S.F. V€olker, M. Renz, M. Kaupp, C. Lambert, Chem. Eur. J. 17 (2011)

14147e14163.
[53] A. Klamt, G. Schüürmann, J. Chem. Soc. Perkin Trans. 2 (1993) 799.
[54] S. Grimme, Chem. Eur. J. 10 (2004) 3423e3429.
[55] S. Grimme, J. Antony, S. Ehrlich, H. Krieg, J. Chem. Phys. 132 (2010) 154104.
[56] F. Weigend, M. H€aser, H. Patzelt, R. Ahlrichs, Chem. Phys. Lett. 294 (1998)

143e152.
[57] U. Varetto, MOLEKEL 5.4; Swiss National Computing Centre, Manno,

Switzerland.

K.B. Vincent et al. / Journal of Organometallic Chemistry 821 (2016) 40e47 47

http://refhub.elsevier.com/S0022-328X(16)30161-9/sref1
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref1
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref2
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref2
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref2
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref3
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref3
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref3
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref3
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref4
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref4
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref5
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref5
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref5
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref6
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref6
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref6
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref7
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref7
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref8
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref8
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref8
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref9
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref9
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref9
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref9
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref10
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref10
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref10
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref11
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref11
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref11
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref12
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref12
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref12
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref12
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref13
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref13
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref14
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref14
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref14
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref15
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref15
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref15
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref16
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref16
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref16
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref17
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref17
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref17
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref18
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref18
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref19
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref19
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref19
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref20
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref20
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref21
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref21
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref22
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref22
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref22
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref22
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref23
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref23
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref24
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref24
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref24
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref25
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref25
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref25
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref25
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref26
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref26
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref27
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref27
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref28
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref28
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref28
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref29
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref29
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref29
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref29
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref29
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref29
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref30
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref30
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref31
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref31
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref31
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref32
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref32
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref32
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref33
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref33
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref33
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref34
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref34
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref34
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref35
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref35
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref35
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref36
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref36
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref36
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref37
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref37
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref37
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref38
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref38
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref38
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref38
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref38
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref38
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref39
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref39
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref40
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref40
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref40
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref40
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref41
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref41
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref42
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref42
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref42
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref43
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref44
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref44
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref45
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref45
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref45
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref46
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref46
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref46
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref47
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref47
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref47
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref48
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref48
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref48
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref50
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref50
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref51
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref51
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref52
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref52
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref52
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref52
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref53
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref54
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref54
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref55
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref56
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref56
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref56
http://refhub.elsevier.com/S0022-328X(16)30161-9/sref56


Low variability of single-molecule conductance
assisted by bulky metal–molecule contacts†

Rubén R. Ferradás,ab Santiago Marqués-González,cd Henrry M. Osorio,efg

Jaime Ferrer,ab Pilar Cea,ef David C. Milan,h Andrea Vezzoli,h Simon J. Higgins,h

Richard J. Nichols,h Paul J. Low,*c V́ıctor M. Garćıa-Suárez*ab and Santiago Mart́ın*ei

A detailed study of the trimethylsilylethynyl moiety, –C^CSiMe3 (TMSE), as an anchoring group in

metal|molecule|metal junctions, using a combination of experiment and density functional theory is

presented. It is shown that the TMSE anchoring group provides improved control over the molecule–

substrate arrangement within metal|molecule|metal junctions, with the steric bulk of the methyl groups

limiting the number of highly transmissive binding sites at the electrode surface, resulting in a single

sharp peak in the conductance histograms recorded by both the in situ break junction and I(s) STM

techniques. As a consequence of the low accessibility of the TMSE group to surface binding

configurations of measurable conductance, only about 10% of gold break junction formation cycles

result in the clear formation of molecular junctions in the experimental histograms. The DFT-computed

transmission characteristics of junctions formed from the TMSE-contacted oligo(phenylene)ethynylene

(OPE)-based molecules described here are dominated by tunneling effects through the highest-

occupied molecular orbitals (HOMOs). This gives rise to similar conductance characteristics in these

TMSE-contacted systems as found in low conductance-type junctions based on comparably structured

OPE-derivatives with amine-contacts that also conduct through HOMO-based channels.

Introduction
Interest and progress in single-molecule electronics has surged
over recent years as advances in synthetic chemistry, scanning
probe microscopy and nanofabricated test platforms have made
single molecule measurements not only possible, but relatively
routinely available, whilst advances in quantum chemical codes

and computing power permit more detailed analysis and
modelling of results. However, the large variability in the
conductance proles of individual junctions1–8 necessitates not
only substantial effort to obtain statistically signicant datasets
but also gives rise to more than one discrete value of the
conductance of any given molecule-contacting group-electrode
combination. These variations arise not only from the
simplest conceptual models of how the molecule is physically or
chemically bonded to the electrode surface,9 but also because
even ‘atomically at’ electrode surfaces feature a variety of
arrangements of atoms, including atomic reconstructions in
the presence of strongly binding molecules and inherent
defects.

For example, both for a,u-alkanedithiols1–3,10 and for conju-
gated molecule bridges containing thiol (or thiolate) anchoring
groups,4 rather than a unique value for the single molecule
conductance in metal molecule junctions, three (or more11)
single molecule conductance values are evident. These have
been termed (albeit arbitrarily) low (L) or A-type; medium (M) or
B-type; and high (H) or C-type conductance groups. These
conductance groups have been attributed to differing contact
morphologies between the contacting groups and the gold
electrode(s).1,3,10 Multiple single molecule conductance values
for metal|molecule|metal junctions have also been reported for
other molecular systems contacted through a variety of other
functional groups.5,6 In the case of the three conductance
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groups attributed to a,u-alkanedithiols contacting gold, the
higher conductance (M and H) groups show predominance on
stepped or rough surfaces, whereas the lower conductance (L)
groups are more evident on at surface regions.3 Consistent
with the notion that increased surface roughness promotes
formation of higher-conductance junctions, in general, the
higher conductance groups are more easily observed in the in
situ STM break junction (STM-BJ) technique.12 In contrast, the
lower conductance contact groups are more readily apparent in
measurements carried out with the I(s) method, which does not
entail direct substrate–tip contact prior to formation of the
molecular junction.13 In addition, in measurements based on
the use of a scanning probe microscope tip as one of the elec-
trodes, such as the I(s) or the in situ STM-BJ methods, it is
possible for the junction to be formed through contact of the tip
with parts of the molecule other than the designated terminal
contacting moiety,14,15 which opens new conductance paths and
therefore further increases the range of conductance signatures
offered by a single molecule. These issues of multiple and
variable binding sites give justication for identifying surface
anchoring groups which offer a simplied behaviour.

Of the various demonstrated and potential binding groups to
be explored, trimethylsilylethynyl (TMSE), –C^CSiMe3, has
begun to emerge as an interesting candidate for molecule–gold
contacts. Fichou and colleagues have demonstrated that 13-
(trimethylsilyl)-1-tridecene-6,12-diyne and related long-chain
aliphatic tailed trimethylsilylethynyl derivatives form well-
ordered self-assembled monolayers (SAMs) on Au(111)
substrates. Whereas SAMs of n-alkanethiols on Au(111) display
numerous grain boundaries arising from various metastable
Au–S structures, the trimethylsilylethynyl-derived lms were
shown to be homogeneous over areas of several hundreds of
nm2, indicating a commensurability between the silyl-derived
SAM and the underlying gold atoms comprising the
surface.16,17 Furthermore, the observation of pit-etching
suggests a strong Au–Si interaction in these SAM structures,
rather than simple physisorption.16,18 These observations led to
a proposal concerning the nature of the molecule–gold inter-
action in which electron-donation from the gold surface atoms
to the silicon centre results in formation of a local surface
complex featuring a ve-coordinate, trigonal bipyramidal
silicon; this process would be facilitated by the compact and
electron-withdrawing alkynyl moiety.16–18 However, more recent
studies have alluded to the critical role that dispersion forces
play in the stability of these well-ordered monolayers,19 making
extrapolation from the molecular environments and surface
contacts in well-ordered self-assembled lms to single-molecule
junctions difficult.

The potential for the trimethylsilylethynyl moiety to serve as
a contact group in single molecule electronics was perhaps rst
recognized by Aso et al.20 in a synthetic study, and by Millar
et al.21 with initial STM break junction investigations demon-
strating the formation of junctions with a TMSE terminated
molecular wire, 1,4-bis(trimethylsilylethynyl)benzene, and Au
contacts. The use of TMSE as a contacting group was later
further established through conductance measurements on
thin lms and in single-molecule junctions of similar

molecules.22,23 Related concepts using various silanes24 and the
use of trimethylsilyl as a protecting group during the in situ
fabrication of Au–C contacts25,26 are also deserving of note.
Silacycles have also been demonstrated as contacting groups in
single molecule junctions with Au contacts.27 However, one
important feature of the molecular junctions Au|Me3SiC^C–
.–.–C^CSiMe3|Au is the observation of a single, well
resolved peak in the conductance histograms, which is in
contrast to the multiple signatures or very broad histograms
more commonly observed with conventional contacting
groups.23 Theoretical studies of molecules with the trime-
thylsilylethynyl moiety contacted to gold electrodes have been
also carried out.28 Using a semi-phenomenological model based
on kinetic theory of charge transmission29 the authors found
a rather good agreement between theory and experiment with
just three adjustable parameters (the transmission gap DE+j and
the width parameters G(L)

j and G(R)
j ), and a limited interaction

between the molecular orbitals and the substrate.
We now report single molecule conductance studies of

a small series of amine- and trimethylsilylethynyl-contacted 1,4-
bis(phenylethynyl)benzene molecules (Chart 1) which allow us
to draw an unambiguous correlation between the contacting
groups and the number of observed conductance peaks, sup-
ported by DFT calculations and rst-principles transport
simulations to better understand the nature and electrical
properties of the –C^CSiMe3|Au contact.

Experimental and theoretical methods
Synthetic work

The compounds 1,30 2,31 3 32 and 5 20 were prepared by the
literature procedures or minor variations; the synthesis of 4 and
6 are given in the ESI.†

Conductance measurements

Molecular adsorption was achieved by immersion of the gold-
on-glass substrate in 0.5 mM THF solutions of the candidate
molecule for about 40 s. The relatively short immersion times
and low concentrations are aimed at promoting low coverage on
the gold slide which in turn favours single molecule events.

Chart 1 Compounds featured in this work.
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Aer adsorption, the sample was washed in ethanol and then
dried in a stream of nitrogen. Both the in situ STM-BJ and the
I(s) methods have been used to determine molecular conduc-
tance proles of the target molecules (see ESI† for details). For
a given set-point current and bias voltage, typically 5000–6000
events were observed. In this study all I(s) and in situ STM-BJ
measurements were conducted in air. Traces with current
plateaus below 1G0 in the current-versus-distance STM tip
retraction events are synonymous with molecular junction
formation,12,13 and these were selected from the majority of
events in which no clear junctions evolve. This data selection
avoids the ambiguity of including curves in which molecular
junction formation does not occur. The selection is achieved by
using the rational criterion of selecting traces with a current
plateau which exceeds 0.1 nm in length. The traces selected
using this criterion were then analyzed statistically in the form
of histogram plots to determine the single molecule conduc-
tance. This need for data selection arises from the relatively low
probability of forming molecular junctions (“hit rate” or junc-
tion formation probability33) with the TMSE contacts when
compared with other more conventional anchoring groups
deployed in single molecule electronics (see ESI† for more
details). This low probability of forming junctions with TMSE
contacts (here, ca. 450 traces with plateaus per 5000–6000
curves) is consistent with the earlier observations of Millar
et al.21 for Me3SiC^C–C6H4–C^CSiMe3 in STM break junction
experiments, which showed considerably fewer counts than
analogues with other termini such as C^CAu{P(OMe)3}.

Raman spectroscopy

Raman and surface-enhanced Raman scattering (SERS) spectra
were collected using a Confocal Raman Imaging from Witec,
model Alpha300M+ with an excitation wavelength of 633 nm.
The power on the sample was !0.5 mW. Silver islands (thick-
ness 9.1 nm) were prepared in an Edwards model 306 vacuum
coater from a resistively heated tungsten boat. The substrates
were Zuzi glass microscope slides cleaned in piranha solution
for 30 min (3 : 1 97% H2SO4 : 30% H2O2), rinsed with deionized
water, and dried in a stream of N2. Care: piranha solutions are
exceptionally corrosive and highly oxidizing. Contact between
piranha solutions and organic materials is considered
extremely hazardous and must be avoided. During silver depo-
sition, the background pressure was maintained at 5 " 10#7

Torr, and the deposition rate (0.02 nm3 s#1) was monitored on
an Electron Beam Evaporator Auto 500 from BOC Edwards. Aer
metal deposition, the modied substrates were annealed at 200
$C for 60 minutes. Samples were prepared by immersing the
resulting silver-mirrored substrate in a 1 mM solution of 6 in
hexane for 24 h.

Theoretical methods

Density functional theory (DFT) based calculations,34 as imple-
mented in the SIESTA code,35 and quantum transport theory, as
implemented in the SMEAGOL36 and GOLLUM37 codes were
performed to elucidate the junction geometries, together with

their electronic and transport properties. Further details are
given in the ESI.†

DFT computations of molecular conductance usually involve
generation of transmission curves for a single relaxed molecular
junction conguration. However, the numerical values of the
computed conductance can have a strong dependence on ne
details of the junction geometry, such as the nitrogen–gold or
silicon–gold distances for example, which vary as the molecular
dynamics (MD) simulations proceed. A different approach was
therefore pursued here. To simulate the range of different
molecular congurations that comprise the range of junctions
formed in the experimental measurements, four different initial
junction congurations were explored using ab initio molecular
dynamics at room temperature for each of the compounds 1–3
(Chart 1 and Fig. 1).

In each case, a pyramid-shaped array of gold atoms and gold
slab was employed as the top part of the junction, as a repre-
sentative model of the STM tip. A at Au(111) surface was used in
the simulations to represent the bottom (substrate) electrode (cf.
Fig. 1, Conf. 1 and Conf. 3). To account for molecules bonding at
steps or rougher areas of the gold substrate surface, model
junctions in which a gold pyramid is incorporated into the
bottom electrode were also explored (cf. Fig. 1, Conf. 2 and Conf.
4). The molecules can bind to the pyramid either on top of it
(Conf. 1 and Conf. 2) or sideways (Conf. 3 and Conf. 4). We
excluded congurations where the molecule is initially on top of
the pyramid on both sides because such arrangements are rather

Fig. 1 The four configurations (Conf. X, X ¼ 1, 2, 3 and 4) used to start
the ab initio molecular dynamics (MD) simulations of each junction for
compounds 1, 2 and 3 (left, middle and right columns, respectively).

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 75111–75121 | 75113
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unstable (the molecule tends to move towards one of the
surfaces) and do not give meaningful conductance values. These
junction congurations lead to different chemical bonding
arrangements for each of the three compounds through the two
different contact groups (–NH2 and/or –C^CSiMe3).

From these starting congurations, the positions of gold
atoms within the gold pyramids and in the vicinity of the
molecule, as well as the atoms in the molecule were allowed to
move freely at each MD step. However, the positions of the gold
atoms within the at surfaces were xed. Conductance histo-
grams were built from the resulting evolved molecular junctions
by calculating the conductance aer every 10 MD steps. By
computing over a relatively large number of MD generated
congurations and generating theoretical conductance histo-
grams junction-to-junction variations can be included in the
computational result for better comparison to experiment.

Results and discussions
Single-molecule conductance

The oligo(phenylene)ethynylene (OPE) structure has been
identied as an efficient “wire-like” molecular backbone and
derivatives of various lengths featuring a wide variety of surface
contacting groups have been studied in detail.4,38–43 The short
chain oligomers 1, 2 and 3 (Chart 1) featuring different
combinations of amine (–NH2) and trimethylsilylethynyl
(TMSE), –C^CSiMe3, contacting groups were prepared and
studied in single molecule junctions by using both the in situ
STM-BJ technique and I(s) method. As noted above, the rough or
fractal nature of the cleaved gold contacts that comprise these
STM-BJ junctions generally leads to the observation of higher
conductance values (H and M groups), arising from the greater
probability of binding molecules at under-coordinated sites on
the electrode surfaces. In contrast, the I(s) method, which
avoids a direct-metal–metal contact prior to the formation of
the molecular junction, gives a greater proportion of L-group
junctions. On this basis, the STM-BJ method was used to
observe the higher conductance congurations (H and M
groups) potentially offered by compounds 1–3, while the I(s)
method was used to evaluate the lowest conductance junctions
(L group). The single molecule conductance histograms for
compounds 1–3 are summarized in Table 1.

The conductance prole of the bis(amine) substituted
compound 1 shows two conductance values when the STM-BJ
method was used, Fig. 2a (le). The conductance peak

labelled as M (see also Table 1) is similar to the conductance
value reported by Lu et al.38 for the same compound (101.0! 7.0
MU; ca. 12.8 " 10#5G0). Although the conductance peak
labelled as H in Fig. 2a (le) has not been previously reported
for 1, the observation of two conductance features in the
histogram is consistent with the two conductance peaks re-
ported for a,u-diaminoalkanes from similar STM-BJ experi-
ments.2 Lower conductance features (as the L-type) are difficult
to observe with the in situ STM-BJ method. However, a detailed
analysis closer to the noise level of the current amplier in the
STM-BJ scans of conductance–distance traces showed an L
conductance peak at ca. 2.5" 10#5G0 for 1 (Fig. S2a in the ESI†).
To verify this observation, complementary measurements using
the I(s) technique were also carried out. These measurements
more clearly revealed the lowest conductance feature (L, Fig. 2a,
right). This L-type conductance feature compares with the
lowest conductance peak obtained for a closely-related thiol-
contacted OPE-based molecule (2.0 " 10#5G0).4,39,44

For compound 2, which features both amine and trime-
thylsilylethynyl (TMSE) anchoring groups, a conductance peak

Table 1 Single molecule conductance data for 1, 2 and 3

Conductance/10#5G0

L-groupa M-groupb H-groupb

1 2.4 ! 0.7 11.2 ! 1.5 41.4 ! 8
2 2.4 ! 0.3 6.1 ! 1.0 No peak
3 2.35 ! 0.4 No peak No peak

a I(s) method. b STM-BJ method.

Fig. 2 Conductance histograms built from summation of conduc-
tance traces (ca. 450) that showed discernible plateaus (with a current
plateau which exceeds 0.1 nm in length) such as those displayed in the
inset of the figures using either the STM-BJ technique (left side) or the
I(s) method (right side). (a) Compound 1, (b) compound 2 and (c)
compound 3. Conductance data are referenced to the conductance
quantum G0 ¼ 2e2/h ¼ 77.5 mS. Utip ¼ 0.6 V.
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was clearly observed (labelled as M in Fig. 2b, le) by the STM-BJ
technique. Meanwhile a distinct lower value conductance peak
(L) was obtained by both close analysis of the STM-BJ data
(Fig. S2b†) and more clearly by the I(s) method (Fig. 2b, right).
Comparison of these conductance data from 1 and 2 reveals
three noteworthy points: (i) the similarity in the conductance
value of the L group obtained for 1 and 2; (ii) the decrease in
conductance of the M group in 2 compared to that in 1 and (iii)
the absence of the H group for 2.

In the case of 3, bearing two TMSE contacts, current plateaus
were difficult to observe in the STM-BJ data (Fig. 2c, le panel),
although plateaus corresponding to a conductance of ca. 2.4 !
10"5G0 could be extracted from careful analysis of data near the
limits of the amplier (see Fig. S2c in ESI†). Nevertheless, this
peak is in good agreement with the value obtained from the
better-resolved data given by I(s) method (labelled as L in
Fig. 2c, right panel). No data in the I(s) scans corresponding to
another set of pronounced conductance plateaus (longer than
0.1 nm) could be detected below this marked L group. The
similar conductance of the L groups for 1, 2 and 3 (Table 1)
indicates that the congurations of the TMSE contact that give
rise to the conductance peak with this group give electronic
transmissions at the Au contact broadly similar to those of the
low conductance-type amine (–NH2) contact, and reinforces the
potential for TMSE to serve as an anchoring group in metal-
|molecule|metal junctions.22,23 The lower conductance of the M
group in 2 when compared with 1 and the absence of the H
group in 2 and 3 is consistent with the concept that the steric
bulk of the SiMe3 moiety prevents the formation of high
conductance features from binding at surface defect sites,
which are apparent for anchoring groups such as –NH2, thiol1,2

or pyridyl.5

While it is conceivable that a diarylalkyne unit, such as those
common to compounds 1–6 in this work, could interact with
gold atom(s) via ‘side-on’ binding of the alkyne p-system,45 we
can rule this out as a route to junction formation in this series
because compound 5 did not give any evidence of junction
formation in I(s) experiments.

The formation of highly transmissive Au–C contacts from
addition of a nucleophile, such as tetrabutylammonium uo-
ride (TBAF), to TMS-terminated oligo(phenylene)ethyny-
lenes25,26 to cleave in situ the trimethylsilyl (TMS) group or from
addition of Me3Sn–alkyl bonds to gold surfaces46,47 as well as,
more recently, the spontaneous formation of Au–C contacts
with terminal alkynes,48 might suggest that for 2 and 3 the TMS
group attached to the alkynyl could be also cleaved in situ and,
therefore, to form Au–C contacts. To explore this possibility,
a study of the stability of the terminal TMS moiety in the
presence of Au was carried out by attempting to synthesize
TMSE-capped gold nanoparticles (AuNPs), details of which are
given in the ESI.† When trimethylsilylethynylbenzene (Me3-
SiC^CC6H5) was investigated as a AuNP capping ligand, it did
not perform well as an AuNP phase-transfer reagent, either in
hexane or in benzene. In contrast, when phenylacetylene
(HC^CC6H5) was used as capping ligand, a complete phase
transfer in both solvents was observed. These results are

strongly suggestive of the retention of the SiMe3 in the presence
of Au.

To further probe the surface binding properties of the
–C^CSiMe3 group, quartz crystal microbalance (QCM) experi-
ments were carried out. A high surface coverage of 7.32 ! 10"10

mol cm"2 was obtained for 3 (see ESI† for more details). In
sharp contrast, when the –C^CSiMe3 groups were replaced by
triisopropylsilylethynyl (–C^CSiPri

3) groups (4, Chart 1) or by
a 1,1-dimethyl-but-3-yne (tert-butylethynyl, –C^CCMe3) frag-
ment (5, Chart 1) no frequency change (Df) for a QCM quartz
resonator before and aer incubation in a solution of these
compounds was observed. Thus, while the TMSE group binds to
the gold surface,16,17 when the methyl groups in TMSE are
replaced by bulkier isopropyl groups or the silicon atom by
carbon, the molecule–surface interaction is dramatically
diminished. Furthermore, single-molecule conductance studies
of 4 and 5 using both the STM-BJ and the I(s) methods failed to
reveal current traces with the plateaus associated with the
formation of molecular bridges (plateaus longer than 0.1 nm).

Finally, to demonstrate the retention of the TMS group,
Raman and SERS studies of TMSE have also been carried out.
Fig. 3 shows the Raman spectra of the model compound 6,
which bears only a single TMSE contacting group, in the solid
state as a powder as well as the SERS spectrum of a pristine self-
assembled monolayer (SAM) of 6 deposited on silver mirrors.
Both spectra show three major vibrational bands at 2210
(n(C^C)), 1597 (n(C]C)aryl), and 1131 (n(C–H)aryl) cm"1 that
indicate that 6 remains intact aer being assembled on the
silver substrate. Nevertheless and the most important point, the
presence of the TMS vibration band at 1452 cm"1 in the SAM of
6 (shied by 48 cm"1 with respect to the powder, Fig. 3), and the
absence of any new band at #400 cm"1 characteristic of

Fig. 3 Raman spectra of 6 in the solid state and as a self-assembled
monolayer on a silver mirror.

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 75111–75121 | 75115

Paper RSC Advances

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 0
4 

A
ug

us
t 2

01
6.

 D
ow

nl
oa

de
d 

on
 0

4/
10

/2
01

7 
07

:0
7:

22
. 

 T
hi

s a
rti

cl
e 

is 
lic

en
se

d 
un

de
r a

 C
re

at
iv

e 
Co

m
m

on
s A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

Li
ce

nc
e.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c6ra15477h


a metal–C stretching mode (with metal being Au, Ag, or Pd)49

conrms the retention of the SiMe3 group and the lack of any
formation of metal–C s-bonds by the cleavage of the TMS
group.25,26,49

Together, all these observations underline the essential role
of the Si atom and the balance of steric effects near the contact
for fabricating transmissive metal–molecule–metal junctions.
An analysis of the average lengths of the current plateaus also
supports the selective binding of the TMSE moiety to specic
sites on the electrodes; see ESI.†

To further explore the contact geometry of the TMSE moiety
and the gold electrodes, and to better understand the electrical
characteristics of these junctions, attention was turned to DFT
computations and modeling studies.

DFT calculations

Room-temperature molecular dynamics (MD) simulations of
the variety of junction congurations shown in Fig. 1 were
carried out. The anchoring groups at the top of the gures were
initially placed contacting either the base or the apex of the gold
pyramid simulating the tip. The TMSE groups were allowed to
slide down to the base of a pyramid to which they bind during
the MD runs. Anchor groups at the gold substrate contacted
either at a at terrace region, or close to a pyramid base, and
were then allowed to evolve during the MD runs.

The room-temperature MD simulations indicate that
compound 1 binds most oen to a top, a hollow or a bridge gold
site on the terrace regions of the substrate electrode via the
–NH2 group. In a small number of cases the junction confor-
mation evolved to situations where the molecule binds to the
substrate pyramid via a p-type interaction with the associated
phenyl ring, or through both the –NH2 and the phenyl ring at
the same time.5,15,50,51 Similar amine binding motifs are found
for the top electrode contact for compound 1. Similar junction
behaviour was also observed for the top –NH2 electrode of
compound 2.

The TMSE groups in 2 and 3 bind to the gold atoms at the
substrate (bottom) electrode in different ways. At a terrace, the
TMSE group binds weakly via the methyl groups to the surface.
There is no signicant re-arrangement of the local silicon
geometry with C–Si–C bond angles ranging from 89–115!, and
Si–C^C bond lengths of 1.22–1.26 Å (C^C) and 1.71–1.95 Å (Si–
C). The tetrahedral geometry at silicon and positioning of the
methyl groups in contact with the surface results in the silicon
atom being displaced more than 3.5 Å from the surface, and
thereby interacting only weakly with the Au surface atoms.

To assess the stability of the junctions, as well as to obtain
a rst insight into the nature of the interaction between the gold
surface and the TMSE group, the binding energies for surface
congurations where the TMSE group of compound 3 mole-
cules lie in the hollow, top and bridge positions of a at gold
surface have been computed. Interestingly, binding energies
around and above 0.5 eV are found, and simple estimates based
on the Arrhenius law suggest long stability times. These binding
energies are compiled in Table 2, where the hollow site is shown
to be about 150 meV more stable than the top or bridge

congurations. In simulations where the surface features
a pyramid (Fig. 1, Conf. 2 and Conf. 4) the binding energies are
further increased by about 150 meV, suggesting that compound
3 will preferably place itself at irregularities of the surface such
as steps rather than in the middle of the terraces.52 The sug-
gested reduced phase space for molecule positioning is
consistent with the lower hit rates found in our experiments.

These ndings are in excellent agreement with the data ob-
tained by Fichou et al. from SAMs of TMSE functionalised
unsaturated hydrocarbons on at gold substrates.28,29 The
Fichou group report SAMs exhibit excellent registry with the
underlying gold surface, consistent with the positioning of the
TMSE group at the hollow sites. The higher binding energy
calculated here is consistent with the stability of the lms and
the signicant binding energy is consistent with the evidence of
pit-etching. However, in contrast to the initial proposals of
a local ve-coordinate silicon complex, the calculations here
indicate a subtler molecule–substrate interaction.

To understand better the nature of the molecule–surface
interaction, the charge redistribution upon binding has been
estimated using a Mulliken population analysis. Whilst the
silicon atom retains its four coordinate tetrahedral congura-
tion, there is a charge transfer from the substrate to the mole-
cule, which varies during the MD steps between 0.4–0.8
electrons. Most of the transferred charge is placed at the methyl
groups and is distributed equally among them. In contrast, the
central silicon atoms only gain"0.1 electrons each. This charge
transfer to the molecule and its associated image charge at the
surface are likely responsible for the shis in Si 2p and Au 4f7/2

core levels observed by Fichou's team in SR-PES experiments
with TMSE based SAMs on gold.16–18

A signicant junction conductance (see below) with
compound 3 is only achieved if the molecule binds to a pyramid
as depicted in Conf. 2 of Fig. 1. A closer inspection of the
junction geometry reveals that the methyl groups of the TMSE
fragment must be oriented as shown in Fig. 4a in order to give
rise to junctions with appreciable conductance signatures.
Here, the –C^CSiMe3 group interacts with gold atoms in the
at surface at the base of the pyramid and with gold atoms in
the pyramid. In this conguration the silicon atom is placed as
close as possible to the pyramid and minimizes the Si/Au
separation. Importantly, the estimated charge transfer from the
surface towards the molecule is largest in this junction geom-
etry, rising to as much as 0.8–0.9 electrons. This conguration
corresponds to the maximum binding energy shown in Table 2;

Table 2 Binding energies of a single –C^CSiMe3 group of compound
3 for different positions and configurations. The surface + pyramid
configuration corresponds to cases that model the L-conductance
group. The group is considered as either binding to a “terrace surface”
at either hollow, top or bridge sites, or at a mixed “surface + pyramid”
contact (e.g. as illustrated in Fig. 1, right column, Conf. 1, top contact)

Conguration Hollow Top Bridge

Terrace surface 0.59 eV 0.40 eV 0.45 eV
Surface + pyramid 0.74 eV 0.61 eV 0.53 eV
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hence in this conguration charge transfer, binding energy and
conductance are maximized. Furthermore, this enhanced
charge transfer increases the ionic character of the molecule–
surface interaction. Further examination of the junction
geometries indicates that the bulky nature of the SiMe3 group
prevents the interaction of the phenyl ring p-system with gold
atoms at the pyramid and close interactions of the phenyl rings
in the molecular backbone and the gold atoms of the defect site
models are not found in the MD simulations.

Another arrangement found in many MD steps is depicted in
Fig. 4b. Here, in contrast to the more conductive geometry
shown in Fig. 4a, the methyl groups prevent a closer approach of
the silicon atoms to the pyramid. As a result, charge transfer
towards the molecule is reduced to 0.5 electrons with concom-
itant decreases in the binding energy and the conductance.
Indeed, these congurations do not produce a conductance
peak in the theoretically-generated histograms (see below).

In summary, in contrast to the multiple strongly binding
junction geometries identied for NH2 contacts, the bonding
between the TMSE group and at terrace surfaces and single
atom defects is relatively weak, and largely van der Waals in
nature. On the other hand, the TMSE group can bind more
strongly to the pyramid-decorated model surface, with a signif-
icant degree of charge transfer (!0.8 to 0.9 electrons gained per
molecule) leading to the stronger interactions, and a stabiliza-
tion of the junction through the resulting image charge. Thus,
when the TMSE group is directed in such a way to allow the
closest approach of the Si atom to the Au pyramid, a signicant
binding energy is achieved and junction conductance corre-
sponding to the L-conductance group is obtained. The ionic
character and image charge stabilization plays an important
role in the stability and conductance proles of these struc-
tures. The steric bulk of the methyl groups prevents the close
approach of the silicon atom and gold surface, and the resulting
charge-separated structures hold some analogy with molecular
frustrated Lewis pairs.53

The conductance histograms for molecular junctions of 1, 2
and 3 derived from the MD simulations are shown in Fig. 5. An
outline of the procedure is as follows: each MD run commences
using one of the initial junction congurations shown in Fig. 1.
These congurations are allowed to evolve during the MD
simulation, which run typically for 300 steps of 1 fs. The
conductance is computed every 10 MD steps. The conductance

values for a given compound are compiled in the histograms
shown in Fig. 5. Note that each of the peaks contains contri-
butions from several atomic arrangements, which are classied
according to their gross similarity to the initial snapshots
shown in Fig. 1. A breakdown of these contributions is
summarized in Table 3. As an example, congurations 1 and 3
in Fig. 1 contribute 60% and 40% respectively, to the low
conductance peak found for compound 1. The statistics of the
simulation data is limited by the computational cost of the
simulations and are not as large as those obtained experimen-
tally. In spite of the smaller statistical datasets these histograms
feature several peaks which correspond to the conductance
groups in the experimental conductance histograms, as dis-
cussed below.

The number of conductance peaks featuring in the calcu-
lated histograms agrees with the experimental results for each

Fig. 4 A top view of the relative –C^CSiMe3 group-pyramid
arrangements. Blue, green, magenta and yellow atoms represent
hydrogen, carbon, silicon and gold atoms, respectively. Only the gold
atoms of the pyramid are shown but not the underlying gold terrace.

Fig. 5 Conductance histograms of (a) compound 1, (b) compound 2
and (c) compound 3. Vertical dashed lines correspond to the experi-
mental values of the conductance groups (e.g. three conductance
groups for 1, two conductance groups for 2 and one conductance
group for 3).

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 75111–75121 | 75117
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of the three compounds: three, two and one conductance peaks
for compounds 1, 2 and 3, respectively (Table 3). The poorer
statistics results in a third conductance peak for 1 in Fig. 5a
being under-developed, although a number of congurations
give conductance values which cluster close to the experimental
H group value. It should also be noted that for the computa-
tional data represented in Fig. 5 there is an uncertainty in the
choice of bin size which is most suited for generating the
histogram, as discussed further in the ESI.† Nevertheless, the
theoretical and experimental position of the conductance peaks
agrees quantitatively for 1 (Fig. 5a).

The two conductance peaks shown in Fig. 5b for compound 2
are slightly shied towards smaller values with respect to the
experimental peaks, indicated by the broken vertical lines. This
may be due to a slightly incorrect placement of the Fermi level
with respect to the molecular HOMO and LUMO energies. For
compound 3, only those junctions in which the TMSE group
adopts the special position shown in Fig. 4a contribute to the
single conductance peak show in Fig. 5c. Any other congura-
tion yields conductance values below 10!7 to 10!8G0. The larger
disagreement between the experimental value and the
computationally-generated conductance peak for 3 is due to the
rather small values produced from the simulated junction
conguration. However, the further reduced phase space of
congurations yielding measurable conductance values is
consistent with the lower hit rates found experimentally for
compound 3.

To verify the robustness of the calculated conductance
histograms and verify the statistics that lead to the appearance
of a conductance peak, junctions of compound 3 with a shorter
distance between the surfaces have also been studied. In such
compressed junction congurations the molecular backbone
distorts and compresses but the molecule remains perpendic-
ular to the surface and a similar, but better resolved, conduc-
tance peak develops at a similar conductance value in the
computational histogram.

In order to gain further understanding on the mechanisms
that give rise to each conductance group, the transmission
coefficient T(E) as a function of energy E corresponding to
a representative data point in each group (L, M, H) was exam-
ined (Fig. 6). The low-voltage conductance of the junction is

estimated as T(EF), where EF is the Fermi energy. The Fermi level
appears roughly in the middle of the molecular HOMO–LUMO
gap in all cases, which means that the junctions fall in the
tunneling regime. Notice there is an uncertainty in the exact
position of the Fermi level, as DFT does not give this position
accurately, which can explain the smaller values of the trans-
mission of compound 3 compared to the other two compounds.
In these transmission curves, peaks at negative energies to the
le of the gap correspond to HOMO resonances, while peaks on
the right of the gap, at positive energy values, correspond to
LUMO resonances.

In the case of 1, the enhancement of the conductance from
the L to the M and H groups is due to an increase of the
transmission in the gap, which in turn originates from a slight
increase of the width of the HOMO resonance, while the energy
position of the HOMO level itself remains relatively constant.
These width changes come from changes in the hybridization
between the –NH2 group and the surface gold atoms. Note that,
according to the local density of states (LDOS), the HOMO in all
these molecules is spread roughly through the whole molecule
and is affected by the interaction with the electrodes, in contrast
to earlier assumptions.28

In the transmission curve for 3 (Fig. 6c), the arrangement
shown in Fig. 4a corresponds to the L group observed in the
experimental measurements. Although this is labeled a ‘low’
contact conguration in the analysis of experimental results,
the conductance of this junction is higher than other cases
observed in the MD simulations of this compound. The higher
relative conductance for this arrangement versus other junction
geometries comes from a competition between two factors. The
rst is that the resonance width increases from 5 meV to 8 meV,
which enhances the conductance of the junction and can be
traced back to a larger molecular orbital–electrode hybridiza-
tion. In contrast, the second is a shi of the HOMO trans-
mission resonance to lower (more negative) energies, which
serves to decrease the junction conductance. On balance, the

Table 3 Relative contribution of each of the four configurations
shown in Fig. 1 to the conductance peaks shown in Fig. 5

L-group M-group H-group

1 Conf. 1 ("60%) Conf. 1 ("20%) Conf. 1 ("33%)
Conf. 2 ("20%) Conf. 2 ("42%)

Conf. 3 ("40%) Conf. 3 ("30%) Conf. 3 ("8%)
Conf. 4 ("30%) Conf. 4 ("17%)

2 Conf. 1 ("27%) Conf. 1 ("55%)
Conf. 2 ("21%) Conf. 2 ("42%)
Conf. 3 ("44%)
Conf. 4 ("8%) Conf. 4 ("3%)

3 Conf. 1 ("21%)
Conf. 2 ("70%)
Conf. 3 ("9%)

Fig. 6 Transmission as a function of energy for a junction comprising
(a) compound 1, (b) compound 2 and (c) compound 3 on a gold
surface with pyramids.
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shi in the HOMO resonance cannot compensate for the
increased molecule–surface interactions, and as a result the
conductance increases.

Transmission curves for junctions formed from compounds
4 (with triisopropylsilylethynyl, –C^CSiPri

3, anchor groups)
and 5 (with tert-butylethynyl, –C^CCMe3, anchor groups) were
also calculated. Fig. 7 compares the transmission of triisopro-
pylsilylethynyl contacted 4 and trimethylsilylethynyl contacted 3
on a at surface and demonstrates the conductance is much
smaller for 4. This further conrms that the use of the very
bulky isopropyl groups leads to very low or no observable
conductance. Various congurations for compound 5 starting
from seeds similar to those that gave the L group for 3 were also
explored. Although the transmission curves from 5 resembled
those of 3, the conductance at the Fermi level was 2–3 times
smaller. This low conductance and lack of surface binding
apparent from the QCM studies indicates that the tert-butyle-
thynyl group is unlikely to produce junctions with a signicant
conductance in agreement with the experimental observation.

Conclusions
We have shown here that the trimethylsilylethynyl moiety,
–C^CSiMe3, provides a means to control the range of conduc-
tive molecule–metal contacts within molecular junctions. Thus,
whilst the TMSE molecules can form weak van der Waals-type
contacts with some ionic character on terraces at top, bridge
and hollow sites, the conductance of these congurations is
lower than the detection limits of the experiments. Rather, in
stark contrast to the initial models derived from extrapolation
of binding in well-ordered self-assembled lms, contacts at
defect sites within a very narrow range of molecular orientations
are necessary to allow an increase of the binding energy
between the TMSE group and the gold atoms. This enhanced
interaction serves to stabilize the binding of the molecule to the
surface through overlaps and an image charge or electrostatic
model. The net effect on the molecular conductance comes
from the hybridization between the molecular levels and the

gold atoms, which increases the width of the resonances (from 5
meV to 8 meV) and overall enhances the transmission at the
Fermi level.

The very specic molecular orientation necessary for
achieving signicant molecular conductance results in a single
low-conductance peak for the TMSE-terminated compound 3,
which contrasts to the multiple conductance features of the
amine-terminated compound 1. This special binding geometry
also results in low probabilities for junction formation in in situ
STM BJ experiments as well as I(s) measurements, which makes
it necessary to apply data selection when constructing conduc-
tance histograms with this contacting group. Nevertheless, the
single conductance feature observed with –C^CSiMe3 termini
is similar to conductance values from the L-type contacts on
gold substrates with amine (–NH2) anchor groups. In summary,
the –C^CSiMe3 group is a promising contact for use in
fundamental studies of molecular junctions in cases where
a single, well-dened conductance histogram is required,
although the resulting molecular conductance is likely to be
low.
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ABSTRACT: The single-molecule conductance of metal
complexes of the general forms trans-Ru(CCArC
CY)2(dppe)2 and trans-Pt(CCArCCY)2(PPh3)2 (Ar =
1,4-C6H2-2,5-(OC6H13)2; Y = 4-C5H4N, 4-C6H4SMe) have
been determined using the STM I(s) technique. The
complexes display high conductance (Y = 4-C5H4N, M = Ru
(0.4 ± 0.18 nS), Pt (0.8 ± 0.5 nS); Y = 4-C6H5SMe, M = Ru
(1.4 ± 0.4 nS), Pt (1.8 ± 0.6 nS)) for molecular structures of
ca. 3 nm in length, which has been attributed to transport
processes arising from tunneling through the tails of LUMO
states.

■ INTRODUCTION
Measurements of the electrical characteristics of a wide variety
of saturated, conjugated, and redox-active organic compounds
have served to drive the development of concepts and
techniques in molecular electronics.1−3 However, metal
complexes offer several potential advantages over organic
compounds as components in molecular electronic devices,
including redox activity at moderate potentials, ready tuning of
frontier molecular orbital energy levels to better match the
Fermi levels of metallic electrodes, and magnetic properties.4,5

Consequently, attention has been turned to the construction
and study of metal complexes,6−14 clusters,15−18 extended
metal atom chains,19−21 and organometallic acetylide spe-
cies22−34 within molecular junctions.
In the case of purely organic oligo(aryleneethynylene)-based

compounds with pyridyl contacting groups, the molecular
conductance, as determined by single-molecule STM break
junction (STM-BJ) experiments, decreases with length, initially
in line with the exponential decay expected for a tunneling
mechanism before shifting to a shallower length dependence
more indicative of an incoherent hopping mechanism of charge
transport for compounds of ca. 3 nm in length.35 Conductance
values range from 10−4.5G0 (2.45 nS) for the 1.6 nm long
“three-ring” oligoarylenes NH4C5CCC6H2R2CCC5H4N
(R = OC6H13), decreasing by approximately 3 orders of

magnitude for the 3.0 nm long “five-ring” system NH4C5C
C(C6H2R2CC)3C5H4N (10−6.7G0, 0.015 nS), and thereafter
falling only slightly to 10−6.9G0 (0.01 nS) in an analogous 5.8
nm long “nine-ring” system.
In cases where direct comparison is possible, it has generally

been found that the incorporation of a ruthenium metal center
such as Ru(dppm)2

34 or Ru(dppe)2
29 within a π-conjugated

wirelike structure leads to a 2−5-fold increase in conductance
with the conductance value measured likely also being
dependent on the nature of the molecule−electrode contacting
group (e.g., trans-Ru(CCC6H4SAc)2(dppm)2, STM break
junction 19 ± 7 nS;34 trans-Ru(CCC6H4CC-
SiMe3)2(dppe)2, I(s) method [(5.1 ± 0.99) × 10−5]G0/3.9 ±
0.8 nS;29 trans-Ru(CC-4-C5H4N)2(dppe)2, STM-BJ [(2.5 ±
0.4) × 10−4]G0/19 ± 3 nS28).
In contrast, earlier studies have shown that the Pt(II)

complex trans-Pt(CCC6H4SAc)2(PPh3)2 behaves rather
more as an insulating species when it is bound within a
mechanically controlled break junction (MCBJ), with resis-
tances (5−50 GΩ; 0.2−0.02 nS) some 3 orders of magnitude
larger than those of the comparable organic compounds
AcSC6H4CCArCCC6H4SAc (Ar = 9,10-C14H8, 1,4-C6H2-
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2-NH2-5-NO2) being reported.22 A later study with a range of
trans-Pt(CCC6H4SAc)2(PR3)2 complexes (R = Cy, Ph, OEt)
revealed little effect of the supporting phosphine or phosphite
ligand on the through-molecule conductance, although
curiously the conductance for these Pt complexes measured
in a cross-wire junction was reported to be some 2−3-fold
greater than that of the simple oligo(phenyleneethynylene)
AcSC6H4CCC6H4CCC6H4SAc.

23

Here we turn our attention to a family of linearly conjugated,
wirelike organometallic complexes featuring trans-Ru(C
CR)2(dppe)2 and Pt(CCR)2(PPh3)2 moieties embedded
within the oligo(aryleneethynylene) backbone of ca. 3 nm
molecular length and describe the results of single-molecule
conductance studies based on the I(s) method. These metal
complexes are substantially more conductive than their purely
organic analogues of comparable molecular length, with
detailed computational investigation indicating that the
enhanced conductance arises from conductance through the
tails of the LUMO resonances. The conductance values
obtained from the Pt and Ru systems are remarkably similar,
suggesting that the readily synthesized platinum complexes may
have an important role to play in the further development of
metal complexes for applications in single-molecule electronics.

■ RESULTS AND DISCUSSION
Single-molecule measurements using both organic and organo-
metallic compounds have clearly shown that the electronic
properties of the prototypical metal|molecule|metal junctions
not only are strongly influenced by the chemical structure of
the molecular backbone but also are critically dependent on the
combination of the surface and contacting groups.36−43 The
pyridyl-terminated compounds 1-Ru and 1-Pt together with
the analogous methyl thioether terminated compounds 2-Ru
and 2-Pt were chosen to explore both the relative effects of the
Ru(dppe) vs Pt(PPh3)2 fragments on molecular conductance
and the influence of the electrode−molecule contact in a
comparable set of compounds (Scheme 1). The pyridyl and
methyl thioether moieties are already established as surface-
contacting groups in single-molecule studies of oligoynes and
oligo(phenyleneethynylenes).9,35,37,44−47

The complexes 1-Ru, 1-Pt, 2-Ru, and 2-Pt were synthesized
in a convergent fashion as indicated in Scheme 1. The
precursor terminal alkynyl complexes were assembled from the
protected ligand building block 2-((triisopropylsilyl)ethynyl)-5-
ethynyl-1,4-bis(hexyloxy)benzene and [RuCl(dppe)2]OTf, via
a sequence of intermediate vinylidene species which were not
isolated but deprotonated in situ, or PtCl2(PPh3)2, through
simple CuI-catalyzed alkynylation reactions in diethylamine.
After removal of the triisopropylsilyl protecting group, the
surface binding groups were readily introduced by the “on-
complex” cross-coupling reactions with 4-iodopyridine or 4-
iodothioanisole (Scheme 1).
The STM I(s) technique was used to measure the single-

molecule conductance of the series of compounds 1-M and 2-
M (M = Ru, Pt) in mesitylene solution, with a flame-annealed
Au(111) gold-on-glass substrate serving as the bottom
electrode and the STM tip creating the top electrode in these
elementary metal|molecule|metal junctions. The current is
recorded at a fixed bias, while the junction is elongated by
retraction of the STM tip to generate conductance traces.48

From analyses of the conductance traces, break-off distances of
3.1 nm (1-Ru) and 3.0 nm (1-Pt) can be determined (Table 1).
The break-off distances quoted correspond to 95th percentile

values from the accumulated I(s) scans. These values compare
well with the N···N distance obtained from single-crystal X-ray
diffraction studies of 1-Ru (Figure 1, 2.86 nm) and 1-Pt
(Figure 2, 2.86 nm), noting that in the solid state these
compounds are not perfectly linear but rather exhibit sigmoidal
(1-Ru) or gracefully curved (1-Pt) structures arising from
crystal-packing effects. Nevertheless, the good agreement
between the break-off distance and the calculated molecular
lengths (vide infra) is consistent with the contact of these
molecules almost normal to the electrode surface via the
pyridine lone pair within these molecular junctions.
In contrast, shorter break-off distances are determined for the

methyl thioether complexes 2-Ru (2.4 nm) and 2-Pt (2.5 nm);
cf. the S···S distance of 3.18 nm in the crystallographically
determined molecular structure from a weakly diffracting

Scheme 1. Synthesis of 1-Ru, 1-Pt, 2-Ru, and 2-Pta

aReagents and conditions: (i) (a) [RuCl(dppe)]OTf/DBU, (b) TlBF4
(76%) or (a) cis-PtCl2(PPh3)2/CuI(cat)/NHEt2 (81%); (ii) NBu4F
([M] = Ru(dppe)2, 60%; [M] = Pt(PPh3)2, 63%); (iii) 4-
iodopyridine/Pd(PPh3)4/CuI (cat.)/NEt3 (1-Ru, 64%; 1-Pt, 30%)
or 4-iodothioanisole/Pd(PPh3)4/CuI (cat.)/NEt3 (2-Ru, 34%; 2-Pt,
17%).
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sample (Figure 3), which is consistent with a rather more tilted
arrangement of the molecule in the junction as might be
expected from the geometry of the sulfur lone pairs in the
thioether;49 this interpretation has been supported by studies of
the DFT-optimized junctions described in more detail below.
The conductance histograms constructed from 500 molec-

ular junction formation traces with characteristic plateaus are
shown in Figures 4 and 5. The peak conductance values from
these histograms together with key data are summarized in
Table 1. These conductance histograms reveal pronounced
conductance peaks at 0.4 ± 0.18 nS (1-Ru), 0.8 ± 0.5 nS (1-
Pt), 1.4 ± 0.4 nS (2-Ru), and 1.8 ± 0.6 nS (2-Pt), and within
each pair of compounds featuring the same contacting group
these values are indistinguishable. The 2−4-fold increase in
conductance values of 2-Ru and 2-Pt in comparison with 1-Ru
and 1-Pt further indicates the important role of the contacting
group in the electrical response of the junction. However, in

contrast to the thiolate-contacted molecules derived from trans-
Ru(CCC6H4SAc)2(dppm)2 (STM-BJ)34 and trans-

Table 1. Frontier Orbital Energies (eV), Experimental (exp G/G0) and Calculated (th G/G0) Conductances at EF − EF
DFT =

−0.07 eV, Experimental 95th Percentile Break-off Distance Z* (nm), Molecular Length from the DFT-Optimized Junctions L =
dr···r (nm), Where r = N or S Atoms, Bond Length between the Top Gold Atoms of Gold Electrodes and the Anchor Atoms in
the Relaxed Junctions, X (nm)

molecule EHOMO (eV) ELUMO (eV) exp G/G0 th G/G0 Z* (nm) L (nm) X (nm) contacting group (Y)

1-Ru −4.42 −1.46 4.5 × 10−6 5.4 × 10−6 3.1 2.9 0.23 4-C5H4N
1-Pt −4.69 −1.48 9.8 × 10−6 8.7 × 10−6 3.0 2.86 0.23 4-C5H4N
2-Ru −4.18 −1.07 1.8 × 10−5 1.8 × 10−5 2.4 2.65 0.245 4-C6H4SMe
2-Pt −4.40 −1.12 1.8 × 10−5 1.78 × 10−5 2.5 2.68 0.245 4-C6H4SMe

Figure 1. Plot of the molecule 1-Ru with thermal ellipsoids at 50%
probability. Solvent molecules and hydrogen atoms have been omitted
for clarity. Torsion angle C(7)−C(6)−C(11)−C(12): 145.4(2)°.
N(1)−N(1′): 28.624(3) Å.

Figure 2. Plot of the molecule 1-Pt with the thermal ellipsoids at 50%
probability. Solvent molecules and hydrogen atoms have been omitted
for clarity. Torsion angle C7−C6−C11−C15: 164.6(2)°. N(1)−
N(1′): 28.620(7) Å.

Figure 3. Plot of the molecule 2-Pt. Solvent molecules and hydrogen
atoms have been omitted, and only one component of a disordered
hexyloxy side chain is shown for clarity. Torsion angle C7−C6−C11−
C16: 165(1)°. S(1)−S(1′): 31.83(2) Å.

Figure 4. I(s) conductance histograms of 1-Ru and 1-Pt constructed
from 500 traces.

Figure 5. I(s) conductance histograms of 2-Ru and 2-Pt constructed
from 500 traces.
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Pt(CCC6H4SAc)2(PPh3)2 (MCBJ),22 the differences in
conductance as a function of the metallic moiety are negligible,
and the platinum complexes are as conductive (or resistive) as
the ruthenium analogues. The values for 1-Ru and 1-Pt, while
low, are at least 1 order of magnitude higher than that of the
“five-ring” organic compound NH4C5CC(C6H2R2C
C)3C5H4N (R = OC6H13; 10

−6.7G0, 0.015 nS) of comparable
molecular length (3 nm) (MCBJ data).35

In the quest to better understand these trends in
conductance behavior, the electronic properties of the
molecules and the electrical behavior of the junctions have
been investigated by using DFT-based methods. Initial studies
of the electronic structures of 1-Ru, 1-Pt, 2-Ru, and 2-Pt were
carried out at the B3LYP level of theory50 with a split
LANL2DZ (Ru, Pt)/6-31G** (all other atoms) basis set.51,52

Plots of the highest occupied and lowest unoccupied molecular
orbitals (HOMO and LUMO, respectively) are given in Figure

6, and an analysis of the energy and distribution of the frontier
molecular orbitals is summarized in Tables 1 and 2.
The HOMOs of the ruthenium complexes display the

familiar pattern of dπ−pπ interactions along the metal−ethynyl
axis53 and extend along the molecular backbone. The nodal
pattern of the HOMOs in the Pt complexes is similar, with a
smaller metal contribution (Figure 6). The LUMOs are also
delocalized over the molecular backbones and can largely be
described as the π* system of the diethynylarylene ligands with
little (Pt) or no (Ru) metal character. These varying metal
contributions are reflected in the relative orbital energies, with
the significant Ru contribution to the HOMO in 1-Ru and 2-
Ru resulting in these orbitals lying some ca. 0.25 eV higher in
energy than in the Pt analogues 1-Pt and 2-Pt. The largely
organic π*-based LUMOs lead to less significant differences in
LUMO energies, which differ by only 0.02−0.05 eV (Table 1).

Figure 6. Plots of the HOMO and LUMO of 1-Ru, 1-Pt, 2-Ru, and 2-Pt (isosurfaces ±0.02 (e/bohr3)1/2).
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However, these frontier orbital distributions per se do not
provide evidence relating to the mechanisms of conductance,
which is instead dominated by the alignment of the key
molecular orbitals with the Fermi level of the electrodes. As
noted by Georgiev and McGrady in computational studies of
the conductance properties of extended metal atom chain
complexes, the dominant conductance channel need not
necessarily be associated with a molecular orbital evenly
distributed along the molecular backbone; for example, a
dominant conduction channel in Cr3(dpa)4(NCS)2 (dpa =
dipyridylamide) is derived from a nonbonding combination of
metal dz2 orbitals directed along the Cr−Cr−Cr axis and
localized on the terminal chromium atoms.54

To provide further insight into the experimentally observed
trends obtained using the I(s) technique, and to better evaluate
the properties and behavior of these molecular junctions,
calculations using a combination of DFT and a nonequilibrium
Green’s function formalism were also carried out. For the
transport calculations, eight layers of (111)-oriented bulk gold
with each layer consisting of 6 × 6 atoms and a layer spacing of
0.235 nm were used to create the molecular junctions, as shown
in Figure 7 and described in detail elsewhere.55 These layers
were then further repeated to yield infinitely long current-
carrying gold electrodes. Each molecule was attached to two
(111)-directed gold electrodes; one of these electrodes was
pyramidal, representing the STM tip, while the other was a
planar slab representing the electrode formed by the idealized
Au(111) substrate in the I(s)-based molecular junction. The
molecules and first layers of gold atoms within each electrode
were then allowed to relax again, to yield the optimal junction
geometries shown in Figure 7. From these model junctions the
transmission coefficient, T(E), was calculated using the
GOLLUM code.55

It is well-known that the Fermi energy predicted by DFT is
often not reliable, and as such the room-temperature electrical
conductance G was computed for a range of Fermi energies EF;
the calculated G is plotted as a function of EF − EF

DFT in Figure
8. This multipoint fitting of the Fermi energy is a commonly
accepted procedure in DFT-based calculations in molecular
electronics.56 To determine EF, the predicted conductance
values of all molecules were compared with the experimental
values and a single common value of EF was chosen, which gave

the closest overall agreement. This yielded a surprisingly small
value of EF − EF

DFT = −0.07 eV, which has been used in all of
the theoretical results described below. Thygesen and
colleagues have discussed similar situations for C60-contacted
molecular wires and shown that critical molecular orbitals can
become pinned close to the Fermi level due to partial charge
transfer and leading to good quantitative agreement between

Table 2. Composition (%) of the HOMO and LUMO of 1-
Ru, 1-Pt, 2-Ru, and 2-Pt

1-Ru

Ru dppe CCC6H4(OC6H13)2CCC5H4N

LUMO 0 2 98
HOMO 25 3 72

1-Pt

Pt PPh3 CCC6H4(OC6H13)2CCC5H4N

LUMO 2 3 95
HOMO 6 2 92

2-Ru

Ru dppe CCC6H4(OC6H13)2CCC6H4SMe

LUMO 0 2 97
HOMO 22 3 76

2-Pt

Pt PPh3 CCC6H4(OC6H13)2CCC6H4SMe

LUMO 4 10 86
HOMO 5 1 94

Figure 7. Relaxed geometries of molecular junctions of 1-Ru, 1-Pt, 2-
Ru, and 2-Pt.

Figure 8. Plots showing selected comparisons of calculated
conductance as a function of the Fermi energy for molecular junctions
1-Ru, 1-Pt, 2-Ru, and 2-Pt. Black dashed lines show the chosen Fermi
energy (EF = −0.07 eV).
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calculated and experimentally determined conductance.57 As
shown below, the LUMO states of 1-M and 2-M (M = Ru, Pt)
tail near the Fermi level in a manner similar to that in the
Thygesen system, and partial charge transfer may also be
responsible for the good agreement observed here.
The optimized junction geometries conform well to a

description of the pyridine contacted compounds 1-Ru and 1-
Pt forming point contacts between the pyridine nitrogen atom
and the undercoordinated gold atoms of the gold electrodes. As
expected, Figure 7 shows that the methyl thioether contacted
compounds 2-Ru and 2-Pt are not oriented normal to the
idealized, flat electrode surface within the molecular junction.
Rather, they are tilted within molecular junctions to
accommodate the directionality of the lone pairs of electrons
on the sulfur atoms that bind to the gold electrodes.49,58 The
calculated molecular lengths and experimental break-off
distances are consistent with these interpretations (Table 1).
The results of the room-temperature conductance calcu-

lations are summarized in Table 1, and comparisons between
pairs of molecules according to contacting group and metal
complex fragment are illustrated in Figure 8. It is immediately
apparent that the conductance of the methyl thioether
contacted molecules 2-M is approximately 3−4 times higher
than that of the analogous pyridine contacted species 1-M, in
good agreement with the experimental trends (Figure 8, top
row, and Table 1). The greater conductance of the methyl
thioether contacted compounds 2-M likely arises from the
greater Au−S bond strength and the broadening of the LUMO
resonances arising from these interactions versus the pyridine-
contacted analogues 1-M.
More surprising is the limited influence of the metal−

phosphine fragment on the molecular conductance (Figure 8,
bottom row), which can be explained by the relative energy of
the Fermi level and the molecular LUMOs together with a
conductance mechanism based on a tunneling process through
the tails of the respective LUMO states. Although tunneling
through pyridine terminated compounds is usually attributed to
LUMO-based transport,43,59,60 the methyl thioether contact has
been shown to permit both HOMO- and LUMO-based
conductance mechanisms, depending on the nature of the
molecular backbone.61 Here it appears that the similar
conductance values obtained from both series of compounds
reflect the similar natures, energies, and compositions of the
LUMOs, which provide a conductance channel between the
electrodes. This contrasts with the recently reported single-
molecule conductance studies of trans-Ru(CCC5H4N)(LL)2
(LL = dppe, dmpe, {P(OMe)3}2) with the shorter alkynylpyr-
idine ligands, in which the ligand π* levels are likely to be much
higher in energy than the extended alkynyl-based ligands in
compounds 1-M and 2-M, and a HOMO-mediated con-
ductance channel is proposed.28

In summary, the single-molecule conductance of two pairs of
trans-bis(alkynyl) organometallic complexes based on Ru-
(dppe)2 and Pt(PPh3)2 fragments and methyl thioether and
pyridyl surface contacting groups have been studied in
molecular junctions formed by the I(s) method. Perhaps
surprisingly, the nature of the metal moiety is a less significant
point of chemical control over the electrical properties of the
junction, with Pt(PPh3)2-based complexes being essentially as
conductive (or as resistive) as the analogous Ru(dppe)2
derivatives. The conductance of these compounds is more
dependent on the position of the LUMO resonance with
respect to the Fermi level of the junction and is largely

influenced by the electrode−molecule contact. The energies
and distributions of the molecular LUMOs are qualitatively
similar in all of the compounds studied here and can be well
described as the ethynylarylene ligand π* orbitals. Given the
rather straightforward synthetic chemistry associated with the
preparation of long-chain ethynylarylene ligands, this work
opens new avenues for the design of metal complex based
molecular wires, including those based on readily available
trans-bis(alkynyl) Pt(II) complexes.

■ EXPERIMENTAL SECTION
General Conditions. All reactions were carried out in oven-dried

glassware under an oxygen-free argon atmosphere using standard
Schlenk techniques. Diisopropylamine and triethylamine were purified
by distillation from KOH; other reaction solvents were purified and
dried using an Innovative Technology SPS-400 system and degassed
before use. The compounds [RuCl(dppe)2]OTf,

62 cis-PtCl2(PPh3)2,
63

and 1,4-bis(hexyloxy)-2,5-diiodobenzene64 were prepared by literature
methods. Other reagents and intermediates were prepared by
variations on literature methods as described below or purchased
commercially and used as received.

NMR spectra were recorded in deuterated solvent solutions on
Bruker Avance 400 MHz and Varian VNMRS 700 MHz spectrometers
and referenced against residual protio solvent resonances (CHCl3,

1H
7.26 ppm and 13C 77.00 ppm; CH2Cl2,

1H 5.32 ppm and 13C 53.84
ppm). In the NMR assignment, the phenyl ring associated with the
dppe and PPh3 is denoted Ph. Ar indicates any arylene group
belonging to the alkynyl ligands.

Matrix-assisted laser desorption ionization (MALDI) mass spectra
were recorded an using Autoflex II TOF/TOF mass spectrometer with
a 337 nm laser. Infrared spectra were recorded on a Thermo 6700
spectrometer from CH2Cl2 solution in a cell fitted with CaF2 windows.

2-Iodo-5-((trimethylsilyl)ethynyl)-1,4-bis(hexyloxy)-
benzene.64 In a 250 mL Schlenk flask, a solution of 1,4-
bis(hexyloxy)-2,5-diiodobenzene (6.0 g, 11 mmol), (trimethylsilyl)-
acetylene (490 mg, 0.7 mL, 5 mmol), PdCl2(PPh3)2 (140 mg, 0.2
mmol), and CuI (38 mg, 0.2 mmol) in degassed dry Et3N (120 mL)
was stirred overnight at room temperature. The solvent was removed
and the residue purified on a silica column. Elution with hexane
allowed recovery of unreacted 1,4-bis(hexyloxy)-2,5-diiodobenzene,
followed by elution with CH2Cl2/hexane (1/9), which after
evaporation of the solvent produced a yellowish oil of the desired
monoalkyne. Yield: 1.88 g (76%). 1H NMR (400 MHz, CDCl3): δ
7.25 (s, 1H, Ar); 6.83 (s, 1H, Ar); 3.95−3.92 (td, (J = 6.4, 1.4 Hz, 4H,
−OCH2); 1.81−1.76 (m, 4H, CH2); 1.52−1.48 (m, 4H, CH2); 1.36−
1.33 (m, 8H, CH2); 0.93−0.88 (m, 6H, CH2CH3); 0.25 (s, 9H, SiMe3)
ppm.

2-((Triisopropylsilyl)ethynyl)-5-((trimethylsilyl)ethynyl)-1,4-
bis(hexyloxy)benzene.22 To a solution of 2-iodo-5-
((trimethylsilyl)ethynyl-1,4-bis(hexyloxy)benzene (1.88 g, 3.8 mmol)
in degassed Et3N (30 mL) were added (triisopropylsilyl)acetylene
(TIPSA; 638 mg, 0.78 mL, 3.5 mmol), Pd(PPh3)4 (219 mg, 0.19
mmol), and CuI (36 mg, 0.19 mmol). The reaction mixture was stirred
overnight at room temperature. The solvent was removed, and the
residue was purified by passage through a silica pad and elution by
ethyl acetate EtOAc/hexane (1/9) to give a yellow oil, which solidified
to give an off-white solid on standing. Yield: 1.30 g (60%). 1H NMR
(400 MHz, CDCl3): δ 6.88 (s, 1H, Ar); 6.87 (s, 1H, Ar); 3.97−3.91
(dt, J = 12.7, 6.4 Hz, 4H, −OCH2); 1.82−1.72 (m, 4H, CH2); 1.53−
1.43 (m, 4H, CH2); 1.35−1.30 (m, 8H, CH2); 1.13 (s, 21H, SiPri3);
0.92−0.88 (m, 6H, CH2CH3); 0.25 (s, 9H, SiMe3) ppm.

2-((Triisopropylsilyl)ethynyl)-5-ethynyl-1,4-bis(hexyloxy)-
benzene (1).22 Potassium caronate (298 mg, 2.16 mmol) was added
to a solution of 2-((triisopropylsilyl)ethynyl)-5-((trimethylsilyl)-
ethynyl)-1,4-bis(hexyloxy)benzene (1.20 g, 2.16 mmol) in THF/
MeOH (1/1) (160 mL). The solution was stirred for 2 h before
CH2Cl2 was added. The solution was washed with water and the
organic layer was collected and dried over MgSO4, before the solvent
was removed to yield an orange solid, which was used without further
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purification. Yield: 950 mg (91%). 1H NMR (700 MHz, CDCl3): δ
6.91, 6.89 (2s, 2 × 1H, Ar), 3.98 (t, J = 6.5 Hz, 2H, −OCH2); 3.92 (t, J
= 6.5 Hz, 2H, −OCH2); 3.31 (s, 1H, CCH); 1.83−1.72 (m, 4H,
CH2); 1.49−1.44 (m, 4H, CH2); 1.35−1.30 (m, 8H, CH2); 1.13 (s,
21H, SiPri3); 0.92−0.87 (m, 6H, CH2CH3) ppm.

13C{1H} NMR (101
MHz, CDCl3): δ 154.1 (O-CAr); 153.9 (O-CAr); 117.6, 117.2 (HCAr);
114.6, 112.6 (CAr); 102.7, 96.6 (C); 82.1 (H-C); 80.1 (C);
69.7, 69.3 (O-CH2); 31.7, 31.5, 29.4, 29.1, 25.8, 25.6, 22.62, 22.57
(CH2); 18.7 (H3CSiPr3); 14.1, 14.0 (CH3); 11.4 (HCSiPr3) ppm.
trans-Ru[CC{1,4-C6H2(OC6H13)2}CCSiPri3]2(dppe)2 (2).

The complex salt [RuCl(dppe)2]OTf (100 mg, 0.09 mmol) was
added to a degassed solution of CH2Cl2 (4 mL) containing 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU; 4 drops). The solution
changed from red to orange with the addition of 1 (96 mg, 0.20
mmol). The reaction mixture was stirred for 1 h at room temperature
before TlBF4 (27 mg, 0.09 mmol) was added. After 20 min, the
resulting solution had turned yellow and formed a precipitate (TlCl).
The precipitate was removed by filtration through a Millex syringe
filter (Millipore) to give an orange solution, which was reduced to the
minimum volume, whereupon methanol (5 mL) was added. A yellow
precipitate was obtained upon further concentration of the mixture.
The product was collected by filtration and dried in air to give 2 as a
bright yellow solid. Yield: 131 mg (76%). 1H NMR (400 MHz,
CDCl3): δ 7.44 (m, 16H, Pho); 7.08−7.04 (m, 8H, Php); 6.86−6.82
(m, 18H, (16H, Phm + 2H, Ar); 5.86 (s, 2H, Ar); 3.84 (t, J = 6.9 Hz,
4H, O−CH2); 3.64 (t, J = 6.4 Hz, 4H, O−CH2); 2.89 (m, 8H,
PCH2CH2P); 1.73−1.61 (m, 8H, CH2); 1.48−1.46 (m, 4H, CH2);
1.34−1.30 (m, 12H, CH2); 1.18 (bs, 50H, (42H, SiPri3 + 8H, CH2);
0.92 (t, J = 7.0 Hz, 6H, CH2CH3); 0.81 (t, J = 7.0 Hz, 6H, CH2CH3)
ppm. 31P{1H} NMR (162 MHz, CDCl3): δ 52.07 (s) ppm. 13C{1H}
NMR (101 MHz, CDCl3): δ 154.3, 152.6 (−OCAr); 137.3 (t, J = 11.4
Hz, Phi); 134.1 (Ph); 128.3 (Ph); 126.8 (Ph); 121.8 (C or CAr);
117.2, 115.2 (HCAr); 114.7, 106.5, 104.9, 93.2 (C or CAr); 68.9
(−OCH2); 68.7 (−OCH2); 31.74 (P-CH2) overlapping with CH2;
31.69, 29.6, 27.5, 25.9, 25.8, 22.7, 22.6 (CH2); 18.8 (H3CSiPr3); 14.1
(CH3); 14.0 (CH3); 11.5 (HCSiPr3) ppm. IR (CH2Cl2): ν(CCSiPri3)
2138 (m); ν(RuCC) 2050 (s) cm−1. MS+ (MALDI-TOF; m/z):
898.1 [Ru(dppe)2]

+; 1861.9 [M]+. HR-ESI+-MS: m/z calcd for
C114H146O4P4

96RuSi2 1856.8895; found 1856.8856.
trans-Ru[CC-{1,4-C6H2(OC6H13)2}CCH]2(dppe)2 (3). Tetra-

n-butylammonium fluoride (TBAF; 1.0 M in tetrahydrofuran; 0.24
mL, 0.24 mmol) was added to a solution of 2 (180 mg, 0.1 mmol) in
THF (15 mL). The solution was stirred overnight at room
temperature. The resulting mixture was dried and purified on neutral
alumina with CH2Cl2/hexane (50/45) as eluent with 5% Et3N to give
a yellow solid (100 mg, 0.06 mmol, 60%). Crystals suitable for X-ray
diffraction were grown by slow diffusion of MeOH into a CH2Cl2
solution of 3 containing 5% Et3N.

1H NMR (400 MHz, CDCl3): δ
7.45−7.43 (m, 16H, Pho); 7.09−7.05 (m, 8H, Php); 6.89 (s, 2H, Ar);
6.87−6.83 (m, 16H, Phm); 5.83 (s, 2H, Ar); 3.86 (t, J = 7.0 Hz, 4H,
O−CH2); 3.67 (t, J = 7.0 Hz, 4H, O-CH2); 3.31 (s, 2H, CCH);
2.93−2.89 (m, 8H, PCH2CH2P); 1.75−1.64 (m, 8H, CH2); 1.43−1.41
(m, 4H, CH2); 1.36−1.30 (m, 12H, CH2); 1.23−1.20 (m, 8H, CH2);
0.92 (t, J = 7.0 Hz, 6H, CH2CH3); 0.82 (t, J = 7.0 Hz, 6H, CH2CH3)
ppm. 31P NMR {1H} NMR (162 MHz, CDCl3): δ 51.85 (s) ppm.
13C{1H} NMR (101 MHz, CDCl3): δ 154.0, 152.6 (−OCAr); 137.2 (t,
J = 15.5 Hz, Phi); 134.1 (Ph); 128.4 (Ph); 126.9 (Ph); 122.3 (C or
CAr); 117.7, 115.3 (HCAr); 114.5, 104.9 (C or CAr); 81.7 (H-C);
80.0 (C); 69.0 (−OCH2); 68.9 (−OCH2); 31.6 (P-CH2) over-
lapping with CH2; 31.5, 30.1, 29.5, 29.3, 25.8, 25.6, 22.64, 22.58
(CH2); 14.05 (CH3); 14.02 (CH3) ppm (one quaternary 13C was
not detected). MS+(MALDI-TOF; m/z): 898.0 [Ru(dppe)2], 1548.4
[M]+. IR (CH2Cl2): ν(CH) 3301 (m); ν(RuCC) 2049 (s) cm−1.
HR-ESI+-MS: m/z calcd for C96H106O4P4Ru 1548.6113; found
1548.6082.
trans-Ru[CC-{1,4-C6H2(OC6H13)2}CCC5H4N]2(dppe)2 (1-

Ru). Compound 3 (120 mg, 0.077 mmol), 4-iodopyridine (39 mg,
0.192 mmol), Pd(PPh3)4 (4.6 mg, 0.004 mmol), and CuI (0.8 mg,
0.004 mmol) were added to a degassed solution of NHiPr2 (10 mL).
The yellow solution was heated at 80 °C for 20 h, during which time

the solution turned orange with a precipitate developing. The
precipitate was removed by filtration, and the solid was washed with
methanol to remove ammonium salts, giving a yellow powder. Yield:
85 mg (64%). Crystals suitable for X-ray diffraction were grown by
slow diffusion of MeOH into a CH2Cl2 solution of 1-Ru containing
5% Et3N.

1H NMR (400 MHz, CD2Cl2): δ 8.57 (d, J = 5.2 Hz, 4H,
C6H4N); 7.52−7.40 (m, 16H, Pho); 7.37 (d, J = 5.2 Hz, 4H, C6H4N);
7.13−7.11 (m, 8H, Php); 6.95 (s, 2H, Ar); 6.90−6.87 (m, 16H, Phm);
5.84 (s, 2H, Ar); 3.93 (t, J = 6.5 Hz, 4H, −OCH2); 3.68 (t, J = 7.2 Hz,
4H, O-CH2); 2.96−2.93 (m, 8H, PCH2CH2P); 1.79−1.74 (m, 8H,
CH2); 1.52−1.50 (m, 4H, CH2); 1.38−1.36 (m, 12H, CH2); 1.26−
1.23 (m, 8H, CH2); 0.94−0.92 (pseudo-t, 6H, CH2CH3); 0.84−0.82
(pseudo-t, 6H, CH2CH3) ppm.

31P{1H} NMR (162 MHz, CD2Cl2): δ
51.7 (s) ppm. 13C{1H} NMR (101 MHz, CD2Cl2): δ 154.3, 153.3
(-OCAr); 150.1 (HCC5H4N); 137.7 (t, J = 10.9 Hz, Phi); 134.5 (Ph);
132.6 (CC5H4N); 128.9 (Ph); 127.3 (Ph); 125.4 (HCC5H4N); 123.3
(C or CAr); 117.9, 114.9 (HCAr); 105.3 (C or CAr); 93.2, 90.7
(C); 69.4, 69.3 (O-CH2); 32.1 (P-CH2); 32.0, 29.5, 29.4, 25.8, 22.7,
22.6 (CH2); 13.9 (CH3); 13.8 (CH3) the other quaternary

13C were
not detected. IR (CH2Cl2): ν(CCC5H4N) 2208 (m); ν(RuCC)
2044 (s) cm−1. MS+ (MALDI-TOF; m/z): 898.0, [Ru(dppe)2]

+;
1702.6, [M]+. HR-ESI+-MS: m/z calcd for C106H112N2O4P4

96Ru
1697.6682; found 1697.6688. Anal. Calcd for C106H112N2O4P4Ru: C,
74.76; H, 6.63; N, 1.64. Found: C, 74.66; H, 6.72; N, 1.70. Crystal data
for 1-Ru: C106H112N2O4P4Ru, Mr = 1524.70, triclinic, space group P1̅,
a = 12.3676(7) Å, b = 12.9676(7) Å, c = 13.9333(8) Å, α =
83.888(2)°, β = 83.489(2)°, γ = 80.585(2)°, U = 2181.4(2) Å3, F(000)
= 898.0, Z = 1, Dc = 1.296 mg m−3, μ = 0.309 mm−1; 47816 reflections
collected yielding 12134 unique data (Rint = 0.0244). Final wR2(F2) =
0.0952 for all data (531 refined parameters), conventional R1(F) =
0.0356 for 11015 reflections with I ≥ 2σ, GOF = 1.065.

trans-Pt[CC{1,4-C6H2(OC6H13)2}CCSiPri3]2(PPh3)2 (5). A
mixture of 1 (250 mg, 0.52 mmol) and CuI (4 mg) was added to a
solution of cis-PtCl2(PPh3)2 (200 mg, 0.26 mmol) in dry and degassed
diethylamine (NHEt2; 20 mL). The orange reaction mixture was
heated to 100 °C for 2 h. The solvent was removed, and the remaining
residue was purified on a silica column with CH2Cl2 as eluent. The
resulting product was obtained as an amorphous orange solid. Yield:
320 mg (81%). 1H NMR (400 MHz, CDCl3): δ 7.82−7.77 (m, 12H,
Ph); 7.31−7.24 (m, 18H, Ph); 6.63 (s, 2H, Ar); 5.71 (s, 2H, Ar); 3.60
(t, J = 6.5 Hz, 4H, O-CH2); 3.49 (t, J = 6.8 Hz, 4H, O-CH2); 1.71−
1.63 (m, 4H, CH2); 1.46−1.39 (m, 4H, CH2); 1.32−1.27 (m, 24H,
CH2); 1.10 (s, 42H, SiPr

i
3); 0.91 (t, J = 7.0 Hz, 6H, CH2CH3); 0.86 (t,

J = 7.0 Hz, 6H, CH2CH3) ppm.
31P{1H} NMR (162 MHz, CDCl3): δ

17.43 (s, JP−Pt = 2654.12 Hz) ppm. 13C{1H} NMR (101 MHz,
CDCl3): δ 154.1 (−OCAr); 152.2 (−OCAr); 135.3 (t, J = 6.0 Hz, Pho);
131.3 (t, J = 29.3 Hz, Phi); 130.1 (Php); 127.6 (t, J = 5.4 Hz, Phm);
120.9 (C or CAr); 118.9, 116.6 (HCAr); 109.1, 104.0, 93.8 (C or
CAr); 70.0, 68.9 (O-CH2); 31.7, 31.6, 29.5, 29.2, 25.9, 25.5, 22.7, 22.6
(CH2); 18.7 (H3CSiPr3); 14.1 (CH3) (one visible); 11.4 (HCSiPr3) ppm,
the other quaternary 13C were not detected. IR (CH2Cl2): ν(C
CSiPri3) 2145 (m); ν(PtCC) 2103 (m) cm−1. MS+ (MALDI-TOF;
m/z): 1682.5, [M]+. HR-ESI+-MS: m/z calcd for C98H128O4P2

194PtSi2
1682.8558; found 1682.8484.

trans-Pt[CC{1,4-C6H2(OC6H13)2}CCH]2(PPh3)2 (6). A solu-
tion of TBAF (1.0 M in THF; 0.38 mL, 0.38 mmol) was added to a
solution of 5 (150 mg, 0.096 mmol) in THF (25 mL). The reaction
mixture was stirred for 24 h at room temperature. The solvent was
removed, the residue was redissolved in CH2Cl2, and this solution was
washed with water, ammonium chloride (NH4Cl, aqueous), and brine.
The organic phase was dried (MgSO4) and the solvent removed to
give an amorphous yellow solid. The solid was purified on a short silica
pad, with 5% NEt3 in CH2Cl2 as eluent, and compound 6 was obtained
by precipitation in CH2Cl2/MeOH. Yield: 130 mg (63%). 1H NMR
(400 MHz, CDCl3): δ 7.83−7.78 (m, 12H, Ph); 7.32−7.25 (m, 18H,
Ph); 6.65 (s, 2H, Ar); 5.74 (s, 2H, Ar); 3.64 (t, J = 7.0 Hz, 4H, O-
CH2); 3.48 (t, J = 7.0 Hz, 4H, O-CH2); 3.19 (s, 2H, CCH); 1.73−
1.66 (m, 4H, CH2); 1.44−1.40 (m, 4H, CH2); 1.34−1.13 (m, 24H,
CH2); 0.91 (t, J = 6.3 Hz, 6H, CH2CH3); 0.86 (t, J = 6.3 Hz, 6H,
CH2CH3).

31P{1H} NMR (162 MHz, CDCl3): δ 17.61 (s, JP−Pt = 2648
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Hz) ppm. 13C{1H} NMR (101 MHz, CDCl3): δ 153.9, 152.3
(−OCAr); 135.2 (t, J = 6.2 Hz, Pho); 131.2 (t, J = 29.3 Hz, Phi); 130.1
(Php); 127.6 (t, J = 5.4 Hz, Phm); 121.3 (CAr or C); 119.4 (t, J =
15.1 Hz, Cα); 118.7, 116.9 (HCAr); 110.2, 107.6 (CAr or C); 80.9
(H-C); 80.4 (C); 69.9, 69.2 (O-CH2); 31.6, 29.2, 29.1, 25.6, 25.4,
22.61, 22.56 (CH2); 14.1, 14.0 (CH3) ppm. IR (CH2Cl2): ν(C−H)
3300 (w); ν(PtCC) 2098 (m) cm−1. MS+ (MALDI-TOF; m/z):
719.4 [Pt(PPh3)2]

+, 1371.1, [M]+. HR-ESI+-MS: m/z calcd for
C80H88O4P2

194Pt 1369.5863; found 1369.5836.
trans-Pt[CC{1,4-C6H2(OC6H13)2}CCC5H4N]2(PPh3)2 (1-Pt).

Compound 6 (90 mg, 0.064 mmol), 4-iodopyridine (30 mg, 0.15
mmol), Pd(PPh3)4 (4 mg, 0.003 mmol), and CuI (0.8 mg, 0.004
mmol) were placed in a Schlenk flask charged with degassed Et3N (10
mL), and the reaction mixture was heated for 2 h at 100 °C. The
solvent was removed from the yellow solution and the residue purified
by column chromatography on silica with CH2Cl2/hexane/Et3N (8.5/
1.5/0.5) as eluent to give a yellow solid. The solid was dissolved in the
minimum amount of CH2Cl2, and MeOH (5 mL) was added.
Concentration of the solution caused the desired 1-Pt to precipitate.
Yield: 30 mg (30%). Crystals suitable for X-ray diffraction were grown
by slow diffusion of MeOH into a CH2Cl2 solution of 1-Pt containing
5% NEt3.

1H NMR (400 MHz, CDCl3): δ 8.54 (pseudo-d, 4H,
C5H4N), 7.83−7.81 (m, 12H, Ph), 7.33−7.26 (m, 22H, (18H, Ph +
4H, C5H4N), 6.69 (s, 2H, Ar), 5.78 (s, 2H, Ar), 3.68 (pseudo-t, 4H, O-
CH2), 3.53 (pseudo-t, 4H, O-CH2), 1.76−1.72 (m, 4H, CH2), 1.50−
1.47 (m, 4H, CH2), 1.38−1.16 (m, 24H, CH2), 0.92−0.85 (m, 12H,
CH2CH3) ppm.

31P{1H} NMR (162 MHz, CDCl3): δ 17.67 (s, JP−Pt =
2643.5 Hz) ppm. 13C{1H} NMR (101 MHz, CDCl3): δ 153.8, 152.5
(−OCAr), 149.5 (HCC5H4N), 135.2 (t, J = 6.2 Hz)) (Pho), 131.2 (t, J =
29.1 Hz)) (Phi), 130.1 (Php), 127.6 (t, J = 5.4 Hz)) (Ph), 125.3
(HCC5H4N), 117.9, 116.9 (HCAr), 107.6 (C or CAr), 92.0, 90.5, 69.9,
69.2 (C) other quaternary 13C were not seen, 31.60, 31.57, 29.3,
29.1, 25.7, 25.4, 22.65, 22.56 (CH2), 14.1, 14.0 (CH3) ppm. IR
(CH2Cl2): 2112 (m) ν(CCC5H4N); 2102 (s) ν(PtCC) cm−1.
MS+ (MALDI-TOF; m/z): 1524.5 [M]+. HR-ESI+-MS: m/z calcd for
C90H95N2O4P2

194Pt 1523.6394; found 1523.6362. Anal. Calcd for
C90H94N2O4P2Pt: C, 70.89; H, 6.21; N, 1.84. Found: C, 70.72; H,
6.13; N, 1.93. Crystal data for 1-Pt: C90H94N2O4P2Pt, Mr = 1702.93,
triclinic, space group P1̅, a = 9.5706(4) Å, b = 13.1673(6) Å, c =
16.6608(9) Å, α = 71.273(5)°, β = 86.786(4)°, γ = 71.249(4)°, U =
1880.3(2) Å3, F(000) = 788.0, Z = 1, Dc = 1.347 mg m−3, μ = 1.962
mm−1; 17913 reflections collected yielding 8632 unique data (Rint =
0.0719). Final wR2(F2) = 0.1048 for all data (450 refined parameters),
conventional R1(F) = 0.0535 for 7746 reflections with I ≥ 2σ, GOF =
1.007.
trans-Ru[CC{1,4-C6H2(OC6H13)2}CC(4-C5H4SMe)]2(dppe)2

(2-Ru). Compound 3 (40 mg, 0.026 mmol), 4-iodothioanisole (13 mg,
0.052 mmol), Pd(PPh3)4 (1.5 mg, 0.001 mmol), and CuI (0.2 mg,
0.001 mmol) were added to a degassed solution of NHiPr2 (5 mL).
The yellow solution was heated at 80 °C for 24 h, and the precipitate
was removed by filtration. The crude solid was purified on a neutral
alumina column with CH2Cl2/5% NEt3 as eluent to give a yellow
powder after removing the solvent. Yield: 15 mg (34%). 1H NMR
(700 MHz, CD2Cl2): δ 7.45−7.43 (m, 20H, Ph (16H) + C6H4SMe
(4H)), 7.23 (d, J = 7.8 Hz, 4H, C6H4SMe), 7.10 (t, J = 7.4 Hz, 8H,
Ph), 6.92 (s, 2H, Ar), 6.88 (t, J = 7.6 Hz, 16H, Ph), 5.85 (s, 2H, Ar),
3.92 (t, J = 6.9 Hz, 4H, OCH2), 3.68 (t, J = 6.4 Hz, 4H, OCH2), 2.93
(s, 6H, C6H4SMe), 1.78−1.69 (m, 8H, CH2), 1.38−1.35 (m, 12H,
CH2), 1.26−1.20 (m, 12H, CH2), 0.96−0.89 (t, J = 6.6 Hz, 6H,
CH2CH3), 0.82 (t, J = 6.9 Hz, 6H, CH3).

31P{1H} NMR (162 MHz,
CDCl3): δ 51.8 (s) ppm.

13C{1H} NMR (700 MHz, CDCl3): δ 153.9,
153.3 (O-CAr), 139.1, 137.8 (S-CAr), 134.5 (Ph), 131.8
(HCC6H4SMe), 128.9 (Ph), 127.3, 126.3 (Ph), 122.2, 120.9 (CAr),
118.1, 114.8 (HCAr), 106.7, 92.8, 88.2 (C), 69.41, 69.36 (OCH2),
32.09, 32.07, 30.0, 29.9, 26.2, 23.1, 23.0 (CH2), 15.7 (SCH3), 14.3,
14.2 (CH3). MS+ (MALDI-TOF; m/z): 898.1 [Ru(dppe)2]

+, 1793.3
[M + H]+. IR (CH2Cl2): 2055s ν(Ru−CC) cm−1. HR-ESI+-MS:
calcd for C110H118O4P4RuS2 1792.6495; found 1792.6510.
trans-Pt[CC{1,4-C6H2(OC6H13)2}CC(4-C5H4SMe)]2(PPh3)2

(2-Pt). Compound 6 (90 mg, 0.064 mmol), 4-iodothioanisole (37.5

mg, 0.15 mmol), Pd(PPh3)4 (4 mg, 0.003 mmol), and CuI (1 mg)
were placed in a Schlenk flask charged with degassed HNiPr2 (8 mL),
and the reaction mixture was heated for 2 h at 100 °C. The yellow
solution was evaporated to dryness, and the residue was purified on a
silica column with CH2Cl2/hexane (1/1 v/v) followed by pure CH2Cl2
as eluent to give yellow crystals. Yield: 17 mg, 17%. X-ray-quality
crystals were grown by slow diffusion of methanol into a solution of
the complex in 95/5 CH2Cl2/NEt3 (v/v). 1H NMR (600 MHz,
CDCl3): δ 7.84−7.81 (m, 12H, Ph), 7.38 (d, J = 9.1 Hz, 4H,
C6H4SMe), 7.33−7.27 (m, 18H, Ph), 7.17 (d, J = 9.1 Hz, 4H,
C6H4SMe), 6.68 (s, 2H, Ar), 5.77 (s, 2H, Ar), 3.78 (t, J = 6.5 Hz, 4H,
O-CH2), 3.54 (t, J = 6.9 Hz, 4H, OCH2), 2.48 (s, 6H, SCH3), 1.76−
1.71 (m, 4H, CH2), 1.51−1.47 (m, 4H, CH2), 1.36−1.27 (m, 16H,
CH2), 1.21−1.14 (m, 8H, CH2), 0.91−0.86 (m, 12H, CH2CH3) ppm.
31P{1H} NMR (162 MHz, CDCl3): δ 17.6 (s, JP−Pt = 2653.1 Hz) ppm.
13C{1H} NMR (101 MHz, CDCl3): δ 153.3, 152.5 (OCAr), 138.4 (S-
CAr), 135.3 (t, J = 6.2 Hz, Ph), 131.6 (HCC6H4SMe), 131.3 (t, J =
29.2 Hz, Ph), 130.1 (Ph), 127.6 (t, J = 5.5 Hz, Ph), 125.9
(HCC6H4SMe), 120.7, 120.5 (CAr), 117.7, 117.2 (HCAr), 109.1,
92.9, 86.9 (C), 69.8, 69.2 (OCH2), 31.64, 31.58, 29.4, 29.1, 25.8,
25.5, 22.7, 22.6 (CH2), 15.5 (SCH3), 14.12, 14.08 (CH3) ppm. MS+
(MALDI-TOF; m/z): 719.4 [Pt(PPh3)2]

+, 1614.3 [M + H]+. IR
(CH2Cl2): ν(Pt−CC) 2104 (s) cm−1. HR-(ESI+)-MS: calcd for
C94H100O4P2PtS2Na 1637.6107; found 1637.6124. Crystal data for 2-
Pt: C94H100O4P2PtS2, Mr = 1614.89, monoclinic, space group P2/n, a
= 22.659(10) Å, b = 9.469(4) Å, c = 22.765(10) Å, β = 118.005(5)°, U
= 4313(3) Å3, F(000) = 1672.0, Z = 2, Dc = 1.622 mg m−3, μ = 1.244
mm−1, crystal size 0.01 × 0.01 × 0.001 mm3; 42922 reflections
collected yielding 8352 unique data (Rint = 0.2997). Final wR2(F2) =
0.2517 for all data (371 refined parameters), conventional R1(F) =
0.0949 for 4614 reflections with I ≥ 2σ, GOF = 1.024.

Single-Molecule Conductance Measurements. Gold-on-glass
substrates (Arrandee, Schröer, Germany) were cleaned with acetone
and flame-annealed with a butane torch until a slight orange hue was
obtained. The slide was kept in this state for 20 s, during which time
the torch was kept in motion around the sample to avoid overheating.
This procedure was performed three times to generate flat Au (111)
terraces.65 The freshly annealed substrates were immersed in a 10−4 M
mesitylene solution of the complex under investigation for 1 min, after
which time the gold sample was removed and washed with ethanol and
then dried under an argon flow. The short immersion time and low
concentration of solution were chosen to promote low molecular
coverage of the gold surface, which increases the formation of single-
molecule events over aggregate phenomena.

Conductance values of the compounds and the break-off distances
were obtained with an STM (Agilent 5500 SPM microscope), using
the I(s) technique, in which an electrochemically etched gold tip is
approached close to the substrate surface and then retracted with the
tunneling current (I) recorded against distance (s).48 The Agilent 5500
SPM was fitted with a low-current preamplifier, and set point
conditions of I = 30 nA and bias voltage Utip = 0.6 V were employed.
The I(s) method involves repeatedly moving the STM tip toward the
gold surface to given set-point values and then rapidly away from the
surface. During these cycles molecular junctions are occasionally
formed, which can be recognized by deviations from the usual
exponential decay of current in the form of current plateaus. In this
case as the junction is stretched beyond its maximum length, the
molecular bridge breaks, leading to a sharp decrease in current and
current steps. Hence, these junction formation and cleavage processes
are recognized by plateaus and steps in the current-distance currents.
Since the I(s) technique is a “non-contact” method (no metallic
contact between the gold STM tip and gold surface), the molecular
junction formation probability, as recognized by the plateau-step
traces, is significantly smaller than for break junction techniques. The
I(s) tip retraction cycles were repeated many times (normally 4000−
5000 traces) in order to record sufficient traces where molecular
junctions form, called molecular junction formation scans, as opposed
to most traces for which no junction forms. Molecular junction
formation scans are recognized by recording only traces which exhibit
a plateau longer than 1 Å, present in about 15% of all traces for both
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anchor groups. The resulting I(s) curves are binned in current steps
(16 pS) and plotted to give a conductance histogram comprised of at
least 500 I(s) scans showing plateaus. The error associated with each
current value reported has been statistically obtained from the
standard deviation of the points comprising the conductance peak.
Single-Crystal X-ray Crystallography. The X-ray single-crystal

data for 1-Ru have been collected using λ(Mo Kα) radiation (λ =
0.71073 Å) on a Bruker D8Venture diffractometer (Photon100
CMOS detector, IμS-microsource, focusing mirrors) and for a crystal
of 1-Pt on an Agilent XCalibur diffractometer (Sapphire-3 CCD
detector, fine-focus sealed tube, graphite monochromator) equipped
with a Cryostream (Oxford Cryosystems) open-flow nitrogen cryostat
at 120.0(2) K. The data for the extremely small and weakly diffracting
crystal of 2-Pt were collected at 100.0(2) K on a Rigaku Saturn 724+
diffractometer at station I19 of the Diamond Light Source (UK)
synchrotron (undulator, λ = 0.6889 Å, ω scan, 1.0°/frame) and
processed using Bruker APEXII software. All structures were solved by
direct methods and refined by full-matrix least squares on F2 for all
data using Olex266 and SHELXTL67 software. All nondisordered non-
hydrogen atoms were refined anisotropically; the hydrogen atoms
were placed in calculated positions and refined in riding mode.
Disordered atoms in the structure of 2-Pt were refined isotropically
with fixed SOF = 0.6 and 0.4. The structure of 2-Pt also contains
severely disordered solvent molecules (probably DCM) which could
not be reliably identified and modeled properly. Their contribution to
the structural factors was taken into account by applying MASK
procedure of Olex2 program package. Crystallographic data for the
structures have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publications CCDC 1483157−
1483159.
Theoretical Methods. Gas-phase optimizations were performed

with the Gaussian 09 program package,68 using the B3LYP
functional50 and LANL2DZ basis set on Ru and Pt51 and 6-31G**
on all other atoms.52 Results were further analyzed using the
GaussSum package.69

The DFT-Landauer approach used in the modeling of molecular
junctions assumes that, on the time scale taken by an electron to
traverse the molecule, inelastic scattering is negligible. This is known
to be an accurate assumption for molecules up to several nanometers
in length.57 All molecules in this work have been relaxed in isolation.
Geometry optimizations were carried out using the DFT code
SIESTA, with a generalized gradient approximation (PBE func-
tional),70 double-ζ polarized basis set, 0.01 eV/A force tolerance, and a
real-space grid with a plane wave cutoff energy of 250 Ry, zero bias
voltage, and 1 k points.
To compute the electrical conductance, the molecules were then

placed in the vicinity of the metal|molecule|metal junctions. Each
molecule has been attached to two (111)-directed gold electrodes; one
of these electrodes is pyramidal, while the other is a planar electrode.
Then the molecules and the first layer of electrodes were allowed to
relax again, yielding the optimal junction geometries as shown in
Figure 7. These layers were then used to extend the gold electrodes to
infinity. For each structure, the transmission coefficient T(E)
describing the propagation of electrons of energy E from the left to
the right electrode was calculated by first obtaining the corresponding
Hamiltonian and overlap matrices using SIESTA and then using the
GOLLUM code to compute T(E) via the relation T(E) = Tr{ΓR(E)
GR(E) ΓL(E) GR†(E)}; in this expression, ΓL,R(E) = i(∑L,R(E) −
∑L,R

†(E)) describes the level broadening due to the coupling between
left (L) and right (R) electrodes and the central scattering region,
∑L,R(E) is the retarded self-energy associated with this coupling, and
GR = (ES − H − ∑L − ∑R)

−1 is the retarded Green’s function, where
H is the Hamiltonian and S is the overlap matrix (both of them
obtained from SIESTA). Finally the room-temperature electrical
conductance G was computed from the formula

∫= −
∞

−∞ ⎛
⎝⎜

⎞
⎠⎟G G E T E

f E
E

d ( )
d ( )

d0

where f(E) = [eβ(E−EF) + 1]−1 is the Fermi function, β = 1/kBT, EF is
the Fermi energy and G0 = (2e2/h) is the quantum of conductance.
Since the quantity −(df(E)/dE) is a probability distribution peaking at
E = EF, with a width of the order kBT, the above expression shows that
G/G0 is obtained by averaging T(E) over an energy range of order kBT
in the vicinity of E = EF. It is well-known that the Fermi energy EF

DFT

predicted by DFT is not usually reliable, and therefore plots are shown
of G/G0 as a function of EF − EF

DFT. To determine EF, we compared
the predicted values of all molecules with the experimental values and
chose a single common value of EF which gave the closest overall
agreement. This yielded a value of EF − EF

DFT = −0.07 eV, which is
used in all theoretical results.
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■ NOTE ADDED AFTER ASAP PUBLICATION
In the version of this paper published on August 3, 2016, STM
conductance data were inadvertently left out of the Supporting
Information for this paper. In the version that appears on the
web as of August 25, 2016, these data are given in the
Supporting Information.
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A B S T R A C T

Diazonium grafted oligo(phenylene ethynylene) (OPE) monolayers suitable for single molecule
conductance studies have been prepared. The surface-bound OPE is prepared from the amino tolan,
4-(2-(4-(2-(triisopropylsilyl)ethynyl)phenyl)ethynyl)benzamine, which is converted to the diazonium
derivative in situ, and subsequently attached to a gold substrate using conventional cathodic
electrochemical grafting. Multilayer formation is avoided by the presence of the bulky triisopropylsilyl
(TIPS) protected ethynyl group. After removal of the TIPS group by treatment with fluoride, the film, now
bearing exposed terminal acetylene moieties, is further functionalised by reaction with 1-iodo-4-
acetylthiobenzene using Sonogashira coupling chemistry, to create sites bearing a strongly aurophilic
top-contacting group. The success of these surface reactions is confirmed using Raman spectroscopy
(gap-mode and SHINERS, employing gold nanoparticles and SiO2 coated gold nanoparticles,
respectively). It is shown that such thiolate-modified, diazonium-grafted monolayers are suitable for
STM-based molecular junction conductance measurements.
ã 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. INTRODUCTION

The field of molecular electronics has attracted a great deal of
interest over the past two decades, driven by the development of
methods for reliably characterising the electrical properties of
molecules within large area planar and even single molecule
junctions. As well as the basic conductance and current-voltage
characteristics, topics of on-going research include molecular
rectification, conductance switching, electrochemical gating,
negative differential resistance, transistor-like behaviour and
thermoelectric properties. However, obtaining reliable contacting
of molecules within the electrical junctions remains an overriding
theme that can impact significantly on all of these phenomena.
Gold has featured as by far the most common material for making
electrical contacts to molecules. This is due to (i) its lack of surface
oxide under standard ambient conditions, (ii) favourable electrical
properties of gold and (ii) the ease of preparation of electrode

structures that take the form, for instance, of atomically flat
surfaces and STM tips, nano-fabricated contacts or mechanically
controlled and STM-based break junctions. However, equally
importantly, there is also an extensive variety of versatile
chemistry for forming gold-molecule contacts. Chemisorbed
anchor groups have featured most prominently with key examples
including thiol, thiomethyl ether, pyridyl, amine, dimethyl
phosphine and carboxylate functional groups [1–5]. An attractive
alternative to these has been the direct “grafting” of molecules to
metal (M) electrodes through the formation of metal-carbon (M-C)
linkages, with the expectation that such coupling would increase
the electrical transmission of such junctions, which can be a
limiting feature in junction conductance.

Direct Au-C anchoring has been achieved through the
spontaneous in-situ cleavage of trimethyltin terminal groups on
molecular junction targets [6]. In this way, simple polymethylene
or aromatic molecular bridges could be linked by gold contacts
within an STM break junction configuration [6]. In a related
approach, fluoride-induced cleavage of trimethylsilyl (TMS)
protecting groups from alkyne groups has also been shown to* Corresponding authors.
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promote the in-situ formation of Au-C-linked molecular junctions
[7]. Direct Au-C bonds are strong [8], and such junctions have
produced junction conductance values up to 100 times greater
than those with more conventional anchoring groups such as thiols
[6]. Another popular method for achieving direct M-C linkage of
adsorbates to metal, semiconductor or carbon electrodes involves
diazonium chemistry. Surface attachment can be achieved by in-
situ electrochemical reduction of diazonium-terminated molecular
targets, which graft to the cathodically polarised electrode through
the resulting radical intermediate (Ar-N2

+ + e!! Ar" + N2(g)). This
approach was pioneered by Pinson and co-workers in 1992 for the
direct attachment of aryl groups to carbon electrodes [9]. Such
attachment methodologies based on electrografting of diazonium
derivatives have found wide application in electrochemistry and
beyond, including, for example, the formation of molecular films
for surface functionalisation and polymer growth, electron transfer
studies, solubilisation of carbon nanotubes, corrosion protection,
surfaces for the immobilisation of nanoparticles, bio- and chemo-
sensing systems and surfaces with chemically controlled wetta-
bility (see [10] and references therein). Diazonium grafting has also
been used for forming carbon-aryl-metal [11–13] and silicon-
molecule junctions [14,15] for planar molecular electronics
junctions and also in commercial electronic applications [16].
Electrochemical scanning tunnelling spectroscopy has been used
to investigate charge transport through redox-active molecules
bound to the surface through direct Au-C linkage achieved through
diazonium chemistry [17]. More recently, single molecule junc-
tions have been formed through the electrochemical reduction of
molecules with diazonium termini at both ends [8]. Although these
Au-C-anchored molecular junctions did not have appreciably
higher conductance than equivalent junctions anchored with
amine termini, they did exhibit greater stability and could be
stretched to greater lengths in STM-tip retraction experiments [8].

It is well recognised that diazonium compounds have potential
for grafting onto a wide variety of contacts for molecular
electronics [11–16], however without protection of the starting
diazonium salts multilayers can form, and oligomer chains with a
complex stoichiometry are likely to result. Grafting of well-defined
monolayers would then be difficult to achieve for either
applications in large area molecular electronics or for single
molecule measurements. Defined stoichiometry is of course
necessary for a robust understanding of the transport properties
of metal-carbon junctions. This well-known issue with diazonium
grafting arises because of the high reactivity of the electro-
generated radicals, which then show a propensity to react with
existing surface-grafted materials [10,18,19]. The use of sterically-
hindered diazonium salts [20] or protection-deprotection chemis-
try [21] has proven to be effective in suppressing multilayer
formation in the electrografting of aryldiazonium salts. Notably
Leroux et al. have employed aryldiazonium salts with protecting
groups at the other terminus (trimethylsilyl, triethylsilyl, and
triisopropylsilyl were evaluated) in their grafting to carbon
substrates [21]. The size of the protecting-head group controlled
the spacing of the electrochemically grafted molecules and, once
the protecting group was removed, an ethynylaryl monolayer was
revealed which could be subsequently functionalised using “click
chemistry” [22]. Other protecting group chemistry, for instance
tert-butyloxycarbonyl (BOC) protection of amine termini [23], have
also been employed in diazonium grafting. The triisopropylsilyl
(TIPS) protecting group has also been examined previously to make
large-area molecular junctions [24].

In this study, diazonium grafting to gold substrates, accompa-
nied by protection-deprotection chemistry, has been deployed in
the fabrication of metal-molecule-metal junctions for single
molecule electronics. Such junctions were linked to the gold
electrode through a direct Au-C bond, while the attachment at the

other molecular terminus was through a conventional thiol link to
the gold STM probe tip. In this way, the thiol link to the gold STM tip
could be repeatedly made, broken and remade in STM evaluation of
the molecular junction conductance. Cyclic voltammetry and
Raman spectroscopy has also been used to characterise the
formation of the molecular layers.

2. EXPERIMENTAL DETAILS

2.1. General synthetic details

NMR spectra were recorded in deuterated solvent solutions on a
Varian VNMRS-600 spectrometer and referenced against solvent
resonances (1H, 13C). MS(ASAP) data were recorded on a Xevo QTOF
(Waters) high resolution, accurate mass tandem mass spectrome-
ter equipped with Atmospheric Pressure Gas Chromatography
(APGC) and Atmospheric Solids Analysis Probe (ASAP). NMR
spectra are shown on the supporting information. Microanalyses
were performed by Elemental Analysis Service, London Metropol-
itan University, UK. Analytical grades of solvents were used. ((4-
Bromo phenyl)ethynyl)triisopropylsilane [25] and 4-ethynylani-
line [26] were synthesised according to literature methods. All
other chemicals were sourced from standard suppliers.

2.1.1. Synthesis of 4-(2-(4-(2-(triisopropylsilyl)ethynyl)phenyl)
ethynyl)benzamine (1)

((4-Bromophenyl)ethynyl)triisopropylsilane (2.00 g, 5.95 mmol)
and 4-ethynylaniline (0.70 g, 6.00 mmol) were added to a round
bottom flask that was degassed and filled with dry THF (50 mL) and
Et3N (10 mL). The solutionwas degassed by three freeze-pump-thaw
cycles before the addition of CuI (0.11 g, 0.59 mmol) and PdCl2(PPh3)2
(0.41 g, 0.59 mmol). The solution was heated to reflux for 16 hours
under nitrogen, and the solvent was then removed in vacuo. The
remaining solid was dissolved in hexane and filtered, the filtrate was
eluted on a silica column with CH2Cl2:hexane (1:1), collecting the
yellow band. The solvent was removed to give a yellow oil. Yield:
1.57 g (71%).1H NMR (CD2Cl2)d: 7.45 (s, 4H), 7.34 (d, J = 8 Hz, 2H), 6.65
(d, J = 8 Hz, 2H), 3.94 (s, 2H),1.14 ppm (s, 21H, assigned to unresolved
multiplet from the TIPS group hydrogens).13C NMR (CD2Cl2) d: 147.3,
132.9,131.8,130.9,123.9,122.5,114.5,106.7, 92.4, 92.2,18.4,11.3 ppm.
MS(ASAP): m/z 373.220 [M]+, 374.213 [M + H]+. Anal. Calc. For
C25H31NSi: C, 80.37; H, 8.36; N, 3.75%. Found: C, 80.27; H, 8.16; N,
3.85%.

Compound 1 used to form Layer-1 (see Scheme 1).

2.1.2. Synthesis of S-(4-iodophenyl)ethanethioate)
A solution of 1,4-diiodobenzene (1.65 g, 5 mmol) in dry toluene

(40 mL) was degassed by bubbling Ar through for 30 minutes in a
Schlenk flask. CuI (95 mg, 0.5 mmol), KSAc (0.685 g, 6 mmol) and
1,10-phenanthroline (180 mg, 0.1 mmol) were added while keeping
the flask in a gentle stream of dry argon and the resulting
suspension was stirred for 24 h at 100 #C, after which time the
colour changed to deep brown. Upon cooling, 50 mL of H2O was
added and the organic layer was separated. The aqueous layer was
extracted with CH2Cl2 (2 $ 25 mL), the combined organics washed
with brine and dried over MgSO4. The solvent was removed to yield
a red crude product that was purified by flash column chromatog-
raphy on silica (20% CH2Cl2 in hexanes as eluent) to give the title
compound as a pale yellow solid (0.581 g, 42%). 1H NMR (400 MHz,
CDCl3) d = 7.65 (d, J = 8.3 Hz, 2H, Ph), 7.03 (d, J = 8.5 Hz, 2H, Ph), 2.32
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(s, 3H, CH3). 13C NMR (100 MHz, CDCl3) d = 193.2,138.3,135.9,127.6,
95.9, 30.3. m/z (HRMS, CI, NH3) 295.9609 [M + NH4]+, C8H11NIOS
calc. 284.9606.

2.2. Surface Functionalisation

2.2.1. Layer-1 preparation
The formation of Layer-1 by cathodic electrografting is

described in the Results and Discussion section (see Scheme 1
and accompanying text).

2.2.2. Layer-1 Desilylation
A gold slide with the electrografted Layer-1 was immersed in

5 mL 1.0 M TBAF in THF solution under Ar atmosphere, and
sonicated for 10 minutes at room temperature. The sample was
then rinsed with copious ethanol and acetone, and used in the
following step.

2.2.3. General procedure for Sonogashira surface functionalisation to
form Layer-2

The desilylated Layer-1 on Au was put in a solution of bis
(acetonitrile)dichloropalladium(II) (0.013 g, 0.05 mmol), triphenyl-
phosphine (0.039 g, 0.15 mmol), cuprous iodide (CuI, 0.005 g,
0.026 mmol) and S-(4-iodophenyl)ethanethioate (0.139 g,
0.5 mmol) in 20 mL of redistilled and degassed diisopropylamine
and sonicated for 1 h under argon, over which time the
temperature increased to 45 !C. The sample was then rinsed with
copious ethanol and acetone, and used in the STM and Raman
characterisation.

Using this surface functionalisation scheme it is possible that
the S-(4-iodophenyl)ethanethioate might react directly with the
bare gold surface if the base layer was pin-holed or poorly packed,
but the data (for instance the cyclic voltammograms with
ferrocyanide shown in Fig. 2) show this not to be the case. Even
in the eventuality of small pinholes and even if the reagent were to
in-fill the ‘deprotected’ monolayer it would be unable to react
further in the Sonogashira reaction and would be buried too deeply
to interact with the gold nanoparticles.

For the STM imaging of Layer-2 it was immersed into a dilute Au
NPs solution overnight, and then thoroughly rinsed and dried in a
nitrogen flow, before being imaged with STM.

2.3. STM Conductance Measurements

Measurements of single molecule conductance were performed
using the I(s) method (where I = current and s = distance) which has
been described in detail previously [27]. In brief, the gold STM tip is
taken to high tip-substrate current values (e.g. 30 nA) so that the
STM tip approaches close to the metal surface. From this position of
close approach the STM tip was then rapidly retracted 2 nm with a
scan duration of 10 ms. This process of approaching close to the
substrate and then rapidly retracting is repeated many times and
the resulting I(s) scans which show successful metal-molecule-
metal junction formation are recorded and analysed. These
junction formation traces are collected together in histograms to
determine the most probable conductance value of a single
molecule at a given bias voltage (U).

All the STM experiments and molecular conductance determi-
nations were performed with a ‘Molecular Imaging’ (Keysight)
STM. STM tips were prepared by cutting a f0.25 mm gold wire
(Goldfellow, 99.99%) for each experiment. The molecules were
used as received from Sigma-Aldrich (reagent grade) and the
synthesis and characterization of 1 is as described in Section 2.1.1.
Commercial gold on glass plates (from Arrandee1) were used for
all measurements. These samples were used as the working
electrode for diazonium grafting by connecting with a gold wire.
After flame annealing they were immediately immersed in an
electrochemical cell with 5 mM compound 1 + 5 mM NaNO2 + 10
mM HClO4 + 0.1 M TBAB in acetonitrile solution and surface
functionalisation was achieved as described in the “Results and
Discussion” section.

2.4. Raman spectroscopy

We employed SHINERS in Au(111)|Molecular Layer|Au@SiO2-NP
sandwich structures. The 55 nm Au NPs obtained by a citrate
reduction method were further coated with a pinhole-free thin
silica film (thickness 2–3 nm) prepared as described in the
literature [28]. Gap-mode Raman spectroscopy is also used to
characterise the monolayers with the aid of gold nanoparticles not
coated with a SiO2 shell. Some differences in spectra between gap-
mode Raman and SHINERS, such as band shifts, may be expected

Scheme 1. Cathodic electrochemical grafting of compound 1 (left) to form Layer-1 (right).
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since the former case employs “bare” gold nanoparticles while the
latter uses SiO2 capped nanoparticles.

Raman measurements were performed with a HR800 confocal
Raman spectrometer (Horiba JY, France). The excitation wave-
length was 632.8 nm from a He–Ne laser. A 50-times magnification
long-working-distance (8 mm) objective was used to focus the
laser on the sample surface and to collect the scattered light in a
backscattering geometry. A laser power of 0.15 mW was used for
recording conventional Raman spectra of 1 and also gap-mode
Raman experiments, while a power of 1.5 mW was used for
SHINERS measurements. In all cases spectra were acquired over a
10 second period and the resolution used in spectra acquisition was
ca. 3 cm!1.

3. RESULTS AND DISCUSSION

Scheme 1 shows the initial stage of the surface grafting. The
gold samples were flame-annealed and immediately immersed in
an electrochemical cell containing compound 1 (5 mM), NaNO2

(5 mM) and aq. HClO4 (70%, 50 mL) in a solution of tetra-n-
butylammonium bromide (TBAB, 0.1 M) in acetonitrile. Cathodic
electrochemical grafting was achieved by running a cyclic
voltammogram (CV) at 50 mV/s between 0.6 and !0.7 V (vs.
SCE). Fig. 1 shows the first and second CV cycles during the
electrografting progress, with the current falling dramatically after
the first cathodic cycle indicating rapid passivation of the electrode
surface and signifying grafting of the surface layer. The significant
cathodic current starting at !0.5 V is also observed in our other
studies of diazonium grafting, and we attribute this to the
reduction of water. The reduction wave between 0.2 and !0.4 V
is mostly likely to arise from the reduction of oxygen dissolved in
solution. Obviously, for these reactions to appear in the second
cycles, the oxygen as well as H2O molecules have to be penetrate
the molecular layer, even if the layer can prohibit the redox
reactions of large ferrocyanide molecules in the electrolyte (see
later).

After grafting, the Layer-1 functionalized samples were
thoroughly washed by ultrasonication in ethanol, dried under a
nitrogen flow and then transferred into a sealed flask. Cyclic
voltammetry can be used as an effective method for assessing the
barrier properties of diazonium-grafted organic monolayers on
surfaces [29]. Cyclic voltammograms in aqueous potassium
ferrocyanide were used to ascertain the formation of a blocked
monolayer and these are shown in Fig. 2. A clear voltammetric
wave is seen on the bare gold electrode and this is totally

suppressed on the electrografted surface. The peak-to-peak
separation on the bare gold electrode in these experiments was
found to be larger than expected, and surface preparation-
dependent. Similar observations for this particular couple on
graphite electrodes have been made previously, and attributed to
an inner sphere-type mechanism operating, in contrast to other
familiar anionic couples such as [IrCl6]3!/2! [30–32].

Layer-1 features a terminal triisopropylsilyl (TIPS) protecting
group that needs to be removed prior to the introduction of a
suitable group for forming robust metal-molecule-metal electrical
junctions. The deprotection is achieved by treatment of the
modified electrodes with tetra-n-butylammonium fluoride (TBAF)
in THF (Scheme 2). In a subsequent step, the Sonogashira reaction
was used to introduce a benzenethiolate terminus to the
monolayer (protected as the thioacetate) and it was these modified
monolayers (Layer-2) that were used for the formation of metal-
molecule-metal junctions in the subsequently-described STM
conductance measurements.

It has been shown that thioacetate groups can bind to gold in
ambient conditions with spontaneous deprotection [33]. With this
in mind, the modified thioacetate terminated surfaces of Layer-2
have been exposed to solutions of "20 nm diameter gold nano-
particles. STM images (Fig. 3) show the decoration of such surfaces
with gold nanoparticles. Such a partial surface coverage with gold
nanoparticles is beneficial for the gap-mode Raman characterisa-
tion (see below), which would have been more difficult to interpret
for densely packed or multilayer gold nanoparticle coverage.

Molecular characterisation of the surface functionalisation
steps was achieved with Raman spectroscopy. Fig. 4 shows a
cartoon illustration of the gap-mode and SHINERS (shell-isolated
nanoparticle-enhanced Raman spectroscopy) methods used. The
gap-mode method relies on the adsorption of gold nanoparticles
directly onto the top of the monolayer under investigation, while
SHINERS [34–36] employs gold nanoparticles coated with a thin
SiO2 shell. Control experiments were also undertaken for the gold
nanoparticles on a clean gold substrate. Gap-mode Raman uses
bare Au NPs, which can induce charge transport between the NPs
and target molecules, which may also shift the frequency or
intensity, giving a strong Raman signal as for surface enhanced
Raman spectroscopy (SERS). SHINERS uses “insulated” NPs, which
are not expected to promote charge transport between the NP and
the molecules. Consequently, the SHINERS spectrum is weaker
than comparable gap-mode Raman spectra, however the SHINERS
signal can be simpler and clearer to interpret. For these reasons we
use both techniques.

Fig. 1. Cyclic voltammograms for the grafting of diazonium salts of 1 onto the gold
surface at a scan rate of 50 mV/s in an acetonitrile solution containing 5 mM
1 + 5 mM NaNO2+ 10 mM aq. HClO4 + 0.1 M TBAB. TBAB served as the supporting
electrolyte, a platinum mesh as the counter electrode, and SCE as the reference
electrode.

Fig. 2. Cyclic voltammograms of a Au(111) electrode in 1 mM K4Fe(CN)6 + 0.1 M KCl
before (red line) and after (black line) electrografting, scan rate at 50 mV/s.
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Fig. 5 shows normal Raman spectra of 1 and gap-mode Raman
spectra of Layer-1 and Layer-2, alongside a control experiment for
the gold nanoparticles adsorbed on a blank gold substrate. Key
spectral bands are summarized in Table 1. Layer-1 shows spectral
bands that agree well with those of pure compound 1. Importantly
Layer-1 features in addition a band at !400 cm"1 which
corresponds to the Au-carbon bond stretch of the surface-attached
compound. [37,38] Layer-2, on the other hand, features additional
bands associated with the terminal thioacetate moiety, confirming
success of the Sonogashira post-grafting step. SHINER spectra
further confirm the success of the surface molecular functional-
isation reactions, with new spectral bands apparent after addition
of the thioacetate moiety (Fig. 6 and Table 2). Band assignments
follow those that given in references [39–41].

Layer-2 was used for single molecule electrical measurements
recorded with an STM. The metal-molecule contacts here are the
direct Au-C bond formed at the substrate and the thiol group at the
other terminus. Note that Au-S covalent binding has been shown to
spontaneously occur for thioacetate termini upon contact with
gold even without the use of base [33]. The so-called I(s) method
has been used to generate molecular junctions and measure their
conductance [27]. In this method the gold STM tip is lowered into
the molecular layer, to high values of set-point current (I0). The
STM tip is then rapidly retracted and current decay (I) as a function
of tip retraction distance (s) is recorded. A proportion of these
retraction events lead to the formation of gold-molecule-gold
junctions and these are recognised as plateaus in the I(s) traces
characteristic of current flow through intact molecular bridges

[27]. As the junction is extended the plateaus rapidly decay as the
molecular junction is cleaved. This presumably occurs at the Au
(STM tip)-S interface, as the gold-thiol chemisorption bond will be
weaker than the Au-C linkage at the substrate. In this respect we
note that gold-thiol bonds have been quoted by Pensa et al. as
having bond energies of 40–50 kcal mol"1 (1.7–2.2 eV) [42]. On the
other hand Cheng et al. [6] find that the energy required to rupture
the Au–C bond in Au-(CH2)6-Au molecular single junctions (bound
to a single gold atom as a model of the electrode) is 3.0 eV. This
highlights the strength of the Au-C bond.

Many plateau containing I(s) traces are represented in histo-
grams of all-current points, with the histogram peak taken as the
single molecule conductance. A histogram of such junctions
formed from Layer-2 is shown in Fig. 7. A clear peak is seen at 3.0
nS. Examples of individual I(s) traces and break-off distance
analysis is given in the supporting information. By comparison
with the 3 nS conductance recorded here, a similar OPE molecular
wire with three phenylene rings (1,4-bis[4-(acetylsulphanyl)
phenylethynyl]-2,6-dimethoxybenzene), which differs by having
thiol groups at both termini and two solubilising methoxy
substituents on the central phenyl ring, showed a conductance
of slightly less than 2 nS with gold contacts [43]. Comparable
amine terminated OPE analogues with three phenylene rings also
give comparable conductance values centred around 2.5 nS, but
with broad conductance histogram distributions [44]. These
comparisons show that the single Au-C anchoring in Layer-1 does
not give appreciably higher junction transmission when compared
to similar length OPE analogues with either thiol or amine
anchoring groups. The influence of contacting groups on molecular

Scheme 2. Desilylation chemistry and Sonogashira coupling chemistry to synthesise Layer-2.

Fig. 3. An STM image of Layer-2 decorated with 20 nm gold nanoparticles.

Fig. 4. (a) Schematic diagram of gap-mode SERS (Au(111)/Molecular layer/Au NP)
and (b) SHINERS (Au(111)/Molecular layer/Au@SiO2 NP) on the Sonogashira-
modified surfaces. Colour code: blue line = Au-C surface contact, red circle = thiol or
thioacetate molecular headgroup, grey shell = SiO2 coating of SHINERS particle and
pink rectangle = molecular backbone (with and without headgroup).
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junction conductance has been a popular topic of investigation in
single molecule electronics [2,45,46]. In general, contact chemistry
that alters electronic coupling between molecular bridges and
their contacts, and/or alters energy spacing between the contact
Fermi energies and the HOMO or LUMO frontier orbitals may be
expected to impact on the conductance. The similar conductance
we report here between the Au-C terminated Layer-1 and similar
length OPE analogues with either thiol or amine anchoring groups
may be related to Layer-1 possessing a non-symmetrical

contacting with Au-C at one end and Au-S at the other. Indeed,
in agreement with our current observation, Hines et al. have found
that gold-biphenyl-gold molecular junctions with direct Au-C
bonding formed by in-situ diazonium grafting do not give
appreciably higher conductance than analogous junctions with
amine surface contacts [8], although the former junctions were
found to be significantly more stable. Nevertheless, this recognised
high stability of diazonium grafted monolayers would be expected
to confer advantages to the metal-molecule junctions compared to
the more fluxional contacts formed by amines or thiols [8].

4. CONCLUSIONS

In summary, diazonium grafted oligo(phenylene ethynylene)
(OPE) monolayers have been prepared from an amine terminated
molecular wire using cathodic electrochemical grafting and
protecting group chemistry to avoid multilayer formation.

Fig. 5. Gap-mode Raman spectra of Layer-1, Layer-2 on gold substrates and a control spectrum of gold nanoparticles on a blank gold substrate. The upper curve is a normal
Raman spectrum of 1.

Table 1
Summary of key Raman spectral bands of compound 1 and in gap-mode spectra of Layer-1 and Layer-2. Band assignments follows those given in references [39–41]. Also see
the supporting information for assignment of the 481 cm!1 band.

Mode/cm!1 1 Layer-1 Layer-2

v(CRC) 2211
2155

2214
2148

2214
2148

Benzene ring stretching 1600 1592 1597
1560

¼C!!NH2 stretching 1226
Ring modes 1180

1137
1180
1137

1180
1139

Ring modes 1078
1058

S!!C!!O bending mode of terminal thioacetate (see supporting information). 481
v(Au!!C) 404 402

Fig. 6. SHINERS spectra of Layer-1 and Layer-2 on gold substrates and a control
spectrum of gold nanoparticles on blank gold substrates. The upper curve is a
normal Raman spectrum of 1.

Table 2
Summary of key Raman spectral bands of compound 1 and in SHINERS spectra of
Layer-1 and Layer-2. Band assignments follow those given in references [39–41].

Band/cm!1 1 Layer-1 Layer-2

v(CRC) 2211
2155

2216
2157

2214

Benzene ring stretching 1600 1600 1600
1561

¼C!!NH2 stretch 1226
Ring modes 1180

1137
1182
1140

1178
1139

Ring modes 1077
1056
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Following monolayer electrografting deprotection is achieved by
desilylation chemistry and then Sonogashira coupling chemistry is
used to append a phenyl-thioacetate terminal group to the
monolayer. The success of these surface reactions is confirmed
using Raman spectroscopy (gap-mode and SHINERS). It is shown
that such monolayers are suitable for STM based molecular
junction conductance measurements.
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& Ruthenium Complexes

Rational Control of Conformational Distributions and Mixed-
Valence Characteristics in Diruthenium Complexes
Josef B. G. Gluyas,[a] Simon G¸ckel,[b] Martin Kaupp,*[b] and Paul J. Low*[a]

Abstract: The electronic characteristics of mixed-valence
complexes are often inferred from the shape of the inter-va-
lence charge transfer (IVCT) band, which usually falls in the
near infrared (NIR) region, and relationships derived from
Marcus-Hush theory. These analyses typically assume one
single, dominant molecular conformation. The NIR spectra of
the prototypical delocalised (Class III Robin–Day mixed-va-
lence) complexes [{Ru(pp)Cp’}2(m-C⌘CˇC⌘C)]+ ([1]+ : Cp’ =
Cp, pp = (PPh3)2; [2]+ : Cp’ = Cp, pp = dppe; [3]+ : Cp’ = Cp*,
pp = dppe) feature a ‘two-band’ pattern, which complicates
band-shape analysis using these traditional methods. In the
past, the appearance of sub-bands within or near the IVCT
transition has been attributed to vibronic effects or localised
d-d transitions. Quantum-chemical modelling of a series of
rotational conformers of [1]+–[3]+ reveals the two compo-
nents that contribute to the NIR absorption band envelope
to be a p-p* transition and an MLCT transition. The MLCT
components only gain appreciable intensity when the orien-
tation of the half-sandwich ruthenium ligand spheres devi-

ates from idealised cis (W P̌ Ru Řu P̌ = 08) or trans (W P̌
Ru Řu P̌ = 1808) conformations. The increased steric
demand of the supporting ligands, together with some un-
derlying inter-phosphine ligand T-shaped CH···p stacking in-
teractions across the series [1]+ to [2]+ to [3]+ results in
local minima biased towards such non-idealised conforma-
tions of the metal-ligand fragments (W P̌ Ru Řǔ P = 33–
1538). Experimentally, this is indicated by appearance of mul-
tiple bands within the IR ñ(C⌘C) band envelopes and in-
creasing intensity of the higher-energy MLCT transition(s)
relative to the p-p* transition across the series, and the ap-
pearance of a pronounced ‘two-band’ pattern in the experi-
mental NIR absorption envelopes. These conformational ef-
fects and the methods of analysis presented here, which
combine analysis of IR and NIR spectra with quantum-chemi-
cal calculations on a range of energetically similar conforma-
tional minima, are expected to be quite general for mixed-
valence systems.

Introduction

The electronic properties of compounds containing an un-
paired electron distributed between a pair of electrophores, E,
connected by some conjugated organic bridge has attracted
attention for several decades. Such compounds are often de-
scribed as mixed-valence compounds, E-bridge-E⌃ C. However,
this description of formal mixed valency is widely used to en-
compass molecules in which: i) there is genuine localisation of
the unpaired electron on one electrophore without interaction
with the second (Class I mixed-valence in the Robin and Day
scheme); ii) there is a degree of electronic coupling between
the electrophores and partial localization of the unpaired elec-
tron (Class II mixed-valence) ; iii) the coupling between the elec-

trophores is so strong that they lose their independent identity
(thus each electrophore formally has an equal fractional or
averaged charge and it can be debated if these should be de-
scribed as having mixed or averaged valency). Degrees of com-
plexity may be added to these generic descriptions when the
bridge is also capable of supporting the localisation of the
charge. Some of those systems may be better described in
terms of genuinely delocalised electronic states rather than
from the viewpoint of strongly electronically coupled sites.

The characteristics of the ‘inter-valence charge transfer’
(IVCT) electronic absorption band of such compounds are com-
monly used to infer the degree of electronic coupling between
the electrophores within the framework of Marcus–Hush
theory, and its variations. Many clear-cut examples of mixed-
valence compounds exhibiting IVCT bands that correspond
beautifully with the theoretical models are known; for exam-
ple, a series of bis(triarylamine)-based systems in which a pro-
gression from partial localisation to delocalisation is achieved
by bridge modification has been described by Lambert and
Nçll.[1] However, it is becoming increasingly apparent that
a very large number, and probably the majority, of genuine or
purported mixed-valence compounds display more convoluted
near infrared (NIR) spectra, with band envelopes comprising
multiple, overlapping bands which can have a distinct elec-
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tronic origin. The identification of the ‘genuine’ IVCT transition
within these band envelopes, and thus application of band-
shape analysis methods and interpretation from a Marcus–
Hush model, is decidedly non-trivial.[2] For example, vibronic
progressions can clearly be seen in the spectra of some purely
organic systems,[3] whereas spectra of metal-based mixed-va-
lence complexes can also feature overlapping IVCT and local-
ised d-d transitions,[4] an effect which becomes increasingly im-
portant for heavy-metal complexes with large spin-orbit cou-
pling constants.[5] Coupling of IVCT with MLCT and LMCT transi-
tions also leads to profound changes in the appearance of the
spectroscopic envelopes, especially for systems near the local-
ised-delocalised boundary.[6] More recently, the distribution of
molecular conformations and in turn distributions in metal(d)-
bridge(p) overlaps and metal-metal coupling has begun to be
explored as a further factor in the appearance of NIR band
shapes in organic and organometallic ‘mixed-valence’ sys-
tems;[7–16] the concept is gaining increased attention.[9, 17–22] In
seeking to probe these conformational effects in mixed-va-
lence compounds in more detail, we have turned our attention
to a family of complexes featuring the simple pseudo-1D
bridge buta-1,3-diyndiyl.[23, 24]

Metal complexes of buta-1,3-diyndiyl ligands were first ex-
plored in detail during the 1970s as part of the seminal work
from the Hagihara group on metal-containing polyyne poly-
mers.[25] Further important synthetic work was reported by the
Wong team in 1990,[26] and augmented by photoelectron spec-
troscopy and early computational studies of electronic struc-
ture.[27] Following Lapinte’s pioneering investigations of the
more electron-rich compound [{Fe(dppe)Cp*}2(m-C⌘CˇC⌘C)]
[dppe = 1,2-bis(diphenylphosphino)ethane, Cp = cyclopenta-
dienyl] and investigations of the corresponding radical cation
in the mid 1990s,[28] many metal-capped butadiynyl chains of
the form [{MLn}2(m-C⌘CˇC⌘C)] were produced and the elec-
tronic properties of their radical cations [{MLn}2(m-C⌘CˇC⌘C)]+ C

investigated; prominent examples of such investigations arise
from complexes of Fe,[28–31] Ru,[7, 32–34] Os,[35] Mo[36] and Re.[37, 38]

Quantum chemical modeling of [{Ru(PPh3)2Cp}2(m-C⌘Cˇ
C⌘C)]+ C ([1]+) has revealed that a range of rotational conform-
ers are populated in solution. These conformers have different
spectral properties, giving rise to an NIR band envelope com-
prising two transitions [p-p* and metal-ligand charge transfer
(MLCT)] , which do not match the simple model for a highly de-
localised system.[7] When the two metal-ligand spheres are
linked together in order to restrict their relative rotational ori-
entations, as in the complex [{RuCp}2(m-C⌘CˇC⌘C)(m-
Ph2P(CH2)5PPh2)2]+ C ([4]+), only a single (p-p*) transition is pres-
ent, both in the experimental spectrum and the computational
model. The shape of the experimental NIR absorption band
observed for this constrained complex [4]+ matches well with
the predictions of the Marcus–Hush model.[7] To further dem-
onstrate the influence of the steric and electronic nature of the
half-sandwich ligand environment on the spectra of butadiyn-
yl-bridged metal radical cations, the ruthenium butadiynyl radi-
cal cations [1]+–[3]+ (Scheme 1), which vary in the steric and
electronic character of their ligand spheres, have now been in-
vestigated using a range of spectroscopic and computational

methods. Throughout this work, the application of a general
method of computational characterisation of metal complexes
M-bridge-M+ C, which includes the concept of rotational isomer-
ism, is described.

Results and Discussion

The neutral complexes 1–3 were synthesised according to ex-
isting procedures,[7, 34, 39] and their spectroscopic properties
were entirely in agreement with that given in the literature.
The oxidised species [1]+–[3]+ were generated in an OTTLE
cell[40] (as solutions in CH2Cl2/0.1 m nBu4NPF6), and their UV/Vis-
NIR and IR spectra recorded in situ. The focus of this investiga-
tion rests on the monocations [1]+–[3]+ and the discussion
will be confined to these species. An video illustrating the
spectroelectrochemical generation of [1]n + (n = 0–1) during
a potential sweep at 10 mVsˇ1 is given in the Supporting Infor-
mation. As no harmonised contemporaneous UV/Vis-NIR and
IR data set for [1]n +–[3]n + (n = 0–3) exists, the spectra of the
higher oxidised species n = 2, 3 were also recorded (Figur-
es S10–S15 in the Supporting Information).

The IR spectra of the neutral complexes 1–3 contain evi-
dence of a number of conformational isomers in solution. The
solid-state (Nujol mull) spectra of crystalline samples of cis-
1 and trans-1 are distinct, giving rise to ñ(C⌘C) bands at
1970 cmˇ1 for cis, and at 1990 and 1976 cmˇ1 for trans.[41] In
the case of the neutral species 1–3, a number of unresolved
ñ(C⌘C) bands are apparent in the solution spectra, which give
rise to shoulders on the main band and are consistent with

Scheme 1. Ruthenium butadiynyl radical cation complexes.
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the presence of multiple conformers (Figure 1). In contrast, the
related rotationally restricted complex [{RuCp}2(m-C⌘CˇC⌘C)(m-
Ph2P(CH2)5PPh2)2] (4) displays a single, sharp and symmetric
Lorentzian shaped ñ(C⌘C) band (Figure 5, Figure S16 in the
Supporting Information),[7] and supports this interpretation. Al-
though it is not as well-resolved, the ñ(C⌘C) bands of the
monocations [1]+–[3]+ are also noticeably asymmetric, again
in contrast with the symmetric band envelope of [4]+ (Table 1
and Figure S17).

Multiple bands are also apparent in the NIR spectra of [1]+

–[3]+ (Figure 2), and modifying the ancillary ligand sphere at
ruthenium from [Ru(PPh3)2Cp] ([1]+) to [Ru(dppe)Cp] ([2]+) to

[Ru(dppe)Cp*] ([3]+) (Cp* = pentamethylcyclopentadienyl) has
a dramatic result on the appearance of the band envelope. In
the least sterically demanding least electron-rich case ([1]+),
the major feature is due to a p-p* transition between the b-
HOMO-1 and the b-SOMO, both of which are delocalised over
the Ru-C4-Ru chain. This major feature occurs in all rotational
orientations of the metal-ligand spheres and is close to the
idealised ‘IVCT’ (or charge resonance) band expected of a Class
III mixed-valence complex.[33] The minor shoulder arises from
an MLCT transition between the b-HOMO-3, which has more
metal content, and the b-SOMO. The transition responsible for
this feature only gains appreciable intensity when the half-
sandwich metal fragments are oriented such that the cyclo-
pentadiene ligands are approximately perpendicular to one an-
other (W P Řu Řǔ P = 1128,[7] see Figure 3 for the definition
of W). As the steric bulk and electron density of the ruthenium
ligand sphere is increased the entire band envelope is red-
shifted by 700–800 cmˇ1 and the high energy shoulder gains
intensity relative to the major peak. This effect is most appar-
ent in the case of [3]+ (Figure 2). This suggests that the steric
and electronic changes to the half-sandwich ligand spheres are
biasing the relative conformations of the half-sandwich frag-
ments towards more approximately perpendicular orientations.

Figure 1. A comparison of the alkyne IR signals of [1]–[3] (this work) and the
related rotationally constrained compound [4][7] recorded in dichlorome-
thane. The gray lines show the peak centres and full-width half-heights of
the features. Note the differences in symmetry of the peaks.

Table 1. Apparent ñ(C⌘C) band maxima for [1]n +–[3]n + recorded spec-
troelectrochemically in dichloromethane/0.1 m nBu4NPF6.

Compound IR CH2Cl2/nBu4NPF6 [cmˇ1]

1 1969
1+ 1855
12 + 1766
13 + 1626
2 1971
2+ 1859
22 + 1772
23 + 1633
3 1977(sh)

1961
3+ 1859
32 + 1770
33 + 1628 Figure 2. NIR spectra of [1]+–[3]+ (top to bottom) recorded spectroelectro-

chemically in dichloromethane/0.1 m nBu4NPF6.

Chem. Eur. J. 2016, 22, 16138 – 16146 www.chemeurj.org ⌫ 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim16140

Full Paper

http://www.chemeurj.org


To test this hypothesis, a computational procedure initially
used to investigate the electronic and spectral properties of
[1]+ has been extended to [2]+ and [3]+ . Thus, a relaxed scan
in which partial structure optimisations were carried out with
a fixed P̌ Ru Řu P̌ dihedral angle in 108 steps (0W1808)
was performed. In contrast to our previous studies on similar
systems,[7, 8] this investigation took into account dispersion in-
teraction effects using Grimme’s DFT-D3 protocol.[43] This re-
sulted in the identification of a total of six local minima for
each of [2]+ and [3]+ (see Figures S2–S3 in the Supporting In-
formation). These minima obtained in the relaxed scans were
confirmed in each case by full optimisations giving structures
with dihedral angles W = 338, 518, 988, 1278, 1508 and 1748 for
[2]++ , and W = 368, 518, 698, 1068, 1328 and 1538 for [3]++ . Con-
sidering the previous study on [1]+ was carried out without
a model for dispersion interactions, and to maintain consisten-
cy of the dataset, the structures of the three local minima of
[1]+ were re-optimised without constraints under the same
computational conditions used for [2]+ and [3]+ . This resulted
in slight changes to the values of W in the optimised struc-
tures, but no change in the overall trend or in the conclusions
from those drawn previously. No further rotational conformers
of [1]+ were detected computationally. Dispersion interactions
between the two ligand spheres is thus of little importance in
the [Ru(PPh3)2Cp]-capped buta-1,3-diyndiyl complex [1]+ .
Table 2 shows the data obtained following full, unconstrained
optimisations of the local minima identified in the relaxed
scan.

The value of W for the lowest- and highest-energy local min-
imum structures of each complex varies significantly across the
series [1]+–[3]+ . Comparison of the conformational minima of
the three cations indicates that only in the case of [1]++ is
a trans-like minimum energetically competitive with a cis-like
structure, and for [1]+ the entire relaxed scan fits into an

energy window below 13 kJ molˇ1 (Figure S1 in the Supporting
Information). Alternative arrangements with W above 9088
become less competitive for [2]++ and [3]++ , and the overall
conformational energy profile becomes somewhat steeper (up
to 25–30 kJ molˇ1) when viewed relative to the lowest-lying
minima at smaller W (Table 2, Figures S2 and S3). For [3]++ ,
a minimum with W very close to 18088 is absent. The number
of low-lying minima with W below 7088 increases from one for
[1]++ to two for [2]++ and three for [3]++ . These changes in the
conformational profile are not only related to the steric bulk of
the ancillary cyclopentadienyl and phosphine ligands at the
metal centres, but are also influenced by dispersion interac-
tions. Figures S2 and S3 summarise the energy values for the
different dihedral angles obtained after subtraction of the DFT-
D3 dispersion corrections. It is clear that dispersion destabilises
structures where W is large versus those where W is low, or
rather stabilises the lower-W structures.

Closer inspection reveals that the conformers in which W=
33, 988 for [2]+ and W= 36, 1058 for [3]+ exhibit a T-shaped
quadrupolar CH···p interaction (distance 2.80 ä) between the
aromatic rings of the dppe ligands on the two half-sandwich
moieties (Figure 4). Similar interactions are recognisable in the
herringbone packing pattern of crystalline benzene (centre of
mass separation 4.95–5.00 ä),[44, 45] and this is known as the
most stable conformation of the benzene dimer (due to dis-
persion and quadrupole/quadrupole interactions).[46] At the
level of theory used in this study (BLYP35-D3/def2-SVP, gas
phase), the T-shaped benzene dimer has a centre of mass sep-
aration of 4.96 ä, which is comparable to the distances ob-
served in the optimised structures of [2]+ and [3]+ (4.73–
4.95 ä). Similarly, the conformers in which W= 518 ([2]+) and
W= 51, 698 ([3]+) appear to exhibit stabilising interactions be-
tween the ethyl moiety in one dppe and the phenyl moieties
of the other. Here, the centre of mass separations of 3.93–
4.13 ä fall in between those observed for benzene-ethane co-
crystals (centre of mass separation 4.71 ä)[45] and those calcu-
lated for a benzene-ethane heterodimer (BLYP35-D3/def2-SVP,
gas phase, centre of mass separation 3.77 ä). The extent of sta-
bilisation due to dispersion interactions is demonstrated by
subtraction of the dispersion contribution from the total
energy of the system in the relaxed scans (Figures S1–S3 in the
Supporting Information).

Figure 3. The rotational angle W is defined as the torsion angle of P̌ Ruˇ
RuˇP along the C⌘CˇC⌘C bridge, and illustrated in this Newman projec-
tion[42] as P1 Řu Řu’̌ P1’ (or P2̌ Rǔ Ru’̌ P2’).

Table 2. Optimised structures with their P̌ RuˇRuˇP torsional angles (W)
and conformational energies (kJ molˇ1) relative to the lowest energy con-
former for [1]+–[3]+ .

[1]+ [a] [1]+ [b] [2]+ [b] [3]+ [b]

W [8] DE W [8] DE W [8] DE W [8] DE

27 1.6 35 0.7 33 0.0 36 2.1
51 2.6 51 0.0

69 4.6
112 7.5 113 6.3 98 21.0 105 20.2

127 24.7 132 16.4
150 22.6 153 13.8

180 0.0 174 0.0 174 23.3

[a] BLYP35/def2-SVP/COSMO, data from ref. [7] . [b] BLYP35-D3/def2-SVP/
COSMO.
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The formation of these close intramolecular interactions be-
tween the ligand spheres of the half-sandwich moieties ex-
plains the trends in relative energy, stabilising certain rotamers
of [2]++ and [3]++ . This leads to the population of a greater
number of structures that deviate significantly from an ideal
cis (W= 088) or trans (W = 18088) geometry. In addition, these in-
teractions between the separate half-sandwich ruthenium-
ligand spheres result in slight deformations of the
C⌘CˇC⌘C bridge from linearity, which is most prevalent in the
conformers of [3]+ . Along with the concept of conformational
isomerism, this finding of a bent polycarbon chain is consistent
with the wealth of experimental crystal structural data avail-
able for various members of the series [1]+–[3]n + (n = 0,
1),[34, 39, 41, 47–51] in which the flexibility of the C⌘CˇC⌘C bridging
ligand is clearly demonstrated. Notably, no trans-like structure
of [3]+ was observed computationally (W~1808) ; the closest
structure to this case exhibited an angle of W = 1538, presuma-
bly due to the steric crowding introduced by the Cp* ring.
Indeed the range of available W values observed in silico is nar-
rowest when both dppe and Cp* ligands are introduced to the
structure (for [3]+ 368W1538).

In addition to the steric and intramolecular CH···p interac-
tions, inherent electronic factors may also play a role in stabil-
ising these various conformers. Recently, Hendon et al. have re-
ported that extended helical frontier orbitals are formed in the
case of certain conjugated organic oligoynes, describing them
as the linear analogues of Mçbius-aromatic systems. This helici-
ty is thought to influence the relative orientation of the end
groups.[52] The concept is consistent with earlier discussions of
the frontier molecular orbitals of [1]+ , and with current results
in which helical orbitals are found in the HOMO-1 and HOMO-
3 of several of the computed local minima discussed here.
These helical orbitals are especially apparent in structures with
torsional angles of W~908 (see Figure 5 and Figures S4–S8 in
the Supporting Information) and may be an additional contri-

buting factor to the relative stability of these ‘perpendicular’
conformers inferred from the IR and NIR spectroscopy.

All structures obtained in this study can be classified as elec-
tronically delocalised species, as the spin-density of all minima
is distributed over both metal centres and the conjugated
four-carbon bridge (Figure 6 and Figure S9 in the Supporting
Information). Only the structures of [2]++ and [3]++ with W~
1008 [W= 988 ([2]+), 1058 ([3]+)] exhibit a slight symmetry
breaking with a difference in RuˇC bond lengths of up to
1 pm. This is supported by the change in the spin-density dis-
tributions, which are also somewhat asymmetric, in contrast to
the results for the corresponding structure found for [1]++ (W =
1138). In the case of [2]++ , the spin-density of the W~1008 con-
former is 50 % higher (or 30 % for the corresponding structure
of [3]++) on one redox centre when compared to the other (Ta-
bles S7–S9). That is, replacement of the triphenylphosphine by
dppe ligands in [2]++ and [3]++ leads to a slight degree of Class
II behaviour in a small range of conformers, but the overall de-
scription is still dominated by the majority Class III character.
This result sits alongside a recent study of rotamers of the
closely related complex [{Ru(dppe)Cp*}2(m-C⌘CC6H4C⌘C)]+ , in
which the presence of a para-benzene unit was found to
cause more pronounced symmetry breaking (localisation) for
certain conformers.[8]

The spectroscopic and structural features discussed thus far
support the description of [1]+–[3]+ as delocalised (Robin–Day
Class III) complexes in which the increase in steric and elec-
tronic bulk across the series restrict the available rotational
phase space. To further test the model and to reinforce the
links between experimental and computational systems, linear-

Figure 4. An example of T-shaped quadrupolar CH···p stacking between the
phenyl rings of the two dppe moieties in the optimised structure of [2]+

(W = 988).

Figure 5. Isosurface molecular orbital plots (⌃0.02 a.u.) of [2]++ (W= 988).
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response time-dependent DFT (TDDFT) calculations of optical
excitations on the local minimum structures of [1]+–[3]+ were
performed (Table 3).

A very low-energy, low-intensity electronic excitation was
identified in the TDDFT calculations for all of the complexes
studied (E1, Table 3). Re-examination of the IR spectroelectro-
chemical data revealed broad, weak bands for [2]+ and [3]+

[2586 ([2]+
, Figure S18 in the Supporting Information) and

2229 cmˇ1 ([3]+)] . However, a similar feature is not visible in
the case of [1]++ , presumably because of its very low predicted
energy and intensity (m1) ; the most intense calculated transi-
tion falling well within the fingerprint region of the infrared
spectrum. These low-energy excitations (E1) are primarily due
to the HOMO!SOMO transition. These two frontier orbitals
are delocalised across both metal centres and the bridge but
represent essentially orthogonal p-faces of the butadiyne
bridge (with nodes in the central CˇC and the two CˇM
bonds).

Three excitations (E2, E3, E4) with conformation-dependent in-
tensities are calculated within the NIR region for each confor-
mer of [1]+–[3]+ investigated. E2 is dominated by a HOMO-1!
SOMO excitation for all complexes and conformers. The
HOMO-1 orbital is C⌘C anti-bonding as well as CˇC and C Řu
bonding, and exhibits significant helicity in all conformers with
338<W<1508 (Figure 5, and Figures S4–S8 in the Supporting
Information). This helicity decreases the spatial overlap be-
tween the SOMO and HOMO-1, leading to slightly lower inten-
sities of the E2 transition for such “perpendicular” conformers
(Table 3). E3 and E4 are dominated by HOMO-2!SOMO and
HOMO-3!SOMO excitations, respectively, in most cases
(except for the W= 988 conformer of [2]++ , in which we find
more pronounced mixing between excitations out of HOMO-2,
HOMO-3 and HOMO-4). As the HOMO-2 and HOMO-3 have ap-
preciable metal character and somewhat reduced bridge char-
acter, these excitations may be approximately described as

Figure 6. Spin-density isosurface plots (⌃0.001 a.u.) of [1]+–[3]+ where
W~1008.

Table 3. Electronic excitation energies with corresponding transition dipole moments of different conformers of [1]+–[3]+ .

W [8] E1

[cmˇ1]
m1 [D] E2

[cmˇ1]
m2 [D] E3

[cmˇ1]
m3 [D] E4

[cmˇ1]
m4 [D]

[1]++ 35 1893 1.0 12354 8.6 13898 0.4 14480 1.3
113 1205 1.6 12236 7.9 13827 0.5 14630 3.1
174 2206 0.1 12341 8.5 14161 0.3 14507 0.3

Exp – 11810 14070

[2]++ 33 3069 1.6 12004 8.9 15573 0.2 16844 0.6
51 2800 2.0 12109 8.5 15665 0.6 16751 1.3
98 1123 2.6 12539 8.1 14770 1.4 16294 1.9

127 2545 2.0 12418 8.5 15817 0.6 16801 1.3
150 3093 1.3 12553 8.9 16117 0.3 17026 0.4
174 3703 0.3 12306 9.4 16502 0.4 17181 0.0

Exp 2586 11140 13190

[3]++ 36 2885 1.5 11570 9.1 13709 1.0 15193 1.6
51 2290 2.1 11632 8.7 13526 0.5 14975 2.1
69 1475 2.3 11457 7.8 13263 1.4 15173 3.5

105 1107 2.4 11496 7.6 13206 1.9 15170 3.8
132 2454 1.9 11799 8.7 13736 1.0 15198 2.4
153 3091 1.0 11674 9.1 13978 0.4 15102 1.2

Exp 2229 10340 12420
HOMO!SOMO (>97 %) HOMO-1!SOMO (>85 %) HOMO-2!SOMO (>74 %)[a] HOMO-3!SOMO (>75 %)[b]

MLCT MLCT

[a] Except [2]+-988 : HOMO-2!SOMO (42 %), HOMO-3!SOMO (44 %). [b] Except [2]+-988 : HOMO-3!SOMO (34 %), HOMO-4!SOMO (35 %).
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MLCT bands. In “perpendicular” conformers, HOMO-2 and
HOMO-3 are clearly helical, and they gain somewhat more de-
localisation onto the bridge and thus more overlap with the
SOMO. Therefore, the MLCT bands (E3, E4, Table 3) gain signifi-
cant intensity for perpendicular conformations, reaching their
maximum intensity for W= 988 ([2]++), W= 1058 ([3]++), in con-
trast to E2. For [3]++ , the local minimum structure with W= 698
is almost isoenergetic with the global minimum structure
(Table 3). This conformer exhibits already higher-energy E3 and
E4 transitions with appreciable intensity (m3 = 1.35 D, m4 =
3.45 D), consistent with the enhanced intensity of the higher-
energy feature in the experimental NIR band envelope. As
noted above, the stabilisation of the W = 698 conformer arises
from interactions between the half sandwich ligand environ-
ments, and this conformer of [3]+ is calculated to have the
greatest stabilisation by dispersion interactions of all the local
minima discussed for [1]+–[3]+ (Figure S3).

Finally, to explain the appearance of the ñ(C⌘C) bands in the
IR spectra, harmonic vibrational frequency calculations were
carried out for all three [1]+–[3]+ cations, for all conformers
described above. Only one IR active ñ(C⌘C) mode of any signif-
icant oscillator strength was calculated for each conformer
(Table 4). The calculated frequencies are red-shifted by approxi-
mately 30 cmˇ1 relative to the experimental data. These modes
ñ1 fall over relatively narrow energy ranges ([1]+ : 10 cmˇ1, [2]+ :
12 cmˇ1, [3]+ : 6 cmˇ1), and are slightly red-shifted for the per-
pendicular conformers. The computational analysis suggests
that the perpendicular conformers are more populated for the
more sterically encumbered complexes [2]+ and [3]+ , consis-
tent with the broadening of the ñ(C⌘C) band envelope and ap-
pearance of the shoulders in the IR spectra of [2]++ and [3]++

(Figure 1 and Figures S16 and S17 in the Supporting Informa-
tion).

A second C⌘C stretching frequency ñ2 was found for certain
conformers of compounds [2]++ and [3]++ . These are calculated
to be particularly weak and as such would be difficult to
detect in the experimental spectrum. Close inspection of the
experimental data does reveal some very weak peaks in the
2000 cmˇ1 region. However, this region is overlain by the
broad electronic bands E1, making firm identification of these
features impossible. This second symmetric vibrational mode
(ñ2) is probably due to the slight symmetry break in the rele-
vant conformers of [2]++ and [3]++ (vide supra).

Conclusion

In summary, introduction of dppe and Cp* ligands across the
series of [1]+–[3]+ leads to greater steric and electronic entan-
glement between the separate half-sandwich ligand spheres.
Together, these effects gives rise to the potential for an in-
crease in the barrier to rotation about the C⌘CˇC⌘C axis and
a greater number of local minima in which W deviates signifi-
cantly from a cis (08) or trans (1808) orientation (stabilised by
interactions between the ligand spheres). In the case of [3]+ ,
CH···p interaction interactions between the dppe ligands re-
sults in a reduction in the favourable range for W (368W
1538) compared with the results obtained for [1]+ and [2]+ .
The higher-energy transitions (E3, E4) gain intensity as W gets
closer 908. Therefore, they are expected to become more
prominent in the experimental spectrum when a perpendicular
orientation of the Cp’ ligands is favoured. The fact that this sit-
uation becomes increasingly more favourable when moving
from [1]+ to [2]+ to [3]+ corresponds well with the increasing
relative intensities of the higher-energy features observed in
the experimental NIR spectra (Figure 2). These auxiliary ligand
sphere-induced changes to the conformational landscape also
affect the IR spectra of [1]+–[3]n + (n = 0, 1), with the multiple
conformers giving rise to broadened ñ(C⌘C) band envelopes
and the appearance of shoulders.

These investigations conclusively demonstrate that confor-
mational factors can play a significant role in the appearance
of spectra in mixed-valence compounds, and account for the
increasing complexity of the spectral band envelopes of these
complexes when moving across the series [1]+–[3]+ . The study
highlights the importance of considering more than a single
minimum structure when analysing the electronic and spectral
properties of such complexes, and the care that must be taken
when applying Marcus–Hush-style analytical treatments to po-
tentially convoluted experimental band envelopes. In the cases
described here, the presence of multiple conformers can be
detected from the appearance of both IR and NIR spectral en-
velopes. These are well-modelled though the molecular and
electronic structures of the most significant conformers deter-
mined by quantum-chemical methods using a suitably bal-
anced global hybrid functional (here BLYP35) and modestly
sized basis set (here def2-SVP). The inclusion of dispersion ef-
fects adds to the accuracy of the computationally derived de-
scription of conformers. Therefore, with even modest compu-
tational resources, the study of mixed-valence compounds in
a manner that accounts for a distribution of conformers within

Table 4. Computed harmonic vibrational frequencies of the alkynyl
stretching modes of [1]++ , [2]++ and [3]++ (BLYP35-D3/def2-SVP) scaled by
an empirical factor of 0.937.[53]

W [8] ñ1(C⌘C) [cmˇ1] ñ2(C⌘C) [cmˇ1]
[intensity vs. ñ1]

[1]+ 33 1858
113 1859
174 1868

Exp 1855

[2]+ 33 1857
51 1855
98 1850 2032 [18 %]

127 1856
150 1862
174 1859

Exp 1859

[3]+ 36 1861
51 1859 2038 [5 %]
69 1855

105 1857 2047 [9 %]
132 1861
153 1861

Exp 1859
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a sample is achievable. For case in which spectroscopic evi-
dence points to the presence of multiple conformers, it is pos-
sible to move beyond the limits of analyses derived from ex-
clusive consideration of the global minimum. By combining
spectroscopic observation and quantum-chemical methods,
a more complete description of mixed-valence compounds
and indeed, of intramolecular charge-transfer processes in gen-
eral, is possible. This may in turn provide design guidelines for
the construction of complexes with specific spectroscopic and
electron-transfer properties.

Experimental Section

Complexes 1,[7] 2[39] and 3[34] were synthesised according to existing
literature procedures. Spectroelectrochemistry was conducted in
an OTTLE cell[40] using solutions in dichloromethane containing
0.1 m nBu4NPF6 as the supporting electrolyte. Spectra were record-
ed on an Agilent Technologies Cary 660 FTIR or an Avantes diode
array UV/Vis-NIR system comprising two light sources (UV/Vis: Ava-
Light-DH-S-Bal, Vis-NIR: AvaLight-Hal-S) and two spectrometers
(UV/Vis: AvaSpec-ULS204–8 L-USB2, NIR: AvaSpec-NIR256–2.5TEC)
connected to a custom-built sample holder by bifurcated fibre
optic cables. The Vis-NIR light source was attenuated with a band-
pass filter transparent between ~900–4700 nm. Electrolysis in the
cell was performed using a PalmSens Emstat2 or Emstat3 + poten-
tiostat at a scan rate of 10 mVsˇ1.

Computational details : All structures and properties were comput-
ed using a version of the TURBOMOLE 6.4 (TBM 6.4) code[54] locally
modified by the Berlin group. All DFT calculations used the global
hybrid functional BLYP35[55] and the COSMO continuum solvent
model for dichloromethane (DCM, e = 8.93).[56] The BLYP35 func-
tional (BLYP-based hybrid functional[57, 58] with 35 % Hartree–Fock
exchange) has been established to perform well for mixed-valence
(MV) systems near the class II/III borderline in the Robin–Day
scheme.[7, 8, 16, 55, 59]

Semi-empirical dispersion correction terms within Grimme’s DFT-
D3 approach[43] were added, as implemented in TBM 6.4.[60] DFT-D3
parameters for the BLYP35 functional have been optimised to rs6 =
1.1225 and s8 = 0.9258.[61] Split-valence basis sets (def2-SVP) were
used with grid size m3 (grid 1 for the SCF and grid 3 for the final
energy evaluation).[62] The results were compared with calculations
using triple-zeta (def2-TZVP) basis sets (Table S1 in the Supporting
Information). The calculations using the larger basis set changed
the results only marginally (bond lengths: ⌃10ˇ3 ä, TDDFT ener-
gies: around ⌃2 % with a maximum of ⌃6 %), not justifying the
higher computational costs of the larger basis set. For conformers
of [2]++ , structure optimisations were performed using a tighter
grid (m5) in order to validate the quality of the results using m3
(Table S2). Again, the small changes (bond lengths: ⌃10ˇ4 ä, DW<
0.88) support use of the smaller grid.

Molecular-orbital and spin-density isosurface plots were obtained
with the MOLEKEL program.[63] TDDFT calculations of Vis-NIR excita-
tion energies used the same functional, basis sets, and solvent
model (with non-equilibrium solvation)[64] as the ground-state cal-
culations, and the TDDFT implementation of TURBOMOLE.[65] Vibra-
tional frequency calculations were carried out by numerical differ-
entiation of analytical gradients using TURBOMOLE’s NumForce
script (SCF convergence 10ˇ8 Eh). The resulting harmonic vibration-
al frequencies were scaled by an empirical factor of 0.937.[53]
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In this contribution the photoreduction of silver ions coordinated onto a Langmuir–Blodgett monolayer

is presented as an effective method for the deposition of the top contact electrode in metal/monolayer/

metal devices. Silver cations were incorporated from an aqueous AgNO3 sub-phase of Langmuir films of

4,40-(1,4-phenylenebis(ethyne-2,1-diyl))dibenzoic acid upon the transference of these films onto a

metallic substrate. Subsequent irradiation of the silver-ion functionalized Langmuir–Blodgett films with

254 nm light results in the photoreduction of silver cations to produce metallic silver nanoparticles,

which are distributed over the organic monolayer and exhibit a surface coverage as large as 76% of the mono-

layer surface. Electrical properties of these metal/monolayer/metal devices were determined by recording I–V

curves, which show a sigmoidal behaviour indicative of well-behaved junctions free of metallic filaments and

short-circuits. The integrity of the organic monolayer upon the irradiation process and formation of the

silver top-contact electrode has also been demonstrated through cyclic voltammetry experiments.

Introduction
Despite the enormous progress in the field of molecular
electronics in recent years1 many scientific and technological
challenges must still be addressed before molecular electronics
can be considered a mature technology capable of reaching the
market.2 Whilst the assembly of a well-ordered monolayer film
of electrically functional molecules on a conducting substrate

can be readily achieved by self-assembly or Langmuir–Blodgett
methods, difficult challenges persist with regard to the deposition
a ‘top-contact’ electrode onto such structures to complete the
device-like structure. Significant problems in the fabrication of
the top-contact electrode include damage of the functional single
layer films during the deposition of the top, usually metallic,
electrode by methods such as thermal evaporation, and penetration
of the growing top-contact through the monolayer, which
results in short circuits. Some recent reviews have analysed in
detail the top-contact electrode problem, and summarised the
contemporary strategies aimed at overcoming this issue.3–8

Strategies from our group concerning the fabrication of the top-
contact electrode have included the thermal induced decomposition
of an organometallic compound (TIDOC) method,9 chemisorption
of gold nanoparticles onto a monolayer surface-functionalised with
a terminal alkyne moiety (–C!CH) resulting in the formation of a s
C–Au bond,10 and photoreduction of a gold precursor incorporated
into the monolayer.11 In the latter method, a metal precursor
([AuCl4]") was incorporated onto a Langmuir–Blodgett (LB) film
from the sub-phase during the fabrication process, with sub-
sequent photoreduction leading to the formation of metallic
gold nano-islands (GNIs) on top of the intact molecular film.
This method required only optical illumination over the sub-
strate area, and yielded metal|molecule|GNIs systems free of
metallic inter-penetration and short circuits providing a route to

a Departamento de Quı́mica Fı́sica, Facultad de Ciencias, Universidad de Zaragoza,
50009, Spain. E-mail: pilarcea@unizar.es

b Instituto de Ciencias de Materiales de Aragón (ICMA), Universidad de Zaragoza-CSIC,
50009 Zaragoza, Spain

c Instituto de Nanociencia de Aragón (INA) y Fundación INA, edificio i+d Campus
Rio Ebro, Universidad de Zaragoza, C/Mariano Esquillor, s/n,
50018 Zaragoza, Spain

d Laboratorio de Microscopı́as Avanzadas (LMA), Universidad de Zaragoza,
50018 Zaragoza, Spain

e Department of Chemistry, University of Durham, Durham DH1 3LE, UK
f Department of Chemistry, Graduate School of Science and Engineering,
Tokyo Institute of Technology, Tokyo 152-8511, Japan

g Instituto de Microelectrónica de Barcelona (IMB-CNM, CSIC), Campus UAB,
08193 Bellaterra, Spain

h Department of Chemistry, University of Liverpool, Crown Street, Liverpool,
L69 7ZD, UK

i School of Chemistry and Biochemistry, University of Western Australia,
35 Stirling Highway, Crawley, Perth, 6009, Australia

Received 2nd August 2016,
Accepted 8th September 2016

DOI: 10.1039/c6tc03319a

www.rsc.org/MaterialsC

Journal of
Materials Chemistry C

PAPER

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 0
9 

Se
pt

em
be

r 2
01

6.
 D

ow
nl

oa
de

d 
on

 0
4/

10
/2

01
7 

07
:0

7:
47

. 
 T

hi
s a

rti
cl

e 
is 

lic
en

se
d 

un
de

r a
 C

re
at

iv
e 

Co
m

m
on

s A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
Li

ce
nc

e.

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/c6tc03319a&domain=pdf&date_stamp=2016-09-16
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c6tc03319a
http://pubs.rsc.org/en/journals/journal/TC
http://pubs.rsc.org/en/journals/journal/TC?issueid=TC004038


This journal is©The Royal Society of Chemistry 2016 J. Mater. Chem. C, 2016, 4, 9036--9043 | 9037

nascent device structures. However, whilst excellent electrical
contact between the underlying monolayer and the GNI-based
top-contacts was achieved, the surface coverage of these GNI-
based top-electrodes was sparse, and despite the extremely
useful electrical properties of gold, the mobile nature of this
metal prevents its use in modern electronic devices. In addition,
although gold remains the work-horse material for electrodes
used in molecular electronics, there is a rapidly growing body of
work which has demonstrated the additional fundamental
science concerning charge transport and tunnel barriers that
can be gleaned from comparative studies of devices constructed
from different electrode materials.

In this contribution, the soft photochemical procedure is
extended to the fabrication of silver top-contacts, with a larger
surface coverage of metal nanoparticles than previously achieved
with gold, on monolayers of an oligo(phenylene ethynylene) (OPE)
derivative, 4,40-(1,4-phenylenebis(ethyne-2,1-diyl))dibenzoic acid
(1H2, Fig. 1).

Compound 1H2 is a symmetric OPE derivative, which has been
shown to form homogeneous and highly ordered Langmuir–
Blodgett (LB) films.12 On the one hand, the proton associated
with the carboxylic acid (–COOH) of 1H2 within the aqueous
sub-phase is readily exchanged for other cations introduced into
the aqueous sub-phase. If the majority cation in the subphase is
Ag+, then a Langmuir film denoted as 1HAg+ is formed. These
silver cations are transferred onto LB films to maintain the
electroneutrality of the system. Silver cations also incorporate
some water molecules as part of their hydration sphere.13 On
the other hand, the tendency of carboxylic groups to chemisorb
onto metals such as gold or silver is also well-known,14,15 and
when the gold substrate is introduced in the water subphase the
carboxylate group is chemisorbed onto the metal surface, which
involves deprotonation of the terminal carboxylic acid to form

1Ag+ LB films. Subsequent photoreduction of the coordinated
silver cations in 1Ag+ LB films results in the formation of disk-
like metallic silver nanoparticles, which cover a significant
portion of the film surface, and this system is denoted here as
1AgNP. The photoreduction mechanism of silver cations16 as
well as the subsequent nucleation and growth mechanism of
the silver nanoparticles17,18 have been studied in detail before.
Fig. 1 summarizes the method proposed in this work for the
fabrication of metal/monolayer/metal devices.

Experimental
The compound 4,40-[1,4-phenylenebis(ethyne-2,1-diyl)]-dibenzoic
acid (1H2) was prepared as described elsewhere.11 A Nima Teflon
trough with dimensions (720 ! 100) mm2 housed in a constant
temperature (20 " 1 1C) 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. Ultrapure
Millipore Milli-Qs water (resistivity 18.2 MO cm) was used as
sub-phase. The spreading solutions with a concentration of
10#5 M 1H2 were prepared in chloroform (HPLC grade, 99.9%
purchased from Sigma and used as received). To construct the
Langmuir films, the solution was spread drop-by-drop using a
Hamilton micro-syringe held very close to an 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. The DV–A
measurements were carried out using a Kelvin probe provided
by Nanofilm Technologie GmbH, Göttingen, Germany. The
direct visualization of the monolayer formation at the air/water

Fig. 1 Top image: 4,40-(1,4-Phenylenebis(ethyne-2,1-diyl))dibenzoic acid (1H2). Bottom image: Schematic of the Au|monolayer|Ag device fabrication
strategy: (a) Langmuir film of 1H2 spread onto an aqueous sub-phase containing AgNO3; the carboxylic acid in contact with the aqueous sub-phase is
deprotonated and a double ionic layer incorporating the majority cation is formed, 1HAg+ film. (b) Transference of the 1HAg+ Langmuir film by immersion
of a gold substrate into the water sub-phase results in the formation of a Langmuir–Blodgett (LB) monolayer in which the carboxylic group not immersed
in the aqueous sub-phase is chemisorbed onto the gold substrate and the carboxylate group immersed in the aqueous subphase incorporates silver
cations to maintain the electroneutrality of the system, 1Ag+ film. (c) Irradiation of the 1Ag+ LB monolayer results in photoreduction of the silver cations
and formation of silver nanoparticles. The film is denoted as 1AgNPs.
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interface was studied using a commercial micro-Brewster angle
microscopy (micro-BAM) from KSV-NIMA, having a lateral
resolution better than 12 mm.

The films were deposited on solid substrates of quartz, mica,
glass or gold depending on the characterization technique to
be subsequently used, at a constant surface pressure by the
vertical dipping method (substrates initially outside of the
water sub-phase) with a dipping speed of 0.6 cm min!1. Gold
substrates were purchased from Arrandees, Schroeer, Germany
and were flame-annealed at approximately 800–1000 1C with a
Bunsen burner immediately prior to use to prepare atomically
flat Au(111) terraces.19 X-ray photoelectron spectroscopy (XPS)
spectra were acquired on a Kratos AXIS ultra DLD spectrometer
with a monochromatic Al Ka X-ray source (1486.6 eV) using a
pass energy of 20 eV. To provide a precise energy calibration,
the XPS binding energies were referenced to the C 1s peak at
284.6 eV. UV-visible spectra were acquired on a Varian Cary
50 spectrophotometer and recorded using a normal incident
angle with respect to the film plane. AFM images were obtained
in Tapping and Peak-Force modes using a Multimode 8 micro-
scope equipped with a Nanoscope V control unit from Bruker
operating in ambient air conditions at a scan rate of 0.5–1.2 Hz.
To this end, RFESPA-75 (75–100 kHz, and 1.5–6 N m!1, nominal
radius of 8 nm) and ScanAsyst-Air-HR (130–160 kHz, and
0.4–0.6 N m!1, nominal radius of 2 nm) tips, purchased from
Bruker, were used. In order to minimize tip convolution effects
affecting the AgNPs width, data obtained from AFM image
profiling have been corrected according to Canet-Ferrer et al.20

Electrical properties of the molecular junctions were recorded
with a conductive-AFM (Bruker ICON) under humidity control,
ca. 40%, with a N2 flow using the Peak Force Tunnelling AFM
(PF-TUNAt) mode, and employing a PF-TUNAt cantilever from
Bruker (coated with Pt/Ir 20 nm, ca. 25 nm radius, 0.4 N m!1

spring constant and 70 kHz resonance frequency).
Cyclic voltammetry (CV) experiments were performed using

a potentiostat from EcoChemie and a standard three electrode
cell, where the working electrode was a bare Au(111) electrode,
a monolayer modified Au(111) electrode, or a monolayer/AgNP
modified Au(111) electrode. These working electrodes were
connected to the potentiostat by means of a cable ended in a
metallic tweezer that held the electrode. The reference electrode
was Ag/AgCl, KCl (3 M) and the counter electrode was a Pt sheet.

Results and discussion
Langmuir films were formed from 10!5 M solutions of 1H2 in
CHCl3 on both pure water and 4 " 10!4 M AgNO3 aqueous sub-
phases. The surface pressure vs. area per molecule (p–A)
isotherms obtained for the film from a pure water sub-phase
features a lift-off at ca. 0.80 nm2 molecule!1 whilst the mono-
layer prepared on an AgNO3 aqueous sub-phase, shows the lift-
off at a slightly smaller area, ca. 0.65 nm2 molecule!1 (Fig. 2).
Fig. 2 also includes the surface potential isotherms recorded
upon the compression process in both sub-phases. The significantly
lower values for the surface potential of Langmuir films on the

AgNO3 aqueous sub-phase in comparison to the pure water sub-
phase are indicative of a better charge compensation of the
double ionic layer in the presence of the silver salt, which could
indicate silver ion complexation by the carboxylate head
group.21 The surface potential vs. area per molecule (DV–A)
isotherms clearly evidence the collapse of the monolayers at
areas per molecule of 0.29 nm2 (which corresponds to a surface
pressure of 22 mN m!1 in the p–A isotherm) and 0.36 nm2

(which corresponds to a surface pressure of 17 mN m!1 in the
p–A isotherm) in water and AgNO3 aqueous sub-phase, respectively
(abrupt decrease in the surface potential isotherms).22 Brewster
angle microscopy (BAM) images confirm the formation of a
homogeneous Langmuir film from 1H2 on the AgNO3 aqueous
sub-phase, 1HAg+ film, without the presence of three-dimensional
structures at surface pressures below the collapse of the mono-
layer (Fig. 3).

Fig. 2 Representative surface pressure and surface potential vs. area per
molecule isotherms formed from 1H2 on pure water (1H2) and 4 " 10!4 M
AgNO3 (1HAg+) aqueous sub-phases.

Fig. 3 Brewster Angle Microscopy images of Langmuir films formed from
1H2 on an AgNO3 aqueous sub-phase (1HAg+) at the indicated surface
pressures. The collapse of the monolayer can be observed in the bottom
right image. The field of view along the x axes for the BAM images is 3300 mm.
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The Langmuir monolayers 1HAg+ were transferred onto
solid substrates, that were initially held outside of the aqueous
AgNO3 sub-phase, by the vertical dipping method at a surface
pressure of 15 mN m!1 to form monolayer Langmuir–Blodgett
films. The transfer ratio (defined as the decrease in monolayer
area during the deposition divided by the area of the substrate)
calculated using the trough software was 1. Under these trans-
ference conditions (substrates initially outside of the sub-phase)
the carboxylic group not immersed in the aqueous sub-phase is
directly attached to the substrate, denoted here as 1Ag+ films.
XPS experiments confirm the chemisorption of a carboxylate
moiety onto gold substrates, as reported previously.12

Fig. 4 shows the UV-vis spectrum of a pristine monolayer LB
film of 1Ag+ transferred onto a quartz substrate from an AgNO3

aqueous solution as sub-phase. This spectrum features a band
at 330 nm, which is likely to result from unresolved p–p*
transitions associated with the OPE backbone,23 and observed
at approximately the same wavelength as the analogous transitions
of 1H2 in solution. Irradiation of the LB film 1Ag+ with UV light
(254 nm) results in the appearance of a small broad peak at
ca. 460 nm, attributable to surface plasmon resonance of silver
nanoparticles.24 The plasmon peak reaches a maximum intensity
after 15 minutes of irradiation.

The observation of a plasmon band is consistent with the
formation of silver nanoparticles (AgNPs) on top of the LB film
after irradiation. These films are denoted 1AgNP to distinguish
them from the silver ion complexed films 1Ag+. Formation of
metallic silver on these monolayers has also been demon-
strated by XPS. Fig. 5 shows the XPS spectrum of irradiated
LB films of 1AgNP on a gold substrate. The Ag(3d) region for the
film after irradiation shows two peaks at 367.8 and 373.8 eV in
good agreement with the peaks for Ag(0) reported in the
literature.25,26 In addition, the area ratio of 4 : 3 and the peak
separation, 6 eV, is also consistent with metallic silver.25,26

However, neither UV-vis spectroscopy nor XPS provide any
information about the distribution of the silver nanoparticles
on the surface of the film of 1AgNP. To investigate this issue,
the surface was studied by atomic force microscopy (AFM).

Fig. 6a shows an AFM image of a LB film of 1Ag+ before and
after irradiation. In comparison to the smooth and featureless
surface exhibited by a pristine LB film of 1Ag+ (surface roughness,
calculated in terms of the Root Mean Square (RMS), 0.4" 0.1 nm
over areas of 300 # 300 nm2), after irradiation an organic-layer
modified substrate homogeneously covered by disk-shaped
particles closely assembled into a tightly packed 2D-arrangement,
with low occurrence of irregular 3D Ag-aggregates is obtained. The
RMS roughness of irradiated-film is 2.6 " 0.2 nm, clearly much
greater than that of the original 1Ag+ film. A statistical analysis of
the AFM images reveal that these AgNPs have an average diameter
of around 28 nm (corrected by the tip convolution) and an average
height of ca. 6.9 nm (Fig. 6b and c). Additionally, AFM images
indicate a large surface coverage by the silver nanoparticles. A
bearing analysis of the AFM images was made. In a bearing
analysis, the depths of all pixels of the image with respect to a
reference point, i.e., the highest pixel are analysed. This kind of
analysis renders an accurate estimation of the percentage of
area covered by features, i.e. surface coverage, at every pixel
depth.27,28 The bearing analysis of a one-layer LB film of 1AgNP
gave an estimated surface coverage of 76% (see Fig. 7). This
surface coverage value is significantly higher than that observed
for the photoreduction of a gold precursor,11 which exhibited a
surface coverage of 25%, indicating that silver has a larger
tendency to form extended structures across the LB film. This
result represents a step forward since this large surface packing
of the silver nanoparticles may facilitate a subsequent step
towards the complete metallization of monolayers by chemical
vapour or electroless deposition processes without damaging
the underlying organic monolayer.

As noted above, a frequent difficulty encountered in the
fabrication of metal–monolayer–metal devices is the deposition
of the top contact electrode without the formation of short-
circuits as a consequence of penetration of the growing top-
contact electrode through the monolayer and subsequent contact
with the underlying bottom electrode.29–31 Consequently, it
is critical to verify whether the irradiation of an LB film of
1Ag+ to generate 1AgNP leads to short-circuits or if the layer-like

Fig. 5 XPS spectrum of Ag(3d) photoelectrons of a one-layer LB film of
1AgNP, formed following transference of a LB film of 1Ag+ from an AgNO3

aqueous solution and irradiated at 254 nm for 15 minutes.

Fig. 4 UV-vis spectra of a pristine single layer LB film of 1Ag+ and the
same film after irradiation with UV light at 254 nm.
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arrangement of AgNPs formed from this soft photochemical
method is an effective route towards a top-contact electrode.
For that, I–V curves were recorded for these metal–monolayer–
AgNPs structures using a conductive-AFM, c-AFM.32–36 The AFM
system is equipped with a low noise current amplifier and Pt/Ir
coated AFM tips were used, with a typical elastic contact value
of around 0.5 N m!1 (PFTUNA, Bruker). Images were taken
using the peak-force tapping mode, in which the tip makes
intermittent contact with the surface at a frequency of 2 kHz.
The maximum force (peak-force) is set typically below 10 nN,
to limit damage to the surface and detrimental lateral forces.

These characteristics make the peak-force tapping mode a
useful strategy for the conductivity mapping of soft or fragile
samples, since lateral forces are largely avoided. After acquiring
an image, I–V curves were recorded by positioning the AFM tip
on a specific location of the surface (for example, on top of an
AgNP), establishing contact at a suitable force (usually larger
than the peak-force value) and applying a bias between the
LB-coated gold substrate and the tip. Too much force results in
unacceptably large deformation of the monolayer underlying
the AgNPs, while too little force yields an inadequate electrical
contact between the AFM probe tip and the AgNP. Fig. 8 shows
how an increase in the applied force results in a more effective
contact between the tip and the AgNPs leading to a higher
conductance. It is worth indicating here that these high forces
(17.5 or 24 nN), required to make a reasonable contact, do not
damage the organic layer during the determination of the
electrical properties. Fig. 9c shows a representative I–V of all
the curves (ca. 250 curves) recorded using a set-point force of
17.5 nN whilst Fig. 10 shows the conductance histogram built
by adding all the experimental data in the !0.5 to 0.5 V ohmic
region for each of the 250 I–V curves obtained experimentally at
a set-point force of 17.5 nN. These I–V curves exhibit a linear
section only at relatively low bias voltages and increasing
curvature at higher bias, which is the common behaviour
observed in metal–molecule–metal junctions. Importantly, no
low resistance trace characteristics of metallic short circuits
have been observed. In addition, Fig. 9a and b show a repre-
sentative I–V curve registered for an LB film of 1H2 prepared
onto a 0.1 M NaOH subphase and an I–V curve recorded on
regions of the 1AgNP film not covered by AgNPs. These curves
also exhibit the typical shape observed for metal–molecule–
metal junctions, which rules out the presence of short-circuits
and confirms that robust and reliable top-contacts have been
prepared by photoreduction of a silver precursor without
damaging the underlying organic monolayer film or altering/
contaminating the interfaces.

In order to reinforce the conclusion that there are no
metallic short circuits, a transition voltage spectroscopy (TVS)
analysis has been made (Fig. 10b).37 It is known that the charge
transport mechanism in electronic junctions of conjugated
molecules undergoes a transition from direct tunnelling (rectangular
barrier) to field emission (triangular barrier) upon increasing
the applied bias. The voltage at which this transition occurs
(Vtrans) is linearly correlated with the energy offset between the
metal Fermi level and the highest occupied molecular orbital
(HOMO).37 The obtained Vtrans from the TVS analysis, 0.84 "
0.07 V, is in excellent agreement other similar OPE derivatives,38

which also rules out the presence of short circuits since short
circuits would result in low values of Vtrans.

Cyclic voltammetry (CV) experiments have been used as a
further confirmation that no significant alterations of the organic
monolayer took place during the photoreduction process. Thus,
CV experiments using working electrodes modified by the three
different steps associated with the fabrication of the Au(111)/
monolayer of 1AgNP devices were recorded in 0.1 M NaOH and
the obtained results are presented in Fig. 11.

Fig. 6 (a) 500 # 500 nm2 AFM images of a monolayer LB film of 1Ag+

transferred from an AgNO3 aqueous solution before (left panel) and after
irradiation for 15 minutes at 254 nm (right panel). (b) Cross section of a
representative AFM image and analysis profile illustrating the dimensions of the
AgNPs. (c) Histograms showing the particle diameter (blue line) and height
distribution (red line) corresponding to 100 AgNPs taken from different AFM
images. Averaged NPs diameter and height values are depicted in the box below.
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The electrochemical response recorded for the bare gold
electrode corresponds well with that typically observed for
Au(111)-oriented surfaces in alkaline media.39 In particular

characteristic voltammetric peaks related to the gold oxide
formation (nominally described here as AuO) are observed,
identified with black letters as A1 and A2, as well as the
corresponding electroreduction in the cathodic scan, labelled
as C. Once the Au(111) electrode is modified with a single layer
LB film, a dramatic decrease in the charge density along with
a shift towards more positive potentials is observed for the
electrochemical formation of the gold oxide monolayer. This
corresponds to an inhibition of AuO formation since the
surface is initially covered with a single layer LB film. At the
most positive potentials (40.5 V) current is seen to flow which
could correspond to AuO formation and perhaps partial oxidation
of the organic monolayer film. Since a peak is seen at the potential
expected for AuO reduction in the reverse sweep it is reasonable to
assume that the anodic peak at E 4 0.5 V corresponds mainly
to oxide formation on the gold surface beneath the organic
monolayer. Finally, the electrochemical response of the AgNPs
deposited onto the monolayer, resembles closely that previously
reported for AgNP-based electrodes in alkaline media,40 since it
exhibits two anodic and two cathodic voltammetric peaks
marked (in blue) as A01, A02, and C01, C03, as well as a poorly
resolved feature at C02, respectively. Although the stoichiometry

Fig. 7 (a) 500 ! 500 nm2 AFM images of a monolayer LB film of 1AgNP transferred from an AgNO3 aqueous solution and after irradiation for 15 minutes
at 254 nm with the mask in blue unveiling nanoparticle-free molecule-modified areas. (b) Depth histogram showing the distribution of height data at
different depth referred to a reference point, i.e. the highest pixel. The blue line (bearing analysis) indicates the relative projected area covered at each
depth value depicted as a blue mask in the topographic image corresponding to the white-dashed boxed area. The small peak in the histogram marked
with a red-dashed vertical line is attributed to the nanoparticle-free molecule-modified substrate while the black line accounts for the selected height
threshold corresponding to half of the averaged height of the measured nanoparticles. (c) Histogram showing the average percentage of AgNPs-covered
substrate area obtained for fifty equivalent but different 500 ! 500 nm2 AFM images.

Fig. 8 Average conductance values measured by locating the tip of the
c-AFM on top of AgNPs at the indicated set-point forces. Inset: A scheme
of the studied metal|1AgNPs structures.

Fig. 9 Representative I–V curves for the indicated films. The set-point force used was 8 nN for (a) and (b) and 17.5 nN for (c).
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of the formed surface oxides are not well characterized for such
conditions, based on the chemistry of silver these could corre-
spond successively to the formation (A) and reduction (C) of the
Ag(OH)2 and Ag2O monolayer, Ag2O multilayer, and finally the
oxidation of Ag2O to AgO. Note that for this system the exposed
silver surface area from the nanoparticles decorating the surface
will be much larger than the smooth Au(111) substrate and as
such the contributions from the formation of oxide on the
underlying Au(111) surface are negligible compared to oxidation
of the AgNPs in this voltammogram. Therefore, after the formation
of AgNPs on the external surface of the single layer LB film
(1AgNP), electron transfer through the organic layer occurs and,
consequently, the applied electrochemical potential is experi-
enced by the outer AgNPs/electrolyte interface as elegantly
stated by Allongue et al.41 and supported by Gooding and
co-workers.42 These results further confirm that the photo-
reduction of silver cations to metallic nanoparticles results in

a robust sandwiched composite comprising a gold single-
crystal, a tightly packed and almost defect free 2D-organic
monolayer, and a silver-nanoparticle-based top contact.

Conclusions
In this contribution, photoreduction of a silver cation coordinated
to a LB film terminated in a carboxylic group is shown to be
suitable for the fabrication of a top-contact metal electrode in
molecular junctions with a large surface coverage. Additionally, it
has been shown that this method does not result in short-circuits
which is a rather common problem in other traditional techniques
for the preparation of top contact electrodes. The large surface
coverage achieved would facilitate the subsequent application of
other methods to achieve a complete metallization of the
monolayer minimizing the risk of short circuits (e.g., electroless
deposition, metal evaporation, etc.). Also the use of masks that
allow the irradiation of the desired areas of the sample would
result in the fabrication of arrays of devices.

Acknowledgements
S. M. F. P.-M and P. C. are grateful for financial assistance from
Ministerio de Economı́a y Competitividad from Spain and
fondos FEDER in the framework of projects CTQ2012-33198,
CTQ2013-50187-EXP, CSIC10-4E-805, and CSD2010-00024.
S. M. and P. C. also acknowledge DGA and fondos FEDER for
funding the research group Platón (E-54). R. J. N., P. J. L. and
S. M.-G. thank EPSRC for funding (EPSRC Grants EP/K007785/1,
EP/H035184/1, and EP/K007548/1). P. J. L. holds an ARC Future
Fellowship (FT120100073) and gratefully acknowledges funding
for this work from the ARC (DP140100855).

References
1 Editorial, Nat. Nanotechnol., 2013, 8, 385.
2 D. Xiang, X. Wang, C. Jia, T. Lee and X. Guo, Chem. Rev.,

2016, 4318.

Fig. 10 (a) Conductance histogram built from all the experimental data from !0.5 to 0.5 V for each I–V curve recorded (ca. 250 curves) positioning the
tip onto an AgNP and applying a set point force of 17.5 nN. (b) The solid squares represent the average of 10 I–V curves for a 1AgNP device. The dashed
vertical line corresponds to the voltage at which the tunnelling barrier transition occurs (Vtrans).

Fig. 11 Black: cyclic voltammograms recorded for a bare Au(111) electrode.
Red: monolayer of 1H2 transferred onto a Au(111) substrate. Blue: Au(111)/
monolayer with overlying silver nanoparticles (1AgNP). All the voltammo-
grams were recorded in a 0.1 M NaOH aqueous solution at 0.1 V s!1 using a
Ag/AgCl, KCl (3 M) reference electrode.

Journal of Materials Chemistry C Paper

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 0
9 

Se
pt

em
be

r 2
01

6.
 D

ow
nl

oa
de

d 
on

 0
4/

10
/2

01
7 

07
:0

7:
47

. 
 T

hi
s a

rti
cl

e 
is 

lic
en

se
d 

un
de

r a
 C

re
at

iv
e 

Co
m

m
on

s A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
Li

ce
nc

e.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c6tc03319a


This journal is©The Royal Society of Chemistry 2016 J. Mater. Chem. C, 2016, 4, 9036--9043 | 9043

3 H. Haick and D. Cahen, Prog. Surf. Sci., 2008, 83, 217.
4 D. Vuillaume, C. R. Phys., 2008, 9, 78.
5 H. B. Akkerman and B. de Boer, J. Phys.: Condens. Matter,

2008, 20, 013001.
6 D. Vuillaume, Proc. IEEE, 2010, 98, 2111.
7 A. V. Walker, J. Vac. Sci. Technol., A, 2013, 31, 050816.
8 P. Cea, L. M. Ballesteros and S. Martin, Nanofabrication,

2014, 1, 96.
9 L. M. Ballesteros, S. Martin, J. Cortés, S. Marqués-Gonzalez,
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a b s t r a c t

The reaction of [MoBr(dppe)(h-C7H7)] (dppe ¼ Ph2PCH2CH2PPh2) with HC^CC^CSiMe3 and Na[BPh4] in
1:1 NHEt2/THF as solvent yields the aminoallenylidene complex [Mo{C]C]C(Me)NEt2}(dppe)(h-C7H7)]
[BPh4], [1][BPh4]. The reaction likely proceeds via nucleophilic addition of NHEt2 at Cg of a buta-
trienylidene intermediate. Structural and spectroscopic characterisation of [1][BPh4] indicate a signifi-
cant contribution of an iminium alkynyl resonance form to the overall structure of the heteroatom
stabilised allenylidene ligand. The X-ray structural study of [1][BPh4] determines a MoeCa bond length of
2.077(3) Å, intermediate between that of the cumulenic diphenylallenylidene analogue [Mo(C]C]
CPh2)(dppe)(h-C7H7)][PF6] (1.994(3) Å) and the alkynyl compound [Mo(C^CPh)(dppe)(h-C7H7)]
(2.138(5) Å). Complex [1][BPh4] undergoes a reversible one-electron oxidation with E½ ¼ "0.19 V with
respect to the FeCp2/FeCp2þ couple and the stable 17-electron radical dication [1]2þ is readily observed by
spectroelectrochemical methods. IR spectroelectrochemistry in CH2Cl2 demonstrates that the n(CCC)
stretch, characteristic of the allenylidene ligand, shifts to higher wavenumber (from 1959 to 2032 cm"1)
as a result of oxidation of [1]þ to [1]2þ, consistent with a strongly metal-centred redox process and an
enhancement in the alkynyl character of the allenylidene ligand following one-electron oxidation.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Investigations on the synthesis, structure and reactivity of metal
cumulenic complexes [1] have developed significantly since the
early reports on the synthesis of metal allenylidenes by Fischer [2],
Berke [3] and Selegue [4]. Allenylidene complexes are now acces-
sible by a range of synthetic routes including dehydration of 2-
propyn-1-ols [5], alkylation of acyl substituted metal alkynyl
complexes [6] and nucleophilic addition at Cg of a butatrienylidene
intermediate [7]. This latter method provides a versatile synthesis
of heteroatom substituted allenylidene ligands [8] leading to awide
range of amino- [9], alkoxy- [7b,10], and thio-allenylidene [11]
systems.

In addition to potential applications in synthesis [1e,12] and
catalysis [1e,13], an important feature of metal allenylidene

systems is the detail of the bonding interaction between the metal
centre and the allenylidene ligand [14]. Heteroatom stabilised,
cationic metal allenylidene complexes [{M}]C]C]C(R)ER0n]þ

have been described as a hybrid of four resonance forms (Fig. 1, (I)
to (IV)) with cumulenic structures represented by (I) and (II) and
alkynyl resonance forms by (III) and (IV). As discussed previously in
several reports, a series of factors influence the relative contribu-
tions of cumulenic type resonance forms vs. alkynyl type resonance
structures where the positive charge resides either at the terminal
carbon Cg (III) or on the ER0n group (IV). In general, the importance
of the alkynyl resonance forms is enhanced by increased donor
capacity of the heteroatom ER0n group and this can be confirmed by
observation of changes in the IR active, asymmetric n(CCC) stretch
of the allenylidene ligand, the chemical shift ordering of Cb and Cg
in the 13C NMR spectrum and crystallographically determined M-
Ca, Ca-Cb and Cb-Cg distances [8a].

A further well documented procedure to examine the details of
a metal-ligand bonding interaction is to monitor the structural and
spectroscopic changes that occur as a result of a redox process
which leads to an isolable or spectroscopically observable redox
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pair [15]. In this context, Winter and co-workers have investigated
a series of heteroatom substituted allenylidene complexes of the
type [Ru{C]C]C(R)ER0n}Cl(dppm)2]þ, and monitored the changes
in the IR active n(CCC) stretch and the UV-Vis spectrum following
one-electron oxidation to the 17-electron dication and one-
electron reduction to a 19-electron neutral system by spectroelec-
trochemistry [8a,9]. One limitation to these investigations is the
high redox potential associated with the formal Ru(II)/Ru(III)
couple for one-electron oxidation of these complexes and the
associated relatively poor thermodynamic stability of the resulting
17-electron species.

In a series of investigations, we have demonstrated that cyclo-
heptatrienyl molybdenum complexes of the type [MoX(dppe)(h-
C7H7)]nþ exhibit an extensive oxidative redox chemistry of ther-
modynamically stable 17-electron radical systems [16]. These
findings are attributable to a high energy, metal based dz2 HOMO in
the fragment {Mo(dppe)(h-C7H7)} and resultant symmetry atten-
uated interaction with ligand X. A few examples of stable 17-
electron dications of the type [MoX(dppe)(h-C7H7)]2þ are known
[16a], including the heteroatom substituted cyclic oxacarbene [Mo
{C(CH2)3O}(dppe)(h-C7H7)]2þ and this suggested that a related
heteroatom substituted allenylidene could also exhibit the requisite
stability for facile study. The diphenylallenylidene complex
[Mo(C]C]CPh2)(dppe)(h-C7H7)][PF6] has been prepared previ-
ously [17] via the classical method of Selegue but in the current
work, the focus was upon the development of the synthesis of a
heteroatom substituted derivative [Mo{C]C]C(R)NR'2}(dppe)(h-
C7H7)]þ for which the redox potential for one-electron oxidation
may be expected to be significantly more thermodynamically
favourable due to the electron donor properties of the heteroatom
substituent and resulting enhanced contribution of alkynyl reso-
nance forms (III) and (IV) to the structure.

2. Results and discussion

2.1. Synthetic studies

The synthetic protocol selected for generation of [Mo{C]C]
C(R)NR02}(dppe)(h-C7H7)]þ follows the principle of nucleophilic
addition at Cg of an intermediate cationic butatrienylidene. For
example, treatment of cis-[RuCl2(dppm)2] with buta-1,3-diyne
(HC^CC^CH) and Na[SbF6] followed by addition of a secondary
amine NHR2 results in the formation of the aminoallenylidene
complexes trans-[Ru{C]C]C(Me)NR2}Cl(dppm)2][SbF6] via the

butatrienylidene trans-[Ru(C]C]C]CH2)Cl(dppm)2]þ [9c]. Alter-
natively the buta-1,3-diyne synthon HC^CC^CSiMe3 which is
considerably easier to handle has been employed [10] in the syn-
thesis of the alkoxyallenylidene [Fe{C]C]C(Me)OMe}(dppe)Cp*]
[PF6] and this synthetic method provided a conceptual basis for the
current work.

The reaction of [MoBr(dppe)(h-C7H7)] with HC^CC^CSiMe3
and Na[BPh4] dissolved in a 1:1 solvent mixture of NHEt2/THF
resulted in a colour change from brown-green to a deep purple
colour and after stirring for 21 h the aminoallenylidene complex
[Mo{C]C]C(Me)NEt2}(dppe)(h-C7H7)][BPh4], [1][BPh4] was iso-
lated in good yield as a deep green solid. The synthesis likely pro-
ceeds as shown in Scheme 1 via the initial formation of the
butatrienylidene intermediate [Mo{C]C]C]C(H)R}(dppe)(h-
C7H7)][BPh4] (R ¼ H or SiMe3). Subsequent addition of the solvent-

Fig. 1. Resonance structures of a cationic heteroatom (E) substituted allenylidene
complex.

Scheme 1. Synthetic route to [1][BPh4].
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based nucleophile NHEt2 at Cg followed by proton migration to the
neighbouring Cd terminal carbon gives the final product [1]þ. There
was no evidence for the presence of the SiMe3 protecting group in
the final product and therefore at some juncture in the reaction
sequence, SiMe3 is replaced by H as is widely reported for reactions
of SiMe3 protected alkynes with organometallics in methanol or
dichloromethane [18]. The use of Na[BPh4] was essential to the
success of the synthesis and attempts to isolate complex [1]þ as a
[PF6]" salt by replacement of Na[BPh4] with K[PF6] were unpro-
ductive. This observation might be rationalised by the enhanced
capability of Na[BPh4] to initiate halide abstraction under mild
conditions although attempts to effect anion exchange by stirring
[1][BPh4] with excess K[PF6] in acetone were also unsuccessful.

Complex [1][BPh4] was fully characterised by microanalysis,
mass spectrometry, IR and 1H, 31P{1H}, and 13C{1H} NMR spec-
troscopy (see Experimental Section) and by an X-ray structural
determination. As discussed below, the structural and spectro-
scopic features of [1][BPh4] are fully consistent with the properties
of a heteroatom stabilised allenylidene ligand and a substantial
contribution of the alkynyl resonance forms (III) and (IV) (Fig. 1) to
the overall structure.

2.2. Structural and spectroscopic investigations

X-ray quality crystals of [1][BPh4] were obtained by vapour
diffusion of diethylether into an acetonitrile solution of the com-
plex. The X-ray structural investigation confirms the identity of
complex [1]þ as a heteroatom substituted aminoallenylidene
complex. The molecular structure of [1][BPh4], annotated with the
atomic numbering scheme, is shown in Fig. 2 and important bond
lengths and angles are summarised in Table 1 together with key
comparative data for the structurally related systems, [Mo(C]C]
CPh2)(dppe)(h-C7H7)][PF6], [2][PF6] [17], [Mo(C^CPh)(dppe)(h-
C7H7)], 3 [19], and Z-trans-[Ru{C]C]C(Me)N(Me)CH2Ph}
Cl(dppm)2][SbF6], [4][SbF6] [9c].

The structural data for [1][BPh4] are consistent with a substan-
tial contribution of alkynyl resonance forms (III) and (IV) to the
overall structure. For example, by comparison with the dipheny-
lallenylidene analogue [2]þ (which is well described in terms of a
cumulenic structure), complex [1]þ exhibits elongated Mo-Ca and
Cb-Cg distances and a shorter Ca-Cb separation, consistent with

enhanced multiple bond character of the latter. The MoeCa dis-
tance in [1]þ, (Mo(1)-C(34) ¼ 2.077(3) Å) is still significantly
shorter than found for analogous alkynyl complexes (2.138(5) Å for
3 [19] and typically in the range 2.11e2.14 Å, [16b]) but is corre-
spondingly much longer than the Mo-Ca distance in [2]þ and the
vinylidene complex [Mo(C]CHPh)(dppe)(h-C7H7)]BF4 (1.93(1) Å)
[20].

In addition to the Mo-Ca distance, the MoeP bond lengths
provide an indirect indicator of the character of theMoeCa bond by
acting as a monitor of electron density at the Mo centre. For the
cumulenic complex [Mo(C]C]CPh2)(dppe)(h-C7H7)][PF6], [2]
[PF6], the average Mo-P distance is 2.51 Å, (cf. [Mo(C]
CHPh)(dppe)(h-C7H7)][BF4], Mo-P(average) ¼ 2.53 Å). This quite
long distance reflects a reduction in Mo to P back bonding effects as
electron density at the Mo centre is depleted by the electron
accepting cumulenic diphenylallenylidene ligand. By contrast, the
average Mo-P distance in heteroatom stabilised [1][BPh4] (2.48 Å)
is rather shorter (cf. [Mo(C^CPh)(dppe)(h-C7H7)], Mo-
P(average) ¼ 2.47 Å [19]), consistent with enhanced MoeP back
bonding and a corresponding reduction in the electron acceptor
capacity of the heteroatom stabilised aminoallenylidene ligand.

The global geometry of the aminoallenylidene ligand of [1]
[BPh4], may be compared with that of Z-trans-[Ru{C]C]C(Me)
NMeCH2Ph}Cl(dppm)2][SbF6], [4][SbF6]. The majority of bond
lengths and angles are comparable within the limits of the accuracy
of the structure determinations. A key feature of the amino-
allenylidene ligand is the shortening of the CgeN bond; the CgeN
bond lengths of [1]þ and [4]þ (1.318(4), 1.290(10) Å respectively)
are much closer in length to a typical C]N double bond (ca.1.30 Å)
than a CeN single bond (ca. 1.47 Å) and also similar to the CaeN
bond length determined for heteroatom stabilised aminocarbene
complexes [M{C(Me)NH2}(dppe)Cp']þ (M ¼ Fe, Ru; Cp’ ¼ Cp, Cp*)
[21]. These data indicate a substantial contribution of the iminium
alkynyl resonance form (IV) (Fig. 1) to the structure of [1]þ.

A summary of key spectroscopic data for [1]þ together with
comparative data for the cycloheptatrienyl complexes [2]þ and 3
and the direct diethylaminoallenylidene ligand analogue of [1]þ

supported by {RuCl(dppm)2}, trans-[Ru{C]C]C(Me)NEt2}
Cl(dppm)2][SbF6], [5][SbF6] [9c], is presented in Table 2. A detailed
analysis of the spectroscopic properties of heteroatom substituted
allenylidene complexes is available in the literature [8a] and

Fig. 2. Molecular structure of [1][BPh4] with thermal ellipsoids plotted at 50% probability. H atoms and [BPh4]" counter-ion omitted for clarity.
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therefore only a brief discussion of the salient spectroscopic fea-
tures of [1]þ will be presented here.

The IR spectrum of complex [1]þ in CH2Cl2 solution exhibits two
key absorptions, one at 1959 cm"1 attributable to the asymmetric
n(CCC) stretching mode and a second band at 1542 cm"1 arising
from the Cg]N stretch. Consistent with the enhanced alkynyl
character of the aminoallenylidene ligand of [1]þ, the position of
the n(CCC) band is to high wavenumber of the cumulenic diphe-
nylallenylidene analogue [2]þ, although it is still much lower in
wavenumber than the n(C^C) stretch of a typical alkynyl complex
[Mo(C^CR)(dppe)(h-C7H7)] (n(C^C) in the range
2040e2060 cm"1) [16b]. The 31P{1H} NMR chemical shift of the
dppe ligand phosphorus atoms also appears to be sensitive to the
alkynyl character of [1]þ with the chemical shift of 60.3 ppm, quite
close to typical values determined for alkynyl complexes (generally
in the range 64e66 ppm) [16b], and distinct from cumulenylidene
complexes such as [2]þ and the vinylidenes [Mo{C]C(H)
R}(dppe)(C7H7)]þ, which exhibit 31P{1H} NMR shifts in the range
51e54 ppm [17]. The n(Cg]N) stretching frequency at 1542 cm"1 is
in the correct region for the C]N multiple bond of amino-
allenylidenes and, in commonwith related complexes based on the
{RuCl(dppm)2} moiety [9c], restricted rotation about the amino-
allenylidene C]N bond results in inequivalence of the amino ethyl
substituents in both 1H and 13C{1H} NMR spectra. The chemical
shift order of the constituent carbons of the allenylidene chain of
[1]þ also follows the order expected for a heteroatom substituted
system with Cb shifted to high field of Cg [8a], consistent with
increased alkynyl character at the beta carbon; the assignment of
the resonance for Cb in [1]þwas assisted by a HMBC (Heteronuclear
multiple bond correlation) experiment, exploiting the proximity of
the methyl substituent on Cg.

2.3. Electrochemistry

The principal motivation in the synthesis of complex [1]þwas to
investigate the structural and spectroscopic changes resulting from
one-electron oxidation of [1]þ to the 17-electron dication [1]2þ. A
series of electrochemical and spectroelectrochemical investigations
on heteroatom substituted allenylidene complexes supported by
the {RuCl(dppm)2} unit have been reported previously [8a,9].
However in the current work the use of the {Mo(dppe)(h-C7H7)}
systemwas expected to promote low thermodynamic potentials for
oxidation and a strongly metal centred redox orbital.

The electrochemical response of the allenylidene complexes
[1]þ and [2]þ was examined by cyclic voltammetry; the results are
presented in Table 3 together with data for related complexes for
comparison. Under the conditions given in Table 3, each of com-
plexes [1]þ and [2]þ undergoes a diffusion controlled, chemically
and electrochemically reversible, one-electron oxidation with the
separation between cathodic and anodic peak potentials

Table 1
Key structural data for [1][BPh4] and structurally related allenylidene and alkynyl complexes.a

Complex [1][BPh4] [2][PF6] 3 [4][SbF6]

Bond lengths (Å)
M-Ca 2.077(3) 1.994(3) 2.138(5) 1.947(6)
Ca-Cb 1.224(4) 1.258(5) 1.205(6) 1.217(9)
Cb-Cg 1.391(4) 1.354(5) e 1.398(9)
Cg-R 1.507(4) (R ¼ Me) 1.479(5), 1.490(5) (R ¼ Ph) e 1.526(12) (R ¼ Me)
Cg-N 1.318(4) e e 1.290(10)
M-P 2.4531(6)

2.499(2)
2.5132(9)
2.5102(9)

2.467(1)
2.477(1)

2.3446(19), 2.349(2)
2.3593(19), 2.3474(19)

Bond angles ($)
M-Ca-Cb 176.4(2) 176.1(3) 178.5(4) 175.6(6)
Ca-Cb-Cg 175.9(3) 174.4(4) e 170.8(8)
Cb-Cg-R 118.9(3) 121.1(3), 119.1(3) e 117.4(7)
Cb-Cg-N 120.9(3) e e 123.6(8)

a [2][PF6] ¼ [Mo(C]C]CPh2)(dppe)(h-C7H7)][PF6], 3 ¼ [Mo(C^CPh)(dppe)(h-C7H7)], [4][SbF6] ¼ Z-trans-[Ru{C]C]C(Me)NMeCH2Ph}Cl(dppm)2][SbF6].

Table 2
Key spectroscopic data for [1][BPh4] and related complexes.a

Complex [1][BPh4] [2][PF6] 3 [5][SbF6]

IRb n(CCC)/(C^C) 1959 1876 2045 1993c

n(C]N) 1542 e e 1557c
31P{1H} NMRd 60.3 51.4 64.6 "8.7e
13C{1H} NMRd Ca: 228.9, t {25}

Cb: 130.6
Cg: 146.2

Ca: 285.4, t {33}
Cb: 178.7, t, {10}
Cg: 136.3, t, {6}

Ca: 141.4, t {26}
Cb: 121.6, br.

Ca: 204.3, q {14}
Cb: 119.1, q, {2}
Cg: 154.2, q, {1}f

a [2][PF6] ¼ [Mo(C]C]CPh2)(dppe)(h-C7H7)][PF6], 3 ¼ [Mo(C^CPh)(dppe)(h-C7H7)], [5][SbF6] ¼ trans-[Ru{C]C]C(Me)NEt2}Cl(dppm)2][SbF6].
b In CH2Cl2 unless stated otherwise.
c In 1,2-C2H4Cl2.
d In CD2Cl2 unless stated otherwise, values in parentheses {} indicate JC-P in Hz, t ¼ triplet, q ¼ quintet, br ¼ broad.
e In CDCl3.
f In CD3CN.

Table 3
Cyclic Voltammetric data and ligand parameters (PL) for compounds [1]þ, [2]þ, 3,
[Mo{C]C(Me)But}(dppe)(h-C7H7)]þ and [5]þa.

Compound E1/2 (V) PL ref.

[1]þ "0.19 "0.86 this work
[2]þ þ0.41 "0.27 this work
3 "0.72 "1.26 [16b]
[Mo{C]C(Me)But}(dppe)(h-C7H7)]þ þ0.49 "0.11 [16a]
[5]þ þ0.41 "0.84 [9c]

a All potentials are reported vs. FeCp2/FeCp2
þ ¼ 0.00 V. Data for complexes [1]þ

and [2]þ from 0.2 M [nBu4N][PF6]/CH2Cl2 solutions at ambient temperature at a
glassy carbon working electrode. [2]þ ¼ [Mo(C]C]CPh2)(dppe)(h-C7H7)]þ,
3 ¼ [Mo(C^CPh)(dppe)(h-C7H7)], [5]þ ¼ trans-[Ru{C]C]C(Me)NEt2}Cl(dppm)2]þ.

H.A. Alturaifi et al. / Journal of Organometallic Chemistry 827 (2017) 15e2218



comparable to that determined for the internal ferrocene standard.
There is a substantial difference between measured E½ values

for the one-electron oxidation of [1]þ and [2]þ with E½ shifted to
negative potential by 0.60 V by exchange of the cumulenic ligand of
[2]þ for the heteroatom substituted ligand of [1]þ. For [2]þ, the E½
value ofþ0.41 V vs. FeCp2/FeCp2þ is not significantly different to that
of the vinylidene [Mo{C]C(Me)But}(dppe)(h-C7H7)]þ, and this
serves to emphasise the strong acceptor cumulenic character of the
diphenylallenylidene ligand. By comparison the E½ value of "0.19 V
vs. FeCp2/FeCp2þ for [1]þ is intermediate between that of [2]þ and an
authentic metal alkynyl such as 3, consistent with enhanced elec-
tron density at the metal centre by comparison with [2]þ. Table 3
also presents the ligand PL parameters, determined as described
by Pombeiro [22]. The PL value of "0.86 V estimated for the
diethylaminoallenylidene ligand of [1]þ agrees very well with the
equivalent value at a {RuCl(dppm)2} centre and indicates that the
diethylaminoallenylidene ligand acts as a strong net donor group to
the metal centre.

2.4. Spectroelectrochemical investigations

The E½ value for one-electron oxidation of [1]þ is 0.60 V negative
of that of the corresponding {RuCl(dppm)2}-based dieth-
ylaminoallenylidene complex [5]þ and this relatively low potential
for the generation of 17-electron species [1]2þ indicated that the
latter should be readily observable by spectroscopic methods. The
oxidised species [1]2þ was generated in an OTTLE cell [23] from a
solution in CH2Cl2/0.1 M [nBu4N][PF6], and the UV-Vis-NIR and IR
spectra recorded in situ. The initial spectra corresponding to [1]þ

were completely regenerated upon re-reduction of the sample
during the spectroelectrochemical experiments indicating that the
species observed was indeed [1]2þ. The electronic spectrum of [1]þ

is characterised by MLCT absorption envelopes with apparent ab-
sorption maxima at 17440 and 22470 cm"1 (573 and 445 nm
respectively). Upon oxidation to [1]2þ these absorption bands
collapse, and give rise to a series of overlapping and unresolved
absorption features from the UV region into the visible; the com-
plex is NIR silent in both oxidation states. The key observation in
the IR spectrum of [1]2þ is the replacement of bands for [1]þ at 1959
(n(CCC), s) and 1542 (n(C]N), m) cm"1 with new bands at 2032
(n(CCC), w) and 1598 (n(C]N), m) cm"1 (Fig. 3).

On oxidation of [1]þ to [1]2þ, the aminoallenylidene n(CCC) band
shifts to high wavenumber by approximately 70 cm"1 and is also
significantly decreased in intensity. The decrease in intensity in
n(CCC) following one-electron oxidation has been observed previ-
ously for trans-[Ru{C]C]C(Me)NEt2}Cl(dppm)2]nþ (n¼ 1, 2), [5]nþ

and related complexes and may be attributed to a reduction in
molecular dipole on progressing from the mono-to the di-cation as
a positive charge resides both at the metal centre and on the
aminoallenylidene ligand in the oxidised dicationic system [9b].
However the shift in n(CCC) to higher wavenumber following one-
electron oxidation of [1]þ to [1]2þ is in direct contrast to the
observed decrease in the equivalent parameter reported to result
from one-electron oxidation of [5]þ to [5]2þ. The result for the [5]þ/
[5]2þ couple is in common with several other heteroatom
substituted allenylidene complexes supported by the
{RuCl(dppm)2} system and, with one exception [9a], a shift in
n(CCC) to low wavenumber by 40e60 cm"1 is observed following
one-electron oxidation. A comparison of redox induced changes in
n(CCC) and n(C]N) for the couple [1]þ/[1]2þ with equivalent data
for a series of closely related aminoallenylidene and phenylalkynyl
18-/17-electron redox pairs is presented in Table 4.

The apparently inconsistent behaviour of the redox-induced
changes in n(CCC) of the aminoallenylidene ligand may be ration-
alised by a consideration of the extended bonding character of the

ligand and the specific electronic features of the metal supporting
groups Mo(dppe)(h-C7H7) and RuCl(P-P)2 (P-P ¼ bidentate phos-
phine ligand). Fig. 4 presents some key resonance forms of an
aminoallenylidene ligand (A) to (D), which illustrate the evolution
of ligand bonding properties from the p-acceptor character of
cumulenic form (A) in the 18-electron monocation, through imi-
nium alkynyl structures (B) and (C) to the formally p-donor char-
acter of resonance form (D) in the 17-electron dication. In terms of
the IR active n(CCC) stretching frequency, contributions from both
resonance forms (A) and (D) might be expected to result in a
lowering in wavenumber. Superimposed upon this ligand bonding
description are the electronic properties of the supporting metal
group {M}. When {M} ¼Mo(dppe)(h-C7H7), the metal centre has a
high energy, metal based HOMO whereas, by contrast where
{M} ¼ RuCl(dppm)2, the HOMO is much lower in energy (see E½
values in Table 3) and possesses enhanced ligand character. As a
consequence, as explained below, it is suggested that the transition
in the bonding character of the aminoallenylidene ligand resulting
from one-electron oxidation is rather different for the two metal
support types and this leads to the contrasting behaviour observed
in the shift in n(CCC).

Where {M} ¼ Mo(dppe)(h-C7H7), the monocation [1]þ may be
expected to have an important contribution from the cumulenic, p-
acceptor resonance form (A) arising from effective back donation
from the high energy HOMO of the electron rich metal centre,
[8a,14a]; evidence for this is provided by the unusually low value
for the n(CCC) stretching frequency in [1]þ (a similar observation
may also be made for the diphenylallenylidene derivative [2][PF6],
see Table 2). This metal to ligand back bonding interaction is
essentially eliminated following one-electron oxidation of [1]þ to
[1]2þ. The strongly metal-centred character of the redox process
[1]þ/[1]2þ results in a predominance of the iminium alkynyl reso-
nance form (C), (where the unpaired electron is localised at an
electron rich metal centre) contributing to the structure of [1]2þ.
Indirect evidence for the extremely limited contribution from the
cumulenic form (D) to the structure of [1]2þ may be inferred from

Fig. 3. IR spectra of [1]nþ (n ¼ 1, 2) recorded spectroelectrochemically in dichloro-
methane/0.1 M [nBu4N][PF6].
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the very small change in n(C^C) following one-electron oxidation
of the phenylalkynyl derivative 3 to 17-electron [3]þ (see Table 4).
Overall therefore conversion of [1]þ to [1]2þ results in a decrease in
the contribution of cumulenic resonance forms to the overall
structure and the enhanced iminium alkynyl character resulting
from one-electron oxidation leads to a shift in n(CCC) to higher
wavenumber. Where {M} ¼ RuCl(dppm)2 the opposite arguments
apply. In this case, by comparison with {M} ¼ Mo(dppe)(h-C7H7),
there is a reduced contribution of resonance form (A) to 18-electron
[5]þ but correspondingly an enhanced contribution of resonance
form (D) in the 17-electron dication [5]2þ. Alkynyl complexes
supported by Ru(dppe)Cp' and RuCl(P-P)2 (P-P ¼ chelate phos-
phine) units are known to have a significant contribution to the
redox orbital from the alkynyl ligand [24,25] and one-electron
oxidation results in a large decrease (ca. 100e150 cm#1, see
Table 4) in the alkynyl n(C^C) stretching frequency [24,26]. The net
effect of one-electron oxidation of [5]þ to [5]2þ is therefore to in-
crease the cumulenic character of the aminoallenylidene ligand and
accordingly a shift in n(CCC) to lower wavenumber is observed.

3. Conclusions

The aminoallenylidene complex [Mo{C]C]C(Me)NEt2}(dp-
pe)(h-C7H7)][BPh4], [1][BPh4], has been obtained in a convenient,
one-pot synthesis from the reaction of [MoBr(dppe)(h-C7H7)] with
HC^CC^CSiMe3 in a mixed NHEt2/THF solvent system. Spectro-
scopic and X-ray structural investigations indicate that the metal-
ligand bonding in [1][BPh4] includes a significant contribution
from an iminium alkynyl resonance structure. The electrochemistry
of [1][BPh4] displays the operation of a reversible one-electron
oxidation process to give the thermodynamically stable 17-

electron radical dication [1]2þ. Spectroelectrochemical in-
vestigations on the redox pair [1]þ/[1]2þ reveal an increase in the IR
active n(CCC) stretching frequency of ca. 70 cm#1 following one-
electron oxidation in contrast to the redox-induced behaviour of
the aminoallenylidene ligand in [Ru{C]C]C(Me)NEt2}
Cl(dppm)2]nþ (n ¼ 1, 2), where a shift in n(CCC) to lower wave-
number is observed. These observations serve to highlight the
highly flexible bonding character of the aminoallenylidene ligand
which might be considered as a special case of an alkynyl ligand
with additional p-acceptor capability. The use of the Mo(dppe)(h-
C7H7) support unit in the current work brings the advantage that
the redox process is strongly metal based and therefore interpre-
tation of the IR spectroscopic data can essentially be simplified to a
consideration of the expected decrease in p-back donation and
increase in iminium alkynyl character following one-electron
oxidation.

4. Experimental

4.1. 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)(h-C7H7)] was prepared by a published
procedure [27]. NMR spectra were recorded on a Bruker Avance III
HD (500 MHz 1H, 125 MHz 13C{1H}, 202 MHz 31P{1H}) spectrom-
eter. Solution infrared spectra were obtained on a Shimadzu IR
Affinity-1S FTIR spectrometer and MALDI mass spectra were
recorded using a Shimadzu Axima Confidence spectrometer. Mi-
croanalyses were conducted by the staff of the Microanalytical

Table 4
Redox induced changes in n(CCC)/n(C^C) and n(C]N) for selected aminoallenylidene and phenylalkynyl complexes.a

Complex n(CCC)/n(C^C) (cm#1) D n(CCC)/n(C^C) (cm#1) n(C]N) (cm#1) D n(C]N) (cm#1) Ref.

18 e# 17 e# 18 e# 17 e#

[1]þ/[1]2þ 1959 2032 þ73 1542 1598 þ56 this work
3/[3]þ 2045 2032 #13 e e e [16b]
[5]þ/[5]2þ 1993 1948 #45 1557 1597 þ40 [9c]
6/[6]þ 2075 1910 #165 e e e [26]

a 3/[3]þ ¼ [Mo(C^CPh)(dppe)(h-C7H7)]nþ, [5]þ/[5]2þ ¼ trans-[Ru{C]C]C(Me)NEt2}Cl(dppm)2]nþ, 6/[6]þ ¼ trans-[Ru(C^CPh)Cl(dppe)2]nþ. IR data recorded spec-
troelectrochemically in CH2Cl2/0.1 M [nBu4N][PF6] (or for [5]þ/[5]2þ 1,2-C2H4Cl2/[nBu4N][PF6]).

Fig. 4. Key resonance forms of a metal aminoallenylidene complex in 18- and 17-electron configurations.
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Service of the School of Chemistry, University of Manchester. Cyclic
voltammograms were recorded from 0.2 M [nBu4N][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/FeCp2þ ¼ 0.00 V). Spectroelec-
trochemistry was conducted in an OTTLE cell [23] using solutions in
dichloromethane containing 0.1 M [nBu4N][PF6] as the supporting
electrolyte. Spectra were recorded on an Agilent Technologies Cary
660 FTIR or an Avantes diode array UV-Vis-NIR system comprising
two light sources (UV-Vis: AvaLight-DH-S-Bal, Vis-NIR: AvaLight-
Hal-S) and two spectrometers (UV-Vis: AvaSpec-ULS204-8L-USB2,
NIR: AvaSpec-NIR256-2.5TEC) connected to a custom-built sam-
ple holder by bifurcated fibre optic cables. The Vis-NIR light source
was attenuated with a band-pass filter transparent between ~900
and 4700 nm. Electrolysis in the cell was performed using a
PalmSens Emstat3þ potentiostat at a scan rate of 10 mV"1.

5. Preparation of HC^CC^CSiMe3

The preparation of HC^CC^CSiMe3 was carried out by a
modification of reported literature procedures [28]. Both dieth-
ylether and THF were investigated as reaction solvents but re-
actions in diethylether appeared to progress only slowly and
incompletely. Full conversion of Me3SiC^CC^CSiMe3 to
HC^CC^CSiMe3 was not achieved even in THF with a 1.5 M excess
of MeLi/LiBr as evidenced by IR spectra of isolated products which
exhibited a n(C^C) band at 2066 cm"1 (CH2Cl2) (lit 2065 cm"1

[29])) due to unreactedMe3SiC^CC^CSiMe3 in addition to product
bands at 2189 and 2034 cm"1 (lit. 2190, 2035 cm"1 [30]).

Me3SiC^CC^CSiMe3 (2.00 g, 10.3 mmol) was dissolved in
distilled, degassed THF (25 cm3) and stirred under N2 forming a
beige solution. The solution was cooled to "78 %C before MeLi/LiBr
(10 cm3 of a 1.5 M solution in diethylether, 15.0 mmol) was added
dropwise over 10 min. The reaction mixture was stirred at "78 %C
for 1 h and then allowed to warm to room temperature and stirring
continued for a further 2.5 h. Saturated aqueous NH4Cl solution
(30 cm3) was added portion-wise with cooling and themixturewas
then stirred for 1 h. The reaction mixture was extracted with
pentane (40 cm3) and the organic layer was washed with brine,
dried with MgSO4, filtered and evaporated to give the product as a
yellow-brown oil; IR: n(C^C) (cm"1), (CH2Cl2), 2189, 2066, 2034.
The isolated product was used directly without further purification
in subsequent reactions with an assumed yield of HC^CC^CSiMe3
of ca. 50% consistent with previous reports [28b].

6. Preparation of [Mo{C]C]C(NEt2)CH3}(dppe)(h-C7H7)]
[BPh4]

A mixture of [MoBr(dppe)(h-C7H7)] (0.762 g, 1.15 mmol),
HC^CC^CSiMe3 (prepared as described above from
Me3SiC^CC^CSiMe3, 1.00 g, 5.15 mmol and MeLi/LiBr, 5 cm3 of a
1.5 M solution in diethylether, 7.5 mmol), and Na[BPh4] (0.394 g,
1.15 mmol) was suspended in a 1:1 HNEt2/THF solvent mixture
(40 cm3) then stirred at room temperature for 21 h to give a deep
purple solution. The solvent was removed under vacuum and the
resulting residue was recrystallized from CH2Cl2/diethyl ether to
give the product as a deep green solid; yield 0.671 g, (57%). 1H NMR
(CD2Cl2): d 7.65, 7.37, 7.30, 7.18, 7.05, 6.89, 6.73 (m, 40H, Ph, dppe
and [BPh4]), 4.81 (s, 7H, C7H7), 2.91 (q, JH-H 5 Hz, 2H, CH2, NEt2), 2.44
(q, JH-H 5 Hz, 2H, CH2, NEt2), 2.23, 2.20 (m, 4H, CH2, dppe), 1.09 (s,
3H, Cg- CH3), 0.81 (t, JH-H 5 Hz, 3H, CH3,NEt2), 0.58 (t, JH-H 5 Hz, 3H,
CH3, NEt2). 13C{H} NMR (CD2Cl2): d 228.9, t, (JC-P 25 Hz) Ca; 163.9, m,
Ci, [BPh4]; 146.2, s, Cg; 130.6, br, Cb; 138.5 m, Ci, PPh2, dppe; 135.8, s,

125.6, s,121.7, s, Ph, [BPh4]; 133.3,130.9,130.7,129.8,128.9,128.7, m,
PPh2, dppe; 88.9, s, C7H7; 48.0, s, CH2, NEt2; 44.6, s, CH2, NEt2; 26.5,
m, CH2, dppe; 21.2, s, CH3, Cg-CH3; 13.1, s, CH3, NEt2; 11.8, s, CH3,
NEt2. 31P{H} NMR (CD2Cl2): d 60.3. IR (CH2Cl2; cm"1): n(CCC) 1959,
n(CN) 1542. MS MALDI (m/z): 710 [M]þ. Anal. Calcd. (%) for
C65H64BMoNP2: C, 75.9; H, 6.2; N, 1.4. Found: C, 76.2; H, 6.4; N, 1.5.

7. Crystallography

Single crystals of [1][BPh4] were obtained as bronze-green
blocks by vapour diffusion of diethyl ether into a CH3CN solution
of the complex at 4 %C. Single crystal X-ray data were collected at
100 K on a Bruker APEX-II CCD Diffractometer, by a means of Cu-Ka
(l ¼ 1.54178 Å) radiation. SHELXS-97 [31] was employed for the
computing structure solution and SHELXL-2014/7 [32] for the
computing structure refinement. The structure was solved by direct
methods with refinement based on F2. The non-hydrogen atoms
were refined anisotropically and H atoms were included in calcu-
lated positions.

Crystal Data for [1][BPh4]: C65H64BMoNP2, Mr ¼ 1027.86,
triclinic, space group P-1, a ¼ 10.0541(3) Å, b ¼ 14.4743(4) Å,
c ¼ 19.2548(6) Å, a ¼ 77.289(2)º, b ¼ 86.325(2)%, g ¼ 73.589(2)º,
U ¼ 2622.04(14) Å3, Z ¼ 2, m ¼ 2.934 mm"1, 24284 reflections
collected, final wR2(F2) ¼ 0.0990 for all data, conventional
R1 ¼ 0.0410 for 9853 reflections with I > 2s(I), S ¼ 1.039.
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ccdc.cam.ac.uk/data_request/cif.
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Thanks to their synthetic versatility, the half-sandwich metal chlorides MCl(dppe)(Z5-C5R5) [M¼Fe, Ru; dppe¼ 1,2-bis
(diphenylphosphino)ethane, R¼H (cyclopentadiene, Cp), CH3 (pentamethylcyclopentadiene, Cp*)] are staple starting
materials in many organometallic laboratories. Here we present an overview of the synthetic methods currently available
for FeCl(dppe)Cp*, FeCl(dppe)Cp, RuCl(dppe)Cp*, and RuCl(dppe)Cp, and describe in detail updated and optimised
multigram syntheses of all four compounds.
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Introduction

Half-sandwich complexes are known for all of the d-block
metals and most of those in the f-block.[1,2] These systems,
typified by complexes of the cyclopentadienyl ligand (Cp),
Z5-C5H5, and derivatives but also including a wide array of
cyclic hydrocarbons, have been fundamental to the development
of organometallic chemistry. Through decades of inspiring
work, half-sandwich compounds now find application in an
immense range of catalytic transformations, including olefin
polymerisation[3–6] and asymmetric processes which take
advantage of chirality introduced through either substitution of a
chiral auxiliary at the periphery of the cyclic hydrocarbon, use of
chiral supporting ligands, or otherwise engineering asymmetry in
the supporting ligand environment.[7–12] The capacity to control
shape, solubility, and supporting ligands of half-sandwich com-
pounds has led to further developments in the use of half-sandwich
compounds in biological and biomedical contexts,[13,14] including
applications as enzyme inhibitors and metal-based drugs.[15,16]

The synthetic versatility of the generic half-sandwich plat-
form has seen these systems routinely applied as frameworks
upon which to support and further develop the chemistry of
ligands such as carbenes[17] and vinylidenes,[18] silyls and
silyenes,[19] the polyyndiyl and cumulene forms of linear Cn

fragments supported by ML2(Z
5-C5R5), and related frag-

ments.[20,21] The ligand substitution chemistry that has been
developed on various half-sandwich complexes has led to their
use as building blocks in supramolecular architectures[22–25] and
surface-supported nanoarchitectures,[26,27] and as frameworks
for the investigation of non-linear optical properties.[28–33] The
synthetic versatility is augmented by well defined one-electron
redox processes[34,35] which opens a range of further possibili-
ties for use of these systems as platforms through which to

generate and study mixed-valence complexes and electron-
transfer phenomena.[36–40] The ability to systematically vary
the nature of the metal and the steric and electronic properties
of the half-sandwich fragment has allowed detailed investiga-
tion of the electronic and spectroscopic properties of such
complexes. In this context, the compounds FeCl(dppe)Cp*,
RuCl(PPh3)2Cp, RuCl(dppe)Cp*, MoBr(dppe)(Z7-C7H7), and
ReCl(NO)(PPh3)Cp* (dppe¼ 1,2-bis(diphenylphosphino)ethane,
Cp*¼ pentamethylcyclopentadiene, Z5-C5(CH3)5), which are
considerably more electron-rich than similar half-sandwich
carbonyl complexes such as MCl(CO)2Cp, MCl(CO)2Cp*
(M¼ Fe, Ru), MoBr(CO)2(Z

7-C7H7), MCl(CO)3Cp, MCl
(CO)3Cp* (M¼Mo, W), have proven to be especially useful.

However, despite the demonstrable utility of both FeCl
(dppe)Cp* and RuCl(dppe)Cp* as valuable starting materials,
the closely related cyclopentadienyl derivatives FeCl(dppe)
Cp[41] and RuCl(dppe)Cp,[42] which offer intermediate electron
donor capacity and smaller steric bulk at the metal centre than
the Cp* derivatives, have been less thoroughly exploited.[43–47]

In part the restricted use of these compounds might be attributed
to the limitations in synthetic routes to them.Herewe summarise
the known synthetic routes to the family of complexes MCl
(dppe)(Z5-C5R5) (M¼Fe, Ru; R¼H (Cp), CH3 (Cp*)), and
describe in detail multigram scale procedures which afford these
compounds in two-pot processes from commercial FeCl2"4H2O
or RuCl3"xH2O.

Results and Discussion

FeCl(dppe)Cp*

The iron complex FeCl(dppe)Cp* was first prepared in the late
1980s by Lapinte and co-workers.[48] In this early report
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colloidal potassium (generated using high intensity ultrasound)
was treated with a mixture of pentamethylcyclopentadiene and
[FeCl2(dppe)]n in a toluene/tetrahydrofuran mixture and
allowed to react under ultrasonic irradiation for 30min at
!108C. An otherwise identical reaction conducted at 508C
yielded the corresponding iron hydride FeH(dppe)Cp*. An
alternative procedure involving reaction of lithium penta-
methylcyclopentadienide with [FeCl2(dppe)]n in tetrahydro-
furan under reflux (1 h) or at room temperature (overnight)
affording FeCl(dppe)Cp* in 85% isolated yield was later
described.[49] Similar reactions provide a general entry point to
FeCl(PMe3)2(Z

5-C5R5) (C5R5¼C5H5 (Cp), C5H4(CH3) (Cp’),
C5(CH3)5 (Cp*)) complexes.[50]

Most recently, Liddle and colleagues have explored the
synthetic chemistry associated with the preparation of a wide
range of half-sandwich FeCl(dppe)(Z5-C5R5) compounds
(C5R5¼C5H5 (Cp), C5(CH3)5 (Cp*), C5H4SiMe3, C5H3(SiMe3)2,
and C5H3(

tBu)2).
[51] In this case FeCl(dppe)Cp* was synthesised

(73%) by a 1 : 1 reaction of potassium pentamethylcyclopenta-
dienide with [FeCl2(dppe)]n in toluene (!788C - r.t., 18 h),
although only generalised reaction conditions were given for the
series of half-sandwich complexes reported. The reaction temper-
ature was noted as being important for achieving the reported
yields, with formation of ferrocenes and free 1,2-bis(diphenylpho-
sphino)ethane from ligand scrambling processes being problem-
atic in reactions conducted at room temperature, but being largely
eliminated in reactions carried out initially at !788C.

Amore convenient laboratory preparation of FeCl(dppe)Cp*
would avoid the use of ultrasonic irradiation, and the isolation
and manipulation of air sensitive lithium[52] or pyrophoric
potassium[53] pentamethylcyclopentadienides, while taking
advantage of the ready availability of [FeCl2(dppe)]n. Although
[FeCl2(dppe)2]n is commonly prepared from reaction of anhy-
drous FeCl2 with 1,2-bis(diphenylphosphino)ethane

[41,51] it has
been recently shown that [FeCl2(dppe)]n can be conveniently
synthesised in high yield (,80%) by treatment of FeCl2#4H2O
with 1,2-bis(diphenylphosphino)ethane in acetone/chloroform
mixtures[44,54] thereby avoiding the tedious preparation, or
considerably greater cost, of anhydrous FeCl2 (As of March
2016, FeCl2#4H2O costs ,A$65 per mole and FeCl2 ,A$390

per mole, prices from Sigma Aldrich.) Recently, a single crystal
X-ray diffraction study identified [FeCl2(dppe)]n as a coordina-
tion polymer, rather than the often presumed molecular species,
FeCl2(dppe).

[54]

Here, the following method is proposed (Scheme 1a). Potas-
sium pentamethylcyclopentadienide is produced in situ by
reaction of pentamethylcyclopentadiene with potassium metal
in refluxing toluene,[53] and precipitates from the reaction as a
fine white powder. The potassium pentamethylcyclopentadie-
nide so produced is not isolated, but rather the reaction mixture
is allowed to cool, diluted with a further portion of toluene, and
treated with thoroughly dried [FeCl2(dppe)]n.

[44,54] Following
overnight reaction at room temperature, the workup involves a
simple filtration, removal of solvent, and crystallisation
(dichloromethane/n-pentane) of the residue. The target complex
is obtained in high yield (78%, relative to K) in a 7.7mmol
reaction as the dichloromethane solvate. Conducting the addi-
tion of [FeCl2(dppe)]n initially at !788C did not improve the
yield.

FeCl(dppe)Cp

The synthesis of FeCl(dppe)Cp was first reported in 1969 from
the reaction of FeCl(CO)2Cp

[55,56] with 1,2-bis(diphenylpho-
sphino)ethane in benzene under UV irradiation, and isolated in
45% yield.[57] Several years later Mays and Sears developed
an alternative synthesis of FeCl(dppe)Cp from [FeCl2(dppe)]n
and thallium cyclopentadienide in a reaction conducted in
benzene. Workup involved chromatographic purification to
remove ferrocene, which is the main by-product of the
reaction.[41]

The arene(cyclopentadienyl) iron complex [FeCp(Z6-
C6H5CH3)]PF6 can be obtained by ligand exchange reactions
of ferrocene with toluene[58] and reduced to the highly reactive
19-electron radical FeCp(Z6-C6H5CH3) by Na:Hg amalgam.[59]

During the course of an exploration of a wide range of reactions
inwhich the toluene ligand is displaced from FeCp(Z6-C6H5CH3)
it was found that reaction with 1,2-bis(diphenylphosphino)ethane
gave either FeH(dppe)Cp (56%, from reactions in THF) or FeCl
(dppe)Cp (30%, from reactions in CH2Cl2), although limited
synthetic details were given. In a similar study detailing

FeCI2·4H2O RuCI3·3H2O RuCI3·3H2O

[FeCI2(dppe)]n

(Ph2P)2(µ-CH2CH2) Cp∗H
CpH, PPh3

[RuCp∗Cl2]n

(Ph2P)2(µ-CH2CH2)
(Ph2P)2(µ-CH2CH2)

C5R5M

R R

R R ! CH3, M ! K
R ! H, M ! Li

R
R Fe Cl

PPh2 PPh2

Ru Cl
Ph2P Ph2P PPh2

Ru Cl
Ph2P

Ph3P
ClRu

PPh3

(a) (b) (c)

Scheme 1. Syntheses of (a) FeCl(dppe)Cp* and FeCl(dppe)Cp, (b) RuCl(dppe)Cp*, and (c) RuCl(dppe)Cp.
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investigations of the scope and the mechanism of the reactions of
[CpFe(COD)][Li(TMEDA)] (COD¼ 1,5-cyclooctadiene,
TMEDA¼ tetramethylethylenediamine) with benzyl halo-
gens,[60] FeCl(dppe)Cpwas observed in,2% conversion follow-
ing reaction with C6H5CH2Cl in the presence of 1,2-bis
(diphenylphosphino)ethane, the major product being identified
as Fe(CH2C6H5)(dppe)Cp.

More recently, several groups have reported syntheses of
FeCl(dppe)Cp using methods closely related to that originally
described by Mays and Sears,[41] and involve treatment of
[FeCl2(dppe)]n with a metal cyclopentadienide (M¼Li[43,51]

or Tl[44]) in an aromatic solvent. Two points are worth highlight-
ing from these more modern investigations: as detailed in the
discussion of FeCl(dppe)Cp* one report notes that conduction of
the reaction initially at "788C suppresses the formation of
ferrocene derivatives;[51] the use of a sub-stoichiometric amount
of thallium cyclopentadienide also limits the formation of
ferrocene, with the excess [FeCl2(dppe)2]n being readily
removed by filtration together with thallium chloride from the
reaction mixture during workup.[44]

In elegant recent studies, the groups of Bouwman[61] and
Whiteley[62] have shown the thermal conversion of FeI(CO)2Cp
to FeI(dppe)Cp in yields of 74% (0.2 mmol scale) to 48%
(8.2mmol scale), and taking advantage of the strong Fe–I bond
which hinders the formation of the cationic mono-carbonyl
substitution product [Fe(CO)(dppe)Cp]I. While this approach is
not suitable for the synthesis of the chloride complex FeCl(dppe)
Cp, which is the focus of this discussion, FeI(dppe)Cp displays
essentially identical reactivity to FeCl(dppe)Cp and thus is a
viable alternative entry into such half-sandwich systems.

Our efforts towards producing FeCl(dppe)Cp in a convenient
laboratory setting have considered approaches from [FeCl
(dppe)]n and metal cyclopentadienide sources. The use of
thallium cyclopentadienide in the manner originally described
byMays and Sears[41] and later optimised[44] is highly effective,
but the use of toxic thallium reagents is less than desirable.
Efforts to arrive at a synthetic method that takes advantage of an
in situ synthesis of an alkali metal cyclopentadienide (M¼Li,
Na, K) resulted in a maximum yield of 37% from M¼Li.
Although isolating alkali metal organometallics is less conve-
nient than an in situ approach, lithium cyclopentadienide can be
handled without issue in a glovebox, is considerably less
sensitive to atmospheric exposure than the corresponding pyro-
phoric sodium[63] and potassium[64] compounds, and naturally
avoids the toxicity issues associated with thallium compounds.
We therefore consider that on balance the route proposed by
Liddle and co-workers[51] provides the best entry into the
chemistry of FeCl(dppe)Cp. Solid samples of lithium cyclopen-
tadienide[65] and [FeCl2(dppe)]n are prepared and isolated, the
solids are mixed in a Schlenk flask under nitrogen (a glovebox
greatly simplifies this procedure) and the flask cooled to"788C
(dry ice/acetone). Dry toluene is added dropwise to the reaction
flask, which is then left to warm slowly to room temperature.
Workup consists of a simple filtration and crystallisation, and
affords the desired compound in 72% yield from a 7.6mmol
scale reaction (Scheme 1a).

RuCl(dppe)Cp*

The complex RuCl(dppe)Cp* was reported essentially simulta-
neously by two independent research groups using different
approaches. Treichel et al. described a ligand exchange reaction
from 1,2-bis(diphenylphosphino)ethane and RuCl(PPh3)2Cp*,
the initial ruthenium complex being prepared in a one pot reaction

from RuCl3#xH2O, triphenylphosphine, and pentamethylcyclo-
pentadiene,[66] in a manner entirely analogous to the synthesis of
RuCl(PPh3)2Cp.

[67] In contrast the group of Suzuki andMoro-oka
reacted oligomeric [RuCl2Cp*]n, obtained from direct reaction of
RuCl3#xH2O and pentamethylcyclopentadiene in refluxing meth-
anol[68] or ethanol,[69] with 1,2-bis(diphenylphosphino)ethane in
ethanol (room temperature) to give the target compound RuCl
(dppe)Cp* in 41% yield.[69]

The product obtained from the reaction of RuCl3#xH2O with
pentamethylcyclopentadiene in alcohol solvents is often
described as either a dimer [RuCl2Cp*]2, or the oligomeric (or
polymeric) form [RuCl2Cp*]n. In the course of their investiga-
tions, the Suzuki andMoro-oka group noted the synthesis of this
key reagent [RuCl2Cp*]x (x¼ 2 or n) was sensitive to the nature
of the solvent used in the preparation;[69] similar observations on
the composition of this material and the formation of deca-
methylruthenocene as a by-product having also been made by
Tilley et al.[68] Later, Koelle and Kossakowski explored and
optimised the synthesis of [RuCl2Cp*]2, noting that the use of
methanol and a 2.5 fold excess of pentamethylcyclopentadiene
gave better yields of the less soluble oligomeric species
[RuCl2Cp*]n, while the use of ethanol led to greater proportions
of the more soluble dimer [RuCl2Cp*]2 with decamethylruthe-
nocene as a by-product in up to 30% yield. The dimeric
[RuCl2Cp*]2 obtained using ethanol as the solvent was
described as redder in colour, more soluble and leading to
cleaner subsequent reactions. Reduction of the dimer with
cobaltocene gave the mixed valence dimer [(Cp*Ru)2(m-Cl)3].
Both RuCl(dppe)Cp* and RuCl(PPh3)2Cp* were synthesised by
reaction of the mixed valence compound with the appropriate
phosphine, the yield indicative of reaction of only the ‘RuII’
portion of the dimer.[70]

Aside from a mention of the formation of RuCl(dppe)Cp* in
a study of the enthalpies of displacement of COD from RuCl
(COD)Cp* with a variety of bidentate phosphines and
arsines,[71] which is not an attractive synthetic procedure both
step- and yield-wise, subsequent reports[72–74] have focussed on
small scale variations on the ligand exchange synthesis origi-
nally described by Treichel and co-workers.[66]

Seeking to develop a simplified, optimised, high yielding,
multigram procedure we reinvestigated the Tilley, Grubbs, and
Bercaw, and Suzuki and Moro-oka based procedures. Reaction
of ,2.8 equivalents of pentamethylcyclopentadiene with
RuCl3#xH2O in methanol yielded the intermediate oligomeric
ruthenium species [RuCl2Cp*]n as an insoluble brown powder,
which was freed of decamethylruthenocene by washing with
hexanes. Subsequent reaction of [RuCl2Cp*]n with 1,2-bis
(diphenylphosphino)ethane under reflux in ethanol
(Scheme 1b) allowed the isolation of RuCl(dppe)Cp*
in 87% yield (relative to RuCl3#xH2O, 12.1mmol scale)
by crystallisation directly from the reaction mixture. Thus the
target half-sandwich complex can be synthesised in a two pot,
two step reaction sequence directly from RuCl3#xH2O avoiding
any intermediate purification or chromatography.

RuCl(dppe)Cp

Three separate groups reported the synthesis of RuCl(dppe)Cp
nearly simultaneously in late 1979 and early 1980,[42,75,76] by
thermally driven phosphine exchange of 1,2-bis(diphenylpho-
sphino)ethane with RuCl(PPh3)2Cp in refluxing benzene or
toluene in yields of,80%.[42] Over the following years several
researchers have explored this ligand exchange synthesis with
slight variations on the early procedures.[43,45,46,66,77–80] An
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important point highlighted in two of these studies is that the
side products RuCl2(dppe)2 and [RuClCp]2(Z

2-m2-dppe)2 can be
isolated when the ligand exchange reaction is carried out using
2[80]!10 mol-%[45] excess of 1,2-bis(diphenylphosphino)ethane.
The original Bruce report also notes formation of an initial
yellow precipitate which was discarded before the desired
product was isolated by crystallisation,[42] suggesting that one or
both of the side products described by later researchers was also
formed in this early work. Interestingly, phosphine exchange
reactions of RuCl(PPh3)2Cp with one equivalent of 1,2-bis
(diphenylphosphino)methane (dppm) under conditions of high
concentration (0.1M) in benzene leads to the mono-substituted
product RuCl(PPh3)(k

1-dppm)Cp (dppm¼ 1,1-bis(diphenyl-
phosphino)methane).[81] Presumably, competition with the
liberated triphenylphosphine prevents the ligand exchange equi-
libria from shifting to the four membered chelate ring. In more
dilute solution (0.005M), the competition with external triphe-
nylphosphine is less significant and RuCl(dppm)Cp is
obtained.[42,81] In contrast, the greater stability of the five-
membered chelate in RuCl(dppe)Cp leads to ready formation
of this species from RuCl(PPh3)2Cp and 1,2-bis(diphenylpho-
sphino)ethane under a range of concentrations.[42,43,45,46,66,75–80]

As described below, the 1 : 1 reaction of RuCl(PPh3)2Cp and
1,2-bis(diphenylphosphino)ethane in refluxing toluene yields
only the desired complex RuCl(dppe)Cp (94% isolated yield,
5.5mmol scale) even from relatively concentrated solutions.

Routes requiring milder conditions for the final step in the
synthesis of RuCl(dppe)Cp exist; typically these involve dis-
placement of a more labile, unsaturated organic ligand from a
cyclopentadienyl ruthenium precursor. However, while the final
step in these syntheses is indeed mild, the production of the
labile precursors is decidedly non-trivial. The methods dis-
cussed include thermal decomposition of theZ3-allyl ruthenium
complex RuCl(Me)(Z3-C3H5)Cp in the presence of 1,2-bis
(diphenylphosphino)ethane. The precursor RuCl(Me)(Z3-
C3H5)Cp is produced by substitution of the corresponding
dichloride RuCl2(Z

3-C3H5)Cp with methyl lithium.[82] In turn,
RuCl2(Z

3-C3H5)Cp is obtained from oxidative addition of allyl
chloride with RuCl(CO)2Cp, carried out in decane at 1408C[82]

Further reports describe substitution of the cyclooctadiene
ligand of RuCl(COD)Cp by 1,2-bis(diphenylphosphino)ethane,
although the synthesis of RuCl(COD)Cp involves the use of
thallium cyclopentadienide and carbon tetrachloride,[83,84] and
reaction of [RuCp(C10H10)]

þ with a halide source, typically a
tetrabutylammonium halide, and 1,2-bis(diphenylphosphino)
ethane.[85] However, the synthesis of this precursor [RuCp
(C10H10)]

þ, among other difficulties, requires ruthenocene
(involving a challenging synthesis itself)[86] as a starting mate-
rial and includes a 50 h reflux.[87]

Themost regularly used route to RuCl(dppe)Cp, based on the
procedures for ligand exchange fromRuCl(PPh3)2Cp developed
by Bruce and co-workers,[42] Davies and Scott, [75] and Treichel
and Komar,[76] is recognisably robust. However, we felt there
may be a possibility of improving on the established thermal
phosphine exchange reaction of RuCl(PPh3)2Cp and 1,2-bis
(diphenylphosphino)ethane and so explored the prospect of
reducing the number of steps and reagents required to make
the target complex. Thus, 1,2-bis(diphenylphosphino)ethane was
dissolved in an ethanol/tetrahydrofuran mixture at reflux, and a
mixture of freshly cracked cyclopentadiene and RuCl3$xH2Owas
added in a steady stream. Thismethodwas intended tomimic that
used in the synthesis of RuCl(PPh3)2Cp

[67] and RuCl
(PPh3)2Cp*,

[66] however the desired product was not obtained.

Instead, pure trans-RuCl2(dppe)2 was isolated and identified by
1H and 31P NMR spectroscopy of the precipitate formed in this
reaction. This is consistent with the early syntheses of trans-
RuCl2(dppe)2

[88] and the observations of side products in the
established phosphine exchange synthesis of RuCl(dppe)
Cp.[45,89] A revised synthesis of this material is described below.

In our hands, RuCl(dppe)Cp was best obtained following
reaction of RuCl(PPh3)2Cp

[67] with 1,2-bis(diphenylphosphino)
ethane in a 1 : 1 ratio under reflux in toluene (94% yield,
5.5mmol scale, Scheme 1c). Workup consists of reduction of
the solution volume and addition of hexanes to precipitate the
product, which is recovered by a simple filtration. This proce-
dure is essentially very similar to the wealth of previous
reports,[42,43,45,46,66,75–80] however taking care to employ the
correct stoichiometric ratio of ruthenium to phosphine allows
the product to be obtained in high yield and purity directly from
the reaction mixture.

trans-RuCl2(dppe)2
As noted above, attempts to synthesise RuCl(dppe)Cp directly
from RuCl3$xH2O, cyclopentadiene and 1,2-bis(diphenylpho-
sphino)ethane resulted in the isolationof pure trans-RuCl2(dppe)2.
These findings are consistent with the early organometallic liter-
aturewhere the synthesisof trans-RuCl2(dppe)2 is describedunder
very similar conditions.[88] Accordingly a targeted synthesis of
trans-RuCl2(dppe)2 was developed by addition of an ethanol
solution of RuCl3$xH2O to a solution of 1,2-bis(diphenylpho-
sphino)ethane in a refluxing tetrahydrofuran/ethanolmixture. This
results in almost immediate formation of a yellow crystalline
precipitate, the reaction being complete within 10min. Following
cooling of the reaction solution, trans-RuCl2(dppe)2 can be
isolated in 88% yield via simple filtration.

Conclusion

Robust, large scale, high yield syntheses for the widely used
family of half-sandwich complexes MCl(dppe)(Z5-C5R5) (M¼
Fe, Ru; R¼H (Cp), CH3 (Cp*)) obtained in two-pot processes
from commercial FeCl2$4H2O or RuCl3$xH2O have been
described in detail. These methods represent, in our hands, the
most convenient entry to the chemistry of these versatile
reagents andminimise the use of highly toxic (TlCp) or isolation
of highly pyrophoric (KCp*) compounds. The ready availability
of these MCl(dppe)Cp derivatives should see growth in the
interest in these compounds within the myriad of applications of
half-sandwich compounds and add further opportunities to
explore the electronic and steric effects of the ligand sphere in
the chemistry of ML2Cp’-derived complexes.

Experimental

General Conditions

All reactions were carried out under an atmosphere of dry argon
(FeCl(dppe)Cp*) or nitrogen (all other reactions) using standard
Schlenk techniques. Toluene and hexanes were dried by passage
over an alumina column, other solvents were standard reagent
grade and used as received. No special precautions were taken to
exclude air or moisture during workup except where otherwise
indicated. Commercial pentamethylcyclopentadiene was dis-
tilled before use, cyclopentadiene was freshly cracked from
dicyclopentadiene,[90] and RuCl(PPh3)2Cp

[67] and lithium
cyclopentadienide[65] were synthesised according to literature
procedures. All other reagents were commercially available and
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used as received. As the water content of RuCl3 varies and is
difficult to accurately determine, all calculations were per-
formed assuming that the molecular formula is RuCl3!3H2O.
NMR spectra were recorded at 258C on a Bruker Avance III HD
600 (1H 600.1MHz, 13C 150.9MHz, 31P 242.9MHz) or a
Varian Inova 300 (1H 300.2MHz, 31P 121.5MHz) spectrometer
using CDCl3 or C6D6 as the solvent. Chemical shifts were
determined relative to internal residual solvent signals (1H,
13C)[91] or external 85% H3PO4 (

31P 0.0 ppm).

Synthesis of [FeCl2(dppe)]n
Acetone (480mL)was deoxygenated by sparging with nitrogen,
and FeCl2!4H2O (10.0 g, 50.5mmol) was added giving a green
suspension. Separately, 1,2-bis(diphenylphosphino)ethane
(20.2 g, 50.8mmol) was dissolved in chloroform (120mL) and
the solution also deoxygenated by sparging. The 1,2-bis
(diphenylphosphino)ethane solution was then transferred into
the stirred FeCl2!4H2O mixture via cannula; during the addition
a white precipitate began to form almost immediately. This
reaction mixture was subsequently heated to reflux for 3 h after
which a copious white precipitate had formed. The
precipitate was collected by filtration, washed with diethyl
ether (3" 100mL) and dried, first in air and then in a vacuum
desiccator for a minimum of 16 h, to afford [FeCl2(dppe)]n in
98% yield as a free flowing cream powder (26.2 g, 49.9mmol).†

Synthesis of [FeCl(dppe)Cp*] !CH2Cl2
Warning: Potassium pentamethylcyclopentadienide is a highly
reactive material, spontaneously combustible in air.[53] The
procedures described below are designed to avoid the isolation
of this compound and any exposure of this material to the
atmosphere must be avoided.

A mixture of potassium (300mg, 7.67mmol), pentamethyl-
cyclopentadiene (1.15 g, 8.44mmol), and toluene (15mL) was
heated to reflux until a fine white precipitate had formed and
pieces of potassium metal were no longer visible (,3 h).
Following cooling of the reaction mixture to ambient tempera-
ture, toluene (35mL) was added followed by [FeCl2(dppe)]n
(4.31 g, 8.21mmol) and the resulting dark mixture was stirred
for 16 h. Subsequently, the reactionmixture was filtered through
Celite and the filter cake was washed with toluene until the
washings were colourless (,60mL). The combined filtrant and
washingswere then concentrated to dryness, and the residuewas
dissolved in the minimum volume of dichloromethane
(,15mL) and layered with n-pentane (,60mL). This mixture
was left undisturbed overnight to afford large black crystals and
a fine brown powder, the crystals were recovered by decanting
the liquors and fine particles, and washing with n-pentane to
afford [FeCl(dppe)Cp*]!CH2Cl2 as black crystals in 78% yield
(3.74 g, 5.99mmol). dH (300.2MHz, C6D6) 1.34 (br s, 15H,
C5(CH3)5), 1.83 (br s, 2H, dppe), 2.41 (br s, 2H, dppe), 4.27 (s,
2H, CH2Cl2), 7.03–7.27 (m, 16H, C6H5), 8.01 (br s, 4H, C6H5).
dP (121.5MHz, C6D6) 92.4. Found: C 62.29, H 5.82. Anal. Calc.
for C36H39P2ClFe!CH2Cl2: C 62.60, H 5.88%.

The signals in the NMR spectra of [FeCl(dppe)Cp*]!CH2Cl2
are broad. This effect is minimised by the use of C6D6 as the
NMR solvent. Spectra recorded in CD2Cl2 are broader, but the
key signals are still identifiable although naturally the solvent of
crystallisation (CH2Cl2) is not. Spectra recorded in CDCl3 give

rise to very broad signals, providing little meaningful informa-
tion. Introduction of a reducing agent, cobaltocene, did not alter
the signal resolution and so these effects are presumably due to
some spin crossover to the high-spin d6 Fe

II form.

Synthesis of Lithium Cyclopentadienide[65]

Warning: Although no difficulties have been encountered in the
preparation or handling of lithium cyclopentadienide, which is
considerably less reactive than the Na or K analogues, orga-
nolithiums should be regarded as air-sensitive, flammable, and
potentially pyrophoric materials. All manipulations of this
compound should be conducted under a rigorously anaerobic
environment, by a competent worker.

Cyclopentadiene (5.06 g, 76.6mmol) was dissolved in
hexanes (120mL), the solutionwas cooled to 08C (ice/salt cooling
bath) and n-butyl lithium (30.6mL, 2.5M, 76.6mmol of n-BuLi)
was added dropwise over a 10min period. The reaction mixture
quickly developed a thickwhite suspension, whichwas stirred for
18h and allowed to warm slowly to ambient temperature. The
product was isolated by filtration under Schlenk conditions,
washed with dry hexanes (3" 50mL), and vacuum dried afford-
ing lithium cyclopentadienide as a white powder in 78% yield
(4.29 g, 59.6mmol) which was transferred to a nitrogen filled
glovebox for subsequent manipulation. dH (600.1MHz,
(CD3)2SO) 5.33. dC (150.9MHz, (CD3)2SO) 103.0. The 13C
NMR data are in agreement with the literature.[92]

Synthesis of FeCl(dppe)Cp

Lithium cyclopentadienide (549mg, 7.62mmol) and
[FeCl2(dppe)]n (4.00 g, 7.62mmol) were combined in a Schlenk
flask within a glove box, before being transferred to an efficient
Schlenk line to conduct the remainder of the experiment. The
flask containing the solid reagentswas cooled to#788C (dry ice/
acetone cooling bath), and toluene (50mL) was added dropwise
over 10min to the stirred mixture. Upon completion of solvent
addition the cooling bath was left in place and the reaction
mixture, an off-white suspension, was allowed to stir and slowly
warm to room temperature over a period of 16h. After this time
the deep blue-black mixture was filtered through Celite and
washed through with dichloromethane (200mL). The combined
washings were concentrated to dryness and the black residue
dissolved in the minimum volume of dichloromethane (,10mL)
and layered with n-pentane (,50mL). This mixture was left
undisturbed overnight yielding blue-black crystals which were
recovered by decanting the liquors andwashingwith n-pentane to
afford FeCl(dppe)Cp as blue-black crystals in 72% yield (3.05 g,
5.49mmol). dH (600.1MHz, C6D6) 2.02 (m, 2H, dppe), 2.34
(m, 2H, dppe), 4.17 (s, 5H, C5H5), 6.93 (m, 4H, C6H5), 6.99
(m, 2H, C6H5), 7.10 (m, 4H, C6H5), 7.17 (m, partly obscured by
C6D5H signal, 2H, C6H5), 7.24 (m, 4H, C6H5), 8.13 (m, 4H,
C6H5).dP (242.9MHz,C6D6) 97.8. Found: C 67.23,H 5.32.Anal.
Calc. for C31H29P2ClFe: C 67.11, H 5.27%.

Synthesis of RuCl(dppe)Cp*

Pentamethylcyclopentadiene (4.0mL) was added to a suspension
of RuCl3!3H2O (3.16 g, 12.1mmol) in methanol (50mL) and the
mixture was heated to reflux for 6 h. Subsequent cooling, first to
ambient temperature and then to 08C, gave a black solid in a black
solution. The solid was isolated by filtration and washed with

†Failure to deoxygenate the solvents in this procedurewill lead to brown colouration of the product, presumably due to the formation of FeIII oxide species. Such

samples can be further utilised, although will result in lower yields of the relevant half-sandwich complex. The complex [FeCl2(dppe)]n should be stored under

inert atmosphere, prolonged storage in air results in a green colouration.
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methanol (50mL) and then with hexanes until the washings were
colourless (,100mL) affording 3.22 g of [RuCl2Cp*]n as a
brown powder after drying in air. This solid was dissolved in
ethanol (45mL) along with 1,2-bis(diphenylphosphino)ethane
(5.40 g, 13.6mmol, 1.3 equiv. relative to [RuCl2Cp*]n) and the
mixture was heated to reflux for 18h, followed by cooling to
ambient temperature and then to 08C. The resulting precipitate
was collected by filtration and washed with hexanes until the
washings were pale yellow affording RuCl(dppe)Cp* in 74%
yield as an orange solid (6.01 g, 8.96mmol). Storage of the
ethanolic reaction solution at 08C yielded a further crop of RuCl
(dppe)Cp* as red crystals (1.03 g, 1.54mmol, 13%). Total yield
87% (7.04 g, 10.5mmol) relative toRuCl3!3H2O. dH (600.1MHz
CDCl3) 1.43 (s, 15H, C5(CH3)5), 2.13 (m, 2H, CH2 (dppe)), 2.67
(m, 2H, CH2 (dppe)), 7.19 (m, 4H, aryl dppe), 7.30 (m, 4H, aryl
dppe), 7.36 (m, 8H, aryl dppe), 7.68 (m, 4H, aryl dppe). dP
(242.9MHz, CDCl3) 75.2. Found: C 64.53, H 5.92. Anal. Calc.
for C36H39P2ClRu: C 64.52, H 5.87%.

Synthesis of RuCl(dppe)Cp

A mixture of RuCl(PPh3)2Cp (4.00 g, 5.51mmol), 1,2-bis
(diphenylphosphino)ethane (2.18 g, 5.47mmol), and toluene
(50mL)was heated to reflux for 20 h, allowed to cool to ambient
temperature, and concentrated to half of the original volume.
Hexanes (30mL) was added to the resulting orange slurry and
the solids were collected by filtration, washed with hexanes
(30mL) and diethylether (30mL), and dried in air to affordRuCl
(dppe)Cp in 94% yield as a yellow-orange solid (3.08 g,
5.14mmol).dH (300.2MHz, CDCl3) 2.40 (m, 2H, CH2), 2.63
(m, 2H, CH2), 4.54 (s, 5H, C5H5), 7.13–7.19 (m, 4H, C6H5),
7.24–7.31 (m, 8H, C6H5), 7.38–7.42 (m, 4H, C6H5), 7.87
(m, 4H, C6H5). dP (121.5MHz, CDCl3) 80.7. Found: C 62.18,
H 4.94. Anal. Calc. for C31H29P2ClRu: C 62.05, H 4.87%.

Synthesis of trans-RuCl2(dppe)2
A mixture of 1,2-bis(diphenylphosphino)ethane (3.81 g,
9.56mmol), ethanol (100mL), and tetrahydrofuran (8mL) was
heated at high reflux until a colourless solution was obtained.
Separately, RuCl3!3H2O (1.00 g, 3.82mmol)was dissolved in hot
ethanol (10mL) and the dark brown solution was allowed to cool
to room temperature before being added steadily dropwise over a
5min period to the refluxing phosphine solution. Any remaining
RuCl3!3H2O in the dropping funnel was washed into the reaction
mixture with a further 10mL of ethanol and reflux was continued
for 10min until the reaction mixture consisted of a yellow pre-
cipitate in a pale brown solution. The precipitatewas recovered by
filtration and washed with acetone (3" 50mL) to afford trans-
RuCl2(dppe)2 in 88% yield as a bright yellow crystalline solid
(3.26 g, 3.37mmol). dH (600.1MHz, CDCl3) 2.74 (m, 8H, CH2),
7.01 (t, 16H, J 7.7, C6H5), 7.20 (t, 8H, J 7.4, C6H5), 7.26–7.28
(m, 16H, C6H5). dP (242.9MHz, CDCl3) 46.0. Found: C 64.56,
H 4.88. Anal. Calc. for C52H48P4Cl2Ru: C 64.47, H 4.99%.

Supplementary Material

Proton NMR spectra for FeCl(dppe)Cp*, FeCl(dppe)Cp, RuCl
(dppe)Cp*, RuCl(dppe)Cp, and trans-RuCl2(dppe)2 are avail-
able on the Journal’s website.
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Abstract: The compounds and complexes 1,4-C6H4(C⌘C-
cyclo-3-C4H3S)2 (2), trans-[Pt(C⌘C-cyclo-3-C4H3S)2(PEt3)2] (3),
trans-[Ru(C⌘C-cyclo-3-C4H3S)2(dppe)2] (4 ; dppe = 1,2-bis(di-
phenylphosphino)ethane) and trans-[Ru(C⌘C-cyclo-3-
C4H3S)2{P(OEt)3}4] (5) featuring the 3-thienyl moiety as a sur-
face contacting group for gold electrodes have been pre-
pared, crystallographically characterised in the case of 3–5
and studied in metal jmolecule jmetal junctions by using
both scanning tunnelling microscope break-junction (STM-
BJ) and STM-I(s) methods (measuring the tunnelling current
(I) as a function of distance (s)). The compounds exhibit simi-

lar conductance profiles, with a low conductance feature
being more readily identified by STM-I(s) methods, and
a higher feature by the STM-BJ method. The lower conduc-
tance feature was further characterised by analysis using an
unsupervised, automated multi-parameter vector classifica-
tion (MPVC) of the conductance traces. The combination of
similarly structured HOMOs and non-resonant tunnelling
mechanism accounts for the remarkably similar conductance
values across the chemically distinct members of the family
2–5.

Introduction

The development of a range of complementary and relatively
facile methods for the measurement of the electrical properties
of single molecules has seen a renaissance in the field of mo-
lecular electronics.[1–4] The continued progress of the area from
fundamental science towards technology now rests on

a number of key issues,[5] among which are the reliable con-
tacting of molecules within a junction,[6, 7] the reduction in elec-
tronic variation between individual junctions[1, 8–12] and the opti-
misation of the transport properties of these junctions.[13–16] To
these ends, considerable effort is being made to explore the
effects of the electrode–molecule contact groups and structure
of the contact,[17–20] the potential applications of non-metallic
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electrodes to create an “all-carbon” molecular electronic device
platform,[21] as well as the backbone structure of the molecular
component on the electrical properties of the junction.[22–24]

Although the majority of single-molecule and thin-film junc-
tions studied to date have been based on organic molecules,
such as alkanes,[25, 26] oligo(arylene)ethynylenes[27–29] and poly-
ynes,[30–33] metal complexes have also been recognised as po-
tential components in a future molecular electronics technolo-
gy.[34–38] Metal complexes offer a range of potential advantages
over structurally and electronically simpler organic molecules,
including redox activity and a wider range of readily accessible
and systematically variable spin-states and magnetic proper-
ties,[39–42] diversity of molecular structure and potential
for modular construction through in situ or “on surface” coor-
dination chemistry,[43–46] better alignment of the frontier molec-
ular orbitals with the Fermi level of the (usually metallic) junc-
tion electrodes,[8, 47–50] as well as high thermoelectric efficien-
cy.[51]

In some earlier studies of organometallic complexes in mo-
lecular electronics, the complex trans-[Pt(C⌘CC6H4SAc)2(PPh3)2]
was assembled within a mechanically controlled break-junction
(MCBJ) based molecular junction. From the resulting I/V
curves, collected over a bias range of ⌃5 V, a resistance of 5–
50 GW (i.e. , G = 0.2–0.02 nS; 20–2 î 10ˇ6 G0) was estimated at
the extremes of the bias range, some three orders of magni-
tude less conductive than similarly contacted organic oligoaryl-
ene systems.[52] This “insulating” behaviour, even under such
a high applied bias, was ascribed to the largely s-type Pť
C(sp) bonds in the C⌘C P̌ť C⌘C backbone, although it is clear
that at this bias voltage, the conductance mechanism is likely
to be field emission rather than tunnelling.[53] In contrast,
a later study with a family of complexes of type trans-[Pt(C⌘
CC6H4SAc)2(L)2] (L = PCy3, PPh3, P(OEt)3) in crossed-wire junc-
tions at more modest bias (up to 1 V) revealed a two- to three-
fold higher conductance than 1,4-(4-AcSC6H4C⌘C)2C6H4, which
was ascribed to the shorter sulfur–sulfur distance in the metal
complexes.[54]

In seeking to enhance the wire-like response, significant at-
tention was turned to ruthenium bis(alkynyl) complexes, which
are generally thought to offer more significant d–p orbital
mixing in the occupied frontier molecular orbitals.[9, 34, 50, 55–57]

The thioacetate complex trans-[Ru(C⌘CC6H4SAc-4)2(dppm)2]
(dppm = 1,1-bis(diphenylphosphino)methane) has been assem-
bled into monolayers and studied within a scanning tunnelling
microscope break junction (STM-BJ), with a comparison made
to the oligo(phenyleneethynylene) (OPE) compound 1,4-(4-
AcSC6H4C⌘C)2C6H4 as a benchmark. Extrapolation to single-mol-
ecule conductances gave values of 19⌃7 nS (ca. 2.5 î 10ˇ4 G0)
for the ruthenium complex and 3.6⌃2.0 nS (ca. 4.6 î 10ˇ5 G0)
for the OPE. The higher conductance has been attributed to
both the shorter molecular length and the extensive Ru(d)̌ C⌘
C(p) mixing in the metal complex.[56] These concepts have
been extended to other examples of organometallic wires
based on group 8 metal centres and the trans-bis(alkynyl)
motif, with topics of interest including the exploration of sur-
face contacting groups,[9, 50] the inclusion of multiple metal cen-
tres along the molecular back-bone[35, 47, 57] and electronic func-

tion beyond that of a simple wire, such as charge storage and
gated transistor-like response.[41, 58]

One particular advantage of organometallic complexes
within the field of molecular electronics lies in the ability to
systematically alter the molecular structures of these systems
with a fair degree of synthetic ease, which permits a modular
approach to molecular designs and a systematic search for
structure–property relationships. In seeking to further explore
the electrical properties of oligophenyleneethynylene (OPE),
and trans-bis(alkynyl) complexes of platinum and ruthenium,
we have turned to such a systematic study here. Here, the 3-
thienyl moiety,[59–61] which is readily introduced into both or-
ganic and organometallic structures, is used as a contacting
group for the ready attachment of organic, ruthenium and
platinum-based organometallic complexes within Au jmole-
cule jAu junctions and electrical characterisation by using both
the I(s)[62] (measuring the tunnelling current (I) as a function of
distance (s)) and STM-BJ[63] methods. The conductance results
are interpreted with the aid of DFT level calculations and junc-
tion simulations.

Results and Discussion

Synthesis and characterisation

The parent alkyne 3-ethynyl thiophene (HC⌘C-cyclo-3-C4H3S, 1)
was obtained from the Sonogashira cross-coupling of 3-bro-
mothiophene with trimethylsilylacetylene and subsequent de-
protection.[59] Further cross-coupling of 1 with 1,4-diiodoben-
zene gave 1,4-C6H4(C⌘C-cyclo-3-C4H3S)2 (2 ; Scheme 1).[59] The
metal complex trans-[Pt(C⌘C-cyclo-3-C4H3S)2(PEt3)2] (3) was pre-
pared from the CuI-catalysed reaction of 1 and [PtCl2(PEt3)2] in
NEt3,[64] whilst trans-[Ru(C⌘C-cyclo-3-C4H3S)2(dppe)2] (4 ; dppe =
1,2-bis(diphenylphosphino)ethane) was obtained from the
one-pot reaction of [RuCl(dppe)2]OTf with 1, in the presence of
either KOtBu or 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and
TlBF4.[65] Complexes of the general form trans-[Ru(C⌘
CR)2{P(OEt3)3}4] have been prepared in moderate yield from re-
action of trans-[RuCl2{P(OEt)3}4] with an excess of LiC⌘CR.[66]

The complex trans-[Ru(C⌘C-cyclo-3-C4H3S)2{P(OEt)3}4] (5) was
obtained here simply by allowing the reaction of trans-
[RuCl2{P(OEt)3}4][67] with 1, KPF6 and NHiPr2 in ethanol to pro-
ceed for 12 days at room temperature, with isolation of the de-
sired compound being achieved by precipitation from metha-
nol. The long reaction time was compensated by the simple re-
action conditions and work-up, compatibility with alkynes sub-
stituted with sensitive functional groups and improved yields.
The compounds were each characterised by the usual array of
1H, 13C{1H} and, in the case of 2–5, 31P{1H} NMR spectroscopies,
mass spectrometry and elemental analysis.

Molecular structures

Single crystals of 3, 4 and 5 suitable for X-ray diffraction were
obtained by recrystallisation by slow diffusion of hexanes (3, 4)
or EtOH (5) into CH2Cl2 solutions of the complexes. Plots of the
molecules showing the atom labelling schemes are given in
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Figures 1, Figures 2 and Figures 3 and the important bond
lengths and angles are summarised in the relevant figure cap-
tions.

In the crystal, 3 is situated on a crystallographic inversion
centre. The platinum atom shows the expected square-planar
geometry with trans-disposed alkynyl and phosphine ligands.
The Pt(1)̌ P(1) (2.3022(5) ä), Pt(1)̌ C(1) (2.007(2) ä) and C(1)̌
C(2) (1.185(3) ä) are all within the usual range of values for
complexes of this type,[68] and display little variation of signifi-
cance with the electronic character of the alkynyl substituent.
In the crystal, the P(1)-Pt(1)-C(21)-C(22) torsion angle (136.68,
ˇ43.48) prevents any significant extended conjugation through
the molecule.

The general structural features of trans-[Ru(C⌘CR)2(dppe)2]
complexes have been summarised recently,[65] and compound

4 offers some points worthy of brief comment. The structure is
composed of two independent molecules, both of which are
situated on crystallographic inversion centres and which differ
in the orientation of the thiophene group. The dihedral angles
between the thiophene plane and the plane containing the Ru
and C(n1) atoms and the midpoints of the two ligand P atoms
are 3.48 for molecule 1, and 96.3 and 77.88 for the two compo-

Scheme 1. The preparation of compounds 2–5.

Figure 1. A plot of a molecule of trans-[Pt(C⌘C-cyclo-3-C4H3S)2(PEt3)2] (3) (el-
lipsoids drawn at the 50 % probability level) showing the atom labelling
scheme. Bond lengths [ä]: Pt(1)̌ P(1) 2.3022(5); Pt(1)̌ C(1) 2.007(2) ; C(1)̌ C(2)
1.185(3) ; C(2)̌ C(21) 1.452(3) ; C(21)̌ C(22) 1.373(3) ; C(22)̌ S(23) 1.705(3) ;
S(23)̌ C(24) 1.682(3) ; C(24)̌ C(25) 1.393(3) ; C(21)̌ C(25) 1.428(3). Bond angles
[8]: P(1)-Pt(1)-C(1) 88.32(6), 91.68(6) ; Pt(1)-C(1)-C(2) 177.83(19); C(1)-C(2)-C(21)
177.3(2).

Figure 2. A plot of one molecule of trans-[Ru(C⌘C-cyclo-3-C4H3S)2(dppe)2] (4)
(ellipsoids drawn at the 50 % probability level) showing the atom labelling
scheme. Bond lengths (molecule 1, ä): Ru(1)̌ P(1) 2.3539(5); Ru(1)̌ P(2)
2.3602(5); Ru(1)̌ C(11) 2.0611(19); C(11)̌ C(12) 1.218(3) ; C(12)̌ C(13) 1.433(3) ;
C(13)̌ C(14) 1.373(3) ; C(14)̌ S(15) 1.709(3) ; S(15)̌ C(16) 1.709(3) ; C(16)̌ C(17)
1.364(3) ; C(13)̌ C(17) 1.448(3). Bond angles (molecule 1, 8): P(1)-Ru(1)-P(2)
82.90(2), 97.10(2) ; P(1)-Ru(1)-C(11) 94.38(5), 85.62; P(2)-Ru(1)-C(11) 97.28(5),
82.72(5) ; Ru(1)-C(11)-C(12) 176.2(2); C(11)-C(12)-C(13) 176.1(2). Bond lengths
(molecule 2, ä): Ru(2)̌ P(3) 2.3464(4); Ru(2)̌ P(4) 2.3586(4) ; Ru(2)̌ C(21)
2.0626(18); C(21)̌ C(22) 1.217(3) ; C(22)̌ C(23) 1.431(3); C(23)̌ C(24)
1.389(10); C(24)̌ S(25) 1.715(10); S(25)̌ C(26) 1.673(8) ; C(26)̌ C(27) 1.352(12);
C(23)̌ C(27) 1.411(10). Bond angles (molecule 2, 8): P(3)-Ru(2)-P(4) 97.86(2),
82.14(2) ; P(3)-Ru(2)-C(21) 96.61(5), 83.39(5); P(4)-Ru(1)-C(21) 84.93(5),
95.07(5) ; Ru(2)-C(21)-C(22) 177.3(2) ; C(21)-C(22)-C(23) 176.0(2).
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nents of the disordered thiophene of molecule 2. Therefore, at
least in the crystal, molecules 1 and 2 of 4 are rare examples of
such bis(arylacetylide) complexes trans-[Ru(C⌘CR)2(dppe)2] in
which the aromatic rings sit close to the “privileged” orienta-
tions that allow maximum d–p conjugation along the molecu-
lar backbone, and the first in which both conformational iso-
mers are observed for the same chemical compound. The com-
parable bond lengths within the two molecules are essentially
indistinguishable, with the possible exception of the most pre-
cisely determined Rǔ P bond lengths, which appear to be
marginally shorter in molecule 2.

Although the mixed ligand vinylidene–acetylide complex
[Ru(C⌘CPh){C=C(Me)Ph}{P(OEt)3}4][CF3SO3] has been structurally
characterised,[66] compound 5 appears to be the first structural-
ly characterised bis(acetylide) derivative of Ru(C⌘CR)2{P(OR)3}4.
In the crystal, the tetrakis(triethylphosphite) derivative 5 is situ-
ated on a crystallographic �4 axis so that there is only one
unique phosphite group. The dihedral angle between the two
thiophene groups (which are disordered about the crystallo-
graphic twofold axis) is therefore 908. The Ru P̌ (2.3149(3) ä)
and RuˇC(1) (2.0592(15) ä) distances in 5 are shorter than in
the mixed vinylidene–acetylide derivative (Ru P̌ 2.341(3)–
2.350(2) ä; RuˇC 2.114(8) ä) reflecting the increased electron
density at Ru in 5 and increased Ru P̌ and RuˇC back bond-
ing. Although back-bonding plays only a modest role in the
bonding of metal–alkynyl complexes,[69] the notion is also sup-
ported by the trends in C⌘C bond lengths in 5 (1.221(2) ä) and
the cation [Ru(C⌘CPh){C=C(Me)Ph}{P(OEt)3}4]+ (1.209(11) ä).
Overall, with the clear exception of the phosphine and phos-
phite ligands, there are few if any substantive differences in
the structures of 4 and 5.

Single-molecule conductance: STM-BJ and I(s)

Single-molecule conductance measurements were carried out
by using substrates with a low surface coverage of the mole-

cules of interest on gold substrates. Low surface coverage was
chosen to minimise the formation of multi-molecule junctions
and promote formation of single-molecule events. Adsorption
of 2–5 at low surface coverage was achieved by immersion of
a gold-on-glass substrate in CHCl3 solutions of the analyte
(1 mm) for about 80 s. After adsorption, the samples were
washed in ethanol and then blown dry in a stream of nitrogen.
All in situ I(s) and STM-BJ measurements were conducted in
mesitylene, a non-polar solvent commonly used in STM-based
single-molecule electrical measurements because of its high
boiling point and relatively low vapour pressure. For a given
set-point current and bias voltage, typically 6000–7000 events
were observed in both the STM-BJ and I(s) experiments.

Taking compound 2 as a representative example, without
any data selection, it is rather difficult to assign a conductance
value to the data (Figure 4). Possible reasons for this include

a low junction formation probability and short plateau fea-
tures. The one-dimensional (1D) conductance histogram of the
whole data set shows only a faint shoulder, that is, a conduc-
tance peak partially obscured by the exponential background
(Figure 4, left). Matching the peak, a faint plateau feature can
be seen in the 2D conductance histogram (Figure 4, right), but
there is a need for data selection for this system to increase
signal-to-noise ratio of the data.

Data selection can be made manually, by using a rational cri-
terion, for example by selecting traces with a current plateau
that exceeds 0.1 nm in length, and disregarding those without.
However, as manual data selection can never be fully objective,
it is of interest to compare the results against an automated
data selection approach. Here, the unsupervised, automated
multi-parameter vector classification (MPVC) has been adopted
to verify the conclusions reached from the manually sorted
data.[70] By way of example, the data for molecule 2 are ana-
lysed in more detail in the following paragraphs, which com-
pare the results of manual and automated data selection
methods.

For the MPVC, an exponentially decaying current–distance
trace was created as a reference vector, R (I0 = 30 nA, b=
0.5 äˇ1). Three vector properties (classifiers) were then calculat-
ed for each I(s) trace with respect to the reference:

Figure 3. A plot of a molecule (ellipsoids drawn at the 30 % probability level)
of trans-[Ru(C⌘C-cyclo-3-C4H3S)2{P(OEt)3}4] (5) showing the atom labelling
scheme. Bond lengths [ä]: P(1)̌ Ru(1) 2.3149(3) ; Ru(1)̌ C(1) 2.0592(15); C(1)̌
C(2) 1.221(2) ; C(2)̌ C(21) 1.421(2) ; C(21)̌ C(22) 1.36(2) ; C(22)̌ S(23) 1.599(12) ;
S(23)̌ C(24) 1.741(7) ; C(24)̌ C(25) 1.480(11) ; C(25)̌ C(21) 1.45(2). Bond angles
[8]: P(1)-Ru(1)-P(1) 90.338(2), 171.19(2); P(1)-Ru(1)-C(1) 94.40(1), 85.60(1) ;
Ru(1)-C(1)-C(2) 180; C(1)-C(2)-C(21) 180.

Figure 4. All data 1D (left) and log 2D (right) conductance histograms com-
posed from I(s) data from 2. Note the 2D histogram is plotted against units
of 10ˇ4 G0.
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1) DX : the length of the distance vector, Y, between reference
and I(s) trace;

2) q : the angle, between R and ˇY;
3) hr : the reduced Hamming distance, with hr being the

number of component changes to transform the reduced
distance vector, Y, into the reduced reference vector, R. In
this context, “reduced” means that every vector element is
divided by its absolute value, so that the resulting vector
consists only of 1, 0 and ˇ1.

The whole data set, consisting of 3838 I(s) traces is thus
transformed into 3838 vectors in three-dimensional space (see
cylinder plots in the Supporting Information). Here, similar
traces, for example, traces with plateaus, are in close proximity
to each other. Plain exponential and plateau-containing traces
are expected to form distinct clusters in this representation
and fuzzy c-means clustering (FCM) was then used to assign
the cluster membership.[71, 72] Note that the total number of
clusters k was selected to be two in this case, to account for
plain exponential decays and molecular events, but can be
chosen to be a higher number if any cluster consists of sub-
clusters (e.g. , to account for a variety of different junction geo-
metries).

During FCM, 217 (5.65 %) I(s) traces were assigned to clus-
ter 1, containing predominantly exponential decays with pla-
teaus (“molecular events”, Figure 5). Cluster 2 contains the re-
maining, predominantly plain exponential traces (3621,
94.35 %; Figure 6). By manual data selection 459 (11.96 %)
traces were selected as plateau-containing (Figure 7).

The results of the unsupervised algorithm approach show
excellent agreement with the data selected on the basis of the
0.1 nm plateau length criterion described above in terms of
conductances, but with understandable differences in terms of
number of selected traces. With respect to the latter, some 81
(37.3 %) of the plateau traces in cluster 1 were also marked as
plateau-containing during the hand-sorting process. Also,
17.6 % of the manually selected traces were found by the clus-
tering algorithm. The traces found both by MPVC and hand se-
lection are predominantly long plateaus around the most
probable conductance value. In addition, 135 traces were in-
cluded by the MPVC algorithm but not by hand sorting. These

traces contained plateaus at various conductance values or un-
conventional features, meaning deviations from the plain ex-
ponential decay other than plateaus. These can possibly origi-
nate from different molecular processes during junction forma-
tion (or rupture) or noise features. In contrast, some 377 traces
were only marked as plateau-containing during hand selection
and not by MPVC. Mostly, those were traces with very short
plateau features, or longer plateaus in exponential traces with
large decay coefficients. Such features can arise from changes
in the molecular junction geometry during the tip retraction
process.

After MPVC analysis, cluster 1 exhibits a conductance peak
around 0.41 î 10ˇ4 G0 (Figure 5). Hand sorting gives a most
probable conductance of 0.42 î 10ˇ4 G0 (Figure 7). This indi-
cates that although there are differences in the curve selection
between hand sorting and automated sorting, the most proba-
ble conductance of both data selection methods shows excel-
lent agreement.

While the non-contact I(s) technique favours low conduc-
tance groups,[1] the STM-BJ method generally leads to a greater
propensity of higher conductance values. These differences
can be explained in terms of the way in which the junctions
are formed in both methods. In the I(s) method, the (typically
gold) STM tip is brought into close proximity of the surface to
encourage molecular junction formation, but without any ini-
tial contact between the STM tip and substrate. In contrast, in
the STM-BJ technique, the STM tip is fused (or crashed) into

Figure 5. 1D (left) and log 2D (right) conductance histograms of cluster 1,
containing predominantly I(s) traces from 2 with plateaus as found by
MPVC. These are assigned to “molecular events” (see main text).

Figure 6. 1D (left) and log 2D (right) conductance histograms of cluster 2,
containing predominantly plain exponential traces from 2 without plateaus
as found by MPVC. These are assigned to I(s) traces without molecular junc-
tion formation.

Figure 7. 1D (left) and log 2D (right) conductance histograms generated by
manual selection of data from 2. Note that the 2D histogram is plotted
against units of 10ˇ4 G0.
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the substrate and withdrawn to give a metallic filament be-
tween the tip and the substrate. Molecular junctions form im-
mediately after the Au–Au point contact breaks.[1] The rough
or fractal nature of these cleaved gold contact junctions often
leads to a variety of conductance features in STM-BJ-based
metal jmolecule jmetal junctions formed from common an-
choring groups such as thiol,[1, 73] carboxylic acid[74] or pyri-
dine[75] where in each case more than one single molecule con-
ductance value has been reported, and attributed to differing
contact morphologies between the contacting groups and the
gold electrode(s).

Data recorded by using the STM-BJ technique for compound
2 at Utip = 0.6 V are summarized in Figure 8. As shown, the con-
ductance profile from these STM-BJ data for 2 shows only one
conductance group (labelled H, for high conductance group).
Its most probable conductance ((2.83⌃0.65) î 10ˇ4 G0, Table 1)
is in good agreement with that reported by van der Zant et al.
by using the mechanically controlled break-junction (MCBJ)
technique (4 î 10ˇ4 G0).[59]

As shown in Figure 8 and Table 1, distinct conductance
groups were also obtained for the metal complexes 3–5 by
using the I(s) (L group, for low conductance group) and the
STM-BJ (H group) method. Interestingly, the compounds 2–5
conductance values differ by a factor of about two for the L
group, whereas this factor is lower for the H group (Table 1).
This demonstrates that the central moiety [C6H4 vs. [Pt(PEt3)2]
vs. [Ru(dppe)2] vs. [Ru{P(OEt)3}4]) does not exert a great influ-
ence on the conductance of these organometallic complexes
within these 3-thienyl contacted Au jmolecule jAu junctions.

Quantum chemical modelling

In the quest to better understand the conductance behaviour,
the electronic properties of the molecules and electrical behav-
iour of the junctions have been investigated by using DFT-
based methods. Initial studies of the electronic structures of 2–
5 were carried out at the B3LYP level of theory[76] with the
LANL2DZ basis set used for metal atoms (Ru, Pt)[77] and the 6-
31G**[78] basis set for all other atoms to explore the influence
of the central fragment (C6H4 (2), [Pt(PEt3)2] (3), [Ru(dppe)2] (4),
[Ru{P(OEt)3}4] (5)) on the distribution and composition of the
frontier molecular orbitals. Plots of the HOMOs are given in
Figure 9, and plots of the LUMOs are given in the Supporting
Information.

The organic compound 2 again provides a convenient point
to commence discussion and a basis for comparison of the

metal complexes 3–5. Unsurprisingly, the lowest energy struc-
ture features a co-planar arrangement of the thienyl and 1,4-
phenylene rings, with the frontier orbitals distributed almost
evenly across the molecular backbone, making a linear, p-type
conjugated pathway between the two sulfur atoms. For the
platinum complex 3, the lowest energy identified minimum

Figure 8. Conductance histograms built by adding all conductance traces
(ca. 550) that showed discernible plateaus (with a current plateau that ex-
ceeds 0.1 nm in length) as those displayed in the inset of the figures by
using either the STM-BJ (left side) or the I(s) method (right side). H = high
conductance group. L = low conductance group. a) Compound 2, b) com-
pound 3, c) compound 4, and d) compound 5. Conductance data are refer-
enced to the conductance quantum G0 = 2e2 hˇ1 = 77.5 mS. Utip = 0.6 V.

Table 1. Single-molecule conductance data for compounds 2–5.

Low conductance (L)[a] [G0] High conductance (H)[b] [G0] Break-off distance [nm] Calculated
(crystallographic) S···S distance [nm]

2 (0.42⌃0.10) î 10ˇ4 (2.83⌃0.65) î 10ˇ4 1.70⌃0.28 1.60
3 (0.77⌃0.14) î 10ˇ4 (2.70⌃0.66) î 10ˇ4 1.85⌃0.24 1.43 (1.42)
4 (1.03⌃0.28) î 10ˇ4 (3.18⌃1.04) î 10ˇ4 1.90⌃0.24 1.45 (1.44)
5 (0.98⌃0.14) î 10ˇ4 (3.12⌃0.58) î 10ˇ4 1.90⌃0.24 1.45 (1.43)

[a] I(s) method. [b] STM-BJ method.
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featured the thienyl moieties lying perpendicular to the square
plane defining the coordination geometry at the metal centre
(perp-3). However, a second minimum, barely 0.8 kcal molˇ1

higher in energy, in which the thienyl moieties lie in the same
plane as the metal coordination sphere (planar-3) was also
identified. Again, the HOMOs of these complexes are p-type
and delocalized over the molecular backbone, and feature
a small but important metal contribution (perp-3, 10 % Pt;
planar-3, 19 % Pt). The LUMOs are more metal in character
(perp-3, 42 %; planar-3, 28 %) and rather delocalized in the case
of planar-3.

The ruthenium complexes 4 and 5 offer HOMOs that are
similarly structured to those described for 2 and offer only
marginally more metal character than planar-3 (4, 33 % Ru; 5,
24 % Ru). The LUMO of 4 is largely of metal/dppe character, in
the case of the phosphite analogue 5 the LUMO is thienyl–p*
in character, with the unoccupied metal orbital lying slightly
(ca. 0.04 eV) higher in energy.

To provide further insight into the experimentally observed
trends, and to better evaluate the properties and behaviour of
these molecular junctions, calculations using a combination of
DFT (the SIESTA code)[79] and a non-equilibrium Green’s func-
tion formalism were also carried out. For the transport calcula-
tions, eight layers of (111)-oriented bulk gold with each layer
consisting of 6 î 6 atoms and a layer spacing of 0.235 nm were
used to create the molecular junctions as shown in Figure 6,
and described in detail elsewhere.[80] These layers were then
further repeated to yield infinitely long current-carrying gold
electrodes. Each molecule was attached to two (111) directed
pyramidal gold electrodes. The molecules and first layers of
gold atoms within each electrode were then allowed to relax
again, to yield the optimal junction geometries shown in
Figure 10. From these model junctions, the transmission coeffi-
cient, T(E), was calculated by using the GOLLUM code.[80]

A key factor governing the conductance of a molecular junc-
tion is the position of the Fermi level of a metal electrode with
respect to the molecular HOMO and LUMO levels. In turn, this
energy alignment is sensitive to not only the chemical nature

of the contacting groups that bind the molecule to the elec-
trode, but also the precise configuration of the metal elec-
trode–molecule contact.[15, 81] However, it is well known that
the Fermi energy predicted by DFT (EF

DFT) is often not reli-
able,[33] and as such the room-temperature electrical conduc-
tance G was computed for a range of Fermi energies EF. The
calculated conductances G are plotted as functions of EFˇEF

DFT

in Figure 11, which reveal similar conductance values over
a wide range of Fermi energies, between ˇ0.4 eV to + 0.4 eV
relative to the DFT-predicted value. The predicted conductance

Figure 9. The isosurfaces (⌃0.04 (e bohrˇ3)1/2) of the HOMOs for: a) 2, b) perp-3, c) planar-3, d) 4, and e) 5.

Figure 10. Relaxed geometries of molecular junctions of 2–5.
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values of all molecules were compared with the experimental
values and a single common value of EF was chosen, which
gave the closest overall agreement. This yielded a small correc-
tion of EFˇEF

DFT =ˇ0.075 eV, which has been used in all of the
theoretical results described below. Thygesen and colleagues
have discussed similar situations for C60-contacted molecular
wires, and have shown that critical molecular orbitals can
become pinned close to the Fermi level owing to partial
charge transfer, leading to good quantitative agreement be-
tween calculated and experimentally determined conduc-
tance.[82]

The experimental data, now interpreted with the aid of
Figure 11, indicates that in all cases the Fermi level lies close to
the centre of the HOMO–LUMO gap, but shifted slightly to-
wards the HOMO resonance, and therefore a HOMO-mediated
hole tunnelling mechanism is anticipated in each case.[47–50, 83, 84]

However, in contrast to the studies of Wang,[56] Rigaut[57] and
Mayor[52] with organic, ruthenium and platinum bis(alkynyl)
compounds and complexes contacted into molecular junctions
by thiolate groups, conductance values only differing by
a factor of ⇡2 are obtained across the thienyl-contacted series
2–5. This lack of variation occurs because although the HOMO
and LUMO transport resonances differ significantly between
molecules 2–5, transport in the vicinity of the middle of the
HOMO–LUMO gap is similar for all molecules (Figure 11).

To further explore the reasons for the small differences in
conductance across the series, the nature of the molecule–
gold contact was also examined. Table 2 summarises the mole-
cule–gold interaction in terms of the number of valence elec-

trons (QI) associated with the molecule, the number calculated
on the molecule in the junction (QMG) and hence the number
of electrons associated with the thienyl SAu contacts (G) (or
“bonds”) based on calculated Mulliken charges. Mulliken charg-
es are basis-set-dependent mathematical constructions and
therefore only approximately coincide with the physical charge
on a molecule. However, it is clear from the data in Table 2
that the value of G, and the nature of the contact, is only
weakly dependent on the nature of the backbone and auxiliary
ligands in 2–5. Overall, the molecular conductances of these
molecules are similar, with minor variations arising through
convolution of the strength of the S!Au bond, and the posi-
tion of the tail of the HOMO resonance relative to the Fermi
level of the electrodes (Table 2).

Conclusions

The family of 3-thienylethynyl contacted compounds 1,4-
C6H4(C⌘C-cyclo-3-C4H3S)2 (2), trans-[Pt(C⌘C-cyclo-3-
C4H3S)2(PEt3)2] (3), trans-[Ru(C⌘C-cyclo-3-C4H3S)2(dppe)2] (4) and
trans-[Ru(C⌘C-cyclo-3-C4H3S)2{P(OEt)3}4] (5) have been prepared
and studied in metal jmolecule jmetal junctions by using both
STM-I(s) and STM-BJ methods. The compounds 2–5 each dis-
play two conductance values that differ by a factor of ⇡2
within the following range of conductance values: (0.44⌃
0.10–1.03⌃0.28) î 10ˇ4 G0 (low conductance group) and
(2.70⌃0.66–3.18⌃1.04) î 10ˇ4 G0 (high conductance group).
The MPVC method has been applied to verify the lowest con-
ductance group in an algorithmically definable fashion. For the
3-thienyl contact employed here, the conductance values ob-
tained by using MPVC and manual data selection were very
similar, although there were some differences between the cur-
rent–distance data sets assigned by each method. The MPVC
method, which allows reproducible and objective analysis of
conductance features close to the limit of the current amplifier,
is therefore a promising avenue for the further exploration of
low conductance features. In addition, with an increase in the
number of sub-clusters the method should also prove useful in
the analysis of a wider array of junction configurations or in
cases where the junction evolves over time or with distance.
Further efforts to develop and exploit the MPVC tool are now
underway. A quantum chemical analysis of the electronic struc-
tures of the isolated molecules reveals a similarly structured
HOMO in each case. Within model junctions, the Fermi level
lies slightly towards the HOMO resonance in each case, and

Figure 11. The calculated conductance as a function of the Fermi energy for
2–5. Black dashed line shows the chosen Fermi energy (EF =ˇ0.075 eV).

Table 2. The HOMO and LUMO energies of the isolated molecules (eV, c.f. Figure 5), the total number of electrons of the isolated molecule (QI), the total
number of electrons of the molecule attached to the gold electrodes (QMG), the total number of electrons transferred from the molecule (G= QˇQMG) and
the calculated and experimental G/G0.

Molecule EHOMO ELUMO QI QMG G Th. G/G0 Ex. G/G0

(L group)

2 ˇ5.67 ˇ1.98 94 93.83 0.17 0.45 î 10ˇ4 0.44⌃0.10 î 10ˇ4

planar-3[a] ˇ4.78 ˇ0.71 164 163.775 0.23 0.77 î 10ˇ4 0.77⌃0.14 î 10ˇ4

4 ˇ4.34 ˇ0.87 350 349.696 0.30 1.06 î 10ˇ4 1.03⌃0.28 î 10ˇ4

5 ˇ4.50 ˇ0.08 322 321.672 0.33 0.99 î 10ˇ4 0.98⌃0.14 î 10ˇ4

[a] perp-[3] HOMO ˇ4.96 eV, LUMO ˇ0.39 eV.
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a non-resonant hole tunnelling mechanism mediated by the
similarly structured HOMOs is proposed. The positioning of the
Fermi level well within the HOMO–LUMO gap is proposed to
account for the similar conductance behaviour across the
series. Our study demonstrates that although for some sys-
tems, platinum complexes may well be less conductive than
purely organic analogues or similarly structured complexes of
the group 8 metals, this is not a universal situation, and by ap-
propriate use of contacts and ancillary ligands to position key
molecular orbitals with respect to the Fermi levels of the elec-
trodes, rather efficient molecular wires may be engineered. For
the future, it will be of interest to study thermal transport
through such wires, as although they have similar electrical
properties, their vibrational properties and phonon thermal
conductances are likely to differ significantly. This ability to
tune the latter, while preserving electronic conductance is an
attractive proposition for the design of thermoelectric thin
films.[85]

Experimental Section

Crystal and refinement data

3 : C24H36P2PtS2, M = 645.69, monoclinic, a = 8.6132(1), b =
11.1767(2), c = 14.1265(2) ä, b= 104.958(1)8, U = 1313.84(3) ä3, T =
180 K, space group P21/n, Z = 2, qmax =36.568, 31 485 reflections
measured, 6229 unique (Rint = 0.034), R1 = 0.0230 [I>2s(I)] , wR2 =
0.0560 (all data), S = 1.068, D1max,min = 1.509, ˇ0.775 e äˇ3.

4 : C64H54P4RuS2·CH2Cl2, M = 1197.07, triclinic, a = 10.3342(2), b =
13.2414(3), c = 21.4418(5) ä, a= 78.892(2), b= 84.176(2), g=
71.219(2)8, U = 2723.36(10) ä3, T = 100 K, space group P1̄, Z = 2,
qmax =34.388, 63 208 reflections measured, 21 631 unique (Rint =
0.033), R1 = 0.0464 [I>2s(I)] , wR2 = 0.1100 (all data), S = 1.040,
D1max,min = 1.912, ˇ1.936 e äˇ3.

The thiophene group on molecule 2 is disordered over two sites
with occupancies constrained to 0.5 after trial refinement. Geome-
tries were restrained to ideal values. Both dichloromethane solvent
molecules are disordered about crystallographic inversion centres.

5 : C36H66O12P4RuS2, M = 979.96, tetragonal, a = 11.7879(1), c =
17.5181(3) ä, U = 2432.22(5) ä3, T = 180 K, space group P4̄21c, Z = 2,
qmax =37.64, 49 278 reflections measured, 6324 unique (Rint = 0.037),
R1 = 0.0325 [I>2s(I)] , wR2 = 0.0746 (all data). S = 1.135, D1max,min =
0.476, ˇ0.356 e äˇ3.

The thiophene group was modelled as being disordered about the
crystallographic twofold axis. One methyl group of the triethyl-
phosphite ligand was also modelled as being disordered over two
sites with occupancies constrained to 0.5 after trial refinement.

CCDC 1504230 (3), 1504231 (4), and 1504232 (5) contain the sup-
plementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre.

Single-molecule conductance measurements

All single-molecule conductance measurements were recorded at
room temperature in mesitylene with an Agilent 5500 SPM micro-
scope. Molecular adlayers were formed on flame-annealed gold on
glass samples, purchased from Arrandee, Germany. These commer-
cially available substrates were rinsed with acetone and flame-an-
nealed carefully for about 20 s with a butane torch until a slight

orange glow was obtained. This flame-annealing procedure was
performed three times and generally resulted in relatively large
area flat Au(111) terraces.[86] Gold STM tips were fabricated from
0.25 mm Au wire (99.99 %), which was freshly anodically electro-
chemically etched at + 2.4 V for each experiment in a mixture of
ethanol (50 %) and HCl (50 %).

Single-molecule electrical measurements were performed by using
both the in situ break-junction (BJ) and I(s) methods. The in situ
break-junction method developed by Xu and Tao relies on the for-
mation and cleavage of metallic break junctions between the STM
tip and the underlying gold substrate.[63] Such metallic break junc-
tions are formed by forcing the STM tip a certain distance into the
gold substrate. The STM tip is then retracted until the gold–gold
contact breaks, which leaves an open nanoscale gap into which
the molecular targets can adsorb. These molecular bridges then
cleave upon further retraction of the STM tip and molecular con-
ductance can be determined by monitoring the current versus dis-
tance retraction profiles.

In the I(s) technique, a gold STM tip is brought to a fixed distance,
determined by the set point conditions, above the gold surface
covered with the target molecule under analysis.[62] Direct metal-
to-metal contact between the STM tip and substrate is avoided.
The initial approach distance of the STM tip to the substrate sur-
face is controlled by the bias voltage and set-point current (I0). The
measurement involves first locating the STM tip close to the gold
substrate at a given height by setting the I0 and Vbias values. The
feedback loop of the STM is then temporary disabled and the STM
tip is rapidly retracted (s = distance) while the tunnelling current (I)
is continuously recorded. At the initial set-point conditions, the
target molecules can be trapped between the STM tip and the
gold substrate as a molecular bridge. In such circumstances,
during the retraction of the STM tip, the molecular bridge is then
pulled up and stretched in the nanojunction until the molecular
junction is cleaved. For both the BJ and the I(s) methods, when the
molecular bridge is formed and then cleaved, a characteristic cur-
rent plateau is typically observed, with a step-like drop in the cur-
rent reflecting cleavage of the molecular bridge. On the other
hand, if during the tip retraction molecules are not caught in the
STM nanogap then the tunnelling current simply decreases expo-
nentially with separation.

Data from the single-molecule studies are available from the Uni-
versity of Liverpool data catalogue (http://datacat.liverpool.ac.uk/
187/).
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All-Carbon Electrode Molecular Electronic Devices Based 
on Langmuir–Blodgett Monolayers

Soraya Sangiao, Santiago Martín, Alejandro González-Orive, César Magén, 
Paul J. Low, José M. De Teresa,* and Pilar Cea*

1. Introduction

Molecular electronics, in which a single molecule or a single 
layer of molecules is oriented between two immobile elec-
trodes[1] to create a nascent, nanometer-sized device which 
harnesses the electrical properties of the molecular com-
ponent[2] is an exciting area of science and an emerging 
technology base. The use of functional molecules capable 
of working as molecular wires,[3] rectifiers,[4] molecular 
switches,[5] etc. may provide many benefits to the electronic 
industry[6] including the overcoming of the difficulties associ-
ated with top-down scaling of conventional silicon technology 
and provide new avenues to increase device density,[2,6] as 
well as the introduction of new chemically derived function-
alities[7] and electronic properties due to the quantum effects 
that appear at the scale of atoms and molecules.[8]

The field of molecular electronics has been driven through 
the development of experimental methods for assessing the 
electrical properties of molecules in contact with two elec-
trodes. This has in turn led to immense interest in molecular 
“anchoring” groups to contact the molecule to the electrode 
surface, the nature of the electrode-molecule contact, and 
the effects of contact resistance on the overall device perfor-
mance. Much of the contemporary work in the area has con-
cerned the electrical properties of single molecules contacted 
with metallic, often gold, electrodes. However, in the last 
few years, both the methods for contacting larger area films 
of molecular components into device-like structures more DOI: 10.1002/smll.201603207

Nascent molecular electronic devices, based on monolayer Langmuir–Blodgett 
films sandwiched between two carbonaceous electrodes, have been prepared. Tightly 
packed monolayers of 4-((4-((4-ethynylphenyl)ethynyl)phenyl)ethynyl)benzoic acid 
are deposited onto a highly oriented pyrolytic graphite electrode. An amorphous 
carbon top contact electrode is formed on top of the monolayer from a naphthalene 
precursor using the focused electron beam induced deposition technique. This allows 
the deposition of a carbon top-contact electrode with well-defined shape, thickness, 
and precise positioning on the film with nm resolution. These results represent a 
substantial step toward the realization of integrated molecular electronic devices 
based on monolayers and carbon electrodes.
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compatible with conventional fabrication strategies and the 
use of nonmetallic electrodes have attracted growing atten-
tion.[9] Additionally, there is a growing interest in the construc-
tion of carbon-based (opto)electronic devices[10] avoiding the 
use of rare and expensive metals as well as potentially toxic 
materials that result in electronic waste or e-waste.[11]

McCreery and co-workers[9a,c,12] have elegantly addressed 
these topics and characterized the electronic properties of 
molecular bilayers[9c] or thin multilayers[9a,12b] sandwiched 
between two carbonaceous conducting electrodes. In this sem-
inal work, a carbon-based top contact electrode was depos-
ited by e-beam deposition from pure graphite using shadow 
masks to obtain regular-shaped carbon features (C-stamps) 
onto the organic film.[9a] However, extension of the method 
to the e-beam deposition of the top-contact carbon-based 
electrode onto diazonium-grafted monolayer films arranged 
onto graphite-like surfaces resulted in short-circuited devices 
due to the frequent occurrence of defects and pinholes in the 
organic layers.[9c] Indeed, many deposition strategies for the 
assembly of the “top-contact” onto monolayer films suffer 
from such interpenetrations through defects in the film, or 
result in damage to the underlying layer.[13]

The establishment of new methods for the shape and 
location specific deposition of “top-contact” electrodes onto 
monolayers of electrically functional molecules that avoid 
film damage or penetration, would be an obvious milestone 
on the roadmap to the development of scalable molecular 
electronic devices. The use of simple, reliable, and in situ 
methods for the measurement of the electrical properties of 
the resulting sandwich-like assemblies would also be ben-
eficial during the development process of such prototypical 
electronic devices. In this paper, we report the fabrication of 
molecular electronic devices derived from molecular mon-
olayers with all-carbon electrodes. Each single device has a 
top-electrode of controllable area and shape, and multiple 
devices can be constructed over a single substrate with con-
trol of the spatial arrangement. Thus, a carbon-based top con-
tact is precisely deposited by focused electron beam induced 
deposition (FEBID) onto a Langmuir–Blodgett (LB) mon-
olayer of a densely assembled organic material onto a highly 
oriented pyrolytic graphite (HOPG) substrate. Figure 1 illus-
trates the fabrication process of these all-carbon electrode 
molecular electronic devices. A two-wire microprobe station 
was used to accurately locate the probes that permit in situ 
electrical characterization of these nascent devices. In this 
way, deposition of metal interconnects is not required for 
electrical assessment, revealing that the reliability of the fab-
rication process is high with a low occurrence of short-circuits.

2. Results and Discussion

The initial stage of device fabrication commenced with depo-
sition of a highly ordered and tightly packed monolayer LB 
film of 4-((4-((4-ethynylphenyl)ethynyl)phenyl)ethynyl)ben-
zoic acid (1)[14] onto a HOPG electrode (Figure 2). A thor-
ough characterization of a monolayer LB film of 1 has been 
previously reported.[14] In contrast with the self-assembly 
technique, no specific chemical interactions between the 

substrate and the molecules are required for LB film forma-
tion. Therefore, by making use of the wide variety of func-
tional groups that can be physically adsorbed onto different 
substrates, it is possible to use LB methods to fabricate struc-
tures featuring any one of a large number of organic-elec-
trode interfaces.[15] HOPG electrodes exhibit exceptionally 
flat surfaces and therefore the morphology of monolayers 
deposited onto HOPG can be studied in detail by atomic 
force microscopy (AFM).

Figure 2 shows a representative AFM image of a mon-
olayer film of 1 onto HOPG, illustrating the highly homo-
geneous and tightly-packed monolayer LB film of 1, with a 
low density of holes, 3D aggregates, and defects. In addition, 
the film closely follows the topography of the entirely cov-
ered underlying substrate and characteristic features of the 
HOPG substrate, such as steps and terraces, remain visible 
through the LB film. The monolayer LB film of 1 exhibits a 
low RMS (root-mean-square) roughness of 0.44 ± 0.07 nm 
(Figure S2 in the Supporting Information). The thickness 
of the LB film was determined by scratching the film with 
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Figure 1. Sketch of the fabrication process of all-carbon electrode 
molecular electronic devices by carbon FEBID deposition onto a 
monolayer LB film. a) Langmuir film at the air–water interface and 
scheme of the transference process onto HOPG by withdrawal of the 
electrode from the water subphase. b) Monolayer LB film deposited 
onto an HOPG electrode. c) FEBID is an additive lithography technique 
where the precursor (naphthalene, C10H8) is delivered onto the surface 
by a nearby gas injection system. As the focused beam is scanned, it 
dissociates locally the precursor gas molecules, creating a deposit with 
the same shape of the beam scan. d) 3D view of all-carbon electrode 
molecular electronic devices.
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the AFM tip[16] which resulted in a 2.1 ± 0.3 nm film thick-
ness (Figure S3 in the Supporting Information), which is in 
very good agreement with the molecule length of 1 (2.1 nm) 
determined from molecular models (Spartan 08 V1.0.0), and 
consistent with these molecules being assembled into a 2D 
arrangement normal to the surface.

Most large area devices in the field of nanoelectronics 
and molecular electronics are fabricated in a top-down 
approach, which entails the use of micro and nanolithog-
raphy techniques to create the “top-contact” to the molecular 
film.[13b,17] FEBID is an additive lithography technique where 
precursor molecules delivered by a gas-injection system 
become adsorbed onto a surface and are dissociated by back-
scattered and secondary electrons produced by interaction of 
a focused electron beam with the substrate, creating a local 
deposit with the same shape of the scanning beam, thereby 
avoiding the use of resists, masks, and etches (Figure 1c). By 
exercising control over the precursor and e-beam, it is pos-
sible to use this process to grow carbonaceous deposits with 
tailored shapes,[18] and structures such as carbon supertips[19] 
or carbon nanotweezers[20] have been prepared in this way. 
The use of such carbonaceous deposits for the creation of 
low-resistance electrical connections to carbon-based nano-
structures has been demonstrated,[21] as well as the use of 
this technology to tailor the contact resistance between gra-
phene and metals.[22] A related approach is to introduce the 
precursor molecules in a controlled manner through a gas-
injection system. This permits not only selection and use of 
well-defined precursor molecules but also allows control of 
their flux within the chamber that in turn helps to control the 
deposition parameters and outcome. A variety of precursor 
molecules have been used to date for different applications, 
which have been reviewed elsewhere,[23] including carbon 
deposition from organic precursors.[24] In the work presented 

here, naphthalene (C10H8) has been employed as a precursor, 
resulting in deposition of an amorphous carbon layer (here-
after called a C-FEBID layer) the properties of which are 
reported in detail in the Supporting Information. This amor-
phous carbon deposit shows suitable properties to establish 
electrical contacts to monolayer organic films.

The carbon top electrode of the devices was obtained by 
introducing the naphthalene precursor as a gas, which pro-
duces a controlled carbon-based nanodeposit (C-FEBID) 
after its dissociation by the focused electron beam under a 
voltage acceleration of 5 kV and using a 26 nA beam cur-
rent. The electrical resistivity of these carbon C-FEBID 
nanodeposits was measured as (5.2 ± 0.1) × 105 µΩ cm (see 
Figures S4 and S5 in the Supporting Information for further 
details). Examination of the structure, morphology, and thick-
ness of the C-FEBID-patterned top-contact electrode was 
also conducted by TEM (transmission electron microscopy) 
and AFM (Figures S2, S6, and S7 in the Supporting Informa-
tion). According to the AFM images and the height profiles 
registered for different carbon squares patterned in the same 
substrate and also in distinct but equivalent samples, the 
obtained area and thickness of the carbon layer deposited by 
FEBID were 5 × 5 µm2 and 49 ± 4 nm, respectively. Taking 
into account these dimensions and the electrical resistivity 
value of these nanodeposits, the top-electrode resistance 
is about 10.2 Ω, much lower than the resistance of the LB 
film, which ensures uniform current flow across the device. In 
addition, AFM imaging conducted on top of the C-FEBID 
patterned squares shows a very smooth, compact, and homo-
geneous carbon layer (Figure S7 in the Supporting Informa-
tion), substantially free of pinholes, defects, and large 3D 
aggregates. Indeed, after carbon deposition, the RMS of the 
area masked by the top contact decreased to 0.30 ± 0.02 nm 
(Figure S2 in the Supporting Information).

The electrical properties of the resulting sandwich-like 
all-carbon electrode molecular electronic devices were 
determined by contacting two in situ electrical microprobes. 
Figure 3 shows the (artificially colored) scanning electron 
microscopy (SEM) image of a monolayer LB film of 1 on 
HOPG with red regions indicating the four all-carbon elec-
trode molecular electronic devices fabricated on top of the 
LB film and blue regions indicating the in situ electrical 
microprobes. One of the electrical microprobes was placed 
on the top electrode and the second one provided electrical 
contact to the bottom electrode, i.e., to a clean area of the 
HOPG substrate.

Figure 4 shows current density versus voltage curves, J–V 
curves, obtained for three different devices, fabricated on 
three different monolayer LB films of 1 each transferred onto 
different HOPG substrates. The measurements on these three 
distinct devices are similar (Figure 4), demonstrating the high 
reproducibility of the different steps involved in the fabrica-
tion process. Additionally, control experiments were done by 
recording the J–V curves of a C-FEBID deposit onto a HOPG 
substrate (without the monolayer in between both electrodes: 
red curve in Figure 5) to verify that the observed electrical 
properties are due to the HOPG/monolayer/C-FEBID  
devices. This control experiment also permits us to rule 
out both the degradation of the organic monolayer of  
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Figure 2. Top: molecular structure of 4-((4-((4-ethynylphenyl)ethynyl)-
phenyl)ethynyl)benzoic acid, 1. Bottom: 2.0 × 2.0 µm2 AFM image 
showing the topography of a monolayer LB film of 1 on a HOPG substrate.
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1 into amorphous carbon by the electrons of the FEBID 
process and short-circuiting due to possible/hypothetical 
pinholes and defects occurring in the LB film of 1. The exper-
imental J–V curves for the HOPG/monolayer/C-FEBID 
exhibit a linear response in the −0.7 – +0.7 V voltage range 
and a nonlinear behavior for higher bias voltages. The non-
linear transport across 1 has been previously observed,[14] 
with scanning tunneling microscopy experiments showing 
that the transport through individual 1 molecules can be 
modeled in terms of transport across a tunneling barrier, by 
the Simmons expression[25]
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where s is the width of the tunneling barrier, Φ is the effec-
tive barrier height of the tunneling junction, V is the poten-
tial applied to the junction, α is a parameter related to the 
effective mass of the electrons in the tunneling process, 
and e and m are the charge and the mass of the electron. 
Solid lines in Figure 4 are the best fits obtained by using 
Equation (1) with the width of the tunneling barrier s being 
the value determined in the AFM experiments, 2.1 nm, and 
allowing Φ and α to behave as free parameters. For the three 
J–V curves shown in Figure 4, the best agreement between 
the experimental J–V curves and the Simmons model 
is found for Φ = 2.05 eV (a), 2.00 eV (b), 2.01 eV (c), and  
α = 0.41 (a–c). The values obtained for the effective tunneling 
barrier height modeling the transport across the devices 
based on LB films of 1 are relatively high, and of the same 
order of magnitude of the work function values in HOPG 
and C, around 5 eV. This implies that all the interfaces pre-
sent in the devices are clean and flat and the LB film forming 
the tunneling barrier is compact and almost defect-free: only 
when having a defect-free tunneling barrier as well as clean 
and flat interfaces in the junction, the effective tunneling-
barrier height determined experimentally approaches that 
of the work function (a reduction of 50% in magnitude can 
reasonably be attributed to image potential and corrugation 
effects).[26]

In order to guarantee the reproducibility and the robust-
ness of the fabrication process, twenty-four devices were fab-
ricated on different regions of six separately formed LB films 
of 1, only three of which were short-circuited. The J–V curves 
of each of the other twenty-one functional devices were 
determined from different positions on the top electrode by 
carefully placing in situ the electrical microprobe with the aid 
of the SEM. The J–V curves measured on the devices fabri-
cated onto different regions of the same monolayer LB film 
of 1 are similar. The measurements of each functional device 
are also fully reproducible on two different positions of the 
top contact electrode, and the resulting forty-two measure-
ments from across the range of devices can be fitted to the 
Simmons model (Equation (1) and inset of Figure 5) with 
fixed width of the tunneling barrier (2.1 nm) and Φ and α 
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Figure 4. a–c) J–V curves of three all-carbon electrode molecular electronic devices fabricated on three different monolayer LB films of 1 transferred 
onto HOPG, stressing the reproducibility in the growth of both the LB films and the top contact by FEBID. The standard deviation of the experimental 
voltage values is 0.01 V. Solid lines are fittings to the Simmons equation with Φ = 2.05 eV (a), 2.00 eV (b), and 2.01 eV (c), and α = 0.41.

Figure 3. Artificially colored SEM image of a monolayer LB film of 1 
grown on HOPG, containing four all-carbon electrode devices, with 
red regions indicating the four carbon top electrodes and blue regions 
indicating the in situ electrical microprobes.
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as free parameters. These curves are collected in Figure 5. 
The values found for the effective tunneling barrier height, 
Φ, in the fitting of each J–V curve measured are plotted in 
the inset of Figure 5. The spread in the values of the effec-
tive tunneling barrier height for each sample, (2.02 ± 0.02) eV,  
is extremely low, indicating the reproducibility and the 
robustness of the fabrication process of the all-carbon elec-
trode devices. The statistical distribution of the rectification 
ratio values has also been obtained. The rectification value is 
defined as the ratio between the current densities at the max-
imum positive and negative voltages. The histogram of the 
rectification ratio values constructed from the data of all the 
devices fabricated in this work (Figure S9 in the Supporting 
Information) shows very small spreading in the values, which 
suggest a very good reproducibility among all the devices.

3. Conclusion

In this contribution, FEBID has been used to fabricate small 
area top-contact carbon electrodes on tightly-packed mon-
olayer LB films supported on HOPG substrates allowing the 
production of robust all-carbon electrode-based electronic 
devices. The devices fashioned in this way exhibit high repro-
ducibility in their electrical properties. These carbon-based 
nanoelectronic devices arise from a metal-free top-contact 
carbon-based electrode, which can be deposited without the 

need of resists nor masks, with the location, shape, and size of 
the C-FEBID deposit determined by the path of the e-beam. 
The low-cost carbon precursor avoids the use of expensive 
and scarce metals or metal oxides, while the deposition 
process avoids atomic diffusion and quenching phenomena 
common to metal top-contact based optoelectronic devices. 
The proof-of-concept demonstrated here paves the way for 
further advances in the development of electronic devices 
based on the combination of LB films and carbon-based 
electrodes. Since the FEBID technique is capable of very 
high lateral resolution (a few nm), further advances toward 
ultraminiaturized devices should prove possible;[27] work 
toward these goals is now underway.

4. Experimental Section
The synthesis of 4-((4-((4-ethynylphenyl)ethynyl)phenyl)ethynyl)
benzoic acid, 1, has been reported elsewhere.[14] Langmuir films 
of 1 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, which reduces 
the formation of 3D aggregates at the air–water interface. A 
solution of 1 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 1 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 car-
boxylic acid dimers and aggregates in solution prior to deposi-
tion. 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. The Langmuir 
monolayers of 1 were deposited onto HOPG electrodes at a con-
stant surface pressure of 18 mN m−1 by withdrawing the HOPG 
electrodes from the water subphase using the vertical dipping 
method and a dipping speed of 3 mm min−1. In this way, com-
pound 1 is connected to the HOPG electrode through the carboxy-
late group (Supporting Information).

AFM experiments were performed by means of a Multi-
mode 8 AFM system equipped with a Nanoscope V control unit 
from Veeco, operating in Tapping and Peak-Force modes. The 
data were collected with silicon cantilevers provided by Bruker, 
namely ScanAsyst-Air-HR (130–160 kHz, and 0.4–0.6 N m−1) and 
RFESPA-75 (75–100 kHz, and 1.5–6 N m−1). The images were col-
lected with a scan rate of 0.5–1.2 Hz, an amplitude set point lower 
than 1 V, and in ambient air conditions. The electrical properties 
of the sandwich-like all-carbon electrode molecular electronic 
devices were determined by contacting two in situ electrical micro-
probes from Kleindiek, connected via a feed-through to a com-
bined Keithley system featuring a 6220 DC current source and a 
2182 nanovoltmeter located out of the microscope chamber.

small 2017, 13, 1603207
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Figure 5. J–V curves measurements of twenty-one different all-carbon 
electrode molecular electronic devices (HOPG/monolayer LB film of 
1/C-FEBID top contact electrode). The figure includes two J–V curves 
per device, i.e., a total of 42 J–V curves. The standard deviation of the 
experimental voltage values is 0.01 V. The red line corresponds to the 
curve obtained for a HOPG/C-FEBID device, without the monolayer LB 
film of 1 between the two electrodes. The inset figure shows the values 
obtained for the effective barrier height of the tunneling transport 
across the all-carbon electrode molecular electronic devices in all the 
measurements performed.
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Supporting Information

Supporting Information is available from the Wiley Online Library 
or from the author.
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Sandwich and half-sandwich metal
complexes derived from cross-conjugated
3-methylene-penta-1,4-diynes†

Kevin B. Vincent,a Josef B. G. Gluyas,b Qiang Zeng,c,d Dmitry S. Yufit,a

Judith A. K. Howard,a František Hartl*c and Paul J. Low*a,b

The cross-conjugated ethynyl–vinylidene [Ph2CvC(CuCH){C(H)vCRu(PPh3)2Cp}]PF6 ([4a]PF6), and

[FcC(H)vC(CuCH){C(H)vCRu(PPh3)2Cp}]PF6 ([4b]PF6), and ethynyl–alkynyl Ph2CvC(CuCH){CuCRu

(PPh3)2Cp} (5a), and FcC(H)vC(CuCH){CuCRu(PPh3)2Cp} (5b) compounds (Cp = η5-cyclopentadienyl)

have been prepared from reactions of the known 3-methylene-penta-1,4-diynes Ph2CvC(CuCH)2 (3a)

and [FcCHvC(CuCH)2] (3b) with [RuCl(PPh3)2Cp]. The compounds derived from 3b incorporating the

more electron-rich alkene proved to be unstable during work-up, and attempts to prepare bis(ruthenium)

complexes from 3a and 3b or from transmetallation reactions of the bis(alkynylgold) complex FcCHvC

(CuCAuPPh3)2 (7) with RuCl(PPh3)2Cp were unsuccessful. The related bis- and tris(ferrocenyl) derivatives

Ph2CvC(CuCFc)2 (6a) and FcCHvC(CuCFc)2 (6b) were more readily obtained from Pd(II)/Cu(I) catalysed

cross-coupling reactions of FcCuCH with the 1,1-dibromo vinyl complexes PhCvCBr2 (1a) and FcC(H)v

CBr2 (1b). Cyclic voltammetry of 6a and 6b using n-Bu4N[PF6] as the supporting electrolyte shows broad,

overlapping waves arising from the sequential oxidation of the ferrocenyl moieties in electronically and

chemically similar environments. Electrostatic effects between the ferrocenyl moieties are enhanced in

solutions of the weakly ion-pairing electrolyte n-Bu4N[B{C6H3(CF3)2-3,5}4], leading to better resolution of

the individual electrochemical processes. The comparative IR spectroelectrochemical response of 6a and

6b suggest the vinyl ferrocene moiety in 6b undergoes oxidation before the ethynyl ferrocene fragments.

There is no evidence of electronic coupling between the metallocene moieties and [6a]+, [6b]n+ (n = 1, 2)

are best described as Class I mixed-valence compounds.

Introduction
Ferrocene has long been used as an electrophore in the design
and study of mixed-valence (MV) compounds.1 In the 1970s
Cowan demonstrated that biferrocenyl was able to undergo
one-electron oxidation to give a Class II MV compound with a
characteristic inter-valence charge transfer (IVCT) band
centred at ca. 1900 nm (5260 cm−1).2–6 Studies of the redox
properties of related 1,2-bis(ferrocenyl)ethenes also revealed
thermodynamically stable MV compounds to be formed on

one-electron oxidation.7 Although spectroscopic studies of the
Z-isomers were complicated by isomerisation,8 available data
support the description of these compounds as less strongly
coupled Class II systems. Studies of MV complexes derived
from 1,4-bis(ferrocenyl)buta-1,3-dienes such as FcC(H)vC(H)
C(H)vC(H)Fc are also complicated by a range of issues relating
to facile interconversion between the cis and trans isomers.9

Related structures in which the diene fragment is (conceptually)
constrained into a heterocyclic structure have proven to be more
amenable to study, and a combination of spectroscopic and
computational studies have indicated that these heterocyclic
bridged MV compounds can be considered as Class II MV com-
plexes, with the diene-like backbone contributing significantly
to the optical charge transfer transition.10–12

The thermodynamic stability of MV derivatives of the structu-
rally simple, linear α,ω-bis(ferrocenyl) oligo(ynes) Fc(CuC)xFc
decreases as the oligoyne chain length increases, such that the
ferrocene redox processes in 1,6-bis(ferrocenyl)hexa-1,3,5-triyne
are heavily overlapped.13–15 Although the 1,8-bis(ferrocenyl)octa-
1,3,5,7-tetrayne has been prepared,16 we are unaware of any

†CCDC 1518244–1518246. For crystallographic data in CIF or other electronic
format see DOI: 10.1039/c6dt04470k
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studies of mixed-valence analogues of this compound; in the
case of the 1,12-bis(ferrocenyl)dodeca-1,3,5,7,9,11-hexayne the
ferrocene moieties give rise to two genuinely independent oxi-
dation processes in a 0.1 M n-Bu4NPF6 (1 : 1 CH2Cl2/NCMe) elec-
trolyte.17 Although spectroscopic data from these longer MV
complexes are limited, those that are available, indicate that the
interactions between the ferrocenyl moieties decrease with
increasing the bridge length.

In contrast, oligoenediyl- and oligoynediyl-bridged complexes
of electron-rich ruthenium phosphine moieties generally
give rise to much more extensively delocalised radical cations
on oxidation, as in [{Ru(PPh3)2(CO)Cl}2(μ-CHvCHCHvCH)],
[{Ru(PEt3)3(CO)Cl}2(μ-CHvCHCHvCH)], and [{Ru(PPh3)2(CO)
Cl(NC5H4COOEt-4)}2(μ-CHvCHCHvCH)]18 and the various spec-
troscopically identified rotamers of {Cp′(L2)Ru}2(μ-CuCCuC)
(Ru(L2)Cp′ = Ru(PPh3)2Cp,19–21 Ru(PMe3)(PPh3)Cp,20 Ru(dppe)
Cp,21 Ru(dppe)Cp*21). However, the substantial contributions
from the unsaturated bridging ligand to the semi-occupied mole-
cular orbitals (SOMOs) suggests that such systems are better
described in terms of bridge-localised radical cations than true
mixed-valence complexes.22–24

In addition to linear systems, a variety of compounds fea-
turing more than two ferrocene or ruthenium moieties linked
through a common but branched bridging ligand have been
explored. Interest in such multiple electrophore complexes
include the fundamental mechanisms and methods of ana-
lysis of charge transfer through ‘2-dimensional’ frameworks,25

and assessment of the optoelectronic properties of branched
molecules.26–28 Exemplary molecular systems include 1,3,5-tris
(ferrocenylethynyl)benzene,29 and Astruc’s 1,2,3,4,5,6-hexakis
(ferrocenylethynyl)benzenes,30,31 which exhibit electrostatic inter-
actions between the ferrocenyl moieties upon oxidation, if not
true electronic delocalisation. The use of electrolytes with weakly
ion-pairing anions such as n-Bu4N[B{C6H3(CF3)2-3,5}4] enhances
through-space (or Coulombic) interactions between nearby elec-
trophores, leading to the resolution of individual electrochemical
events.32 For further example, although there is no significant
electronic coupling between the ferrocene moieties in tetraferro-
cenyl(nickel dithiolene), in n-Bu4N[B{C6H3(CF3)2-3,5}4] four dis-
tinct oxidation events (and two dithiolene based reductions) are
observed by differential pulse voltammetry.33

Cross-conjugated π-systems are potential scaffolds upon
which to further develop such interests,34–36 and attention is
now being directed towards the synthesis and properties of
complexes featuring cross-conjugated bridging ligands such as
ene-ynes.37–39 We have recently described a range of mono
(ferrocenyl) derivatives of 3-methylene-penta-1,4-diyne, which
were obtained from cross-coupling reactions of alkynes with
1,1-dibromo-2-ferrocenyl ethane,40 and also the stepwise
assembly of 1,1,2,2-tetrakis(ferrocenylethynyl)ethane.41 The latter
revealed well-resolved sequence of four ferrocene-based oxi-
dations in n-Bu4N[B{C6H3(CF3)2-3,5}4], although there was no
clear spectroscopic evidence for any significant coupling between
the ferrocene/ferrocenium moieties. Now attention is turned to
related compounds featuring both ruthenium half-sandwich and
ferrocene electrophores. In this contribution further synthetic

explorations of metal complexes of 3-methylene-penta-1,4-diyne
are described, together with the electrochemical characteristics
of the bis- and tris-ferrocenyl complexes Ph2CvC(CuCFc)2 and
FcC(H)vC(CuCFc)2.

Results & discussion
The half-sandwich bis(phosphine) ruthenium complexes,
exemplified by [RuCl(PPh3)2Cp], undergo facile reaction with
terminal alkynes, HCuCR, to give vinylidene complexes (e.g.,
[Ru{CvC(H)R}(PPh3)2Cp]+) which in turn are readily deproto-
nated to the acetylide complexes (e.g., [Ru(CuCR)(PPh3)2Cp]).42

Complexes of this type continue to serve as workhorses for the
exploration of vinylidene and acetylide ligand chemistry since
the inception of the field in the 1980s.43–45 However, attempts
to access the chemistry of ruthenium complexes featuring
cross-conjugated ligand systems by reaction of [RuCl(dppe)
Cp*] with penta-3-one-1,4-diyne (HCuCC(vO)CuCH) were
unsuccessful; instead, reaction of [Ru(CuCH)(dppe)Cp*] with
oxalyl chloride gave the bimetallic complex [{Ru(dppe)
Cp*}2{μ-CuC(CO)CuC}] in good yield, providing a platform
for further synthetic transformations of the cross-conjugated
bridging ligand.46 However, a more direct route to such com-
plexes is still to be developed.

Benzophenone, PhC(vO)Ph, is conveniently transformed
to 1,1-dibromo-2,2-diphenylethene 1a (79%) on reaction with
CBr4 and PPh3.47 The dibromoethene 1a is in turn smoothly
cross-coupled ([Pd(PPh3)4]/CuI catalyst) with trimethyl-
silylacetylene, Me3SiCuCH, to give the bis(alkyne) Ph2CvC
(CuCSiMe3)2 (2a, 84%), and desilylated (K2CO3/MeOH) to give
Ph2CvC(CuCH)2 (3a, 95%) (Scheme 1).47 Reactions of 2a and
3a with two equivalents of [RuCl(PPh3)2Cp] were explored in a
range of solvents (THF, MeOH, CH2Cl2) and conditions (2a:
KF, n-Bu4NF; 3a: NH4PF6, n-Bu4NPF6, KPF6; room temperature
– reflux; 1–24 h). In all cases, in situ NMR monitoring revealed
the formation of the monovinylidene [4a]PF6 and unreacted
[RuCl(PPh3)2Cp]. The synthesis of [4a]PF6 was subsequently
optimised from the 0.9 : 1 reaction of [RuCl(PPh3)2Cp] with 3a
(CH2Cl2/KPF6/reflux/20 h) and isolated in 79% yield by precipi-
tation with diethyl ether (Scheme 1). The 31P NMR spectrum of
[4a]PF6 is characterised by a singlet at δ 41.62 ppm, whist in
the 1H NMR spectrum the vinylidene ligand is evinced by a
triplet at δ 4.92 ppm ( JHP = 2.5 Hz) and the free ethynyl moiety
by a singlet at δ 3.09 ppm. The Cp ligand gave a low field reso-
nance typical of the {Ru(PPh3)2Cp}+ fragment at δ 5.23 ppm.
The IR spectrum contained the anticipated vinylidene ν(CvC)
(1629 cm−1), alkyne ν(CuC) (2108 cm−1) and ethene
(1483 cm−1) bands. Other spectroscopic and analytical data
were in accord with the proposed structure, which was con-
firmed by single crystal X-ray analysis (vide infra).

Treatment of a suspension of [4a]PF6 in methanol with
KOtBu gave the ethynyl–alkynyl complex 5a as a bright yellow
precipitate (62%) (Scheme 1). In the 31P NMR spectrum, the
half-sandwich fragment gave rise to a singlet at δ 50.35 ppm,
whilst the Cp moiety was detected as a singlet in the 1H NMR
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spectrum at δ 4.22 ppm, together with a singlet from the free
ethynyl proton at δ 2.77 ppm. The IR spectrum contained
ν(CuC) bands from both free (2105 cm−1) and coordinated
(2044 cm−1) alkyne moieties in addition to the ethene ν(CvC)
band at 1482 cm−1. Again, other spectroscopic and analytical
data, and a single crystal X-ray structure determination, con-
firmed the structure. Further attempts to metallate the free
ethynyl fragment in 5a were also unsuccessful.

The molecular structures of [4a]PF6 and 5a are plotted in
Fig. 1 and 2, and illustrate the rather congested environment

of the ostensibly reactive alkyne moiety. Selected bond lengths
and angles summarised in Table 1. The vinylidene cation [4a]+

(Fig. 1) features the expected short RuvC [1.842(3) Å] and
CvCH [1.328(4) Å] distances, and linear RuvCvC fragment
[172.2(2)°], consistent with related examples described
elsewhere.48–52 The vinylidene ligand deviates slightly from co-
planarity with the ene–yne substituent (C(1)–C(2)–C(3)–C(4)
−26.3(3)°); the orientation of vinylidene ligands relative to the
half-sandwich fragment has been discussed on previous
occasions.53,54 Although relatively free rotation of the vinyli-
dene complex around the C(2)–C(3) bond might be anticipated
given the significant single-bond character (C(2)–C(3) 1.475(3)
Å), the larger steric effects of the C(81) phenyl ring compared
with the C(4)uC(5)H ethynyl fragment leads to the half-sand-

Scheme 1 The synthesis of 1a–5a.

Fig. 1 A plot of the cation [4a]+ from the crystallographically deter-
mined structure of [4a]PF6. Hydrogen atoms have been removed for
clarity. Ellipsoids are plotted at 50%.

Fig. 2 A plot of a molecule of 5a with hydrogen atoms removed for
clarity. Ellipsoids are plotted at 50%.
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wich group adopting a position s-cis with respect to C(4)u
C(5). It is likely that the further formation of both the initial
π-complex and subsequent rearrangement to the bis(vinyli-
dene) expected on reaction of [4a]+ with RuCl(PPh3)2Cp are dis-
favoured on steric grounds.

Similar arguments can be invoked from the acetylide
complex 5a (Fig. 2). The formal bond orders within the cross-
conjugated ligand are reflected in the C(1)uC(2) (1.2202(2) Å),
C(2)–C(3) (1.430(2) Å), C(3)vC(6) (1.375(2) Å), C(3)–C(4)
(1.444(2) Å) and C(4)uC(5) (1.189(2) Å) bond lengths. It seems
probable that the combination of the flanking phenyl groups
at C(6) and the metal alkynyl fragment again hinder access of
a second {Ru(PPh3)2Cp}+ to the C(4)uC(5) triple bond and
therefore prevent further reaction.

Given the ready access to 1,1-diethynyl-2,2-diphenyl-ethenes
from 1a an alternative approach to cross-conjugated bi-
metallic derivatives was explored. Reaction of 1a with ethynyl
ferrocene (FcCuCH) under the usual cross-coupling con-
ditions gave the bis(ferrocenyl) compound 6a in moderate
(48%) yield as a bright orange solid (Scheme 2).

The conversion of ferrocene carboxaldehyde (FcCHO) to 1,1-
dibromo-2-ferrocenylethene (1b) is known;40 most usually 1b
serves as a precursor to both ethynyl ferrocene (FcCuCH),55

and 1,1-diethynyl-2-ferrocenyl ethenes.40 The Pd(0)/Cu(I) cata-
lysed cross-coupling reactions of 1b with trimethylsilylacetylene
gives 2b (76%), which in turn is readily desilylated to give 3b
(94%) (Scheme 3).40 In a manner similar to that described for
6a, the cross-coupling of 1b with ethynyl ferrocene gave the tris
(ferrocenyl) complex 6b (68%) (Scheme 3).

In a manner similar to that described above for 3a, reac-
tions of 3b with one equivalent of [RuCl(PPh3)2Cp] and
NH4PF6 gave the mono-vinylidene complex [Ru{CvC(H)C

(vCHFc)(CuCH)}(PPh3)2Cp]PF6, but which proved to be
unstable on deprotonation with KOBut. All attempts at reaction
of 3b with excess [RuCl(PPh3)2Cp] proved unsuccessful, yield-
ing brightly coloured blue/green compounds that could not be
satisfactorily characterised.

Metallation of 2b with [AuCl(PPh3)] took place smoothly
in methanol solutions of NaOH to give [FcC(H)vC
(CuCAuPPh3)2] (7, 71%), which was characterised by the usual
combination of spectroscopic and elemental analytical
methods (Scheme 4). The 31P NMR spectrum gave resonances
at δ 42.20 and 42.41 ppm corresponding to the inequivalent
phosphine ligands, whilst Au-C resonances were observed in
the 13C NMR spectrum as doublets ( JCP = 27 Hz in each case)
at 105.5 and 102.9 ppm. The ν(AuCuC) (2102 cm−1) and
ν(FcCvCR2) (1481 cm−1) bands in the IR spectrum were also
characteristic of 7. Unfortunately, despite the success of trans-
metallation reactions between gold acetylide complexes and
half-sandwich iron and ruthenium complexes,56 reactions of 7
with [RuCl(PPh3)2Cp] or [RuCl(dppe)Cp*] failed to yield the
desired acetylide complexes.

Table 1 Selected bond lengths (Å) and angles (°) from the crystallogra-
phically determined structures of [4a]PF6, and 5a

[4a]PF6 5a [4a]PF6 5a

Ru1–C1 1.842(3) 2.0017(15) Ru1–C1–C2 172.2(2) 173.20(13)
C1–C2 1.328(4) 1.2202(2) C1–C2–C3 125.6(2) 170.57(17)
C2–C3 1.475(3) 1.430(2) C2–C3–C4 115.1(2) 114.74(14)
Ru1–P1 2.3290(6) 2.2831(4) C2–C3–C6 132.2(2) 125.27(15)
Ru1–P2 2.3705(7) 2.2923(4) P1–Ru1–C1 87.49(8) 89.09(4)
C3–C4 1.435(4) 1.444(2) P2–Ru1–C1 98.39(8) 90.83(4)
C4–C5 1.190(4) 1.189(2)
C3–C6 1.371(4) 1.375(2)

Scheme 2 The preparation of 6a.

Scheme 3 The preparation of 2b, 3b and 6b.

Scheme 4 The preparation of 7.
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Single crystals of the tris(ferrocenyl) complex 6b suitable
for X-ray diffraction were obtained by slow evaporation of a di-
chloromethane solution (Fig. 3). Pertinent bond lengths and
angles are given in Table 2. As expected, the 1,1-dialkynyl
ethene portion of the molecule is essentially planar, with key
CvC (1.366(5) Å), and CuC (1.193(5) and 1.198(5) Å) bond
lengths consistent with the formal valence bond description.
There is no evidence from the bond lengths for any substantive
difference in conjugation between the ferrocene moieties
along the cis- or trans-ene-yne pathways.

The redox chemistry of 6a and 6b was explored by cyclic
voltammetry in a dichloromethane solution containing 10−1 M
n-Bu4NX as the supporting electrolyte (X = [PF6]) or
[B{C6H3(CF3)2-3,5}4] ([BArF

4]) (Table 3, Fig. 4). When the more
strongly ion-pairing or associating electrolyte is employed (X =
[PF6]), the voltammogram of 6a exhibits a single, chemically
reversible electrochemical process. The anodic-to-cathodic
peak separation (ΔEp(1)) for this wave approaches twice that of
the internal ferrocene/ferrocenium reference couple consistent
with the overlapped one-electron processes of the two ethynyl
ferrocenyl moieties. In the same electrolyte, the tris(ferrocenyl)
complex 6b shows two close lying waves, with apparent peak
currents approximately in the ratio 1 : 2 suggesting that the
vinyl-ferrocene fragment undergoes oxidation at a measurably
different potential than the two (electrochemically indistin-
guishable) ethynyl-ferrocene moieties (Table 3, Fig. 4). The

reversible, apparently one-electron, oxidation can be further
assigned on the basis of comparison with the potentials
observed for oxidation of FcCHvC(CuCR)2 complexes structu-
rally related to the vinyl-ferrocene moiety.40 The second redox

Table 2 Bond lengths (Å) and angles (°) from the crystal structure of 6b

C11–C1–C2 128.2(3) C1–C11 1.454(5)
C1–C2–C3 120.0(3) C11–C15 1.435(5)
C1–C2–C5 124.1(3) C1–C2 1.366(5)
C2–C3–C4 178.5(4) C2–C3 1.437(5)
C2–C5–C6 176.2(4) C3–C4 1.193(5)
C3–C4–C21 179.5(4) C4–C21 1.425(5)
C5–C6–C31 175.7(4) C2–C5 1.431(5)

C5–C6 1.198(5)
C6–C31 1.431(5)

Fig. 4 Cyclic voltammetry of 6a (upper) 6b (lower) in CH2Cl2 solution
containing 10−1 M n-Bu4NX as the supporting electrolyte (X = [PF6]
(dotted lines) or [B{C6H3(CF3)2-3,5}4] (solid lines) (Fc/Fc+ = 0 V)).

Fig. 3 A plot of the molecular structure of 6b, selected hydrogen
atoms removed, showing the atom labeling scheme (thermal ellipsoids
plotted at 50%).

Table 3 Electrochemical data from 6a and 6b in a dichloromethane
solution containing 10−1 M n-Bu4NX as the supporting electrolyte (X =
[PF6] or [B{C6H3(CF3)2-3,5}4]). Data are reported vs. Fc/Fc+ = 0 V

6a 6b

X [PF6] [BArF
4] [PF6] [BArF

4]
E1/2(1)/V 0.202 0.089 0.057a 0.074
E1/2(2)/V 0.201 0.202a 0.290
E1/2(3)/V 0.471

ΔE(1–2)/V <0.050 0.112 0.145 0.216
Kc 4 78 283 4500
ΔE(2–3)/V 0.181
Kc 1151

a From differential pulse voltammetry by the method of Taube and
Richardson.57
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wave is assigned to the overlapping oxidation processes of the
two ethynylferrocene groups, with the ΔEp of this wave
approaching twice that of the internal reference and a halfwave
potential consistent with that observed for the ethynyl ferro-
cene moieties in complex 6a (Table 3).

Cyclic voltammograms obtained from solutions of an elec-
trolyte containing the weakly coordinating anion [BArF

4]−

exhibit greater separation of the individual redox processes of
6a and 6b. This observation is consistent with results from
other poly(ferrocene) compounds in electrolytes containing
weakly coordinating anions,30,31,33,41 with an increase in separ-
ation of the individual redox events to give two (6a) or three
(6b) reversible, one-electron process that can be attributed
sequential oxidation of the two ethynylferrocene fragments
(6a) or the vinyl and two ethynylferrocenyl fragments (6b). The
greater separation of the redox processes separation in the vol-
tammetric experiments conducted with the weakly coordinat-
ing [BArF

4]− anion, and hence larger comproportionation con-
stant KC (Table 3), suggested that there would be a better pro-
spect of observing the individual charge states of each
complex in spectroelectrochemical experiments when the
appropriate electrolyte was employed.

Spectroelectrochemical investigations were undertaken in
order to better assess the interactions between the ferrocenyl
moieties in 6a and 6b. Spectroelectrochemical measurements
were carried out in CH2Cl2 solutions containing 10−1 M
n-Bu4N[B{C6H3(CF3)2-3,5}4] as supporting electrolyte to maxi-
mize the thermodynamic stability of the individual redox
states with respect to redox disproportionation.

The IR spectra of the bis(ferrocenyl) compound [6a]n+ (n =
0–2) give rise to a ν(CuC) band envelope which steadily
increases in intensity over the course of the two oxidation
steps (Fig. 5). The asymmetrically-shaped band envelopes of
[6a]n+ display unresolved shoulders indicative of multiple, over-
lapping ν(CuC) bands. The ν(CvC) band at 1481 cm−1 is

unaffected by the change in the oxidation state, while a new
electronic absorption band grows at ca. 4150 cm−1 consistent
with the localized d–d transition of ferrocenium.41,58

The IR spectra of complex [6b]n+ (n = 0–3, Fig. 6) exhibit
very weak ν(CuC) bands in the neutral (n = 0) and monocatio-
nic (n = 1) species. As oxidation proceeds, the band envelope
becomes more intense, although the appearance of this broad,
structured band envelope differs little between the di- and tri-
cationic (n = 2, 3) states (Fig. 6, Table 4). Again, the vinyl
ν(CvC) (1552 cm−1) is unchanged as a function of the redox
state of the molecule and ferrocenium based electronic tran-
sitions are observed at ca. 4150 cm−1. A comparison of the
trends in intensity of the ν(CuC) bands as a function of oxi-
dation state change in 6a and 6b is consistent with the initial
oxidation of the vinyl ferrocene moiety drawn from the electro-
chemical data above. Further examination of the NIR region
failed to identify any electronic transition that could be
uniquely associated with the mixed-valence states [6a]+, [6b]+

and [6b]2+, and therefore these systems are described as Class
I systems in the framework of the Robin-Day classification
scheme. This behaviour parallels that of other multi-ferrocene
complexes such as the tetraferrocenyl(nickel dithiolene)
complex studied in the Geiger group.33

Fig. 5 Reversible IR spectral changes in the ν(CuC) region accompany-
ing oxidation of the ferrocenyl moieties of [6a]n+ in CH2Cl2/10−1 M
n-Bu4N [B{C6H3(CF3)2-3,5}4] within an OTTLE cell.

Fig. 6 Reversible IR spectral changes in the ν(CuC) region accompany-
ing oxidation of the ferrocenyl moieties of [6b]n+ in CH2Cl2/10−1 M
n-Bu4N [B{C6H3(CF3)2-3,5}4] within an OTTLE cell.

Table 4 IR ν(CuC)/cm−1 data for [6a]n+ and [6b]n+ obtained spectro-
electrochemically in CH2Cl2/10−1 M n-Bu4N[B{C6H3(CF3)2-3,5}4] within
an OTTLE cell

n [6a]n+ [6b]n+

0 2203(s) 2203(s)
2198(s) —

1 2204(s) 2201(s)
2198(sh) 2178(sh)

2 2206(s) 2180(s)
2192(sh) 2201(sh)

3 — 2180(s)
— 2199(sh)
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Conclusion
The monometallic ethynyl–vinylidene complex [Ph2CvC
(CuCH){C(H)vCRu(PPh3)2Cp}]PF6 ([4a]PF6) and the related
ethynyl–alkynyl complex Ph2CvC(CuCH){CuCRu(PPh3)2Cp}
(5a) were successfully prepared from Ph2CvC(CuCH)2 (3a)
and characterised. However, analogous compounds derived
from the more electron-rich ligand precursor [FcCHvC
(CuCH)2] (3b) proved to be unstable during work-up.
Furthermore, attempts to prepare bis(ruthenium) complexes
from 3a and 3b or from transmetallation reactions of the bis
(alkynylgold) complex FcCHvC(CuCAuPPh3)2 (7) with RuCl
(PPh3)2Cp were unsuccessful. Instead, bis- and tris(ferrocenyl)
compounds Ph2CvC(CuCFc)2 (6a) and FcCHvC(CuCFc)2

(6b) were more readily obtained from Sonogashira-like
Pd(II)/Cu(I) catalysed cross-coupling reactions of FcCuCH with
the 1,1-dibromo vinyl complexes PhCvCBr2 (1a) and FcC(H)v
CBr2 (1b). Analysis of the multi-ferrocene compounds 6a and
6b by cyclic voltammetry in CH2Cl2 solutions containing
n-Bu4NPF6 or n-Bu4NBArF

4 as supporting electrolyte indicates
a significant contribution from electrostatic effects to the sep-
aration of the individual ferrocene-based redox processes, and
hence better resolution of the individual electrochemical pro-
cesses in the electrolyte featuring the more weakly coordinat-
ing anion, [BArF

4]−. The trends in the electrochemical poten-
tials and the IR spectroelectrochemical response of 6a and 6b
indicate the vinyl ferrocene moiety in 6b undergoes oxidation
before the ethynyl ferrocene fragments. There is no evidence
of electronic coupling between the metallocene moieties and
[6a]+, [6b]n+ (n = 1, 2) are best described as Class I mixed-
valence compounds. Efforts to reduce the steric bulk of the half-
sandwich metal fragment (e.g., Ru(dppe)Cp, Ru(PMe3)2Cp) or
alter the orientation of the intermediate vinylidenes (e.g., Mo
(dppe)(η-C7H7)) to promote further metallation of the cross-con-
jugated ligand will form the basis of future work.

Experimental section
General conditions

All reactions were carried out under an atmosphere of dry
nitrogen using standard Schlenk techniques. Reaction solvents
were dried and distilled or purified by passage through an
Innovative Technologies SPS-400 solvent purification system,
and degassed before use. Other solvents were standard reagent
grade and used as received. No special precautions were taken
to exclude air or moisture during workup except where other-
wise indicated. The compounds [RuCl(PPh3)2Cp],59 1,1,-
dibromo-2,2-diphenyl ethene (1a),47 1,1-dibromo-2-ferrocenyl
ethene (1b),40 1,1-bis(trimethylsilylethynyl)-2,2-diphenyl-
ethene (2a),60 1,1-bis(trimethylsilylethynyl)-2-ferrocenyl-ethene
(2b),40 1,1-bis(ethynyl)-2,2-diphenyl-ethene (3a)60 and [1,1-bis
(ethynyl)-2-ferrocenyl-ethene (3b)40 were prepared by literature
routes. Ethynyl ferrocene (FcCuCH) was synthesised from
1b,55 [AuCl(PPh3)] from H[AuCl4]61 and [Pd(PPh3)4] from
PdCl2.62 Carbon tetrabromide (CBr4) was sublimed before use.

All other reagents were commercially available and used as
received. NMR spectra were recorded at 23 °C on a Varian
NMR Systems 700 spectrometer using CD2Cl2 as the solvent.
Chemical shifts were determined relative to internal solvent
signals,63,64 or external 85% H3PO4 (δ = 0.00 ppm). Assignment
of the 1H and 13C NMR data was supported by gradient
selected 13C, 1H HMQC and HMBC experiments. ASAP-MSi

spectra were recorded from solid aliquots on an LCT Premier
XE mass spectrometer (Waters Ltd, UK) or Xevo QToF mass
spectrometer (Waters Ltd, UK) in which the aliquot is
vaporised using hot N2, ionized by a corona discharge, and
carried to the TOF detector (working range m/z 100–1000). A
melting point tube was dipped in to a sample solution (∼1
mg ml−1) and introduced into the spectrometer, where a temp-
erature ramp from 50 °C to 450 °C vaporises the sample
enabling atmospheric pressure chemical ionisation (APCI) to
occur. MS data is processed using MassLynx 4.1.

Cyclic voltammetry was carried out using an EcoChemie
Autolab PGSTAT30 or a PalmSens EmStat2 potentiostat, with a
platinum disc working electrode, a platinum wire counter elec-
trode, and a platinum wire pseudo-reference electrode, from
solutions in dichloromethane containing either 0.1 M
n-Bu4NPF6 or 0.1 M n-Bu4N[B{C6H3(CF3)2-3,5}]4 (n-Bu4NBArF

4)
as the electrolyte. Measurements with ν = 100, 200, 400 and
800 mV s−1 showed that the ratio of the anodic to cathodic
peak currents varied linearly as a function of the square root
of scan rate in all cases. The decamethylferrocene/decamethyl-
ferrocenium (FeCp*2/[FeCp*2]+) couple was used as an internal
reference for potential measurements such that the couple
falls at −0.55 V (CH2Cl2/n-Bu4NPF6) or −0.62 V (CH2Cl2/
n-Bu4NBArF

4) relative to external FeCp2/[FeCp2]+ at 0.00 V.65,66

IR spectroelectrochemical experiments at room temperature
were recorded on a Bruker Vertex 70v FT-IR with an OTTLE cell
equipped with a Pt-minigrid working electrode and CaF2

windows.67 The optical path of the cell was ca. 0.2 mm. The con-
centrations of the ferrocenyl compounds and the supporting
electrolyte (n-Bu4NBArF

4) used in these measurements were 1.3
× 10−2 and 3 × 10−1 mol dm−3, respectively. Elemental analyses
were performed at the London Metropolitan University.

Preparation of [Ru{CvC(H)C(CuCH)vCPh2}(PPh3)2Cp]PF6

([4a]PF6)

A solution of 3a (100 mg, 0.438 mmol), [RuCl(PPh3)2Cp]
(286 mg, 0.394 mmol) and KPF6 (81 mg, 0.438 mmol) in
CH2Cl2 (15 ml) was heated at reflux point for 20 h. The solu-
tion was allowed to cool, concentrated in vacuo to ca. 2 ml and
then added drop-wise to vigorously stirred, ice-cold
diethylether causing precipitation of a pale red solid. The pre-
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cipitate was collected by filtration, washed with hexanes (3 ×
5 ml) and diethyl ether (3 × 5 ml) and air-dried. Yield 329 mg,
79%. Crystals suitable for X-ray diffraction were grown by slow
diffusion of diethyl ether into a CH2Cl2 solution of the
product. 1H NMR (CD2Cl2): δ 3.09 (1H, s, Hh), 4.92 (1H, t, J =
2.5 Hz, Hi), 5.23 (5H, s, Hk), 7.02–7.05 (12H, m, Hn), 7.23–7.26
(15H, m, Hm and Ho), 7.29–7.34 (4H, m, Hb and Hr), 7.40–7.44
(6H, m, Ha, Hc, Hq and Hs). 31P NMR (CD2Cl2): δ 41.62 (s).
13C NMR (CD2Cl2): δ 81.7 (Cg), 84.7 (Ck), 90.7 (Cf ), 94.9 (Ci, t,
J = 2 Hz), 104.2, 118.4, 127.8, 128.1 (Cb, Cc, Cq, Cr), 128.5 (Ch),
128.6 (Cn or Co dd, JCP = J′CP = 5 Hz), 128.8 (Cn or Co dd, JCP =
J′CP = 5 Hz), 129.4, 130.4, 131.1 (Cl, Ca, Cs), 133.0 (Cm, dd,
2JCP = 5JCP = 5 Hz), 139.9, 140.5, 145.9 (Cd, Cp, Ce), Cj not
detected. MALDI MS(+): m/z 919.1 [M]+. IR (CH2Cl2) ν(CuC)
2108 cm−1, ν(CHvCRu) 1629 cm−1, ν(CvC) 1483 cm−1. Found
C 66.53, H 4.40% required C 66.58, H 4.45%.

Crystal data for [4a]PF6. C59H47P2Ru × PF6 × 2CH2Cl2, M =
1233.80, monoclinic, space group P21/c, a = 12.1012(2), b =
31.5936(4), c = 14.8655(2) Å, β = 103.096(2)°, U = 5535.6(1) Å3,
F(000) = 2512.0, Z = 4, Dc = 1.480 mg m−3, μ = 0.623 mm−1.
92 790 reflections were collected yielding 14 013 unique data
(Rmerg = 0.0549). Final wR2(F2) = 0.1018 for all data (678 refined
parameters), conventional R1(F) = 0.0443 for 11 904 reflections
with I ≥ 2σ, GOF = 1.093.

Preparation of cis/trans-[Ru{vCvC(H)C(CuCH)vCHFc}
(PPh3)2Cp]PF6 ([4b]PF6)

A solution of 3b (100 mg, 0.384 mmol), [RuCl(PPh3)2Cp]
(252 mg, 0.346 mmol) and KPF6 (71 mg, 0.384 mmol) in
CH2Cl2 (15 ml) was heated at reflux for 16 h. After this time,
the solution was allowed to cool, concentrated in vacuo to
ca. 3 ml and filtered through Celite into a rapidly stirred diethyl
ether to give a red precipitate. The precipitate was collected by
filtration, washed with hexanes (3 × 5 ml) and diethyl ether
(3 × 5 ml) and air-dried. Yield 334 mg, 88% as a mixture of
isomers, which was briefly characterised (MALDI MS(+)
m/z 950.1 [M − H]+. IR (CH2Cl2): ν(CuCH) 1980 cm−1,
ν(RuvCvC) 1632 cm−1; ν(CvC) 1586 cm−1 before being used
directly in the attempted preparation of 5b.

Preparation of [Ru{CuCC(CuCH)CvCPh2}(PPh3)2Cp] (5a)

A solution of [4a]PF6 (85 mg, 0.08 mmol) in methanol (6 ml)
was treated with KOBut (42 mg, 0.399 mmol) and the mixture
stirred for 10 min. The resulting yellow precipitate was col-
lected by filtration, washed with methanol (3 × 5 ml) and dried
in air. Yield 45 mg, 62%. Crystals suitable for X-ray diffraction
were grown by slow diffusion of methanol into a CH2Cl2 solu-
tion of the product. 1H NMR (CDCl3): δ 2.77 (s, 1H), 4.22 (s,
5H), 7.05 (t, J = 7.6 Hz, 12H), 7.13 (m, 2H), 7.16 (t, J = 7.4 Hz,

6H), 7.32–7.28 (m, 4H), 7.36 (m, 2H), 7.44–7.39 (m, 14H).
13C NMR (CDCl3): δ 85.5 (Ck), 106.2, 113.4, 126.5, (Cf, Cg, Ci),
126.6 (Cj), 127.2 (Cn, dd, 3JCP = 6JCP = 5 Hz), 128.2 (Co), 128.30
(Ch), 130.0, 130.4, 130.7, 131.0 (Cb, Cc, Cp, Cr), 133.8 (Cm, dd,
2JCP = 5JCP = 5 Hz), 138.6, 138.7, 138.8 (Cl, Ca, Cs), 142.3, 142.4
(Cd, Cp), 145.7 (Ce).31P NMR (CDCl3): δ 50.35. MALDI MS(+):
m/z 918.2 [M]+. IR (CH2Cl2) ν(CuCH) 2105 cm−1, ν(CuCRu)
2044 cm−1, ν(CvC) 1482 cm−1.

Crystal data for 5a. C59H46P2Ru × CH2Cl2, M = 1002.89,
monoclinic, space group P21/n, a = 10.4352(6), b = 24.6836(13),
c = 18.6025(10) Å, β = 98.390(1)°, U = 4740.3(4) Å3, F(000) =
2064.0, Z = 4, Dc = 1.405 mg m−3, μ = 0.552 mm−1. 83 912
reflections were collected yielding 13 820 unique data (Rmerg =
0.0307). Final wR2(F2) = 0.0792 for all data (586 refined para-
meters), conventional R1(F) = 0.0294 for 11 966 reflections with
I ≥ 2σ, GOF = 1.067.

Preparation of Ph2CvC(CuCFc)2 (6a)

Ethynyl ferrocene (652 mg, 3.10 mmol), 1a (500 mg,
1.48 mmol), [Pd(PPh3)4] (85.0 mg, 73.6 µmol) and CuI (6 mg,
3.15 µmol) were dissolved in triethylamine (25 ml). The reac-
tion mixture was heated to reflux for 17 h, cooled to ambient
temperature and the solvent was removed in vacuo. The
residue was purified by column chromatography (eluent:
hexanes to hexanes/dichloromethane (50 : 50 (v/v))) concen-
tration of the relevant fractions afforded 6a in 47% yield
(418 mg, 48%) as an orange solid. 1H NMR (CD2Cl2): δ 4.14
(5H, s, C5H5), 4.22 (2H, t, 3JH–H = 2 Hz, C5H4CuC), 4.36 (2H, t,
3JH–H = 2 Hz, C5H4CuC), 7.37–7.43 (6H, m, o-C6H5/p-C6H5),
7.53 (4H, m, m-C6H5). 13C NMR (CD2Cl2): δ 65.2 (C-1, C5H4),
69.4 (C-3/C-5, C5H4), 70.3 (C5H5), 71.6 (C-2/C-5, C5H4), 85.1
(CuC or (C6H5)2CvC), 91.6 (CuC or (C6H5)2CvC), 103.4
(CuC or (C6H5)2CvC), 128.1 (o-C6H5), 128.6 (p-C6H5), 130.5
(m-C6H5), 141.3 ((C6H5)2CvC), 153.5 (i-C6H5). ASAP MS(+): m/z
597.1 [M + H]+. Analysis found: C 76.38, H 4.61%; required for
C38H28Fe2: C 76.54, H 4.73%.

Preparation of FcCHvC(CuCFc)2 (6b)

Ethynyl ferrocene (250 mg, 1.19 mmol), 1b (200 mg,
541 µmol), [Pd(PPh3)4] (32 mg, 27.7 µmol) and CuI (5.00 mg,
27.7 µmol) were dissolved in triethylamine (20 ml). The reac-
tion mixture was heated to reflux for 20 h, cooled to ambient
temperature and the solvent was removed in vacuo. The
residue was purified by column chromatography (eluent:
hexanes to hexanes/dichloromethane (50 : 50 (v/v))) concen-
tration of the relevant fractions afforded 6b (231 mg, 68%) as a
bright red solid. Crystals suitable for X-ray diffraction were
grown by slow evaporation from a dichloromethane solution.
1H NMR (CD2Cl2): δ 4.25 (5H, s, C5H5), 4.26 (2H, m, C5H4),
4.27 (5H, s, C5H5), 4.30 (2H, m, C5H4), 4.33 (5H, s, C5H5), 4.45
(2H, m, C5H4), 4.49 (2H, m, C5H4), 4.59 (2H, m, C5H4), 4.93
(2H, m, C5H4), 6.87 (1H, s, CHvC). 13C NMR (CD2Cl2): δ 65.7
(C–CuC, C5H4), 65.8 (C–CuC, C5H4), 69.3 (C–H, C5H4), 69.6
(C–H, C5H4), 69.9 (C–H, C5H4), 70.0 (C5H5), 70.3 (C5H5), 70.4
(C5H5), 70.6 (C–H, C5H4), 71.6 (C–H, C5H4), 71.7 (C–H, C5H4),
80.6 (C–CHvC, C5H4), 84.8 (CuC), 86.2 (CHvC), 86.4 (CuC),

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2017 Dalton Trans., 2017, 46, 5522–5531 | 5529

Pu
bl

is
he

d 
on

 2
2 

D
ec

em
be

r 2
01

6.
 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:
05

:3
3.

 
View Article Online

http://dx.doi.org/10.1039/c6dt04470k


93.3 (CuC), 100.6 (CuC), 142.5 (CHvC). ASAP-MS(+): m/z
629.0 [M + H]+. Analysis found: C 68.82, H 4.50% required for
C36H28Fe3: C 68.84, H 4.49%.

Crystal data for 6b. C36H28Fe3, M = 628.13, monoclinic,
space group Cc, a = 18.7766(5), b = 12.8250(3), c = 11.6171(3) Å,
β = 109.073(1)°, U = 2643.9(1) Å3, F(000) = 1288.0, Z = 4, Dc =
1.578 mg m−3, μ = 1.649 mm−1. 15 594 reflections were col-
lected yielding 6689 unique data (Rmerg = 0.0319). Final wR2(F2)
= 0.1101 for all data (330 refined parameters), conventional
R1(F) = 0.0427 for 5980 reflections with I ≥ 2σ, GOF = 1.065,
Flack = 0.41(2).

Preparation of FcCHvC(CuCAuPPh3)2 (7)

A solution of 2b (100 mg, 0.247 mmol as a 25 mg ml−1 solution
in THF)40 was treated with methanol (15 ml) and NaOH
(99 mg, 2.47 mmol) and the solution stirred for 30 min. After
this time, [AuCl(PPh3)] (247 mg, 0.499 mmol) was added, and
the reaction allowed to stir for a further 3 h. The reaction
mixture was filtered, and the precipitate washed with metha-
nol (3 × 10 ml) and hexane (3 × 10 ml) and dried in air to give
the title compound. Yield 206 mg, 71%. 1H NMR (CD2Cl2): δ
4.16 (5H, s, Ha), 4.26 (2H, vt, J = 2 Hz, Hc), 4.96 (2H, vt, J = 2 Hz,
Hb), 6.56 (1H, s, He), 7.49 (12H, m, Hj and Hp), 7.54 (6H, m, Hl

and Hr), 7.55–7.62 (12H, m, Hk and Hq). 31P NMR (CD2Cl2): δ
42.20 (s), 42.41 (s). 13C NMR (CD2Cl2): δ 69.65 (Cc, s), 69.78 (Cb,
s), 69.84 (Ca, s), 69.99 (Cm, s), 70.02 (Cg, s), 82.37 (Cd, s), 102.91
(Cn, d, J = 27 Hz), 103.39 (Cf, s), 105.53 (Ch, d, J = 27 Hz), 129.64
(Cp, d, J = 5 Hz), 129.7 (Cj, d, J = 5 Hz), 130.44 (Co, s), 139.22 (Ce,
s), 130.75 (Ci, s), 132.04 (Cr, s), 132.06 (Cl, s), 134.65 (Cq, Cd, J =
5 Hz), 134.90 (Ck, Cd, J = 5 Hz). MALDI-MS(+): m/z 1176.1 [M]+.
IR (CH2Cl2) ν(CuCAu) 2102 cm−1, ν(CvC) 1481 cm−1. Analysis
found C 52.93, H 3.34% required C 53.06, H 3.34%.

X-ray crystallography

The X-ray single crystal data have been collected using λMoKα
radiation (λ = 0.71073 Å) on a Bruker SMART 6000 (fine-focus
sealed tube, graphite monochromator, Monocap optics) (com-
pounds 5a and 6b) and Agilent XCalibur (Sapphire-3 CCD
detector, fine-focus sealed tube, graphite monochromator)
(4a) diffractometers equipped with a Cryostream (Oxford
Cryosystems) open-flow nitrogen cryostats at the temperature
120.0(2) K. All structures were solved by direct method and
refined by full-matrix least squares on F2 for all data using
Olex2 and SHELXTL software.68,69 All non-disordered non-
hydrogen atoms were refined anisotropically the hydrogen

atoms were placed in the calculated positions and refined in
riding mode. Disordered atoms in structure 6b were
refined isotropically with fixed SOF = 0.5. Crystallographic data
for the structure have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication
CCDC 1518244–1518246.
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ABSTRACT: Chiral NH functionalities-based discrimination is a key feature of
Nature’s chemical armory, yet selective binding of biologically active molecules in
synthetic systems with high enantioselectivity poses significant challenges. Here we
report the assembly of three chiral fluorescent Zn6L6 metallacycles from pyridyl-
functionalized Zn(salalen) or Zn(salen) complexes. Each of these metallacycles has a
nanoscale hydrophobic cavity decorated with six, three, or zero chiral NH functionalities
and packs into a three-dimensional supramolecular porous framework. The binding
affinity and enantioselectivity of the metallacycles toward α-hydroxycarboxylic acids,
amino acids, small molecule pharamaceuticals (L-dopa, D-penicillamine), and chiral
amines increase with the number of chiral NH moieties in the cyclic structure. From
single-crystal X-ray diffraction, molecular simulations, and quantum chemical
calculations, the chiral recognition and discrimination are attributed to the specific
binding of enantiomers in the chiral pockets of the metallacycles. The parent
metallacycles are fluorescent with the intensity of emission being linearly related to the
enantiomeric composition of the chiral biorelevant guests, which allow them to be utilized in chiral sensing. The fact that
manipulation of chiral NH functionalities in metallacycles can control the enantiorecognition of biomolecular complexes would
facilitate the design of more effective supramolecular assemblies for enantioselective processes.

■ INTRODUCTION
We live in a chiral world. Nature exhibits a remarkable degree
of specificity in the chiral recognition of biomolecules, leading
to the mirror image arrangements of the two forms eliciting
quite different biological responses.1 In particular, chiral NH
functionalities have played a key role in the origin of
homochirality in living systems such as DNA, RNA, peptides,
and enzymes.2 For example, carbohydrate recognition by active
enzymes involves a wide range of biological processes, including
protein folding and trafficking, cell−cell recognition, and many
aspects of immune response.3 Therefore, the detection and
differentiation of biomolecules by NH-based receptors are
significant in the fields of synthetic, medicinal, and biological
chemistry. Recently, Davis and co-workers successfully realized
a series of synthetic supramolecular receptors containing
numerous NH functionalities for high-affinity binding of
polysaccharides,4 carbohydrates,5,6 glucose,7 and o-glcNAc
derivatives.8 To date, however, only a few reported receptors
bearing chiral NH functionalities have been designed to detect
and discriminate biological substrates such as carbohydrates,
amino acids, amines, and important drug compounds.9−12

Nevertheless, the development of biomimetic receptors and the
understanding of entiorecognition mechanisms with well-
controlled chiral NH functionalities have not yet been achieved.

Nature’s chiroselective phenomena have motivated the quest
for synthetic materials with enantioselective capability.
Interestingly, chiral supramolecular coordination complexes
(SCCs), similar structures to many functional enzymes in living
organs, can be constructed by spontaneous coordination-driven
self-assembly,13−16 thereby leading to a large number of
molecular architectures, including discrete chiral metallacycles
with well-defined internal cavities with size, shape, and
functional tunability. This provides the impetus for applications
in enantioselective separation,17−19 catalysis,20−22 and molec-
ular recognition.11,12,15 Among them, light-emitting metalla-
cycles have received considerable attention because of their
potential applications in chemical sensing and biotechnology.23

In particular, Stang and co-workers have recently reported
tetraphenylethylene (TPE) metallacycles or metallacages with
aggregation-induced emission (AIE) behavior for white-light
emission,24 nitroaromatics sensing,25 anion sensing,26 and turn-
on fluorescence by tobacco mosaic virus (TMV).27 However,
light-emitting sensor materials based on ultrastable chiral
supramolecular metallacycles are relatively underdeveloped
despite their prospects as advanced functional porous materials
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for chiral liquid or gas sensing.28 To date, the development of
well-controlled and desired chiral NH functionalities in
fluorescent metallacycles as biomimetic receptors is still
substantially challenging in supramolecular chemistry.2,14

To address the issue requires the exploration of new chiral
building blocks that can not only provide chiral NH
functionalities but also keep high fluorescent emission in
metallacycles. As partially reduced analogues of metallosalen
complexes, metallosalalen complexes29 are endowed with
higher flexibility and conjugate structures; moreover, the
built-in chiral asymmetric NH functionalities would improve
its chiral discrimination. Recently, we have reported chiral
Zn6(salen)6 metallacycles assembled from an enantiopure
pyridyl-functionalized metallosalen complex.17 The metallacycle
was readily assembled into a tubular supramolecular structure
capable of recognizing chiral alcohols but failed to discriminate
other important substrates such as sugar acids, amino acids and
amino acid-related drugs. With these considerations in mind

and inspired by Zn6(salen)6 synthesis, we envision that the
reduction of the salen-based hexamer into salalen-based analogs
bearing these additional asymmetric chiral NH functionalities in
the cyclic structure may improve its enantioselective discrim-
ination toward a wider range of biorelevant molecular systems.
In this article, we report a strategy for the assembly of three
chiral NH-controlled supramolecular metallacycles,
Zn6(salalen)6, Zn6(salalen)3(salen)3, and Zn6(salen)6, and
demonstrate their use as fluorescent chiral receptors for α-
hydroxycarboxylic acids, amino acids, amines, and selected
small pharmaceutical molecules, with high binding affinity and
enantioselectivity. We directly observe the key role of chiral
NH functionalities in the metallacycles that lead to monitoring
the chiral recognition and discrimination of biomolecules. X-ray
diffraction measurements, molecular simulations, and quantum
chemical calculaitons are conducted to provide structural and
microscopic insights into the experimentally observed enantior-
ecognition.

Figure 1. Self-assembly of chiral NH-controlled supramolecular metallacycles (R)-1 (a) from Zn(salalen) and (R)-3 (c) from Zn(salen). (R)-2 (b)
was achieved by Zn(salalen) and Zn(salen) with 1:1 ratio. The X-ray crystal structures of chiral metallacycles 1 (d), 2 (e), and 3 (f). Color coding:
Zn, green; O, red; N, blue; C atoms of Zn(salalen), cyan; C atoms of Zn(salen), orange. Fluorescent photographs of as-synthesized crystals of (R)-1
(g), (R)-2 (h), and (R)-3 (i) (λex = 365 nm; inset: optical photographs).
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■ RESULTS AND DISCUSSION
Synthesis and Characterization of Chiral NH-Con-

trolled Metallacycles. The salen ligand H2L
0 and metalla-

cycle 3 (Zn6L
0
6) were prepared as previously reported.17,30

Herein, the salalen ligand, H2L
1, was prepared in an overall 79%

yield by the Schiff-base condensation of enantiopure 1,2-
diaminocyclohexane and 3- tert-butyl-5-(4-pyridyl)-

salicylaldehyde, followed by reduction with NaBH4 and further
condensation with the corresponding salicylaldehyde (Figure
S1 and Figure S5). The discrete hexagonal metallacycles
[Zn6L

1
6]·8MeOH·4H2O (1) and [Zn6L

0
3L

1
3]·6MeOH·2H2O

(2) were obtained by heating Zn(OAc)2·2H2O with H2L
1 or a

mixture of H2L
0 and H2L

1 (a 1:1 molar ratio) in DMF and
MeOH at 80 °C (Figure 1a−c). Complex 1 containing six free

Figure 2. (a) Side-on view of (R)-1. (b) The top view of six hydrophobic chiral pockets in (R)-1. (c) Two adjacent metallacycle (R)-1 rings; the
rings overlap but do not catenate. (d) Packing of (R)-1 to generate a nanotube along the crystallographic c-axis. (e) The extended structures are
generated that one ring is shown forming with six other rings through supramolecular interactions. (f) Representation of the connectivity of the
arrangement in panel e. (g) Packing of (R)-1 to generate a 3D nanoporous structure viewed along the c-axis. Color coding: Zn, green; O, red; N,
blue; the different color of C atoms in one ring are shown for clarity. High-resolution C 1s (h) and N 1s (i) XPS spectra of metallacycles 1−3. (j)
Solid CD spectra of chiral metallacycle 1 and 2 at room temperature.
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chiral NH groups emitted cyan fluorescence under UV-light
(λex = 365 nm), 2 having three chiral NH groups emitted cyan-
green fluorescence, whereas 3 with zero NH groups emitted
yellow fluorescence (Figure 1g−i). Notably, attempts to
prepare salalen-based Zn6L

1
6 by direct reduction of the salen-

based Zn6L
0
6 were unsuccessful. All 1, 2, and 3 are sparsely

soluble in THF and DMSO (metallacycle 1 is slightly more
soluble than the other two) and are insoluble in water and
other common organic solvents. Unfortunately, the poor
solubility prevented us from obtaining satisfactory 1H NMR
spectra of 1−3. The Fourier transform infrared spectroscopy
(FT-IR) spectra showed the peaks located at 1590 and 1320
cm−1, which correspond to the CN vibration and C−N

vibration of 1−3, respectively. The difference is that the N−H
stretching vibrations were observed in metallacycle 1 and 2
(3420 cm−1) and nonexistent in 3, indicating the salalen ligand
H2L

1 in the two cyclic structures (Figure S13).
The metallacyclic complexes 1 [Zn6L

1
6], 2 [Zn6L

0
3L

1
3], and

3 [Zn6L
0
6] were prepared as shown in Figure 1, with single-

crystal X-ray diffraction studies revealing the formation of the
isostructural chiral metallacycles (Figure 1d−f). In each case,
the Zn centers adopt a distorted square pyramidal geometry
with the equatorial plane occupied by the central N2O2 donors
of one L ligand and the apical position by one pyridine from the
imine side arm of another L. Each ZnL unit thus utilizes one
pyridyl group to coordinate another Zn atom building a

Figure 3. (a) Stern−Völmer plots of (R)-1 titration with L- and D-MA. (b−d) Stern−Völmer plots of (R)- and (S)-1 titration with D-glucuronic acid,
D-gluconic acid, and D-glucaric acid, respectively. (e−h) Stern−Völmer plots of (R)- and (S)-1 titration with L-valine, L-leucine, L-threonine, and L-
phenylalanine, respectively. The concentrations of 1 are 2.0 × 10−6 M in THF, and the concentrations of all the acids are 1 × 10−3 M. (i) Plot of I0/I
vs the enantiomeric excess of L-MA at a fixed concentration of 0.56 mM. (j) The compared enantioselectivity factors of chiral metallacycle 1, 2, and 3
for mandelic acid, D-gluconic acid, and L-phenylalanine, respectively. (k) The chemical structures of α-hydroxycarboxylic acids and amino acids used
in the study.
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hexameric metallacyclic complex with an inner void diameter of
1.2 nm × 1.2 nm and six pendent pyridine moieties decorating
the periphery of the cyclic core. The three pairs of tert-butyl
groups from the ligands L are arranged above and below the
metallacyclic cavity (Figure 2a,b). Three kinds of supra-
molecular interactions direct the packing of 1−3 in parallel
along the crystallographic c-axis into 3D supramolecular porous
frameworks without interpenetration (Figure 2c−g): (1)
Strong CH···π (2.87−3.10 Å) interactions between the butyl
group and the conjugated phenyl ring of adjacent metallacycles
along c-axis; (2) face-to-face intermolecular π−π (3.59−3.78 Å)
interactions between the adjacent two rings (each Zn6L6 unit is
engaged in six sets of such π−π stackings); (3) interlocking of
cyclohexyl groups on adjacent metallacycles along a-axis and b-
axis causing strong hydrophobic interactions (Figure S10−
S12). The bond lengths of 1 and 2 are typical of salan (C−N,
1.42−1.52 Å) and salen (CN, 1.23−1.29 Å) structural
motifs. In both cases, the NH groups of the L1 ligands are
oriented toward the outside of metallacyclic cavities and
exposed to the interstitial pores accessible to guest molecules,
offering potential for stereoselective host−guest interactions.
They are rare examples of coordination assemblies with built-in
chiral functionalities with the potential for crystallographic
studies of host−guest interactions and supramolecular chem-
istry.11,12,18

The coexistence of the ligands H2L
1 and H2L

0 in a 1:1 molar
ratio in 2 was directly confirmed by single crystal X-ray
diffraction of CN and C−N bonds (Figure 1e and Figure
S11), which was also proved by 1H NMR after decomposition
of the complex with aqueous hydrochloric acid (Figure S2−S4).
X-ray photoelectron spectroscopy (XPS) showed that the
content of CN species31 in high-resolution C 1s spectra is
gradually increased with the increasement of salen ligand H2L

0

from 1 to 3 (4.63%, 9.27%, and 14.55% for 1, 2, and 3,
respectively) (Figure 2h). On the other hand, the high-
resolution N 1s spectra showed a gradually decrease of C−N
species31,32 (48.38%, 34.19%, and 6.47% for 1, 2, and 3,
respectively) and increase of CN species (13.44%, 22.77%,
and 45.67% for 1, 2, and 3, respectively) (Figure 2i), the
relative content of C−N/CN is 3.60, 1.50, and 0.14 from 1
to 3, respectively, which is in accord with the formation of
metallacycles 1−3 by salalen (1, six H2L

1), salalen/salen (2,
three H2L

1 and three H2L
0), or salen (3, six H2L

0). The
formation of these metallacycles was also supported by ESI-MS
(Figure S6, S8−S9).
Solid-state CD spectra of 1 and 2 constructed from (R)- and

(S)-enantiomers of H2L are mirror images of each other,
indicating their enantiomeric relationship (Figure 2j). The
optical band gaps (Eg) of 1−3 were estimated to be 2.84, 2.82,
and 2.77 eV (Figure S16) from the electronic spectra and the
relationship [F(R)hν]2 = hν − Eg, where hν is the
corresponding phonon energy, and R is the diffuse
reflectance.33 These results indicate that 1−3 are a new type
of semiconductor fluorescent metallacycle. The phase purity of
the bulk samples was established by comparing the observed
and simulated powder X-ray diffraction (PXRD) (Figure S19).
PLATON calculations indicated the presence of 27.8% and
26.6% void space in 1 and 2,34 respectively. TGA revealed that
the solvent molecules could be removed from 1 and 2 in the
80−150 °C range (Figure S20). PXRD experiments suggested
that the samples retained their structural integrity and
crystallinity upon removal of the guest molecules. Their
permanent porosity was confirmed by their N2 adsorption

isotherms at 77 K. After desolvation, 1 and 2 exhibited a Type-I
sorption behavior, with a BET surface area of 490 and 475 m2

g−1, respectively (Figure S21). Note that 3 has a BET surface
area of 504 m2 g−1.17

Enantioselective Binding and Biosensing. Metallacycles
1−3 possess strong fluorescent in THF with an emission
maximum around 465 nm. The presence of chiral cavities and
NH groups in the metallacyclic compelxes 1−3 promoted the
exploration of enantioselective recognition of important α-
hydroxycarboxylic acids such as mandelic acid (MA) and sugar
acids (Figure 3). When (R)-1 was treated with enantio-pure
MA (1.0 × 10−3 M), the UV−vis spectrum remained
unchanged, indicative of the stability of the host structure
(Figure S17). In contrast to the absorption spectrum, however,
the emission was quenched, but the rate of change with L-MA
was faster than that with D-MA (Figure S23). The intensity of
(R)-1 was maximally decreased to 62.3% and 83.2% of the
original value by L- and D-MA, respectively. In accordance with
the Stern−Völmer (S−V) equation, the measured absorbance
I0/I at 465 nm varied as a function of concentration (mM) in a
linear relationship (R2 > 0.9900), suggesting 1:1 stoichiometry
of the interaction between MA and the host (R)-1.35 The Ksv
constants were calculated as 10059 ± 350 M−1 with L-MA and
3857 ± 80 M−1 with D-MA, giving an enantioselectivity factor
Ksv(R‑1−L)/Ksv(R‑1−D) of 2.61 ± 0.15 (Figure 3a). The opposite
trend in selectivity was observed for quenching of (S)-1 with L-
and D-MA, for which the factor Ksv(S‑1−D)/Ksv(S‑1−L) was 2.59 ±
0.12 (Figure S26), further confirming enantioselectivity in the
fluorescent recognition. From control experiments, the free
salalen ligand H2L

1 did not show obvious enantioselectivity
under otherwise identical conditions (Figure S27), suggesting a
better-defined chiral environment conferred by the cyclic
structure imposed by the metal coordination environment.
After titration with L-MA, the quantum yield (Φfl) of 1

decreased from 12.75% to 9.44%; the host−guest adducts of 1
and the MA analyte were also suggested by ESI-MS (Figure
S7). The static nature of the complexation is suggested by
consistent fluorescence lifetimes of the host before and after
titration with L-MA (lifetime, τ0, 2.908 vs 2.897 ns, Figure S28).
Complex of the analyte with metallacycle 1 in the ground state
via supramolecular interactions including hydrogen bonding
followed by the generation of an emissive electron-transfer
excited state or energy transfer may be responsible for the
fluorescence change. Furthermore, the apparent quenching
constant Kq (Kq = Ksv/τ0) for the metallacycles 1 with L-MA
system is evaluated to be 3.46 × 1012 M−1 s−1, which is even 2
orders of magnitude higher than that of conventional
bimolecular diffusion based quenching mechanisms (∼1010
M−1 s−1).36 In addition, exposure of (R)-1 to MA (0.56 mM)
with enantiomeric compositions ranging from −100 to 100%
enantiomeric excess (ee) relative to the L enantiomer (Figure
3i) revealed that the quenching level (I0/I) was linearly
correlated with the ee of MA (R2 = 0.9971). The ee values of
MA samples thus can be rapidly determined by a simple
fluorescence quenching measurement with 1. This finding
represents a significant step forward in the development of new
generation chiral supramolecular sensors for applications.
The addition of enantiopure MA to solutions of (R)-2 or

(R)-3 in THF also caused a decrease in the emission intensity,
but with lower enantioselectivity. The Ksv(R‑2−L)/Ksv(R‑2−D) ratio
is 1.75 ± 0.13 and the Ksv(R‑3−L)/Ksv(R‑3−D) is 1.24 ± 0.10 (Table
S7, Figure S32−S33). The decrease in Ksv constants and
enantioselectivity factors in the order 1 > 2 > 3 is consistent
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with the total number of chiral NH groups within the cyclic
structures, indicating the key role of these moieties in the
recognition of chiral guests.
Interestingly, the metallacyclic system displayed enantiose-

lective binding with a range of sugar acids, including D-
glucuronic acid, D-galacturonic acid, D-gluconic acid, D-glucaric
acid, and tartaric acid. The selectivity factors Ksv(S‑1)/Ksv(R‑1)

were determined as 3.73 ± 0.29, 2.12 ± 0.15, 2.84 ± 0.21, and

3.34 ± 0.28, respectively (Figure 3b−d and Table 1). Although
1 is enantioselective to tartaric acid, the S−V plot became
nonlinear (Figure S34). Again, metallacycles 2 and 3 are also
enantioselective to sugar acids. For example, the Ksv(S‑2)/Ksv(R‑2)

and Ksv(S‑3)/Ksv(R3) values with D-gluconic acid were found to be
2.00 ± 0.11 and 1.60 ± 0.09 (Table S8, Figure S39−S40),
respectively, both of which are again smaller than that of 1
(3.73 ± 0.29). The enantioselectivity factors of 1 for D-

Table 1. Stern−Völmer Binding Constant and Enantioselectivity Factor of (R)-1 and (S)-1 upon Titration with Different Sugar
Acids and Amino Acids

entry guest Ksv(R) [M
−1] Ksv(S) [M

−1] Ksv(R)/Ksv(S)

1 D-glucuronic acid 4440 ± 150 16561 ± 700 1:3.73 ± 0.29
2 D-galacturonic acid 5534 ± 200 11721 ± 400 1:2.12 ± 0.15
3 D-gluconic acid 4587 ± 150 13040 ± 500 1:2.84 ± 0.21
4 D-glucaric acid 7596 ± 300 25338 ± 1100 1:3.34 ± 0.28
5 L-valine 21100 ± 850 4345 ± 150 4.86 ± 0.37:1
6 L-leucine 24627 ± 1000 8240 ± 300 2.99 ± 0.23:1
7 L-threonine 55627 ± 1650 21927 ± 950 2.54 ± 0.19:1
8 L-phenylalanine 41509 ± 1400 13173 ± 500 3.15 ± 0.24:1
9 L-tryptophan 30672 ± 1100 12482 ± 400 2.46 ± 0.17:1
10 L-dopa 78841 ± 2200 13032 ± 550 6.05 ± 0.44:1
11 D-penicillamine 85995 ± 2600 16318 ± 800 5.27 ± 0.43:1

Figure 4. (a,b) Fluorescence emission spectra of (R)- and (S)-1 (2.0 × 10−6 M in THF) upon titration with L-dopa (c = 1 × 10−3 M, λex = 350 nm).
Fluorescence photographs of (R)-1 (c) and (S)-1 (d) upon titration with L-dopa (0, 10, 20, 30, 40, 50, and 60 μL, respectively. λex = 365 nm). (e,f)
Stern−Völmer plots of (R)- and (S)-1 titration with L-dopa and D-penicillamine (1 × 10−3 M).
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glucuronic acid and D-galacturonic acid are obviously larger
than the well-known sensors of bisbinaphthyl biboronic acids
for sugar acids (3.7 vs 2.0 and 2.1 vs 1.2),37 whereas the values
of D-gluconic acid and D-glucaric acid are comparable with
those of the boronic acid system.
Metallacycle 1 is also stable and highly enantioselective

toward a variety of amino acids (Figure S17). When 1 was
treated with L-valine, L-leucine, L-threonine, L-phenylalanine,
and L-tryptophan (1.0 × 10−3 M), respectively, the decreased
rates of fluorescence for (R)-1 were faster than those of (S)-1.
The Ksv(R‑1)/Ksv(S‑1) values were calculated as 4.86 ± 0.37, 2.99
± 0.23, 2.54 ± 0.19, 3.15 ± 0.24, and 2.46 ± 0.17 (Figure 3e−h
and Table 1), respectively. Although many synthetic receptors
for enantioselective recognition of amino acids have been
synthesized, no assembled receptors have been reported to
exhibit such high enantioselectivity.11,12,38−40 Again, 1 also
showed higher enantioselectivity toward amino acids than 2
and 3. For example, the enantioselectivity factor Ksv(R‑2)/Ksv(S‑2)
and Ksv(R‑3)/Ksv(S‑3) with L-phenylalanine were 1.58 ± 0.09 and
1.05 ± 0.06 for 2 and 3 (Table S9, Figure S48−S49),
respectively, which are much smaller than the value of 3.15 ±
0.24 for 1.
More importantly, metallacycle 1 could also detect chiral

drugs such as L-dopa (a drug for Parkinson’s disease) and D-
penicillamine (a drug for rheumatoid arthritis and chronic
active hepatitis). Obviously, the rates of fluorescence decrease
of (R)-1 caused by L-dopa and D-penicillamine were faster than
those of (S)-1 (Figure 4a,b). The constants Ksv(R‑1) of D-
penicillamine and L-dopa are up to 85995 ± 2600 and 78841 ±
2200 M−1 (Table 1), respectively; the Ksv(R‑1)/Ksv(S‑1) ratios
with L-dopa and D-penicillamine are 6.05 ± 0.44 and 5.27 ±
0.43 (Figure 4e,f), respectively. Fluorescence photographs also
clearly showed that (R)-1 was quenched more quickly than (S)-
1 upon titration with L-dopa (Figure 4c,d). The detection limits
(3σ/Ksv, σ is standard deviation of this detection method) of L-
dopa and D-penicillamine are calculated to be 5.46 × 10−4 and
5.01 × 10−4 M, respectively. The low detection concentration
and the high quenching constant for L-dopa and D-penicill-

amine drugs reveal that 1 is an excellent chiral biosensor for
sensitive and selective detection of bioactive molecules. To the
best of our knowledge, this is the first example of
enantioselective biosensing of L-dopa and D-penicillamine chiral
drugs with high quenching constants and enantioselectivity
factors. Given that the detection of these chiral drug analytes
can be done immediately upon mixing with 1 without any extra
sample treatment, such processes may be a useful path toward
medical drug monitoring.

Enantioselective Gas Sensing of Chiral Amines. Chiral
discrimination of amine vapors plays an important role in
olfactory perception of biological systems,41 and the mimicry of
such systems for sensing odors through the development of
“artificial noses” is an area of considerable interest.42,43 The
fluorescence spectra of metallacycles 1 in thin layer forms were
monitored upon exposure to the saturated vapor of chiral
amines for varied and specified periods of time.12,44 When (R)-
1 was exposed to the 1-phenylethylamine (1-PEA) vapor, the
emission at 475 nm was shifted to 465 nm and enhanced by
both the R and S enantiomers, but the rate caused by (S)-1-
PEA was much faster than that by the (R)-enantiomer (Figure
5a,b). The enhancement percentages of (R)- and (S)-1-PEA
were 29% and 113% after 240 s, with the I/I0 ratios of 1.29 and
2.13 (Figure 5c), respectively. The enantioselectivity factor [ef
= (IS/I0 − 1)/(IR/I0 − 1)]12 was determined as 3.90 ± 0.52.
Time-resolved fluorescence measurements of (R)-1 after
addition of (S)-1-PEA showed only a slight change in decay
rate, the fluorescence lifetimes (τ0, 1.480 vs 2.350 ns) remained
almost unchanged (Figure S50), and PXRD measurement
indicated that 1 remained highly crystalline after exposure to
(S)-1-PEA saturated vapors (Figure S19). All these are
indicative of the stability of the host. The sensing had short
times and might be well-suited to perform a quick analysis of
enantiomers of secondary amines and their derivatives.
Control experiments indicated that the solid (R)-H2L

1

ligands showed almost no fluorescence change with (S)- or
(R)-1-PEA and no enantioselectivity (Figure S51). Note that,
under otherwise identical conditions, the I/I0 ratio of (R)-2 and

Figure 5. (a,b) Fluorescence enhancement upon the exposure of thin films of (R)-1 to the saturated vapors of (R)- and (S)-1-PEA (λex = 375 nm).
(c) Time-dependent fluorescence enhancement of (R)-1 by (R)- and (S)-1-PEA. (d) The compared enhancement percentages of (R)-H2L

1, (R)-1,
(R)-2, and (R)-3 by (R)- and (S)-1-PEA after 4 min.
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(R)-3 was increased to 1.46, 1.30, 1.28, and 1.23 by (S)- and
(R)-1-PEA, with an ef of 1.53 ± 0.23 and 1.22 ± 0.18 for (R)-2
and (R)-3 (Figure S52−S53), respectively, smaller than that
observed for (R)-1 (3.90 ± 0.52) (Figure 5d). This
experimental result again illustrates the key role of chiral NH
functionalities in the enantioselective gas sensing. Significant
enantioselective fluorescence enhancements of (R)-1 with other
chiral amines such as 1-phenylpropylamine (1-PPA) and 1,2-
cyclohexanediamine (CDA) were also observed. In both cases,
the rate of increase caused by the (S)-enantiomer was also
faster than that caused by the (R)-enantiomer (Figure S54−
S55). The ef values by (R)-1 were calculated as 1.80 ± 0.22 and
2.70 ± 0.35 for 1-PPA and CDA, respectively. The
enantioselectivity decreased in the order 1-PEA > CDA > 1-
PPA.
Single-Crystal X-ray Diffraction Analyses of the Host−

Guest Adducts. Although it was not possible to obtain single-
crystal structures of 1 containing encapsulated sugar acids,
amino acid, or 1-PEA, crystals suitable for X-ray analysis were
obtained from crystallization of (R)-1 with racemic 2-
butylamine or 2-butanol. The X-ray single-crystal structures

indicated that (R)-1 trapped (S)-2-butanol and (S)-2-butyl-
amine from the racemic mixture to form [(R)-1·6(S)-2-butanol·
6H2O] and [(R)-1·6(S)-2-butylamine·9H2O] (Figure 6a−d),
respectively. The desorbed guest molecules from (R)-1 were
analyzed by using HPLC on a chiral support, which showed
that the enantiomeric excess value was 99.4% for (S)-2-
butylamine and 97.5% for (S)-2-butanol (Figure S56),
respectively, In fact, 1 is among the best porous materials for
enantioseparation of 2-butanol17,18 and is superior to our best
demonstrated metal−organic frameworks (MOFs) for 2-
butylamine (99.4% vs 82% ee).45

As shown in Figure 6, six (S)-2-butanol or (S)-2-butylamine
molecules are trapped in six pockets of the metallacycles and
each of them is involved with different supramolecular
interactions: hydrogen bonds with cocrystallized water
molecules through its amine or hydroxyl group (N···O =
2.886−3.068 Å, and O···O = 3.168−3.190 Å) and hydrophobic
interactions with metallosalalen units through its methyl and
ethyl groups, respectively. Notably, there are three pairs of six
or nine water molecules in the macrocycle cavity, which are
related by 3-fold symmetry and form a distorted trigonal prism-

Figure 6. X-ray crystal structures of 6(S)-2-butanol·6H2O (a) and 6(S)-2-butylamine·9H2O (d) adsorbed in the chiral pocket of (R)-1. Hexamer of
six (S)-2-butanol (b) and (S)-2-butylamine (e) with water molecules through hydrogen bonds in a slipped parallel conformation in the chiral pocket.
The side view of 6(S)-2-butanol·6H2O (c) and 6(S)-2-butylamine·9H2O (f) adsorbed in the chiral pocket, which generated nanotubes through
strong supramolecular interactions. Color coding: Zn; green, O; red, N; blue, C is gray in (R)-1. (S)-2-butanol and (S)-2-butylamine molecules using
space-filling model are colored as follows: (S)-2-butanol C, blue; O, red; Water, green. (S)-2-butylamine C, purple; O, blue; Water green. Adsorption
isotherms of racemic mixtures in (R)-1: (S)-/(R)-2-butanol (g) and (S)-/(R)-2-butylamine (h) from molecular simulations.
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shaped structure. Although the chiral NH groups of the salalen
ZnL1 complexes are not directly engaged in supramolecular
interactions with guest molecules, they, together with the Zn
atoms and phenyl rings, create a chiral microenvironment in the
metallacycle. In this way, the host transfers its chirality to the
structural organization of the water and organic molecules.
Therefore, the specific recognition of 1 for enantiomers of
secondary amines and alcohols is attributed to the confinement
of the chiral pockets induced by chiral Zn(salalen) units,
additionally it is enhanced by the supramolecular interactions
between host and guest molecules.
Molecular Simulations. To microscopically elucidate the

observed enantioselective adsorption of 2-butanol and 2-
butylamine in (R)-1, molecular simulations were conducted
(Figures S57−S60). The binding energies of a single (S)- and
(R)-2-butanol molecule with (R)-1 are −76.59 ± 4.63 and
−70.22 ± 5.58 kJ mol−1, respectively. As for a single (S)- and
(R)-2-butylamine molecule, the binding energies are −74.41 ±
1.75 and −71.71 ± 1.20 kJ mol−1, respectively. This indicates
that the (S)-enantiomers of 2-butanol and 2-butylamine have
stronger interactions than their (R)-counterparts with (R)-1.
The adsorption isotherms of racemic mixtures of (S)-/(R)-2-
butanol and (S)-/(R)-2-butylamine in (R)-1 are shown in
Figures 6g,h. The difference in binding energies is then
responsible for the enantioselective adsorption.46,47

Density Functional Theory Calculations. Density func-
tional theory (DFT) calculations were conducted on metal-
lacyclic hosts and typical analytes to better understand the
different fluorescence emissions of metallacycles in the presence
of various analytes such as amines (turn-on) or sugar acids and
amino acids (turn-off). Based on the results of DFT
calculations (Figure 7), the energies of the lowest unoccupied
molecular orbitals (LUMO) of (R)-1 (−1.759 eV), (R)-2
(−1.725 eV), and (R)-3 (−1.608 eV) are below the LUMO
energies of 1-PEA (0.166 eV) and 1-PPA (0.160 eV), which
allows an efficient electron transfer from 1-PEA and 1-PPA to
metallacycle 1−3 resulting in fluorescence enhancement
(donor−acceptor electron-transfer mechanism44,48). This was
also observed in other porous materials such as porous organic
frameworks (POFs),49 covalent organic frameworks (COFs),50

and MOFs.44,51 In the case of fluorescence quenching by L-
dopa, D-glucuronic acid, and L-MA in THF, although the
calculated DFT results do not follow an electron-transfer
mechanism (Figures S61−S62), the energy transfer contributes
significantly in fluorescence quenching and should also be
considered. The electronic absorption spectra show that all
these guests absorb excitation energy used in the sensing
experiment (Figure S63−S64). This suggests that competition
between the metallacyclic hosts and the sugar acids or amino
acids guests for excitation energy may also contribute to the
quenching of emission from the metallacycles. Similar
phenomena were also observed in luminescent MOFs.51

As above-mentioned, the enantioselectivity in fluorescence
response may result from the formation of different
diastereomeric complexes. Single-crystal diffraction, molecular
simulations, and DFT calculations indicated that the (S)-
enantiomers of the analytes would be bound to (R)-1 more
strongly than (R)-enantiomers. As a consequence, the rates of
energy transfer from (R)-1 to the (S)-enantiomers of α-
hydroxycarboxylic acids and amino acids are faster than those
to the (R)-enantiomers, leading to enantioselective fluorescence
quenching. In contrast, the rates of electron transfer of from
(S)-1-PEA to (R)-1 was faster than that to the (R)-enantiomer,
giving rise to enantioselective fluorescence enhancement.
Notably, the strength of host−guest interactions is greatly
influenced by the number of chiral NH groups within the
metallacycle structure, and so the selectivity and affinity of
metallacycles 1−3 to the analytes decrease in the order 1 > 2 >
3.

■ CONCLUSIONS
In summary, the endogenous precisely adjusted self-assembly
approach presented here opens a new avenue for constructing
novel chiral NH-controlled supramolecular metallacycles with
high-affinity and -enantioselectivity binding of biologically
active molecules. The assembly of metallosalalens and metal-
losalens affords chiral fluorescent Zn6L6 metallacycles 1−3
bearing six, three, and zero NH groups that could be packed
through strong supramolecular interactions to generate porous

Figure 7. HOMO−LUMO energy profiles of 1-PEA, 1-PPA, (R)-1, (R)-2, and (R)-3 in vacuum.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b11422
J. Am. Chem. Soc. 2017, 139, 1554−1564

1562

http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11422/suppl_file/ja6b11422_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11422/suppl_file/ja6b11422_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b11422/suppl_file/ja6b11422_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b11422
http://pubs.acs.org/action/showImage?doi=10.1021/jacs.6b11422&iName=master.img-007.jpg&w=334&h=224


architectures with permanent porosity. The metallacycles are
capable of enantioselective discrimination of the enantiomers of
sugar acids and amino acids through fluorescence quenching in
solution and the enantiomers of 1-PEA through fluorescence
enhancement in a crystalline state. The selectivity and binding
affinity are greatly affected by the available NH groups in the
metallacycles, which decrease significantly from 1 to 2 and to 3.
From single-crystal X-ray diffraction, molecular simulations, and
DFT calculations, the intrinsic chiral recognition and
discrimination are attributed to the specific binding of
enantiomers in the chiral microenvironment of the crystalline
metallacycles. The enantioselective fluorescence change was
also explained by the donor−acceptor electron-transfer
mechanism. Manipulation of chiral NH functionalities in
metallacycles can control the enantiorecognition of biomolec-
ular complexes, which may provide new opportunities for the
assembly of more effective chiral supramolecular materials for
enantioselective processes.
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ABSTRACT: 4-Ethynyl-2,2′-bipyridyl-substituted ruthenium alkynyl com-
plexes have been prepared and used to access a range of binuclear
homometallic ruthenium and heterometallic ruthenium−rhenium com-
plexes. These have been characterized by a variety of spectroscopic and
single-crystal X-ray diffraction experiments. The IR spectra of a number of
these ruthenium alkynyls display multiple ν(CC) bands in the IR spectra,
which are rationalized in terms of putative conformational isomers, whose
calculated infrared stretching frequencies are comparable to those obtained
experimentally. The mononuclear alkynyl ruthenium complexes undergo
reversible one-electron oxidations centered largely on the alkynyl ligands, as
inferred from the significant shift in ν(CC) frequency on oxidation, while
the binuclear complex [Ru{CC-4-bpy-κ2-N,N′-RuClCp}(dppe)Cp*]+
undergoes initial oxidation at the very electron rich {RuCl(bpy)Cp}
fragment, causing only a small change in ν(CC). A combination of IR
and UV−vis spectroelectrochemical experiments, supported by quantum chemical calculations on a selected range of conformers,
led to the classification of [Ru{CC-4-bpy-κ2-N,N′-RuClCp}(dppe)Cp*]+ as a weakly coupled class II mixed-valence
compound (Hab = 306 cm−1). These results indicate that there is improved electronic communication through the 4-ethynyl-2,2′-
bipyridyl ligand in comparison to the analogous 5-ethynyl-2,2′-bipyridyl complexes (Hab = 17 cm−1).

■ INTRODUCTION
It is becoming increasingly apparent that the incorporation of
additional metallic fragments within the conjugated pathway of
organometallic complexes offers many avenues for fine-tuning
of electronic structure, and therefore function, that cannot be
readily attained with organic structures alone.1−4 Metal
complexes are now finding application in targeted materials
as a consequence of this capacity to fine-tune the properties of
the metal−ligand assembly. Some of these approaches
incorporate ligand architectures into polymers,5 provide
dynamically porous materials,6 guide the construction of
surface-based catalysts,7 and modulate the properties of
nonlinear optical materials.8,9

Robust, and ideally modular, synthetic methodologies that
permit ready assembly of metal-containing compounds and
complexes would allow facile exploration of the chemical,
physical, and optoelectronic features provided by metal
complexes and design of new materials. Such modular
methodologies for the construction of large heterometallic
complexes which take advantage of the multiple coordination
sites offered by ethynyl bipyridines was previously pursued by

Lang in his “Tinkertoy” approach.10−16 We have been recently
focused on an allied approach to the construction of bimetallic
complexes through the preparation of modular organometallic
“coordinating tectons”.17−20 A series of bimetallic complexes of
the well-studied bifunctional ligand 5-ethynyl-2,2′-bipyridine
were synthesized by this approach, and weak electronic
communication was observed between two metal centers
across this ligand.18 Indeed, the electronic interactions between
metal termini separated by an organic functionality, M−
bridge−M′, are often investigated in order to define the
intramolecular electron transfer (or wirelike) characteristics of
the assembly.21−24 Investigations of organometallic complexes
in this area have focused on the mixed-valence characteristics of
bimetallic complexes derived from bridging moieties such as
polyynes,25−28 oligo(phenylene)ethynylenes,29 and bis-
(terpyridine)metal complexes.30 More recently, attention has
also been turned to the incorporation of similar compounds
within molecular junctions, leading to alternative assessments of
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wirelike characteristics2,31−39 as well as offering insight into the
capacity to engineer higher electrical function, such as
transistor-like response.40

The desire to optimize these characteristics has inspired
further development of molecular designs and associated
synthetic methodologies, as well as methods for the assessment
of electronic structure and intramolecular charge transfer
phenomena.41 In the case of systems where M and M′ differ
only in their formal redox states, results of such studies are
often discussed within the framework of mixed-valence classes
introduced by Robin and Day and analyses drawn from the
Marcus−Hush two-state model;42−45 extensions to the model
allow for similar analyses in unsymmetrical systems.46,47 In
general terms, the separation of the ground and excited states
gives rise to a characteristic absorption band (the “intervalence
charge transfer” or IVCT band) in the electronic spectrum of
these bimetallic complexes and often falls in the NIR region in
the case of M−bridge−M+ examples. Analysis of the IVCT
band shape (νmax, Δν1/2, and symmetry around the band center,
εmax) using expressions developed by Hush permits estimation
of the underlying coupling term Hab, which describes the
interaction between the remote sites, which is otherwise not
directly measurable. While models of additional complexity
have been developed which, for example, include scenarios in
which the bridging moiety also serves as an additional redox-
active moiety within the molecular framework,45 the two-state
model based analysis of IVCT transitions remains the most
common approach to the assessment of electronic structure
and “wirelike” behavior in mixed-valence complexes. However,
the IVCT band is often overlapped with other low-energy
transitions, such as local d−d bands,48,49 and increasingly
complications arising from the presence of multiple, slowly
interconverting conformers, each with their own electronic
character and spectroscopic signature, are being identified.50−55

Consequently, identifying the IVCT band within the NIR
absorption envelope and accurately resolving the band shape is
not always a simple, or even possible, task.
Related information concerning charge distribution and

transfer can also be obtained from the analysis of key
vibrational bands in the IR spectra of mixed-valence
complexes,56−59 which are often better resolved. Kubiak has
also demonstrated how the use of modified Bloch-type
equations can be used to simulate the dynamic effects of
electron transfer on the infrared time scale on the band shape
of key IR bands, which gives insight into rates of intramolecular
electron transfer.60

Herein we describe further steps toward the goal of
developing robust synthetic approaches to the modular
assembly of bi- and ultimately polymetallic complexes with
tailored and tunable electronic characteristics. A series of
putative organometallic tectons derived from 4-ethynyl-2,2′-
bipyridine (1; Chart 1) is reported and their use in the
formation of bimetallic complexes explored. Although the
synthesis of ligand 1 has previously been reported,61 the only
previous reports of metal complexes of 1 are a series of
platinum σ-alkynyl complexes of this ligand.62−64 These were
subsequently coordinated to a variety of metal centers,
including {ReCl(CO)3} and {M(bpy)2

2+} (M = Fe, Ru, Os),
the bipyridyl moieties of these σ-alkynyl complexes giving
heterobi- and heterotrimetallic complexes, whose electro-
chemical, optical, and photophysical properties were ex-
plored.62,64,65 No solid-state structural characterization of
these complexes has been reported; as a result, this study

presents the first ruthenium σ-alkynyl complexes and the first
structurally characterized complexes of 1.
Furthermore, the use of spectroscopic, electrochemical,

spectroelectrochemical, and theoretical methods in concert
provides additional information on the efficacy of the transfer
of electronic information and “wirelike” properties of the 4-
ethynyl-substituted bipyridine moiety. Examination of the IR-
active ν(CC) bands reveals a range of sub-bands that cannot
be satisfactorily attributed to electron transfer dynamics.
Rather, the concept of a range of molecular conformers,
which offer electronic structures that differ in the extent of
conjugation, is found to offer a more consistent explanation for
the observed IR band shapes.29 The response of the ν(CC)
bands to changes in molecular redox state also serve as markers
for the site of oxidation state change within these polymetallic
assemblies, which can be further correlated with results from
DFT level calculations of electronic structure.

■ EXPERIMENTAL SECTION
General Considerations. All reactions were performed under an

atmosphere of high-purity argon using standard Schlenk techniques.
Reaction solvents were either purified and dried using an Innovative
Technology SPS-400 (THF, ether, hexane and toluene) and degassed
prior to use or were purified and dried by appropriate means66 prior to
distillation and storage under argon. Solvents for chromatography
were distilled prior to use. Unless otherwise mentioned, no special
precautions were taken to exclude air or moisture during workup and
crystallization. The compounds 4-ethynyl-2,2′-bipyridine67 (1),
Me3SiCC-4-bpy67,68 (2), [RuCl(PPh3)2Cp],

69 [RuCl(dppe)-

Chart 1. Compounds Prepared in This Study
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Cp*],70,71 [RuCl2(dppm)2],
72 [RuCl(dppe)2]OTf,73 [RuCl-

(CO)2Cp],
74 [RuCl(CO)2Cp*],

74 [AuCl(PPh3)],
75 and [RuCl-

(COD)Cp]76 were synthesized according to literature procedures.
All other materials were obtained from commercial suppliers and used
as received.
The NMR spectra were recorded on a Bruker AV-500 or Bruker

AV-600 spectrometer. 1H and 13C{1H} spectra were referenced to
residual solvent signals, while 31P{1H} spectra were referenced to
external phosphoric acid. The numbering scheme used to assign the
NMR spectra is given in Chart S1 in the Supporting Information. IR
spectra were recorded using a PerkinElmer Spectrum 1 spectrometer
as CH2Cl2 solutions in a cell fitted with CaF2 windows or solid
samples utilizing an ATR module. UV−vis spectra were recorded on a
Thermo Array UV−vis spectrophotometer as CH2Cl2 solutions in a
cell with CaF2 windows. ESI-mass spectra were recorded on a Waters
LCT Premier TOF spectrometer. Elemental analyses were performed
by London Metropolitan University, London, United Kingdom.
Electrochemical analyses were carried out using a Palm Instruments

EmStat potentiostat and a Metrohm Autolab 302N potentiostat. A
platinum-disk electrode with platinum counter and pseudoreference
electrodes were used in CH2Cl2 solutions containing 0.1 M nBu4NPF6
electrolyte. The decamethylferrocene/decamethylferrocenium
(Me10Fc/Me10Fc

+) couple was used as an internal reference, with all
potentials reported relative to the ferrocene/ferrocenium couple (Fc/
Fc+) (Me10Fc/Me10Fc

+ = −0.48 V vs Fc/Fc+ in CH2Cl2).
77

Spectroelectrochemical measurements were made in an OTTLE cell
of Hartl design78 from CH2Cl2 solutions containing 0.1 M nBu4NPF6
electrolyte. The cell was fitted into the sample compartment of a Cary
660 FTIR or Cary 5000 UV−vis−NIR spectrophotometer, and
electrolysis in the cell was performed with an EmStat potentiostat.
Crystallography. The crystal data for 1, 3−5, 7, 8, 10, 11, 14, 16,

and 17 are summarized in Table S1 in the Supporting Information.
The compounds are shown in the figures below, with ellipsoids drawn
at the 50% probability level. Crystallographic data for the structures
were collected at 100(2) K (180(2) K for 7) on an Oxford Diffraction
Gemini diffractometer fitted with Cu Kα (7 and 8) or Mo Kα
radiation (3, 11, 16 and 17) or an Oxford Diffraction XCalibur
diffractometer fitted with Mo Kα radiation (1, 4, 5, 10, and 14).
Following analytical absorption corrections and solution by direct
methods, the structures were refined against F2 with full-matrix least
squares using the program SHELXL-97.79 Anisotropic displacement
parameters were employed throughout for the non-hydrogen atoms,
except for disordered atoms. All H atoms were added at calculated
positions and refined by use of a riding model with isotropic
displacement parameters based on those of the parent atom.
Geometries of disordered atoms were restrained to ideal values.
Non-hydrogen atoms within the disordered atoms were refined with
isotropic displacement parameters only.
Crystals of 1 suitable for X-ray analysis were obtained through the

slow evaporation of a hexanes/EtOAc solution of the complex.
Crystals of 3 suitable for X-ray crystallography were obtained

through the slow evaporation of an ethanol/THF solution of 11.
Syntheses. Bis(2,2′-bipyridin-4-yl)butadiyne (3). A solution of 4-

ethynyl-2,2′-bipyridine (270 mg, 1.50 mmol), copper(I) iodide (9 mg,
0.05 mmol), and 4-dimethylaminopyridine (11 mg, 0.09 mmol) in
acetonitrile (20 mL) was stirred in air over 3 days at room
temperature.80 After the solvent was removed under reduced pressure,
the residue was purified by column chromatography on silica
(CH2Cl2/MeOH, 99.5/0.5), giving the desired product as a yellow
band. After the solvent was removed, the crude product solidified as a
dark blue-purple microcystalline solid (180 mg). Further purification
was achieved by extracting the solid product with large amounts of
CH2Cl2 and allowing crystallization by slow evaporation of the solvent
(89 mg, 31%). Anal. Calcd for C24H14N4: C, 80.43; H, 3.94; N, 15.63.
Found: C, 80.37; H, 3.84; N, 15.59. 1H NMR (d8-THF, 500 MHz): δ
7.36 (ddd, 3JH5′,H6′ = 4.7 Hz, 3JH5′,H4′ = 7.6 Hz, 4JH5′,H3′ = 1.1 Hz, 1H,
H5′), 7.49 (dd, 1H, 3JH5,H6 = 4.9 Hz, 4JH5,H3 = 1.6 Hz, H5), 7.81 (ddd,
3JH4′,H3′ = 7.9 Hz, 3JH4′,H5′ = 7.6 Hz, 4JH4′,H6′ = 1.8 Hz, 1H, H4′), 8.48
(ddd, 3JH3′,H4′ = 7.9 Hz, 4JH3′,H5′ = 1.1 Hz, 5JH3′,H6′ = 1.0 Hz, 1H, H3′),
8.63 (dd, 4JH3,H5 = 1.6 Hz, 5JH3,H6 = 0.8 Hz, 1H, H3), 8.66 (ddd,

3JH6′,H5′ = 4.7 Hz, 4JH6′,H4′ = 1.8 Hz, 5JH6′,H3′ = 1.0 Hz, 1H, H6′xc), 8.69
(dd, 3JH6,H5 = 4.9 Hz, 5JH6,H3 = 0.8 Hz, 1H, H6). 13C{1H} NMR (d8-
THF, 126 MHz): δ 76.9 (s, Cα), 81.2 (s, Cβ), 121.3 (s, C3′), 123.6 (s,
C3), 124.9 (s, 5′), 126.4 (s, C5), 130.5 (s, C4), 137.4 (s, C4′), 150.0
(s, C6′), 150.2 (s, C6), 155.7 (s, C2′), 157.4 (s, C2). IR (CH2Cl2;
cm−1): ν 2150 (w), 3300 (br, m).

[Ru(CC-4-bpy)(PPh3)2Cp] (4). [RuCl(PPh3)2Cp] (400 mg, 0.540
mmol), KF (31.3 mg, 0.540 mmol), and 2 (136 mg, 0.540 mmol) were
dissolved in MeOH (30 mL), and the reaction mixture was heated at
reflux for 30 min. The solution was cooled to 0 °C, and the yellow
precipitate was collected and washed with cold MeOH (1 × 3 mL)
and cold hexane (2 × 3 mL) to give 4 as a yellow powder (396 mg,
84%). A crystal suitable for X-ray analysis was obtained through vapor
diffusion of n-pentane into a CH2Cl2 solution of 4 under an inert
atmosphere. Anal. Calcd for C53H42N2P2Ru: C, 73.17; H, 4.87; N,
3.22. Found: C, 73.04; H, 4.75; N, 3.17. Mp: 217−220 °C. 1H NMR
(CDCl3, 600 MHz): δ 4.36 (s, 5H, Cp), 6.88 (dd, 1H, H5, 3JH5,H6 = 5.1
Hz, 4JH5,H3 = 1.6 Hz), 7.09−7.14 (m, 12H, Hortho), 7.19−7.23 (m, 6H,
Hpara), 7.29 (ddd, 3JH5′,H6′ = 4.6 Hz, 3JH5′,H4′ = 7.5 Hz, 4JH5′,H3′ = 1.2
Hz, 1H, H5′), 7.43−7.46 (m, 12H, Hmeta), 7.79 (ddd, 3JH4′,H3′ = 8.0
Hz, 3JH4′,H5′ = 7.5 Hz, 4JH4′,H6′ = 1.8 Hz, 1H, H4′), 8.16 (d, 4JH3,H5 = 1.6
Hz, 1H, H3), 8.31 (ddd, 3JH3′,H4′ = 8.0 Hz, 4JH3′,H5′ = 1.2 Hz, 5JH3′,H6′ =
0.9 Hz, 1H, H3′), 8.38 (d, 3JH6,H5 = 5.1 Hz, 1H, H6), 8.74 (ddd,
3JH6′,H5′ = 4.6 Hz, 4JH6′,H4′ = 1.8 Hz, 5JH6′,H3′ = 0.9 Hz, 1H, H6′).
13C{1H} NMR (CDCl3, 126 MHz): δ 85.8 (s, Cp), 114.5 (s, Cβ),
121.1 (s, C3′), 123.1 (s, C3), 123.2 (s, C5′), 125.3 (s, C5), 127.5 (t,
2JC,P = 4.5 Hz, Cortho), 128.7 (s, Cpara), 132.3 (t, 3JC,P = 24.3 Hz, Cα),
133.9 (t, 3JC,P = 5.0 Hz, Cmeta), 136.7 (s, C4′), 138.7 (m, Cipso and C4),
148.6 (s, C6), 149.2 (s, C6′), 155.4 (s, C2′), 157.3 (s, C2). 31P{1H}
NMR (CDCl3, 243 MHz): δ 50.93 (s, PPh3). IR (CH2Cl2 solution;
cm−1): νCC 2045 (shoulder at 2076). MS (MeCN, ES (+)): m/z 871
([M]+, 100%). UV−vis (CH2Cl2; λ (nm) [ε × 104 M−1 cm−1]): 233
[5.10], 285 [2.53], 358 [1.07], 452 [0.33].

[Ru(CC-4-bpy)(dppe)Cp*] (5). [RuCl(dppe)Cp*] (494 mg,
0.737 mmol), KF (42.7 mg, 0.737 mmol), and 2 (186 mg, 0.737
mmol) were dissolved in MeOH (40 mL) and heated to reflux for 18
h. The solvent was removed in vacuo, and the reaction mixture was
redissolved in CH2Cl2. This solution was passed through a short (30
mm × 40 mm) silica plug, with CH2Cl2 as eluent. The yellow band
was collected, and removal of solvent followed by recrystallization
from CH2Cl2/hexane yielded 5 as a yellow powder (436 mg, 73%). A
crystal suitable for X-ray analysis was obtained through layer diffusion
of n-hexane into a CHCl3 solution of 5. Anal. Calcd for
C48H46N2P2Ru: C, 70.83; H, 5.70; N,3.44. Found: C, 70.97; H,
5.67; N, 3.33. Mp: 175−178 °C. 1H NMR (CDCl3, 600 MHz): δ 1.57
(s, 15H, Me5Cp), 2.09 (m, PCH2CH2P), 2.70 (m, PCH2CH2P), 6.58
(dd, 3JH5,H6 = 5.1 Hz, 4JH5,H3 = 1.6 Hz, 1H, H5), 7.22−7.27 (m, 5H,
Hortho and H5′), 7.29−7.37 (m, 12H, Hmeta and Hpara), 7.70 (d, 4JH3,H5
= 1.6 Hz, 1H, H3), 7.71−7.77 (m, 5H, Hortho and H4′), 8.23 (dd,
3JH3′,H4′ = 8.0 Hz, 4JH3′,H5′ = 1.0 Hz, 1H, H3′), 8.25 (d, 3JH6,H5 = 5.1 Hz,
1H, H6), 8.74 (dd, 3JH6′,H5′ = 4.8 Hz, 4JH6′,H4′ = 1.0 Hz, 1H, H6′).
13C{1H} NMR (CDCl3, 126 MHz): δ 10.2 (s, Me5Cp), 29.5 (m,
PCH2CH2P), 93.1 (s, Me5Cp), 110.4 (s, Cβ), 121.2 (s, C3′), 122.3 (s,
C3), 123.1 (s, C5′), 125.4 (s, C5), 127.5 (m, Cmeta), 129.2 (s, Cpara),
133.9 (m, Cortho), 136.7 (s, C4′), 138.6 (m, Cipso), 139.4 (s, C4), 145.7
(t, 3JC,P = 23.8 Hz, Cαα), 148.2 (s, C6), 149.2 (s, C6′), 155.2 (s, C2′),
157.3 (s, C2). 31P{1H} NMR (CDCl3, 243 MHz): δ 80.98 (s, dppe).
IR (CH2Cl2 solution; cm−1): νCC 2050 cm−1 (shoulder at 2075
cm−1). MS (MeCN, ES (+)): m/z 814 ([M]+, 100%), 663
([Cp*Ru(dppe)CO]+, 15%). UV−vis (CH2Cl2; λ (nm) [ε × 104

M−1 cm−1]): 228 [3.89], 273 [1.92], 358 [0.92].
[RuCl(CC-4-bpy)(dppe)2] (7). Complex 8 (15 mg, 0.012 mmol)

and KOtBu (5 mg, 0.045 mmol) were suspended in CH2Cl2 (10 mL)
and stirred at ambient temperature for 30 min, during which time the
red solution turned yellow. Passing the reaction mixture through a
small (20 mm × 10 mm) plug of alumina (neutral, Brockmann activity
III), and eluting with CH2Cl2 gave a yellow eluate; removal of the
solvent yielded 7 as a yellow powder (8 mg, 60%). A crystal suitable
for X-ray analysis was obtained through the slow evaporation of a
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CH2Cl2/toluene/n-hexane solution of the complex under an inert
atmosphere. 1H NMR (CD2Cl2, 600 MHz): δ 2.73 (m, 8H,
PCH2CH2P), 6.28 (d, 3JH5,H6 = 5.2 Hz, 1H, H5), 6.98−7.28 (m,
32H, Hortho and Hmeta and Hpara), 7.34 (dd,

3JH5′,H6′ = 4.7 Hz, 3JH5′,H4′ =
7.5 Hz, 1H, H5′), 7.50−7.55 (m, 8H, Hortho), 7.79 (s, 1H, H3), 7.83
(dd, 3JH4′,H3′ = 8.0 Hz, 3JH4′,H5′ = 7.5 Hz, 1H, H4′), 8.27 (d, 3JH3′,H4′ =
8.0 Hz, 1H, H3′), 8.39 (d, 3JH6,H5 = 5.2 Hz, 1H, H6), 8.75 (d, 3JH6′,H5′
= 4.7 Hz, 1H, H6′). 13C{1H} NMR (CD2Cl2, 151 MHz): δ 30.5 (p,
PCH2CH2P), 120.6 (s, C3′), 122.6 (s, C3), 123.4 (s, C5′), 125.0 (s,
C5), 127.1 (s, Cmeta), 127.4 (s, Cmeta), 128.9 (s, Cpara), 129.2 (s, Cpara),
133.7 (s, Cortho), 134.7 (s, Cortho), 135.9 (m, Cipso), 136.6 (s, C4′), 147.1
(s, C6), 149.2 (s, C6′), quaternary carbons (except Cipso) were not
detected. 31P{1H} NMR (CDCl3, 243 MHz): δ 48.62 (s, dppe). IR
(CH2Cl2 solution; cm

−1): νCC 2050 (shoulder at 2075). MS (MeCN,
ES (+)): m/z 1118 and 1113 ([M − Cl + MeCN]+ and [M + H]+,
60%), 961 ([ClRu(dppe)2(CO)]

+, 15%), 933 ([ClRu(dppe)2]
+, 60%),

559.5 ([M − Cl + MeCN + H]2+, 100%).
[RuCl(CC-4-bpyH)(dppe)2]OTf (8). [RuCl(dppe)2]OTf (200 mg,

0.185 mmol) and 1 (51 mg, 0.281 mmol) were dissolved in CH2Cl2
(10 mL) and stirred at ambient temperature for 2 h. The volume of
the solution was reduced to 10 mL in vacuo followed by the addition
of hexane (10 mL). This resulted in formation of a red precipitate,
which was collected and washed with Et2O (3 mL) and hexane (2 × 5
mL) to give 8 as a red powder (60 mg, 26%). A crystal suitable for X-
ray analysis was obtained through the layer diffusion of n-hexane into a
CHCl3 solution of the complex under an inert atmosphere. 1H NMR
(CDCl3, 500 MHz): 2.73 (m, 8H, PCH2CH2P), 6.25 (d, 1H, H5,
3JH5,H6 = 6.3 Hz), 6.81 (s, 1H, H3), 6.94−7.28 (m, 32H, Hortho and
Hmeta and Hpara), 7.47 (dd, 3JH5′,H6′ = 4.7 Hz, 3JH5′,H4′ = 7.5 Hz, 1H,
H5′), 7.50−7.55 (m, 8H, Hortho), 7.85 (d, 3JH3′,H4′ = 7.9 Hz, 1H, H3′),
7.93 (dd, 3JH4′,H3′ = 7.9 Hz, 3JH4′,H5′ = 7.5 Hz, 1H, H4′), 8.38 (d, 3JH6,H5
= 6.2 Hz, 1H, H6), 8.86 (d, 3JH6′,H5′ = 4.7 Hz, 1H, H6′). 13C{1H}
NMR (CDCl3, 126 MHz): δ 30.4 (p, PCH2CH2P), 120.8 (s, C3′),
123.6 (s, C3), 125.4 (s, C5′), 127.1 (s, C5), 127.5 (s, Cmeta), 127.7 (s,
Cmeta), 129.5 (s, Cpara), 129.6 (s, Cpara), 133.7 (s, Cortho), 134.5 (s,
Cortho), 135.1 (m, Cipso), 137.6 s, C4′), 147.8 (s, C6), 150.4 (s, C6′),
quaternary carbons (except Cipso) were not detected. 19F{1H} NMR
(CD2Cl2, 470 MHz): −78.8 (s, −OTf). 31P{1H} NMR (CD2Cl2, 243
MHz): δ 47.85 (s, dppe). IR (CH2Cl2 solution; cm

−1): νCC 2020.
MS (MeCN, ES (+)): m/z 1113 ([M]+, 60%), 933 ([ClRu(dppe)2]

+,
20%), 559 ([M − Cl + MeCN]2+, 100%).
[Ru(CC-4-bpy)(CO)2Cp] (9). [RuCl(CO)2Cp] (150 mg, 0.584

mmol), 1 (106 mg, 0.584 mmol), and CuI (10 mg, 10 mol %) were
dissolved in a mixture of Et3N (25 mL) and THF (10 mL) and stirred
at ambient temperature for 48 h. The solvent was removed in vacuo,
and the reaction mixture was chromatographed on alumina (neutral,
Brockmann activity III), with CH2Cl2/hexane (25% v/v) as eluent to
remove unreacted starting materials, while a yellow band was eluted
with 100% CH2Cl2. Removal of solvent yielded 9 as a yellow powder
(158 mg, 94%). Anal. Calcd for C19H12N2O2Ru: C, 56.85; H, 3.01; N,
6.98. Found: C, 53.36; H, 2.88; N, 6.99. 1H NMR (CDCl3, 500 MHz):
δ 5.49 (s, 5H, Cp), 7.18 (d, 3JH5,H6 = 5.1 Hz, 1H, H5), 7.28 (m, under
residual CHCl3 peak, H5′), 7.79 (ddd, 3JH3′,H4′ = 7.9 Hz, 3JH4′,H5′ = 7.9
Hz, 4JH4′,H6′ = 1.8 Hz, 1H, H4′), 8.27 (s, 1H, H3), 8.34 (d, 3JH3′,H4′ =
7.9 Hz, 1H, H3′), 8.48 (d, 3JH5,H6 = 5.1 Hz, 1H, H6), 8.67 (dd, 3JH5′,H6′
= 4.0 Hz, 4JH4′,H6′ = 1.8 Hz, 1H, H6′). 13C{1H} NMR (CDCl3, 126
MHz): δ 88.0 (Cp), 93.9 (Cα), 109.4 (s, Cβ), 121.2 (C3), 123.6 and
123.8 (C3′ and C5), 125.9 (C5′), 136.3 (C4), 137.0 (C4′), 148.9 and
149.2 (C6 and C6′), 155.7 and 156.5 (C2 and C2′). IR (CH2Cl2
solution; cm−1): νCC 2119, νCO 2049, and νCO 2000. MS (MeCN,
ES (+)): m/z 403 ([M + H]+, 100%), 375 ([M + H − CO]+, 25%).
[Ru(CC-4-bpy)(CO)2Cp*] (10). [RuCl(CO)2Cp*] (200 mg, 0.612

mmol), 1 (111 mg, 0.612 mmol), and CuI (10 mg, 12 mol %) were
dissolved in a mixture of Et3N (25 mL) and THF (25 mL) and stirred
at ambient temperature for 48 h. The solvent was removed in vacuo,
and the reaction mixture was chromatographed on silica, initially with
CH2Cl2/hexane (25% v/v) as eluent to remove unreacted starting
materials. Subsequently a yellow band was eluted with 100% CH2Cl2.
Removal of solvent yielded 28 as an orange powder (161 mg, 56%). A
crystal suitable for X-ray analysis was obtained through the slow

evaporation of an Et2O/n-hexane solution of the complex under an
inert atmosphere. 1H NMR (CD3CN, 500 MHz): δ 2.03 (s, 15H,
Me5Cp), 7.13 (d, 3JH5,H6 = 5.0 Hz, 1H, H5), 7.36 (dd, 3JH4′,H5′ = 6.0
Hz, 3JH5′,H6′ = 7.5 Hz, 1H, H5′), 7.85 (dd, 3JH3′,H4′ = 8.0 Hz, 3JH4′,H5′ =
6.0 Hz, 1H, H4′), 8.17 (s, 1H, H3), 8.37 (d, 3JH3′,H4′ = 5.0 Hz, 1H,
H3′), 8.44 (d, 3JH5,H6 = 5.0 Hz, 1H, H6) and 8.64 (d, 3JH5′,H6′ = 7.5 Hz,
1H, H6′). 13C{1H} NMR (CD3CN, 126 MHz): δ 10.5 (Me5Cp),
102.4 (Me5Cp), 107.6 (Cβ), 113.0 (Cα), 121.5 (C3), 123.1 (C3′),
124.8 (C5), 126.3 (C5′), 137.7 (C4), 137.9 (C4′), 150.0 and 150.2
(C6 and C6′), 156.6 and 156.9 (C2 and C2′) and 200.9 (CO). IR
(CH2Cl2 solution; cm

−1): νCC 2108, νCO 2027. and νCO 1976. MS
(MeCN, ES (+)): m/z 473 ([M + H]+, 100%).

[Au(CC-4-bpy)(PPh3)] (11). To a solution of 20 (66 mg, 0.36
mmol) in EtOH (15 mL) were added NaOEt (1.0 M in EtOH, 0.75
mL, 0.75 mmol) and [AuCl(PPh3)] (150 mg, 0.30 mmol) in EtOH/
THF (1/1, 20 mL) solution. The solution was stirred for 16 h before
the volume was reduced in vacuo to 3 mL and cooled in an ice bath.
The cream-colored precipitate was collected and washed with EtOH
(3 mL) and then Et2O (2 × 3 mL) to yield the product (141 mg,
73%). A crystal suitable for X-ray analysis was obtained through slow
evaporation of a THF/EtOH (1/1) solution of the complex under an
inert atmosphere. Exposure of the supernatant from this crystallization
to the atmosphere resulted in the formation of 3, crystals of which
formed from the purple solution on standing. 1H NMR (CDCl3, 600
MHz): δ 7.29 (m, 1H, H5′), 7.35 (d, 3JH5,H6 = 5.1 Hz, 1H, H5), 7.43−
7.58 (m, 15H, PPh3), 7.78 (m, 1H, H4′), 8.31 (d, 3JH3′,H4′ = 8.6 Hz,
1H, H3′), 8.47 (s, 1H, H3), 8.55 (d, 3JH5,H6 = 5.1 Hz, 1H, H6) and
8.67 (d, 3JH5′,H6′ = 4.7 Hz, 1H, H6′). 31P{1H} NMR (CD2Cl2, 243
MHz): δ 42.52 (s, PPh3). IR (CH2Cl2 solution; cm

−1): νCC 2110.
MS (MeCN, ES (+)): m/z 721 [Au(PPh3)2]

+.
[Ru{CC-4-bpy-κ2-N,N′-ReCl(CO)3}(PPh3)2Cp] (12). 4 (100 mg,

0.115 mmol) and [ReCl(CO)5] (43.8 mg, 0.121 mmol) were
dissolved in toluene (40 mL) and heated to reflux for 1 h. During
this time the bright yellow solution became deep red. The solution was
cooled to 0 °C, and the red precipitate was collected and washed with
cold toluene (1 × 5 mL) and hexane (2 × 5 mL) to give 12 as a red
powder (99 mg, 73%). Anal. Calcd for C56H42ClN2O3P2ReRu: C,
57.21; H, 3.60; N, 2.38. Found: C, 57.36; H, 3.54; N, 2.46. Mp: 261−
263 °C. 1H NMR: δ 4.44 (s, 5H, Cp), 6.95 (d, 3JH5,H6 = 5.8 Hz, 1H,
H5), 7.14−7.18 (m, 12H, Hortho), 7.26−7.30 (m, 6H, Hpara), 7.34−7.40
(m, 12H, Hmeta), 7.49 (dd, 3JH4′,H5′ = 7.5 Hz, 3JH5′,H6′ = 4.8 Hz, 1H,
H5′), 7.56 (s, 1H, H3), 8.00 (d, 3JH3′,H4′ = 8.0 Hz, 1H, H3′), 8.06 (dd,
3JH3′,H4′ = 8.0 Hz, 3JH4′,H5′ = 7.5 Hz, 1H, H4′), 8.56 (d, 3JH5,H6 = 5.8 Hz,
1H, H6), 8.94 (d, 3JH5′,H6′ = 4.8 Hz, 1H, H6′). 13C{1H} NMR
(CD2Cl2, 151 MHz): δ 86.7 (s, Cp), 117.3 (s, Cβ), 123.0 (s, C3′)
125.1 (s, C3), 126.8 (s, C5′), 128.1 (s, Cortho), 128.4 (s, C5) 129.5 (s,
Cpara), 131.3 (t, Cα,

2JCP = 19 Hz), 134.2 (s, Cmeta), 138.9 (m, Cipso),
139.3 (s, C4′), 140.4 (s, C4), 152.1 (s, C6), 1523.4 (s, C6′), 154.7 (s,
C2), 154.7 (s, C2′), 191.0 (s, CO), 198.8 (s, CO). 31P{1H} NMR
(CD2Cl2, 243 MHz): δ 50.32 (s, PPh3). IR (CH2Cl2 solution; cm

−1):
νCC 2042, νCO 2017, νCO 1915, and νCO 1893. MS (MeCN, ES
(+)): m/z 1217 ([M + MeCN]+, 5%), 956 ([M − PPh3 + MeCN],
15%), 719 ([Ru(CO)(PPh3)2Cp]

+, 100%). UV−vis (CH2Cl2; λ (nm)
[ε × 104 M−1 cm−1]): 236 [2.72], 297 [1.27], 372 [0.87], 462 [0.97].

[Ru(CC-4-bpy-κ2-N,N′-RuClCp)(PPh3)2(Cp)] (13). 4 (100 mg,
0.115 mmol) and [RuCl(COD)Cp] (37.5 mg, 0.121 mmol) were
dissolved in acetone (25 mL) and stirred at ambient temperature for
20 h. The solvent volume was reduced to ca. 10 mL in vacuo, and then
the reaction mixture was cooled to 0 °C. The deep red precipitate was
collected and washed with Et2O (2 × 5 mL) to give 13 as a dark red
powder (104 mg, 84%). Anal. Calcd for C58H47ClN2P2Ru2: C, 65.01;
H, 4.42; N, 2.61. Found: C, 62.28; H, 3.91; N, 3.40. Mp: >270 °C. 1H
NMR (CD2Cl2, 600 MHz): δ 4.16 (s, 5H, CpNN), 4.40 (s, 5H, CpPP),
6.91 (d, 3JH5,H6 = 5.9 Hz, 1H, H5), 7.12−7.17 (m, 12H, Hortho), 7.25−
7.30 (m, 7H, Hpara and H5′), 7.40−7.45 (m, 12H, Hmeta), 7.48 (s, 1H,
H3), 7.75 (dd, 3JH4′,H3′ = 8.0 Hz, 3JH4′,H5′ = 7.0 Hz, 1H, H4′), 7.84 (d,
3JH3′,H4′ = 8.0 Hz, 1H, H3′), 9.21 (d, 3JH6,H5 = 5.9 Hz, 1H, H6), 9.61
(d, 3JH6′,H5′ = 5.5 Hz, 1H, H6′). 13C{1H} NMR (CD2Cl2, 126 MHz): δ
69.2 (s, CpNN), 86.3 (s, CpPP), 115.1 (s, Cβ), 121.1 (s, C3′), 123.1 (s,
C3), 123.2 (s, C5′), 125.3 (s, C5), 128.0 (t, Cortho,

2JC,P = 4.0 Hz),
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129.3 (s, Cpara), 134.3 (br. s, Cmeta), 134.8 (s, C4′), 136.7 (s, C4),
139.0 (t, Cipso,

1JC,P = 20.9 Hz), 141.0 (t, Cα,
3JC,P = 23.3 Hz), 154.3 (s,

C6), 155.1 (s, C6′), 155.5 (s, C2′), 157.3 (s, C2). 31P{1H} NMR
(CD2Cl2, 243 MHz): δ 50.71 (s, PPh3). IR (CH2Cl2 solution; cm

−1):
νCC 2040 and 2049. MS (MeCN, ES (+)): m/z 1077 ([M − Cl +
MeCN]+, 70%), 856 ([M − PPh3 + MeCN], 100%), 719
([CpRu(PPh3)2(CO)]

+, 60%). UV−vis (CH2Cl2; λ (nm) [ε × 104

M−1 cm−1]): 231 [4.54], 297 [2.06], 380 [1.47], 472 [1.12].
[Ru{CC-4-bpy-κ2-N,N′-ReCl(CO)3}(dppe)Cp*] (14). 5 (100 mg,

0.123 mmol) and [ReCl(CO)5] (46.7 mg, 0.129 mmol) were
dissolved in toluene (50 mL) and heated to reflux for 2 h. During
this time the bright yellow solution became deep red. The solution was
cooled to 0 °C, and the red precipitate was collected and washed with
cold toluene (1 × 5 mL) and hexane (2 × 10 mL) to give 14 as a red
powder (125 mg, 91%). Crystals suitable for X-ray analysis were
obtained through the layer diffusion of n-hexane into a CH2Cl2
solution of 14. Anal. Calcd for C51H46ClN2O3P2ReRu: C, 54.71; H,
4.14; N, 2.50. Found: C, 54.60; H, 4.21; N, 2.55. Mp: 178−181 °C. 1H
NMR (CD2Cl2, 600 MHz): 1.58 (s, 15H, Cp*), 2.16 (m, 2H,
PCH2CH2P), 2.62 (m, 2H, PCH2CH2P), 6.54 (d,

3JH5,H6 = 4.9 Hz, 1H,
H5), 6.99 (s, 1H, H3), 7.19−7.29 (m, 5H, Hortho), 7.33−7.45 (m, 12H,
Hmeta and Hpara), 7.53 (m, 1H, H5′), 7.66−7.74 (m, 4H, Hortho), 7.83
(d, 3JH3′,H4′ = 8.1 Hz, 1H, H3′), 8.02 (dd, 3JH3′,H4′ = 8.1 Hz, 3JH4′,H5′ =
7.5 Hz, 1H, H4′), 8.37 (d, 3JH5′,H6′ = 5.7 Hz, 1H, H6′), 8.95 (d, 3JH5,H6
= 4.9 Hz, 1H, H6). 13C{1H} NMR (CD2Cl2, 126 MHz): δ 10.2 (s,
Me5Cp), 29.7 (m, PCH2CH2P), 68.9 (s, Cp), 94.1 (s, Me5Cp), 113.6
(s, Cβ), 122.8 (s, C3′), 124.5 (s, C3), 126.5 (s, C5), 127.8 (s, C5′),
128.1 (m, Cortho), 129.7 (m, Cpara), 133.6 (m, Cmeta), 138.2 (m, Cipso),
138.9 (s, C4′), 140.8 (s, C4), 151.5 (s, C6′), 153.1 (s, C6), 154.1 (s,
C2′), 157.4 (s, C2), 166.6 (t, Cα,

2JCP = 22.5 Hz), 190.9 (CO), 198.7
(CO). 31P{1H} NMR (CD2Cl2, 243 MHz): 80.66 (d, 3JPP = 15.7 Hz),
80.89 (d, 3JPP = 15.7 Hz). IR (CH2Cl2 solution; cm

−1): νCC 2040,
νCO 2016, νCO 1914, and νCO 1893. MS (MeCN, ES (+)): m/z
1121 ([M + H]+, 25%), 663 ([Cp*Ru(dppe)(CO)]+, 100%). UV−vis
(CH2Cl2; λ (nm) [ε × 104 M−1 cm−1]): 229 [4.19], 296 [1.98], 383
[1.15], 475 [0.82].
[Ru(CC-4-bpy-κ2-N,N′-RuClCp)(dppe)Cp*] (15). 5 (100 mg,

0.123 mmol) and RuCl(COD)Cp (43.8 mg, 0.129 mmol) were
dissolved in acetone (25 mL) and stirred at ambient temperature for
20 h. The solvent volume was reduced to ca. 10 mL in vacuo, and then
the reaction mixture was cooled to 0 °C. The deep red precipitate was
collected and washed with Et2O (2 × 5 mL) to give 15 as a dark red
powder (67 mg, 54%). Anal. Calcd for C53H51ClN2P2Ru2: C, 62.68; H,
5.06; N, 2.76. Found: C, 62.50; H, 4.98; N, 2.85. Mp: >270 °C. 1H
NMR (CD2Cl2, 600 MHz): 1.57 (s, 15H, Cp*), 2.15 (m, 2H,
PCH2CH2P), 2.63 (m, 2H, PCH2CH2P), 4.31 (s, 5H, Cp), 6.49 (d,
3JH5,H6 = 6.0 Hz, 1H, H5), 6.96 (s, 1H, H3), 7.2−7.27 (m, 5H, Hortho

and H5′), 7.35−7.42 (m, 12H, Hmeta and Hpara), 7.67 (d,
3JH3′,H4′ = 7.9

Hz, 1H, H3′), 7.72−7.80 (m, 5H, Hortho and H4′), 9.03 (d, 3JH5,H6 =
6.0 Hz, 1H, H6), 9.61 (d, 3JH5′,H6′ = 4.8 Hz, 1H, H6′). 13C{1H} NMR
(CD2Cl2, 151 MHz): δ 10.2 (s, Me5Cp), 29.7 (m, PCH2CH2P), 68.9
(s, Cp), 93.6 (s, Me5Cp), 110.9 (s, Cβ), 121.4 (s, C3′), 123.2 (s, C3),
124.4 (s, C5′), 126.4 (s, C5), 127.9 (m, Cortho), 129.6 (m, Cpara), 133.7
(m, Cmeta), 134.5 (s, C4′), 137.3 (s, C4), 138.6 (m, Cipso), 153.7 (s,
C6), 154.0 (t, Cα,

2JCP = 23.0 Hz), 154.6 (s, C2), 155.3 (s, C6′), 157.0
(s, C2′). 31P{1H} NMR (CD2Cl2, 243 MHz): 80.85 (d, 3JPP = 15.4
Hz), 81.15 (d, 3JPP = 15.4 Hz). IR (CH2Cl2 solution; cm−1): νCC
2038 and 2047. MS (MeCN, ES (+)): m/z 1022 ([M − Cl +
MeCN]+, 100%), 663 ([Cp*Ru(dppe)(CO)]+, 15%), 528.5 ([M + H
+ MeCN]2+, 15%), 511.5 ([M − Cl + H + MeCN]2+, 25%). UV−vis
(CH2Cl2; λ (nm) [ε × 104 M−1 cm−1]): 229 [4.18], 307 [2.19], 399
[1.60], 515 [1.07].
[ReCl(CO)3(κ2-N,N′-HCC-4-bpy)] (16). [ReCl(CO)5] (150 mg,

0.415 mmol) and 1 (82 mg, 0.456 mmol) were dissolved in toluene
(50 mL). The solution was heated to reflux for 30 min, during which
the colorless solution developed a yellow color along with the
formation of a yellow precipitate. The yellow powder was collected on
a glass frit and washed with hexane (3 × 5 mL) to give 16 as a yellow
powder (177 mg, 88%). A crystal suitable for X-ray analysis was
obtained through the slow evaporation of a CH2Cl2/MeOH (1/1)

solution of the complex. Anal. Calcd for C15H8ClN2O3Re: C, 37.08; H,
1.66; N, 5.77. Found: C, 37.17; H, 1.60; N, 5.80. Mp: >270 °C. 1H
NMR (CDCl3, 500 MHz): δ 3.64 (s, 1H, CCH), 7.54 (d, 3JH5,H6 =
5.7 Hz, 1H, H5), 7.58 (ddd, 3JH5′,H4′ = 8.0 Hz, 3JH5′,H6′ = 5.5 Hz,
4JH5′,H3′ = 1.3 Hz, 1H, H5′), 8.08 (ddd, 3JH4′,H3′ = 8.1 Hz, 3JH4′,H5′ = 8.0
Hz, 4JH4′,H6′ = 1.2 Hz, 1H, H4′), 8.19 (m, 2H, H3 and H3′), 9.01 (d,
3JH6,H5 = 5.7 Hz, 1H, H6), 9.08 (dd, 3JH6′,H5′ = 5.5 Hz, 4JH6′,H4′ = 1.2
Hz, 1H, H6′). 13C{1H} NMR (CDCl3, 126 MHz): δ 79.4 (Cβ), 87.1
(Cα), 123.3 (C3′), 125.7 (C3), 127.6 (C5′), 129.4 (C5), 133.9 (C4),
139.1 (C4′), 153.2 (C6), 153.5 (C6′), 155.2 (C2), 156.0 (C2′), 189.2
(CO), 197.1 (CO). IR (CH2Cl2 solution; cm

−1): νCCH 3295, νCC
2108, νCO 2024, νCO 1923, and νCO 1900. MS (MeCN, ES (+)):
m/z 550 ([M + MeCN + Na]+, 100%), 504 ([M + H2O]

+, 100%).
UV−vis (CH2Cl2; λ (nm) [ε × 104 M−1 cm−1]): 242 [2.61], 255
[2.56], 303 [1.78], 407 [0.43].

[RuCl(κ2-N,N′-HCC-4-bpy)Cp] (17). [RuCl(COD)Cp] (150 mg,
0.441 mmol) and 1 (83 mg, 0.486 mmol) were dissolved in acetone
(10 mL) and stirred at room temperature for 24 h, during which time
a deep purple solution formed, along with the formation of a dark
precipitate. The reaction mixture was cooled to 0 °C, and the
precipitate was collected on a glass frit and washed with Et2O (2 × 5
mL) to give the product as a purple powder (158 mg, 93%). A crystal
suitable for X-ray analysis was obtained though the vapor diffusion of
n-pentane into a CH2Cl2 solution of the complex under an inert
atmosphere. Anal. Calcd for C17H13ClN2Ru·0.5H2O: C, 52.24; H,
3.61; N, 7.17. Found: C, 52.27; H, 3.51; N, 7.24. Mp: >270 °C. 1H
NMR (CDCl3, 600 MHz): δ 3.43 (s, 1H, CCH), 4.31 (s, 5H, Cp),
7.30−7.34 (m, 2H, H5 and H5′), 7.74 (dd, 3JH4′,H3′ = 8.0 Hz, 3JH4′,H5′ =
7.5 Hz, 1H, H4′), 7.98 (d, 1H, 3JH3′,H4′ = 8.0 Hz, H3′), 8.01 (s, 1H,
H3), 9.58 (d, 3JH6,H5 = 5.8 Hz, 1H, H6), 9.63 (d, 3JH6′,H5′ = 4.9 Hz, 1H,
H6′). 13C{1H} NMR (CDCl3, 126 MHz): δ 70.7 (Cp), 80.7 (Cβ), 83.8
(Cα), 122.0 (C3′), 124.4 (C3), 125.2 (C5′), 126.9 (C5), 128.4 (C4),
134.7 (C4′), 154.7 (C6), 155.3 (C6′), 154.4 (C2), 155.0 (C2′). IR
(CH2Cl2 solution; cm

−1): νCCH 3177, νCC 2101. MS (MeCN, ES
(+)): m/z 388 ([M − Cl + MeCN], 100%). UV−vis (CH2Cl2; λ (nm)
[ε × 104 M−1 cm−1]): 245 [1.95], 300 [1.10], 309 [1.54], 394 [0.36],
527 [0.44].

■ RESULTS AND DISCUSSION
Synthesis of Alkynyl Complexes. Half-sandwich ruthe-

nium phosphino σ-alkynyl complexes Ru(CCR)L2Cp′ (L =
phosphine-based ligand, Cp′ = η5-cyclopentadienyl derivative)
and octahedral bis(diphosphine) derivatives trans-Ru(C
CR)Cl(L2)2 are commonly prepared from reactions of the
readily available chloride complexes RuClL2Cp′, cis-RuCl2(L2)2,
and five-coordinate [RuCl(L2)2]

+ with terminal alkynes, HC
CR, via the intermediate vinylidene [Ru{CC(H)R}L2Cp′]+
and deprotonation.81 Alternatively, a desilylation/metalation
reaction sequence from RuClL2Cp′ with Me3SiCCR in the
presence of KF has also been found to be effective in a number
of cases.82 In the present study the terminal alkyne HCC-4-
bpy (1) was obtained by desilylation of the analogous
trimethylsilyl-protected compound Me3SiCC-4-bpy (2),
which was in turn prepared by Sonogashira-based cross-
coupling of 4-bromo-2,2′-bipyridine with trimethylsilylacety-
lene.61

The half-sandwich ruthenium phosphino σ-alkynyl com-
plexes 4 and 5 were synthesized from the trimethylsilyl-
protected alkyne 2 using the established KF-mediated method-
ology.82,83 While 5 did not precipitate from methanol in the
same manner as 4 and previous examples,82,83 a pure sample of
this complex was obtained by chromatography, eluting from an
alumina column with CH2Cl2. Reaction of [RuCl(dppe)2]OTf
with 1 forms a vinylidene intermediate that is subsequently
deprotonated by the basic bipyridine moiety, giving the N-
protonated σ-alkynyl bipyridine complex [8]OTf.18,83 Depro-
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tonation of this complex with KOtBu gave the σ-alkynyl
complex 7. Attempts to synthesize the analogous dppm
complex 6 were not successful under the established conditions
for similar complexes,17,18 the reaction giving a material of low
purity.
Less electron rich metal fragments are unable to support the

formation of vinylidene species from terminal alkynes.
However, a Cu(I)-mediated transmetalation route has long
been known to provide entry to metal alkynyl complexes of less
electron rich metal fragments.84 The half-sandwich dicarbonyl
σ-alkynyl complexes 9 and 10 were readily synthesized by
Cu(I)-catalyzed reactions of RuCl(CO)2Cp′ (Cp′ = Cp, Cp*)
with 1 and isolated in moderate to excellent yield after
chromatographic workup.17,85

Gold σ-alkynyl complexes may be conveniently prepared
either by similar Cu(I)-catalyzed transmetalation reactions or
directly from the terminal alkyne in methanolic methoxide
solutions. Compound 11 was prepared in good yield by the
latter route.86 This complex is of interest, as gold alkynyl
complexes are versatile precursors for a range of transition-
metal complexes via transmetalation reactions.87 The use of
gold complexes as catalysts is a rapidly growing area of
research.88−90 One application is the use of gold complexes as
catalysts for the oxidative coupling of terminal alkynes;91

evidence of this behavior was observed during this study. X-ray-
quality crystals of 11 were obtained through the slow
evaporation of an EtOH/THF solution under an inert
atmosphere. Exposure of the supernatant to the atmosphere
gave a second crop of crystals with a different morphology. This
second crop of purple crystals was suitable for single-crystal X-
ray diffraction studies, which showed the formation of bis(2,2′-
bipyridin-4-yl)butadiyne (3) through the oxidative coupling of
the alkynyl moieties of complex 11. Compound 3 could be
more cogently prepared via a copper/4-(dimethylamino)-
pyridine-catalyzed oxidative homocoupling reaction carried
out in air.80

Satisfactory CHN microanalyses were not obtained for
complexes 7−11 and 13, after a number of attempts. The
identification of these complexes has relied on crystallographic
(7, 8, 10, and 11) and spectroscopic methods. The collected
NMR spectra for all metal complexes are presented in the
Supporting Information. Attempts to remove the minor
impurities observed in several complexes led to further
decomposition of the materials.
Synthesis of Bimetallic and Coordination Complexes.

The bimetallic complexes 12−15 were prepared from the σ-
alkynyl complexes 4 and 5 through coordination of an
additional metal center to the bipyridyl moiety of the metallo
ligand in a manner similar to that for analogous 5-ethynyl-2,2′
bipyridine complexes.18 The heterobimetallic complexes 12 and
14 were prepared through a thermal carbonyl ligand displace-
ment reaction with [ReCl(CO)5].

92 The homobimetallic
complexes 13 and 15 were obtained through reaction of 4 or
5 with [RuCl(COD)Cp] and displacement of the labile 1,5-
cyclooctadiene (COD) ligand.76 The monometallic coordina-
tion complexes 16 and 17 were synthesized in an analogous
manner from 1 and [ReCl(CO)5] or [RuCl(COD)Cp],
respectively, to allow comparison of structural, spectroscopic,
and electrochemical properties of the metal centers.
Spectroscopy of the Complexes. The IR spectra of

complexes 4−15 showed a ν(CC) band envelope within the
range expected for σ-alkynyl complexes of the respective metal
centers (Table 1); selected spectra are shown in Figure 1. The

alkynyl stretch in the protonated complex [8]OTf is shifted to a
lower wavenumber by 30 cm−1 (2020 cm−1) relative to the
main ν(CC) observed for the neutral complex 7. The
carbonyl stretches of the monometallic bis(carbonyl) com-
plexes 9 and 10 were also observed as expected at 2052 and
2004 cm−1 and at 2027 and 1976 cm−1. The heterobimetallic
complexes 12 and 14 and the coordination complex 16
exhibited the expected three ν(CO) bands for the fac-
[ReCl(CO)3(bpy)] fragment.

93

The spectra of complexes 4−7, 13, and 15 show prominent
shoulders or splitting of the main ν(CC) band (Figure 1).
Similar ν(CC) profiles have been noted for monometallic
alkynyl complexes previously and attributed to Fermi coupling
effects,94−96 while the presence of a range of different rotamers
in solution has also been proposed to account for related
features in mono- and bimetallic complexes of similar
composition.21,53,97−99

To investigate the origin of the multiple ν(CC) bands,
solid-state IR spectra of 4, 5, 13, and 15 were also obtained.
The solid-state and solution spectra display rather different
profiles, which is particularly obvious in the case of the
homobimetallic complexes 13 and 15 (Figure 2). This lends
support to the concept that the shoulder and sub-bands
observed in the various media are indeed due to conformational
effects. It is noteworthy that the shoulder present in the spectra
of complex 7 is not present in the spectra of the protonated
species [8]+ (Table 1). Given the donor−acceptor nature of
[8]+, a greater energetic preference for a conformation that

Table 1. Alkynyl ν(CC) IR Bands for All Complexes
Prepareda

compound ν(CC) (cm−1) ν(CC, shoulder) (cm−1)

1 2106
4 2052 2077
5 2050 2075
7 2050 2075
[8]OTf 2020
9 2119
10 2108
11 2110
12 2042
13 2049 2042
14 2040
15 2047 2038

aSpectra recorded as CH2Cl2 solutions.

Figure 1. IR spectra of complexes that exhibit splitting of the ν(C
C) band. Spectra were recorded as CH2Cl2 solutions. Transmission
intensities have been normalized and spectra offset.
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optimizes the conjugation through the molecule could be
reasonably suggested as the reason for the observation of a
smaller range of conformers.
The NMR spectra (1H, 13C, and 31P) of σ-alkynyl complexes

synthesized here contained resonances consistent with previous
σ-alkynyl complexes of the respective metal centers.17,18 The 4-
ethynyl-bpy moiety exhibited seven signals (where not
obscured by phosphine aromatic signals) in the proton spectra
with the characteristic coupling pattern associated with a 4-
subtituted 2,2′-bipyridine, while carbon signals were assigned
with the assistance of data from 1H−13C HMBC and 1H−13C
HSQC experiments. The proton spectra of complex 4 exhibited
several signals, notably H6 (see the Supporting Information for
atom labeling scheme), that were broadened. It was thought
that this might be due to hindered rotation around the Ru−
CC axis; however, VT-NMR experiments undertaken to
investigate this possibility showed little change down to 213 K
(see Figures S1 and S2 in the Supporting Information).
Upon coordination of a metal to the bipyridine moiety, the

NMR spectra of the bipyridyl protons showed a significant
downfield shift for the protons in the 6- and 6′-positions,
adjacent to the nitrogen atoms, this can be attributed to
shielding by the ancillary ligands on the coordinated metal
center. The other change in the proton NMR of the bipyridyl
moiety was a shift to higher field for the protons in the 3- and
3′-positions. Presumably these protons are deshielded, as the
influence of the nitrogen lone pair decreases when the bipyridyl
rings change from a trans to a cis configuration upon
coordination of a metal.
The 31P NMR spectra of 4−7, [8]OTf, 12, and 13 contained

singlets characteristic of the respective ruthenium phosphine
centers.18 However, in the 31P NMR spectra obtained for the
homobimetallic complexes 14 and 15, it was observed that the
phosphorus atoms became chemically inequivalent, resulting in
an AB spin system (JPP = ca. 15 Hz) (see Figure S3 in the
Supporting Information and Experimental Section), a con-
sequence of the substituents on the bpy coordinated metal.
The UV−vis spectra of the alkynyl complexes 4 and 5 show a

broad absorbance at ca. 360 nm that is attributed to an MLCT
band.83 A higher energy band is seen at 280 nm, which is
assigned to a bipyridyl π−π* transition. Upon coordination of

an additional metal center to the bipyridine moiety, the bands
observed for the alkynyl complexes undergo a shift to lower
energy, with the bipyridyl π−π* transition moving ca. 20 to 300
nm, while the MLCT bands are red-shifted by 100−150 nm.
The spectra of the bimetallic complexes show an additional
MLCT band attributed to the coordinated metal center at ca.
370 nm for heterobimetallic complexes 12 and 14 and ca. 390
nm for homobimetallic complexes 13 and 15.

Crystallographic Structures. The structures of ligand 1
and butadiyne 3 are presented in Figure 3. Representations of

the crystal packing and selected interatomic parameters are
provided in Figure S4 and Table S2 in the Supporting
Information. These compounds have linear alkyne groups and
coplanar pyridyl rings (the dihedral angle is 6.6° for 1 and 11.9°
for 3), with the nitrogen atoms of the pyridine rings in a trans
configuration.100 Both compounds exhibit π−π stacking
between molecules in the solid state, with coplanar pyridine
rings separated by 3.60 Å for 1 and 3.36 Å for 3 and the
pyridine rings offset by half the width of a pyridine ring.101 The
blue color of 3, in the solid state, most likely arises from charge
transfer interactions.
Single-crystal X-ray structures were determined for the σ-

alkynyl complexes 4, 5, 7, [8]OTf, 10, and 11; these structures
are depicted in Figure 4, with selected interatomic parameters
for all structurally characterized metal complexes collected in
Tables S2−S5 in the Supporting Information.
Complex 5 crystallized with disordered solvent molecules;

these were modeled as partially n-hexane, with 0.831(3) site
occupancy and partially CHCl3 as its complement; in addition
the Cp* ligand was disordered over two sets of sites with
occupancies refined to 0.705(6) and its complement. Complex
7 crystallized with one CH2Cl2 molecule with 0.5 occupancy
that was disordered about a crystallographic inversion center;
one pyridine ring and one dppe phenyl ring were each
disordered over two sites, with occupancies refined to 0.5.
Complex [8]OTf crystallized with three CHCl3 solvate
molecules, and two of the solvent molecules were modeled as
being disordered over two sites with occupancies refined to
0.688(8) and its complement for both molecules. Complex 10
crystallized with two crystallographically distinct molecules in
the unit cell; molecule 1 has the bipyridyl moiety disordered
over two sites with equal occupancies, and molecule 2 has the
Cp* ligand disordered over two sets of sites with occupancies
refined to 0.712(5) and its complement (see Figure S5 in the
Supporting Information).
The bond lengths and angles around the ruthenium cores of

σ-alkynyl complexes 4, 5, 7, [8]OTf, and 10 are unremarkable
and consistent with previously characterized alkynyl complexes

Figure 2. IR spectra of complexes 4, 5, 13, and 15, as CH2Cl2
solutions and as solids to allow comparison of the ν(CC) band
shapes observed. Transmission intensities have been normalized and
spectra offset for clarity.

Figure 3. Representation of the molecular structures of 1 and 3, with
hydrogen atoms (except CC−H of 1) omitted to aid in clarity and
ellipsoids drawn at 50% probability.
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of the respective metal centers: {Ru(PPh3)2Cp},
18,102−104

{Ru(dppe)Cp*},18,94,105 {RuCl(dppe)2},
17,18,73,99 and {Ru-

(CO)2Cp*}.
17 The alkynyl bipyridine moieties exhibit linear

[Ru]−CC−C alkynyl groups and a trans configuration of the
coplanar bipyridine rings.
A recent study99 has revealed an interesting feature in

structurally characterized ruthenium σ-alkynyl complexes of the
general formula [RuCl(CC−Ar)(dppm)2], of which 7 and 8
are members. It was observed that electron-donating Ar groups
resulted in elongated Ru−Cl bond lengths and electron-
withdrawing aryl groups gave shorter Ru−Cl bond lengths, as
expected from the structural trans effect.106 However, this
feature was only observed when the angle Θ ≈ 0 or 90° (Θ is
defined by the angle between the plane of the aryl ring and the
plane bisecting the dppe ligands99), as these angles give the best
orbital overlap between the arylethynyl π and π* orbitals and
the dxz and dyz orbitals of the metal center. Complex 7 has Θ =
58°, resulting in little influence of the ethynylbipyridine ligand
on the Ru−Cl bond length of 2.489(1) Å, while complex 8 has
Θ = 10°, resulting in good orbital overlap, and supports the
notion that the rotation of the protonated bipyridine moiety in
[8]OTf, inferred from the ν(CC) data, is due to the greater
conjugation between them ruthenium center and the
protonated bipyridyl fragment. The Ru−Cl bond length of
2.494(3) Å for [8]+ is consistent with the weak electron
withdrawing ability of the protonated bipyridyl moiety.
The solid-state structure of complex 11 exhibits a relatively

large deviation from linearity in the Au−CC−bpy fragment
(Au−C(1)−C(2) 162.1(4)°), likely due to solid-state packing
effects. The related bimetallic σ-alkynyl complex [4,4′-((PPh3)-
Au−CC−)2-2,2′-bipyridine] has almost linear Au−CC

bond angles of 179.6(6) and 175.7(5)°,107 suggesting the
alkynyl moiety should adopt a linear configuration in the
absence of solid-state packing effects. The deviation from
linearity is not due to aurophilic interactions, with a minimum
Au−Au distance of 8.523 Å.
The structure of the bimetallic complex 14 is depicted in

Figure 5. Complex 14 crystallized with three CH2Cl2 solvate
molecules, one of which was disordered over three sites. The
Cp* was disordered over two sites with equal occupancy.
Additional disorder was discovered near the Re atom; the
coordinated Cl atom and the CO ligand trans to it were
modeled as being disordered through an inversion center
located at the rhenium atom, with occupancies refined to

Figure 4. Representations of the molecular structures of 4, 5, 7, [8]OTf, 10, and 11, with hydrogen atoms and solvent molecules omitted to aid in
clarity and ellipsoids drawn at 50% probability. Only the major component of the disordered Cp* ring of 5 is shown.

Figure 5. Representation of the molecular structure of bimetallic
complex 14, with hydrogen atoms and solvent molecules omitted to
aid in clarity and ellipsoids drawn at 50% probability. Only the major
components of the Cp* ring and {(bpy)ReCl(CO)3} core are shown.
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0.869(6) and its complement (Figure S6 in the Supporting
Information). The inversion disorder of the chloride and
carbonyl ligands around the rhenium center has not been seen
in previous {ReCl(CO)3(N∩N)} complexes that have been
structurally characterized. However, inversion disorder of
chloride and carbonyl ligands of a rhenium complex has been
previously observed in the complex mer-ReCl(CO)3(PEt3)2.

108

The only significant change in the structure of 5 upon
coordination of the {ReCl(CO)3} group to form 14 is the
change to a cis orientation of the bipyridine ring to allow
bidentate coordination. The bond lengths and angles around
the metal cores of complex 14 are consistent with previous
examples of {Ru(CCR)(dppe)Cp*}18,94,105 and {ReCl-
(CO)3(bpy)}}

16,18,109 metal centers, notably analogous 5-
ethynyl-bipyridine bimetallic complexes reported previously
by us.18

The structures of coordination complexes 16 and 17 are
presented in Figure 6. The structures of these complexes are

unremarkable, with a linear alkyne moiety accompanied by
bond lengths and angles around the metal centers consistent
with previous examples of structurally characterized {RuCl-
(bpy)Cp}18 and {ReCl(CO)3(bpy)}

16,18,109 complexes.
Electrochemistry. Ruthenium half-sandwich σ-alkynyl

complexes Ru(CCR)(dppe)Cp* generally display more
reversible electrochemical behavior in comparison to their
Ru(CCR)(PPh3)2Cp analogues.83 Therefore, mononuclear
5, heterobimetallic 14, and homobimetallic 15 were chosen as
representative examples through which to explore the electro-
chemical response of this family of complexes, together with 17
as a reference compound (Table 2 and Figure 7). Electro-
chemical reversibility was established from linear plots of peak
current vs (scan rate)1/2 (ip vs ν1/2) and separation of the
anodic and cathodic peak potentials (Epc − Epa) values
consistent with that of an internal decamethylferrocene/
decamethylferrocenium couple (ca. 80 mV).

The CV of monometallic 5 features a single, reversible wave
at E1/2 = −0.02 V attributed to an oxidation involving both the
ruthenium center and the alkynyl ligand.18,29,83,110 The CV of
heterobimetallic 14 also exhibits a reversible oxidation wave
(E1/2 = 0.13 V) attributed to the ruthenium alkynyl moiety,
with the oxidation potential shifted ca. 150 mV more positive
than the respective mononuclear precursor, likely due to the
electron-withdrawing nature of the {ReCl(CO)3} fragment. A
reversible reduction wave attributed to reduction of the
bipyridine moiety in the {ReCl(CO)3(bpy)} fragment was
also observed.111

In contrast, the CV of homobimetallic 15 featured two
sequential, reversible oxidation processes at −0.19 and 0.16 V.
Although the substantial difference in these electrode potentials
indicates that the redox product [15]+ can be cleanly generated
(Kc = 8.2 × 105),112 the origin of these processes is not
immediately obvious, given the oxidation potentials of the
monometallic fragments 5 (−0.02 V) and 17 (0.09 V); the
latter is consistent with the oxidation potential of other
{RuCl(bpy)Cp}-based complexes.18 In order to better under-
stand the electrochemical behavior of 15 and the electronic
structures of these 4-ethynyl-2,2′-bipyridyl complexes in
general, a series of spectroelectrochemical investigations were
undertaken.

Spectroelectrochemistry. Complexes 5, 14, and 15 were
further investigated by IR and UV−vis−NIR spectroelectro-
chemical (SEC) methods. Plots of the spectra obtained during
these experiments are shown in Figures 8−13. These complexes
were stable under the conditions of the SEC measurements,

Figure 6. Representations of the molecular structures of 16 and 17,
with hydrogen atoms (with the exception of the alkynyl proton)
omitted to aid in clarity and ellipsoids drawn at 50% probability.

Table 2. Electrochemical Data for Selected Complexesa

reduction 1st oxidation 2nd oxidation

complex E1/2 (V) ΔV (mV) Ia/Ic E1/2 (V) ΔV (mV) Ia/Ic E1/2 (V) ΔV (mV) Ia/Ic
5 −0.02 75 1.04
14 −1.92 96 1.04 0.13 70 1.03
15 −0.19 90 1.16 0.16 85 1.00
17 0.09 84 1.00

aCyclic voltammograms were measured using 0.1 M nBu4PF6 in CH2Cl2 electrolyte using a Pt-disk working electrode and Pt-wire counter and
pseudoreference electrodes at a scan rate of 100 mV/s at room temperature. The decamethylferrocene/decamethylferrocenium (Me10Fc/[Me10Fc]

+)
couple was used as an internal reference, with all potentials reported relative to the ferrocene/ferriocenium couple (Fc/[Fc]+ = 0 V, where [Fe(η-
C5Me5)2]/[Fe(η-C5Me5)2]

+ = −0.48 V in CH2Cl2).
77

Figure 7. CVs of 5, 14, 15, and 17 for comparison of mono- and
bimetallic complexes. Currents have been normalized and voltammo-
grams offset for clarity. Conditions: Pt-disk electrode, Pt counter and
pseudoreference electrodes, 0.1 M nBu4NPF6 in CH2Cl2 electrolyte,
potentials reported vs ferrocene/ferrocenium (Fc/Fc+ at 0.0 V).
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with back-reduction regenerating the neutral complex, verifying
the chemical reversibility of the electrolysis process in the SEC
cell.
Oxidation of the σ-alkynyl complex 5 results in the shift of

the ν(CC) band (centered at 2048 cm−1) envelope to lower
wavenumbers, with the ν(CC) band envelope of [5]+ being
centered at 2012 cm−1 but being very broad and having much
lower intensity than that of 5 (Figure 8). This is in contrast
with the behavior of other [Ru(CC−Ar)(PR3)2Cp′]
complexes, in which the ν(CC) band shifts to a lower
wavenumber by ca. 150 cm−1 and generally much better
resolved,18,29,83,110 but is consistent with the IR spectra of some
conformationally fluxional [Ru(CC−Ar)Cl(dppe)2]+ com-
plexes reported recently.99 This point is discussed further below
(see Computational Studies).
Oxidation of the heterobimetallic complex 14 results in

collapse of the ν(CC) band at 2040 cm−1 and the formation
of a lower energy band at 1920 cm−1, which appears as a
shoulder on the ν(CO) band at 1915 cm−1 (Figure 9). This
shift of 120 cm−1 is consistent with previously reported
[Ru(CC−Ar)(PPh3)2Cp] complexes.18,29,83,110 There is very
little change in the ν(CO) bands of the rhenium center.
These observations support the assignment of the oxidation
process to the ruthenium alkynyl moiety. The oxidation process

was fully reversible, with the spectrum of 14 being regenerated
after back-reduction in the SEC cell.
Oxidation of complex 15 through the two oxidation

processes observed in the CV was undertaken in the SEC
cell to sequentially generate [15]+ and [15]2+. Subsequent
reduction of [15]2+ regenerated the neutral complex,

Figure 8. IR spectral changes accompanying the oxidation of 5 in an
OTTLE cell. Conditions: CH2Cl2/0.1 M nBuN4PF6 electrolyte.

Figure 9. IR spectral changes accompanying the oxidation of 14 in an
OTTLE cell. Conditions: CH2Cl2/0.1 M nBuN4PF6 electrolyte.

Figure 10. IR spectral changes accompanying the oxidation of (a) 15
to [15]+ and (b) [15]+ to [15]2+ in an OTTLE cell. Conditions:
CH2Cl2/0.1 M nBuN4PF6 electrolyte.

Figure 11. UV−vis−NIR spectral changes accompanying the
oxidation of 5 in an OTTLE cell. Conditions: CH2Cl2/0.1 M
nBuN4PF6 electrolyte.
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confirming the reversibility of the electrochemical processes on
the time scale of the SEC experiment. The first oxidation of 15
is accompanied by a shift of only 15 cm−1 in the ν(CC) band
envelope, but without the loss in resolution that accompanies
oxidation of 5 to [5]+ (Figure 10). The shift in ν(CC) band
envelope for 15/[15]+ is smaller than that for 5/[5]+ and
compares with a 5 cm−1 shift in the ν(CC) band on
oxidation of the {RuCl(bpy)Cp} moiety in the isomeric
bimetallic 5-ethynyl-bpy complex.18 The oxidation of [15]+ to

[15]2+ is accompanied by the complete loss of intensity of the
ν(CC) band in the IR spectrum of [15]2+, suggesting a
limited dipole over the alkynyl moiety (Scheme 1). On the

basis of the relatively small shift in ν(CC) band on oxidation
of 15 to [15]+, a tentative assignment of the first oxidation
processes to the {RuCl(bpy)Cp} fragment can be proposed.
The complexes 5, 14, and 15 were further investigated by

UV−vis−NIR SEC experiments. Upon oxidation of 5, the
MLCT band at 358 nm collapses, with the formation of a broad
absorbance band envelope from 400 to 800 nm. This
absorption feature appears to have two maxima, at ca. 550
and 700 nm, which may be assigned to two LMCT processes in
the oxidized complex. The oxidation also results in the
appearance of a weak NIR band at 1450 nm (6900 cm−1);
this can be assigned to a pseudo-d−d (dπ−dπ) transition that
has been observed previously for [Ru(CCR)(L2)Cp′]+
radical cations.83

Oxidation of the heterobimetallic complex 14 resulted in loss
of the Ru → (CCbpy)π* MLCT band at 475 nm. In
contrast, the Re → bpy π* MLCT band at 383 nm is only red-
shifted by 10 nm. The oxidized complex shows transitions at
745 nm (13400 cm−1) associated with a Re → {Ru(C
Cbpy)}+ CT band113,114 and at 1430 nm (6993 cm−1) for the
dπ−dπ transition of the [Ru(CCR)(L2)Cp′]+ radical
cation.83

The first oxidation process of homobimetallic complex 15
was accompanied by minimal change in the MLCT bands at
400 and 515 nm. The key feature in the spectrum of [15]+ is
the formation of a Gaussian shaped IVCT band at 1100 nm
(9100 cm−1) (Figure 14). This suggests that the two ruthenium
centers in this molecule are weakly coupled, giving rise to a
class II mixed valence system according to the Robin and Day
classification system.115 Further oxidation of the complex to
[15]2+ was accompanied by a loss of the IVCT band,
supporting the assignment of this band. The second oxidation
process also resulted in the loss of the Ru → (CCbpy)π*
MLCT band as seen in [5]+ and [14]+, consistent with the
large Ru−CC-bpy character of the second oxidation.
The IVCT band of [15]+ was analyzed using the relevant

equations from the Hush two-state model22,116 modified for use
with asymmetric complexes.46,47 Calculation of the half-height
width gave Δν1/2 = 4355 cm−1 (where νmax = 9100 cm−1 and E0
≈ ΔEmono = ΔE1/2(17) − ΔE1/2(5) = 110 mV = 890 cm−1).
ΔEmono = ΔE1/2(17) − ΔE1/2(5) = 110 mV = 890 cm−1),

which matches well with the experimentally determined Δν1/2

Figure 12. UV−vis−NIR spectral changes accompanying the
oxidation of 14 in an OTTLE cell. Conditions: CH2Cl2/0.1 M
nBuN4PF6 electrolyte.

Figure 13. UV−vis−NIR spectral changes accompanying the
oxidation of (a) 15 to [15]+ and (b) [15]+ to [15]2+ in an OTTLE
cell. Conditions: CH2Cl2/0.1 M nBuN4PF6 electrolyte.

Scheme 1. Oxidation of 15
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value of 4000 cm−1. Calculation of the electronic coupling
between the two ruthenium centers in [15]+ gives Hab = 306
cm−1, assuming rab = 9.5 Å from the Ru(1)−Ru(2) distance in
the DFT optimized structure (vide infra), consistent with a
bimetallic ruthenium system with a small degree of residual
charge localization.
Computational Studies. To complement the electro-

chemical and spectroelectrochemical experiments, a series of
DFT calculations (B3LYP/LANL2DZ for Ru and Re/6-31G**
for all other atoms/CPCM-dichloromethane solvent model)
were performed.53 These calculations were performed on the
representative series [5′]n+, [14′]n+, and [15′]n+ (n = 0, 1),
where the prime (′) notation is used to distinguish the
computational systems from the physical samples. Calculated
vibrational frequencies for ν(CC) (scaled here by 0.95)117

allow comparison of computational model and physical systems
in both redox states (Table 3). The close agreement of these
data with experimental values gives confidence in the
conclusions drawn from this computational work. Interestingly,
for the mononuclear complex 5′, three local minima were
readily identified during the process of geometry optimization,
which are easily distinguished by the Cp(centroid)−Ru−
C(14)−C(13) torsion angle, ϕ: 174.50° (bpy-down), 78.75°
(bpy-side), 0.23° (bpy-up). These three forms are almost
isoenergetic with the bpy-down (+3.6 kJ mol−1) and bpy-side
forms (+6.6 kJ mol−1) lying barely above the bpy-up global
minimum. Similar sets of conformational minima were also
obtained for 14′ (bpy-down, ϕ = 172.57°, + 0.77 kJ mol−1; bpy-
side, ϕ = 120.74°, + 2.11 kJ mol−1; bpy-up, ϕ = −6.85°, 0 kJ
mol−1) and 15′ (bpy-down, ϕ = 162.37°, + 0.07 kJ mol−1; bpy-
side, ϕ = 98.48°, + 0.16 kJ mol−1; bpy-up, ϕ = −3.95°, 0 kJ
mol−1).
The coordination environments of the metal centers in 5′

and 14′ were very similar to those determined crystallo-
graphically (no structure of 15 being available for comparison),
although there was an overestimation of Ru−P and Re−Cl
bond lengths by ca. 3% (Table S6 in the Supporting
Information). The solid-state structure of 5 exhibits an angle
ϕ of −76.22°, indicating that the plane of the bpy moiety lies
between the Cp* and dppe ligands. The bimetallic complex 14
had a torsion angle of −136.93°, with the plane of the bpy
moiety lying along the Ru−P(1) bond. The deviation of the
solid-state structures from the calculated structures is most
likely due to crystal-packing effects in the lattice.

Of particular relevance to the current study are the calculated
ν(CC) frequencies from the identified structural minima.
The down and up conformers both feature a single, strong
ν(CC) band at 2028 and 2027 cm−1, respectively. The side
isomer in which the bpy fragment is effectively twisted out of
conjugation with the metal−alkynyl fragment features a higher
frequency ν(CC) band at 2037 cm−1. These results
correspond to the principal band and shoulder in the
experimental spectra at 2050 and 2075 cm−1, lending strong
support to the notion that rotamers are responsible for the
multiple ν(CC) bands observed in the IR spectrum of 5 and
related alkynyl complexes.
The calculated IR spectra of the three conformers of 14′ give

almost identical ν(CO) patterns (ν(CO): up 1977, 1877, 1863
cm−1; down 1977, 1877, 1863 cm−1; side 1978, 1878, 1864
cm−1), although the ν(CC) bands of the up and down
conformers are separated by 10 cm−1 from that of the side
conformer (ν(CC): up 2007 cm−1; down 2007 cm−1; side
2016 cm−1). This could account for the broad ν(CC) band
envelope with an apparent maximum at 2040 cm−1 ν(CC),
yet sharper ν(CO) pattern observed for 14. Similarly in the
case of 15′ no single one of the conformers can satisfactorily
reproduce the two ν(CC) band pattern observed in the IR
spectrum of 15 (Figure 1 and Table 1). However, a
combination of the three conformers, with overlapping
ν(CC) bands at 2016 and 2018 cm−1 for the up and down
conformers, respectively, and 2029 cm−1 for the side conformer
gives a better approximation of the observed spectral features.
The molecular orbital features of the 4-ethynyl-2,2′-

bipyridine complexes 5′, 14′, and 15′ have many features
similar to those of the corresponding 5-ethynyl-bipyridine
isomers we have previously reported.18 The HOMOs of the
various conformers of 5′ (Figure 15) are largely associated with
the Ru (up 42%, down 41%, side 49%) and CC (up 25%,

Figure 14. Plot of the NIR region of the spectrum of [15]+ showing
the IVCT band that is observed.

Table 3. Comparison of Experimental and Calculated (′) IR
Bands

complex ν(CC) (cm−1) ν(CO) (cm−1)

5 2050, 2075
up-5′ 2027
down-5′ 2028
side-5′ 2037
[5]+ 2012 br
up-[5′]+ 1946
down-[5′]+ 1946
side-[5′]+ 1960
14 2040 2016, 1914, 1893
up-14′ 2007 1977, 1877, 1863
down-14′ 2007 1977, 1877, 1863
side-14′ 2016 1978 m, 1878, 1864
[14]+ 1920 2021, 1916, 1898
up-[14′]+ 1969 1982, 1886, 1872
down-[14′]+ 1968 1981, 1885, 1871
side-[14′]+ 1973 1982, 1883, 1870
15 2035
up-15′ 2016
down-15′ 2018
side-15′ 2029
[15]+ 2020
up-[15′]+ 1982
down-[15′]+ 1981
side-[15′]+ 2002
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down 25%, side 27%) fragments. The bpy contribution in these
4-ethynyl-bipyridyl complexes is entirely localized on the
ethynyl-substituted C5H3N ring in the case of the up and
down conformers (14%), in contrast to the 5-ethynyl isomer in
which the C5H3N and C5H4N pyridyl rings each contribute to
the HOMO (19 and 5%, respectively). The HOMO of the side

conformer is almost devoid of contributions from the bpy
fragment, with only 3% C5H3N character. The LUMO is
effectively derived from the bipyridyl π* system in all
conformers.
In the case of the conformers of the bimetallic complex 14′

the HOMO structures are essentially identical with those of
up-, down-, and side-conformers of 5′, with an inconsequential
(less than 3%) contribution from atoms of the ReCl(CO)3
fragment in the various conformers. The bis(ruthenium)
complex 15′ displays some of the most substantive electronic
differences, with the HOMO being distributed over both metal
fragments in the up and down conformers (Ru(dppe)Cp*:
RuClCp, up 26:51; down 26:51) and rather more localized on
the RuClCp fragment in the side conformer (Ru(dppe)Cp*:
RuClCp, side 12:73). Again, the LUMO is essentially bipyridyl
π* in character in all conformers of 14′ and 15′.
Attention was next turned to computational models of the

oxidation products [5′]+, [14′]+, and [15′]+ observed in the
spectroelectrochemical experiments, with geometry optimiza-
tion of each also resulting in the identification of conforma-
tional minima with up, down, and side structures lying close in
energy ([5′]+ bpy-down, ϕ = 175.47°, + 0.01 kJ mol−1; bpy-
side, ϕ = 86.55°, + 1.3 kJ mol−1; bpy-up, ϕ = 3.56°, 0 kJ mol−1;
[14′]+ bpy-down, ϕ = 160.80°, + 1.85 kJ mol−1; bpy-side, ϕ =
120.37°, 0 kJ mol−1; bpy-up, ϕ = −10.83°, +1.82 kJ mol−1;
[15′]+ bpy-down, ϕ = 174.65°, + 0.61 kJ mol−1; bpy-side, ϕ =
85.42°, + 6.39 kJ mol−1; bpy-up, ϕ = −4.13°, 0 kJ mol−1). The
conformers of [5′]+ give rise to ν(CC) bands at 1946 cm−1

(up, down) and 1960 cm−1 (side) of significantly reduced
intensity relative to the neutral analogue and account for the
weak, broad IR band observed for this species in spectroelec-
trochemical experiments (Figure 8). The ν(CC) vibration in
[14′]+ is also found as a weak feature spanning a much
narrower range of frequencies (up 1969 cm−1, down 1968
cm−1, side 1973 cm−1) and masked by the much stronger

Figure 15. Diagrams of the various conformations adopted by complex
5 (left) with corresponding HOMOs of the conformers of 5′ (right).

Figure 16. Plots of selected molecular orbitals of [14′]+ and [15′]+: (a) β-HOSO and (b) β-LUSO of [14′]+; (c) β-LUSO (d) β-HOSO of [15′]+
(isocontour value ±0.04 (e/bohr3)1/2).
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ν(CO) band calculated at 1982 cm−1. The difference in ν(C
C) frequencies for the conformers of [15′]+ ranges from 1982/
1981 cm−1 (up/down) to 2002 cm−1 (side), consistent with the
observation of a broad band somewhat lower in frequency than
that of the neutral system shown in Figure 10.
The compositions of the β-LUMOs, which are similar to

those of the HOMOs of the analogous neutral complexes
(Figure 15), perhaps provide the simplest description for the
effects of oxidation on this family of complexes and their
spectroscopic properties. Thus, both the HOMOs of the
conformers of 5′ (vide supra) and the β-LUMOs of conformers
of [5′]+ feature significant contributions from the Ru center,
with smaller contributions from the CC moieties ([5′]+ Ru/
CC (%): up 48/21; down 48/21; side 56/22) consistent
with the relatively small (ca. 40−60 cm−1) decrease in the
ν(CC) frequency observed on oxidation of 5 (Figure 8).
This compares with the 90−145 cm−1 shift observed on
oxidation of simpler arylalkynyl complexes of the Ru(dppe)Cp*
auxiliary with more pronounced arylalkynyl character in the
frontier orbitals.94 Similarly, substantial Ru contributions are
found in the β-LUMOs of [14′]+ ([14′]+ Ru/CC (%): up
51/17; down 51/17; side 56/18) accompanying a ca. −20 cm−1

shift in the ν(CC) band. The very electron rich RuCl(bpy)-
Cp moiety in 15, which features prominently in the HOMOs of
the conformers of 15′ (vide supra), also dominates the
composition of the β-LUMO in [15′]+ ([15′]+ Cp*(dppe)-
Ru/CC/RuCl(bpy)Cp (%): up 4/3/92 ; down 5/3/92; side
1/2/96) and is consistent with the small shift in the ν(CC)
band frequency (Δν(CC) = −15 cm−1). These descriptions
of electronic structure also support the interpretations of the
low-energy electronic transitions described above (Figures
11−14). The α-HOMO and β-HOMO are both largely
localized on the {Cp*(dppe)Ru−CC−} fragment ([15′]+
Cp*(dppe)Ru/CC (%): α-HOMO down 63/20; up 63/20;
side 74/24; β-HOMO down 59/18; up 59/18; side 74/24)
(Figure 16). This supports the interpretations of the electro-
chemical and IR data properties described above.

■ CONCLUSION
A series of alkynyl and bimetallic complexes of 4-ethynyl-2.2′-
bipyridine (1) have been synthesized, structurally characterized,
and studied by electrochemical and spectroelectrochemical
techniques. These are the first known examples of ruthenium σ-
alkynyl complexes of 1, and the structurally characterized
complexes presented here are the first known solid-state
structures of metal σ-alkynyl, coordination, and bimetallic
complexes of ligand 1.
The electrochemical behavior of many of these complexes

was studied, with σ-alkynyl and heterobimetallic complexes
revealing the expected [Ru]−CC−bpy ligand based
oxidation process. The electrochemical behavior of the
homobimetallic ruthenium complexes was also studied and
showed two reversible oxidation processes attributed to the two
metal centers.
Spectroelectrochemical experiments supported the assign-

ment of the first oxidation process to the [Ru−CC-bpy]
component of the molecule in the case of 5 and 14 and the
RuCl(bpy)Cp fragment in the case of 15. The presence of an
IVCT band in the UV−vis−NIR spectrum of [15]+ led to the
classification of this complex as a weakly coupled class II mixed-
valence compound, which is supported by calculations at the
DFT level of theory. Of most interest is the observation that
while a single geometric structural minimum is insufficient to

satisfactorily explain the observed spectroscopic features,
principally the multiple ν(CC) bands, a simple survey of
three key conformations, which are identified as minima on the
potential energy surface, is sufficient to provide a clear
rationalization of the spectroscopic behavior. The migration
from analyses of molecular structures and spectroscopic
properties based on a single energetic minimum to a select
set of relevant minima is likely to become routine practice in
the coming years.
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a b s t r a c t

A simple synthesis of complexes trans-[Ru(C≡CC6H4-4-R)2{P(OEt)3}4] from trans-[RuCl2{P(OEt)3}4] and
the terminal alkyne is described. Crystallographically determined molecular structures indicate a range
of conformers, with the ethynyl arylene rings differing in their orientation with respect to each other
across the Ru{P(OEt)3}4 fragment. Electrochemical analysis reveals a well-behaved one-electron oxida-
tion process, which is only some 100 mV more positive that the analogous trans-[Ru(C≡CC6H4-4-
R)2(dppe)2] complexes. Quantum chemical calculations reveal largely delocalised electronic structures
and suggest that these compounds may find use as wire-like molecules within single molecule
electronics.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The chemistry of trans-bis(alkynyl) complexes of ruthenium has
been extensively developed over the past decades, and whilst the
vast majority are supported by ancillary phosphine ligands [1e4],
examples with other supporting ligand sets, including, for example,
mixed phosphine-carbonyl [5,6] or N-heterocyclic carbene-
carbonyl [7] ligand sets, macrocyclic amines and dioxodiazama-
crocyles [8,9] are also known. In addition to finding extensive
application as building blocks and donors for the construction of
NLO active materials [10,11], including chemically and redox-
switchable examples [12,13], donor molecules within solar cells
[14e16] and applications as sensors [17], trans-[Ru(C≡CR)2(dppe)2]
[dppe ¼ 1,2-bis(diphenylphosphino)ethane] complexes systems
commonly feature in designs of metal-containing molecular wires
[18,19]. The development of mechanically controlled break-
junctions and molecular junctions based on the use of a scanning
tunnelling microscope (STM) tip to contact a single molecule now

allows the investigation of molecular compounds and complexes at
the molecular level as active components in prototypical electronic
devices [20,21]. In one of the earliest examples of these in-
vestigations, the single-molecule conductance of the organome-
tallic complex, trans-[Ru(C≡CC6H4-4-SAc)2(dppm)2] was compared
with that of the organic compound, AcSC6H4-4-C≡CC6H4-4-
C≡CC6H4-4-SAc in AujmoleculejAu junctions via the STM break
junction [22]. The organometallic complex exhibited a higher single
molecular conductance value (2.45 ± 0.90 " 10#4 G0 vs.
0.46 ± 0.26 " 10#4 G0), although the b decay constants calculated
using the STM apparent height method [23] of the two wires are
comparable (1.01 ± 0.25 Å#1 vs. 1.11 ± 0.18 Å#1). More recently, it
was shown that conductance histograms generated from trans-
[Ru(C≡CC6H4-4-C≡CSiMe3)2(dppe)2] and Me3SiC≡CC6H4-4-
C≡CC6H4-4-C≡CC6H4-4-C≡CSiMe3, by the I(s) method [24] were
simplified in comparison with the thiolate-contacted compounds,
with trimethylsilylethynyl binding groups giving only a single,
narrow conductance peak as the steric bulk of the termini restricts
the range of available, conductive contacts [25]. A higher conduc-
tance value was again obtained for the organometallic complex
(5.10 ± 0.99 10#5 G0) compared with the organic analogue [26].
Efforts are now being expended on the preparation and* Corresponding author.
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measurement of longer, multi-metallic organometallic wires of
ruthenium [27e29] and other metals [30e32] which have clearly
demonstrated the potential for organometallic compounds of this
trans-bis(alkynyl) type to find application in molecular electronic
platforms. Excitingly, the results of many years effort are now
beginning to show promise within genuine electronic devices
[21,33,34].

In seeking to optimise the performance of metal complex mo-
lecular wires based on trans-M(C≡CR)2Ln frameworks, attention
has been drawn to the role that the ancillary ligands Lmight play on
tuning alignment of the critical molecular orbitals with the elec-
trode Fermi levels [35]. Recently, both the Akita group [36] and our
own [37] have been attracted to the potential that trialkylphosphite
ligands might play as ancillary groups in such structures. The ma-
jority of synthetic routes to trans-bis(alkynyl) complexes bearing
tetrakis-trialkylphosphite fragments, trans-[Ru(C≡CR)2{P(OX)3}4]
(where X ¼ Me, Et) involve treatment of trans-[RuCl2{P(OX)3}4]
with alkynyl-lithium reagents and afford the bis(alkynyl) products
in ca. 35e45% yield [36,38]. Compounds prepared in this manner
include trans-[Ru(C≡CR)2{P(OEt)3}4] (R ¼ Ph ([1a]) [38], C6H4-4-Me
[38], tBu, [38]) and trans-[Ru(C≡CC5H4N-4)2{P(OMe)3}4] [36].
Despite being air-stable and obtained in high isomeric purity, the
bis(alkynyl) complexes are sensitive to reactions with electrophiles,
forming alkynyl-vinylidene complexes, which may then undergo
further rearrangement to form h3-butenynyl complexes [38,39],
necessitating care on protic work-up.

We have recently observed that the complex trans-[Ru(C≡C-
cyclo-3-C4H3S)2{P(OEt)3}4] can be readily obtained from the slow
reaction of trans-[RuCl2{P(OEt)3}4] with 3-ethynyl thiophene, KPF6
and NHiPr2 in ethanol at room temperature [37]. Here we give
further experimental details of this facile synthetic route to com-
plexes trans-[Ru(C≡CR)2{P(OEt)3}4] that allows the complexes to be
obtained in moderate to good yield. The crystallographically
determined structures of seven new examples of this class of
complex and electrochemical properties are described. Quantum
chemical calculations reveal rather extensively delocalised frontier
orbitals in these wire-like molecules.

2. Results and discussion

2.1. Syntheses

The key starting material for these studies, trans-[RuCl2{-
P(OEt)3}4], is readily obtained from RuCl3.nH2O and P(OEt)3 upon
treatment with NaBH4 [40]. Reaction of trans-[RuCl2{P(OEt)3}4]
with KPF6 (4 equivalents) and an excess of a terminal alkyne,
HC≡CR, in a mixed EtOH/NHiPr2 solvent resulted in the slow for-
mation of complexes trans-[Ru(C≡CR)2{P(OEt)3}4] (Scheme 1).

Although conversions took days to weeks to completion, the
resulting products were readily isolated from the reactions mix-
tures by precipitation and crystallisation and obtained in moderate
to good yields (34e85%), with the exception of the ethynylbenzo-
nitrile complex [1e]. The yield of [1e] (19%) was considerably lower
due to the formation of additional side products during the reaction
and presumably a consequence of competing coordination re-
actions of the nitrile group and formation of oligomers of poorly
defined composition. Similar complication are also known in
analogous chemistry of trans-Ru(dppe)2-based complexes [41].
Monitoring of the reactions by in situ 31P{1H} NMR spectroscopy
suggests that the formation of [1] proceeds via an intermediate
mono-alkynyl complex, trans-[RuCl(C≡CR){P(OEt)3}4], with reso-
nances from an intermediate complex comparable with the mono-
alkynyl tetrakis-triethylphosphite complex trans-[RuCl(C≡CC6H5)
{P(OEt)3}4] (31P{1H} NMR (CD2Cl2): d 132.3 ppm) [42], being
observed (Fig. S1).

Evidence for the formation of [1a-h] includes triplet and quartet
resonances in the 1H NMR spectra corresponding to the -CH3 and
-CH2- ethyl fragments (respectively) on the four equivalent phos-
phite groups about the ruthenium centre. Resonances occur be-
tween d 1.18e1.21 ppm (CH3) and d 4.25e4.32 ppm (CH2) with
mutual 3JHH couplings of 7 Hz. Singlet resonances in the 31P{1H}
NMR spectra, between d 136.2e139.5 ppm, support the trans-
arrangement of the alkynyl ligands. In the 13C{1H} NMR spectra,
quintet (or unresolved multiplet) resonances between
d 89.9e131.6 ppm for the Ru-C a-carbons coupled to the four cis-
phosphorus nuclei (2JCP ¼ 19e21 Hz), and singlet resonances be-
tween d 104.9e116.9 ppm for the Ru-C≡C b-carbons confirmed the
presence of the alkynyl ligand. In the IR spectra, n(RuC≡C) bands
observed between 2055 and 2147 cm"1 further support alkynyl
functionality. Finally, the structures [1b-h] have been determined
by single crystal X-ray diffraction studies, which confirmed the
structural assignments based on spectroscopy.

The use of alternative halide-abstracting agents in the formation
of [1b], by way of example, was also briefly examined. The analo-
gous reaction sequence to that shown in Scheme 1 but with NaPF6
rather than KPF6 gave [1b] in lower yield (56%) after a 13 day re-
action (c.f. 86% isolated yield from the reaction in Scheme 1). With
TlBF4 as the halide abstracting agent, the reaction sequence is again
similar, with slow generation of [1b] via the mono-alkynyl inter-
mediate. However, in this case, the conversion from the interme-
diate mono-alkynyl complex to the product trans-bis(alkynyl) was
not complete, even after the addition of excess TlBF4 and alkyne
and a reaction length of 14 days. Given the extreme toxicity of Tl(I)
salts, and subsequent increased difficulty of work-up procedures,
this route is not considered optimal. With AgOTf, a plethora of
unassigned resonances were observed in the in situ 31P NMR
spectrum, evincing a complex mixture of products in solution. The
propensity of Ag(I) salts to coordinate to other species in the re-
action mixture (such as chlorides and alkynes) has been previously
demonstrated [43e45], and similar processes are likely associated
with the range of compounds observed here.

2.2. Molecular structures

Single crystal X-ray structure determinations have been made
for trans-[Ru(C≡CPh)2{P(OEt)3}4] ([1b]), trans-[Ru(C≡CC6H4-4-
C≡CSiMe3)2{P(OEt)3}4] ([1c]) as a CHCl3 solvate, trans-
[Ru(C≡CC6H4-4-CO2Me)2{P(OEt)3}4] ([1d]) as a CH2Cl2 solvate,
trans-[Ru(C≡CC6H4-4-C≡N)2{P(OEt)3}4] ([1e]), trans-[Ru(C≡CC6H4-
4-NO2)2{P(OEt)3}4] ([1f]), trans-[Ru(C≡CC6H4-4-C5H11)2{P(OEt)3}4]
([1g]) and trans-[Ru(C≡CC6H4-4-OMe)2{P(OEt)3}4] [1h], with
important bond lengths and bond angles summarised in Table 1
and Table 2. The atom labelling scheme is shown in Fig. 1, and theScheme 1. The preparation of complexes [1a-h].
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definition of the angles qa and qa
0
shown in Fig. 2. Plots of other

molecules are given in the Supporting Information.
Although the mixed alkynyl-vinylidene complex, trans-

[Ru(C≡CC6H5)(¼C¼C(Me)C6H5){P(OEt)3}4]OTf, has been structur-
ally characterised [38], the series of complexes [1b - h] represents
the first structurally characterised trans-bis(alkynyl) derivatives of
the type trans-[Ru(C≡CR)2{P(OR)3}4]. For all cases, [1b - h], the P-
Ru-P bond angles between cis-phosphines (ca. 90") and those be-
tween trans-phosphines (ca. 180") in addition to ≡C-Ru-C≡ angles
(ca. 180"), indicate the octahedral geometry about the ruthenium
centre, in agreement with the previously published alkynyl-
vinylidene complex [38].

Orpen and Connelly have summarised geometric variations in a
series of metal-phosphine and phosphite complexes, and similar
trends are observed here [46]. In general, the M-PX3 (X ¼ R, OR;
R ¼ alkyl, aryl) bond length increases upon oxidation of the metal
centre, evincing M-PX3 p-back-bonding. The P-X bonds are corre-
spondingly shortened on oxidation, implicating P(s*), the pre-
dominantly anti-bonding combination of P(3px,y) with X(s), as the
acceptor orbital in the back-bonding model. The P(s*) orbital is
lowered in energy when X is more electronegative and the PX3
fragment is made more pyramidal as stabilising overlap between
P(3px,y) and X(s) decreases when the X atoms move out of the xy

plane. As a result, the p-accepting character of P(OEt)3 (Tolman
cone angle 109") [47] is expected to be far superior than PPh3
(Tolman cone angle 145") and other related ligands bearing aro-
matic fragments, such as dppe and dppm. Hence for the crystallo-
graphically determined complexes [1b-h], variations in Ru-P bond
lengths are anticipated to reflect the degree of Ru-P p-back-
bonding.

The angles qa and qa
0
(Fig. 2, Table 1) provide a convenient proxy

measure for the alignment of the aryl p-systems, Ar(p), with Ru(d)
on geometric grounds. Given the difficulty in defining a unique
value for q, with two indistinguishable aryl rings and four indis-
tinguishable phosphite groups, qa and qa

0
values reported here

represent the smallest Cortho-Cipso-Ru-P(any) torsion angles (irre-
spective of sign) measured for each of the two ring fragments
(Fig. 2). Therefore, in this case, angles close to 0" represent the most
effective M(d)-C≡C-Ar(p) overlaps and hence greatest correlation
of structural and electronic properties [48]. As an indication of the
extent of delocalisation, qp values, representing the angle between
planes containing the aryl ring fragments, are also given in Table 1.
Angles with a higher deviation from 0" (perfectly ‘aligned’ ring
systems) reflect more twisted conformations.

With the exception of [1h] (qp ¼ 13.9"), and perhaps [1c]
(qp ¼ 22.2") and [1f] (qp ¼ 26.0"), the phenylene rings in these bis-

Table 1
Selected bond distances (Å), Cortho-Cipso-Ru-P(any) torsion angles (qa, qa

0
/") and angles betweenplanes containing the aryl-ring fragments (qp/") for trans-[Ru(C≡CR)2{P(OEt)3}4]

complexes [1b ¡ h].

Complex R Ru-C1 Ru-C3 C1≡C2 C3≡C4 Ru-P Ru-Pavg qa, qa
0

qp

[1b]a C6H5 2.066(3) e 1.207(4) e 2.3166(9), 2.3245(9) 2.323 #12.2, 40.8 61.2
[1c] C6H4-4-C≡CSiMe3 2.056(3) 2.062(4) 1.218(5) 1.214(5) 2.327(1), 2.328(1),

2.316(1), 2.309(1)
2.320 23.8, 42.0 22.2

[1d] C6H4-4-CO2Me 2.050(5) e 1.217(7) e 2.292(3), 2.300(3),
2.322(3), 2.331(3)

2.311 16.3, #22.6 83.6

[1e] C6H4-4-C≡N 2.053(3) 2.052(3) 1.213(4) 1.213(4) 2.3155(7), 2.3156(7),
2.3161(7), 2.3170(7)

2.316 9.4, #27.2 79.7

[1f] C6H4-4-NO2 2.059(2) 2.063(2) 1.214(3) 1.214(3) 2.3161(6), 2.3167(6),
2.3176(6), 2.3199(6)

2.318 #39.1,22.9 26.0

[1g] C6H4-4-C5H11 2.072(2) 2.075(2) 1.210(3) 1.218(3) 2.3129(6), 2.3133(6),
2.3175(6), 2.3178(5)

2.315 16.4, 22.6 69.7

[1h] C6H4-4-OMe 2.078(2) 2.066(2) 1.207(3) 1.204(3) 2.3041(6), 2.3061(6),
2.3123(6), 2.3138(6)

2.309 29.3,#18.2 13.9

planar-[1h’] C6H4-4-OMe 2.089 2.089 1.223 1.223 2.351, 2.352,
2.354, 2.355,

2.353 21.9, #18.6 3.9

perp-[1h’] C6H4-4-OMe 2.089 2.089 1.223 1.223 2.351, 2.352,
2.353, 2.353

2.352 23.3, #23.1 #89.9

a From one component of the disorder model.

Table 2
Selected bond angles (") for trans-[Ru(C≡CR)2{P(OEt)3}4], [1b ¡ h].

Complex R C3-Ru-C1 Ru-C1-C2 Ru-C3-C4 P-Ru-P (cis) P-Ru-P (trans)

[1b] C6H5 180.0 180.0 180.0 90.27(4), 89.74(4) 179.93(6),
171.46(5)

[1c] C6H4-4-C≡CSiMe3 178.8(1) 178.5(3) 179.6(3) 89.99(3), 91.56(4),
89.97(4), 89.23(4)

172.17(4),
174.39(4)

[1d] C6H4-4-CO2Me 179.8(4) 178.8(6) 179.8(4) 90.36(12), 89.69(10),
89.37(11), 92.17(11)

172.25(10),
167.90(10)

[1e] C6H4-4-C≡N 179.5(1) 175.2(2) 178.6(2) 89.76 (3), 90.29(3),
89.80(3), 91.09(3)

173.03(3),
172.13(3)

[1f] C6H4-4-NO2 178.7(1) 176.3(2) 178.7(2) 88.87(2), 89.89(2),
91.33(2), 90.70(2)

173.39(2),
172.87(2)

[1g] C6H4-4-C5H11 178.3(1) 177.7(2) 176.5(2) 89.31(2), 91.91(2),
90.68(2), 88.83(2)

174.43(2),
172.44(2)

[1h] C6H4-4-OMe 177.7(2) 178.8(2) 175.7(2) 89.25(2), 89.34(2),
90.75(2), 92.44(2)

168.56(2),
170.81(2)

planar-[1h’] C6H4-4-OMe 179.7 179.3 179.22 89.97, 90.10,
90.27, 90.30

173.88,
174.07

perp-[1h’] C6H4-4-OMe 179.9 179.6 180.0 90.18, 90.18,
90.18, 90.20,

173.44,
173.43
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aryl acetylide complexes [1] do not lie in the same plane (with qp

values within the range 61.2e87.6!). In addition, complexes [1]
generally display qa and qa

0
values between ca. 20e40!, and hence

the Ar(p) systems and Ru(d) orbitals are not aligned for optimal
overlap through the alkynyl p-system. In addition, whilst [1e]
shows alignment of one Ar(p) systemwith Ru(d) (qa/qa

0
¼ 9.4!), the

second ring is not aligned, (qa/qa
0
¼ # 27.2!, qp ¼ 79.7). For these

reasons, it is unsurprising to find that a definitive trend between
Ru-Pavg and the electronic character of the aryl substituent does not
exist. For example, the un-substituted complex [1b] has the longest
Ru-Pavg bond length (2.321 Å) of the series. For all structures [1b-h],
the Ru-C(1, 3) bond lengths are consistent with single bond char-
acter, although complexes containing electron withdrawing para-
substituents on the aromatic ring ([1c, 1d, 1e, 1f]) are found to have

generally shorter lengths (2.050(5)e2.059(2) Å) than those bearing
electron donating para-substituents ([1g, h] 2.072(2)e2.078(2) Å),
evincing an electronic substituent effect, possibly propagated
through the s-framework. In this case, the un-substituted complex,
[1b], has a Ru-C(1) bond length between these two ranges (2.066(3)
Å). For all cases, the C≡C bond lengths are consistent with triple
bond character. Differences in C≡C bond lengths as a result of the R
substituent are found to be within statistical error.

2.3. Electrochemistry

The electrochemical responses of trans-bis(alkynyl) tetrakis-
triethylphosphite complexes [1a-h] in CH2Cl2 solutions containing
0.1 M [NnBu4]PF6 were examined by cyclic voltammetry (Table 3).
Potentials are quoted against the ferrocene/ferrocenium couple ([Fe
{h5-C5H5}2]/[Fe{h5-C5H5}2]þ ¼ 0.00 V) using an internal deca-
methylferrocene/decamethylferrocenium reference ([Fe{h5-
C5Me5}2]/[Fe{h5-C5Me5}2]þ ¼ # 0.48 V) [49,50]. These data repre-
sent the first electrochemical exploration of trans-bis(alkynyl)
complexes containing the trans-[Ru(C≡CR)2{P(OEt)3}4] motif.

Electrochemical reversibility describes the experiment where
the rate of electron transfer is mass transport limited, and charac-
terised by ipa/ipcz 1, DEpz 60mV and ipf n1/2 (where ipa¼ anodic
peak current; ipc¼ cathodic peak current;DEp¼ jEpce Epaj, n¼ scan
rate. The trans-bis(alkynyl) complexes [1a-g] exhibit two oxidation
events. In addition, the nitro-phenyl complex [1f] exhibits a
reduction wave, assigned to the closely occurring independent re-
ductions of the two nitro groups on the basis of the higher peak
current, and large DEp value (220 mV) in comparison with the in-
ternal standard (60 mV). The complex [1h], which contains the
most electron donating substituent, exhibits three oxidation
events. There was evidence of electrochemical-chemical (EC)
behavior in the first oxidation process of [1a] with ipa > ipc at room
temperature, and additional electrochemical processes indicative
of new chemical species being observed on the reverse scan when
conducting the experiment. At reduced temperatures (ca. e20 !C),
current ratios approached unity, indicating improvements to the
chemical reversibility. The second oxidation processes (and third
for [1h]) are irreversible at all temperatures.

The electronic effects of the R group onmolecular properties are
expected to be more apparent in the solution state over the solid
state, as a result of greater conformational freedom, which permits
better overlap and conjugation through the molecular backbone.
The first oxidation potentials (E1/2(1)) span a 500 mV range
(Table 3), and display a clear dependence on the electronic char-
acteristics of the aryl substituent. As with other ruthenium alkynyl
complexes [51], the oxidation processes are presumably largely
centered on the alkynyl ligand(s). Similar trends in redox potentials
are also displayed in trans-bis(alkynyl) complexes containing the
{Ru(dppe)2} motif [48]. These {Ru{P(OEt)3}4} containing complexes
have higher (more positive) oxidation potentials (by ca. þ 0.10 V),
than the analogous {Ru(dppe)2} complexes reflecting the increased
p-accepting character of phosphite ligands [46,48]. In contrast, E1/
2(2) is less sensitive to the nature of the R group, where values fall
within a narrower 150mV range. The additional anodic redox event
observed for [1h] is thought to arise as a result of the strongly
electron donating alkynyl fragments and {Ru{P(OEt)3}4} although
assignment to a ligand or metal based process is not obvious.

The plots of E1/2(1) vs Hammett parameter (sp) [52] are decid-
edly non-linear as is found for other parameters arising from
organometallic metal acetylide complexes [53,54]. This likely arises
from the decidedly mixed (M(d)-C≡C-Ar(p)) electronic character of
the metal alkynyl complexes and non-additive effects of trans-
disposed ligands [3,55], in addition to the effects of solvation and
ion-pairing on electrode potentials that are not well captured by

Fig. 1. A plot of a molecule of 1h, with hydrogen atoms and one component of a
disordered ethyl group omitted for clarity, showing the atom labelling scheme. Ellip-
soids are drawn at the 50% probability level. Crystallographic data for the structure
were collected at 100(2) K on an Oxford Diffraction Gemini diffractometer with Mo Ka
radiation. One ethyl group was modeled as being disordered over two sets of sites with
occupancy factors constrained to 0.5 after trial refinement. Geometries and displace-
ment parameters of the disordered components were restrained to reasonable values.

Fig. 2. Representation of angles qa and qa
0
in trans-[Ru(C≡CR)2{P(OEt)3}4] complexes

([1b-h]), as being the smallest Cortho-Cipso-Ru-P(any) torsion angles (irrespective of
sign) calculated for each of the two aryl rings (depicted as red and blue lines) on the
trans-bis(aryl) alkynyl fragments. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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the Hammett parameters. Various attempts have been made arrive
at more ‘electrochemically relevant’ parameters, most notably
those by Lever [56] and Pickett [57]. However, these schemes as-
sume metal-based oxidation and whilst excellent in the case of
Werner-style coordination complexes and organometallic com-
plexes with well-defined metal-based oxidation processes [58],
they are largely ill-suited to the ligand-based oxidation processes
associated with complexes such as those described here [48,59].

2.4. Quantum chemical calculations

To better understand the electronic structure of complexes
trans-[Ru(CCR)2{P(OEt)3}4] we turned to quantum chemical calcu-
lations of a simplified model of [1h], in which the ethyl groups of
the phosphite ligands were replaced by methyl groups. The
simplified computational model complex, trans-[Ru(C≡CC6H4-4-
OMe)2{P(OMe)3}4] is denoted [1h’] for clarity. Geometry optimi-
sation (CAM-B3LYP/LAN2DZ (Ru), 6-31G** all other atoms/COS-
MO(CH2Cl2) solvent model) was undertaken with two close lying
minima being identified. One of these minima, denoted planar-
[1h’] is remarkably similar to the crystallographically determined
structure (Table 1), with the anisole rings being close to co-planar
(qp ¼ 3.9") and almost aligned with a Ru-P bond (qa,
qa
0
¼ 21.9,#18.6"). A secondminimum, only some 0.99 kJ/mol lower

in energy features anisole rings that are essentially orthogonal
(qp ¼ 89.9") and hence denoted perp-[1h’]. Geometries similar to
perp-[1h’] are found in the crystallographic structures of [1d] and
[1e] and it is very likely that the structures adopted in the crystal
state owe more to crystal packing then any significant electronic
effect.

Plots of the HOMO and LUMO of each conformer are given in
Fig. 3, and the energy and composition (%) of key frontier orbitals
are given in Table 4. For the lowest energy conformer, perp-[1h’] a
degenerate pair of orbitals that mix the ethynyl ligand p and Ru(d)
orbitals and are distributed over the molecular framework form the
HOMO and HOMO-1. Thus, despite the orthogonal arrangement of
the anisole rings, the cosine-like dependence of the overlap of the
anisole p, ethynyl p and Ru(d) orbitals mediates the extended
delocalisation. In the case of planar-[1h’], the HOMO is well
removed from the other orbitals in the occupied manifold, but also
delocalised across the molecular backbone. In each conformer the
LUMO is comprised of the ethynyl anisole p* system.

Given the significant contribution of the ethynyl aromatic li-
gands to the HOMO(s) of these conformers of [1h’] it is very likely
that the one-electron oxidation products of complexes [1] can be
better described in terms of oxidation of the organic ligands, rather
than in terms of Ru(II/III) couples.

3. Conclusion

Complexes of the general form trans-[Ru(C≡CR)2{P(OEt)3}4] are
readily obtained from trans-[RuCl2{P(OEt)3}4], the terminal alkyne
HC≡CR and KPF6 in moderate to good yield, albeit over long reac-
tion times; work-up is simple and the complexes obtained in good
purity, and are readily crystallised. The compounds [1a e h] un-
dergo a well-behaved one-electron oxidation at potentials only
some 100 mV more positive than the well-known trans-
[Ru(C≡CR)2(dppe)2] analogues. Quantum chemical calculations
indicate extended delocalisation of p-type orbitals across the mo-
lecular backbone, whichwhen coupled with the ability to introduce
a range of surface binding groups through the mild synthetic
methods described here, makes these complexes attractive candi-
dates for the further development of metal-containing molecular
wires.

4. Experimental

4.1. General considerations

All reactions were carried out under a dry, high-purity, nitrogen
environment using oven dried (119 "C) glassware and standard
Schlenk techniques, although no special precautions were taken in
order to exclude air or moisture during work-up. The reaction
solvent EtOH was dried over dry magnesium turnings and iodine
whilst NHiPr2 was dried over KOH and CH2Cl2 was dried over CaH2.
All other solvents were reagent grade and used without further
purification. The compounds HC≡CC6H4-4-NO2 [60], HC≡CC6H4-4-

Table 3
Selected electrochemical data (V) of [1a-h] from solutions in 0.1 M [NBu4][PF6]/CH2Cl2 at room temperature.

Complex R E1/2(1) E1/2(2) E1/2(3) E1/2(red) DE1-2 DE2-3

[1a] C4H9 #0.09b 0.83c e e 0.92 e

[1b] C6H5 0.09a 0.85c e e 0.76 e

[1c] C6H4-4-C≡CSiMe3 0.14a 0.89c e e 0.75 e

[1d] C6H4-4-CO2Me 0.19a 0.88c e e 0.69 e

[1e] C6H4-4-CN 0.30a 0.83c e e 0.53 e

[1f] C6H4-4-NO2 0.38a 0.93c e #1.73d 0.55 e

[1g] C6H4-4-C5H11 0.02a 0.74c e e 0.72 e

[1h] C6H4-4-OMe #0.11a 0.39c 0.81c e 0.50 0.42

a Reversible.
b Reversibility improves at lower temperatures (#20 "C).
c Irreversible.
d Two-electron redox event.

Fig. 3. Plots of the HOMO and LUMO of planar-[1h’] (left) and perp-[1h’] (right) with
surfaces shown at 0.02 (e/bohr3)1/2.
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CN, HC≡CC6H4-4-CO2Me [60], HC≡CC6H4-4-C≡CSiMe3 [26], TlBF4
[61], and trans-[RuCl2{P(OEt)3}4] [40] were synthesized by litera-
ture methods. All other reagents were commercially available and
used as received.

NMR spectra were recorded at 25! C on Varian Inova 300 (1H,
300.2 MHz; 31P, 121.5 MHz) or Bruker Avance 600 (1H, 600.1 MHz;
13C, 150.9 MHz; 31P, 242.9 MHz) spectrometers. Chemical shifts
were determined relative to internal residual solvent signals (1H,
d ¼ 7.26 ppm; 13C, d ¼ 77.2 ppm) or external 85% H3PO4 (31P,
d ¼ 0.0 ppm) [62,63]. FT-IR spectra were measured on a Nicolet
Avatar 6700 or an Agilent Technologies Cary 660 spectrophotom-
eter from solutions in CH2Cl2 in a thin layer cell fitted with CaF2
windows. ESI-MS and APCI-MS were recorded on a Waters LCT
Premier XE mass spectrometer in positive ion mode from solutions
in methanol. Elemental analyses were carried out at London
Metropolitan University.

Cyclic voltammetry was carried out using a Versastat 3 poten-
tiostat with a platinum disc working electrode, a platinum wire
counter electrode, and a platinumwire pseudo-reference electrode,
from solutions in CH2Cl2 containing 0.1 M [NnBu4]PF6 as the elec-
trolyte. Potentials are reported vs. the ferrocene/ferrocenium
couple ([Fe(h5-C5H5)2]/[Fe(h5-C5H5)2]þ ¼ 0 V) using a deca-
methylferrocene/decamethylferrocenium internal standard
([Fe(h5-C5Me5)2]/[Fe(h5-C5Me5)2]þ ¼ $ 0.48 V).

4.2. Syntheses of {Ru{P(OEt)3}4} complexes and characterisation
data

4.2.1. Synthesis of trans-[Ru(C≡CC4H9)2{P(OEt)3}4], [1a]
A mixture of trans-[RuCl2{P(OEt)3}4] (0.21 g, 0.25 mmol), KPF6

(0.25 g, 1.3 mmol) and HC≡CC4H9 (0.18ml, 1.6 mmol) in EtOH (5 ml)
and NHiPr2 (2.5 ml) was stirred under N2 for 15 days (or until all
mono-alkynyl was converted to the bis-alkynyl complex in solution,
monitored by unlocked 31P{1H} NMR spectroscopy). The solution
colour changed from yellow to orange/brown over the reaction
period and a white solid precipitated. The reaction solvents were
removed under high vacuum, yielding a brown oily residue. A
minimum amount of MeOH (ca. 3 ml) was added to the residue and
solution stirred until a white solid separated out (ca. 5 min). The
solution was left in an ice bath for ca. 20 min, to complete precip-
itation, before filtering. The collected white solid was washed with
minimum cold MeOH (3 % 8 ml) and vacuum dried (0.10 g, 45%). IR
(CH2Cl2, cm$1): 2098 n(RuC≡C). 1H NMR (CDCl3, 300 MHz) d/ppm:
0.83 (t, J ¼ 7 Hz, 6H, H6), 1.19 (t, J ¼ 7 Hz, 36H, CH3, P(OEt)3), 1.26
(quin., J ¼ 7 Hz, 4H, H4), 1.36 (sex., J ¼ 7 Hz, 4H, H5), 2.10 (t, J ¼ 7 Hz,
4H, H3), 4.27 (quar., J ¼ 7 Hz, 24H, CH2, P(OEt)3). 31P{1H} NMR

(CDCl3, 300 MHz) d/ppm: 139.5 (s, Ru{P(OEt)3}4). 13C{1H} NMR
(CDCl3, 600 MHz) d/ppm: 14.2 (s, C6), 16.5 (s, CH3, P(OEt)3), 22.3 (s,
C5), 22.4 (s, C3), 33.4 (s, C4), 60.8 (s, CH2, P(OEt)3), 89.9 (quin.,
J ¼ 20 Hz, C1), 109.3 (s, C2). ESI(þ)-MS (m/z): 929
[Ru(C≡CC4H9)2{P(OEt)3}4 þ H]þ, 888 [Ru(C≡CC4H9)
{P(OEt)3}4 þMeCN]þ, 879 [Ru(C≡CC4H9){P(OEt)3}4 þMeOH]þ, 847
[Ru(C≡CC4H9){P(OEt)3}4]þ.

4.2.2. Synthesis of trans-[Ru(C≡CC6H5)2{P(OEt)3}4], [1b]
A mixture of trans-[RuCl2{P(OEt)3}4] (0.15 g, 0.18 mmol), KPF6

(0.13 g, 0.73 mmol) and HC≡CC6H5 (0.2 ml, excess) in EtOH (5 ml)
and NHiPr2 (2 ml) was stirred under N2 for 11 days (or until all
mono-alkynyl converted to the bis-alkynyl complex in solution,
monitored by unlocked 31P{1H} NMR spectroscopy). The solution
colour changed from yellow to orange over the reaction period and
a white solid precipitated. The reaction solvents were removed
under high vacuum, yielding an orange/brown residue. The residue
was extracted with minimum CH2Cl2, filtered through Celite to
remove reaction salts and concentrated to dryness by rotary
evaporation, yielding an orange/brown residue. A minimum
amount of MeOH (3 ml) was added to the residue and solution left
in the fridge for ca. two hours to aid precipitation of a white solid.
The solid was collected by filtration, washed with cold MeOH
(3 % 10 ml) and air-dried (0.15 g, 85%). The precipitate may be
further purified by recrystallisation from CH2Cl2/MeOH layer
diffusion, yielding large white crystals suitable for X-ray crystal-
lography. IR (CH2Cl2, cm$1): 2076 n(RuC≡C). 1H NMR (CDCl3,
600 MHz) d/ppm: 1.21 (t, J ¼ 7 Hz, 36H, CH3, P(OEt)3), 4.31 (quar.,
J ¼ 7 Hz, 24H, CH2, P(OEt)3), 6.94 (t, J ¼ 7 Hz, 2H, H6), 7.03 (d,
J ¼ 8 Hz, 4H, H4), 7.11 (t, J ¼ 7 Hz, 4H, H5). 31P{1H} NMR (CDCl3,
300 MHz) d/ppm: 138.2 (s, Ru{P(OEt)3}4). 13C{1H} NMR (CDCl3,
600 MHz) d/ppm: 16.6 (s, CH3, P(OEt)3), 61.0 (s, CH2, P(OEt)3), 113.8
(s, C2), 116.7 (quin., J ¼ 20 Hz, C1), 122.5 (s, C6), 130.1 (s, C4), 131.5 (s,
C3). ESI(þ)-MS (m/z): 969 [Ru(C≡CC6H5)2{P(OEt)3}4]þ, 868
[Ru(C≡CC6H5){P(OEt)3}4]þ. Anal. Found: C, 49.37; H, 7.16. Calc for
C40H70O12P4Ru: C, 49.57; H, 7.29%.

4.2.3. Synthesis of trans-[Ru(C≡CC6H4-4-C≡CSiMe3)2{P(OEt)3}4],
[1c]

A mixture of trans-[RuCl2{P(OEt)3}4] (0.12 g, 0.15 mmol), KPF6
(0.12 g, 0.65 mmol) and HC≡CC6H4-4-C≡CSiMe3 (0.089 g,
0.45 mmol) in EtOH (4 ml) and NHiPr2 (1.5 ml) was stirred under N2
for 17 days (or until all mono-alkynyl converted to the bis-alkynyl
complex in solution, monitored by unlocked 31P{1H} NMR spec-
troscopy). The solution colour changed from yellow to orange over
the reaction period and a white solid precipitated. The reaction

Table 4
The energy (e/eV) and composition (%) of selected molecular orbitals of planar-[1h’] and perp-[1h’].

eV Ru C(1)C(2) C6H4OMe-1a C(3)C(4) C6H4OMe-2b POMe3

planar-[1h’]
LUMOþ2 1.35 0 1 49 0 48 1
LUMOþ1 1.29 1 3 50 4 40 2
LUMO 1.14 2 9 38 9 39 2
HOMO $6.02 20 21 21 18 18 2
HOMO-1 $6.49 0 18 24 21 30 7
HOMO-2 $6.67 39 23 1 30 2 5
perp-[1h’]
LUMOþ2 1.35 1 1 14 3 80 2
LUMOþ1 1.23 2 12 67 3 15 2
LUMO 1.22 2 3 15 12 67 2
HOMO $6.15 18 14 12 26 25 4
HOMO-1 $6.15 18 26 25 14 12 4
HOMO-2 $7.16 17 31 10 24 7 11

a The anisole group bonded to C(2).
b The anisole group bonded to C(4).
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solvents were removed under high vacuum, yielding a brown oily
residue. The residue was extracted with minimum CH2Cl2, filtered
through Celite to removed reaction salts and concentrated to dry-
ness by rotary evaporation, yielding a brown oily residue. The
residue was re-extracted with hexanes and filtered until extracts
ran clear. The hexanes extracts were concentrated to dryness,
yielding an orange solid. The orange solid was extracted a final time
with minimum CH2Cl2 and filtered through a small alumina plug
(basic, oven-dried). The first orange/yellow fraction was collected,
concentrated to dryness yielding an orange solid, washed with
minimum cold MeOH (3 ! 3 ml) and air-dried (0.072 g, 43%).
Crystals suitable for single crystal X-ray crystallography were
grown from a CHCl3/MeOH layer diffusion at reduced temperature
("18 #C). IR (CH2Cl2, cm"1): 2147 n(C≡CSiMe3), 2068 n(RuC≡C). 1H
NMR (CDCl3, 600 MHz) d/ppm: 0.22 (s, 18H, SiMe3), 1.18 (t, J ¼ 7 Hz,
36H, CH3, P(OEt)3), 4.27 (quar., J ¼ 7 Hz, 24H, CH2, P(OEt)3), 6.91 (d,
J ¼ 8 Hz, 4H, H4), 7.21 (d, J ¼ 8 Hz, 4H, H5). 31P{1H} NMR (CDCl3,
300 MHz) d/ppm: 137.6 (s, Ru{P(OEt)3}4). 13C{1H} NMR (CDCl3,
600 MHz) d/ppm: 0.3 (s, SiMe3), 16.6 (s, CH3, P(OEt)3), 61.0 (s, CH2,
P(OEt)3), 93.5 (s, C8), 106.5 (s, C7), 114.8 (s, C3), 116.4 (s, C2), 123.3
(quin., J ¼ 20 Hz, C1), 129.8 (s, C4), 131.7 (s, C5). APCI(þ)-MS (m/z):
1161 [Ru(C≡CC6H4-4-C≡CSiMe3)2{P(OEt)3}4 þ H]þ, 963
[Ru(C≡CC6H4-4-C≡CSiMe3){P(OEt)3}4]þ. Anal. Found: C, 51.90; H,
7.46. Calc. for C50H86O12P4RuSi2: C, 51.71; H, 7.47.

4.2.4. Synthesis of trans-[Ru(C≡CC6H4-4-CO2Me)2{P(OEt)3}4], [1d]
A mixture of trans-[RuCl2{P(OEt)3}4] (0.17 g, 0.20 mmol), KPF6

(0.23 g, 1.2 mmol) and HC≡CC6H4-4-COOMe (0.21 g, 1.3 mmol) in
EtOH (5 ml) and NHiPr2 (2 ml) was stirred under N2 for 20 days (or
until all mono-alkynyl was converted to the bis-alkynyl complex in
solution, monitored by unlocked 31P{1H} NMR spectroscopy). The
solution colour changed from yellow to orange/brown over the
reaction period and a white solid precipitated. The reaction sol-
vents were removed under high vacuum, yielding a brown oily
residue. The residue was extracted with minimum CH2Cl2, filtered
through Celite to remove reaction salts and concentrated to dryness
by rotary evaporation, yielding an orange/brown oily residue. A
minimum amount of MeOH (2.5 ml) was added to the residue and
solution left in an ice bath to aid precipitation of a yellow solid (ca.
30 min). The solid was collected by filtration, washed with mini-
mum cold MeOH (3 ! 10 ml) and air-dried (0.12 g, 56%). Large,
yellow, needle-like crystals, suitable for X-ray crystallography, were
grown from a CH2Cl2/MeOH layer diffusion. IR (CH2Cl2, cm"1): 2066
n(RuC≡C), 1706 n(C¼O), 1594 n(C¼C). 1H NMR (CDCl3, 300 MHz) d/
ppm: 1.19 (t, J ¼ 7 Hz, 36H, CH3, P(OEt)3), 3.86 (s, 6H, OCH3), 4.28
(quar., J¼ 7 Hz, 24H, CH2, P(OEt)3), 7.02 (d, J¼ 8 Hz, 4H, H4), 7.80 (d,
J¼ 8 Hz, 4H, H5). 31P{1H} NMR (CDCl3, 300MHz) d/ppm: 137.3 (s, Ru
{P(OEt)3}4). 13C{1H} NMR (CDCl3, 600 MHz) d/ppm: 16.5 (s, CH3,
P(OEt)3), 51.9 (s, OCH3), 61.1 (s, CH2, P(OEt)3), 115.4 (s, C2), 123.7 (s,
C3), 127.9 (quin., J ¼ 20 Hz, C1), 129.4 (s, C5), 130.0 (s, C4), 136.0 (s,
C6), 167.7 (s, C¼O). APCI(þ)-MS (m/z): 1085 [Ru(C≡CC6H4-4-
COOMe)2{P(OEt)3}4 þ H]þ, 925 [Ru(C≡CC6H4-4-COOMe)
{P(OEt)3}4]þ. Anal. Found: C, 48.64; H, 6.86. Calc. for
C44H74O16P4Ru: C, 48.70; H, 6.88%.

4.2.5. Synthesis of trans-[Ru(C≡CC6H4-4-CN)2{P(OEt)3}4], [1e]
A mixture of trans-[RuCl2{P(OEt)3}4] (0.21 g, 0.25 mmol), KPF6

(0.11 g, 0.59 mmol) and HC≡CC6H4-4-C≡N (0.076 g, 0.60 mmol) in
EtOH (4 ml) and NHiPr2 (2 ml) was stirred under N2 for 1 month.
The solution colour changed from yellow to orange/brown over the
reaction period and a white solid precipitated. The reaction sol-
vents were removed under high vacuum, yielding a brown oily
residue. The residue was extracted with minimum CH2Cl2, filtered
through a cotton wool pipette to remove reaction salts and
concentrated to dryness by rotary evaporation, yielding an orange/

brown oily residue. A minimum amount of MeOH (ca. 3 ml) was
added to the residue and solution left to in the fridge for 24 h to aid
precipitation of an orange solid. The orange solid was collected by
filtration, washed with minimum cold MeOH (3 ! 3 ml) and air-
dried (0.040 g, 19%). The precipitate may be further purified by
recrystallisation from CHCl3/MeOH layer diffusion, yielding yellow
needles suitable for X-ray crystallography. IR (CH2Cl2, cm"1): 2234
n(C≡N), 2219 n(C≡N), 2065 n(RuC≡C), 1606 n(C¼C), 1591 n(C¼C). 1H
NMR (CDCl3, 300 MHz) d/ppm: 1.19 (t, J ¼ 7 Hz, 36H, CH3, P(OEt)3),
4.25 (quar., J ¼ 7 Hz, 24H, CH2, P(OEt)3), 7.01 (d, J ¼ 8 Hz, 4H, H4),
7.37 (d, J ¼ 8 Hz, 4H, H5). 31P{1H} NMR (CDCl3, 300 MHz) d/ppm:
136.8 (s, Ru{P(OEt)3}4). 13C{1H} NMR (CDCl3, 600 MHz) d/ppm: 16.5
(s, CH3, P(OEt)3), 61.1 (s, CH2, P(OEt)3), 104.9 (s, C2), 115.1 (s, C3),
120.4 (s, CN), 130.2 (s, C4), 131.6 (quin., J ¼ 20 Hz, C1), 131.9 (s, C5),
135.5 (s, C6). ESI(þ)-MS (m/z): 1019 [Ru(C≡CC6H4-4-
C≡N)2{P(OEt)3}4 þ H]þ.

4.2.6. Synthesis of trans-[Ru(C≡CC6H4NO2)2{P(OEt)3}4], [1f]
A mixture of trans-[RuCl2{P(OEt)3}4] (0.10 g, 0.12 mmol), KPF6

(0.086 g, 0.47 mmol) and HC≡CC6H4-4-NO2 (0.044 g, 0.30 mmol) in
EtOH (5 ml) and NHiPr2 (2 ml) was stirred under N2 for 24 days. The
solution colour changed from orange to brown over the reaction
period and a white solid precipitated. The reaction solvents were
removed under high vacuum, yielding a dark red oily residue,
which was purified by column chromatography (silica, 90: 10,
hexanes: acetone). The first bright red/orange band was collected
and solvent removed to yield the product as a bright red precipitate
(0.075 g, 59%). Crystals suitable for single crystal X-ray crystallog-
raphy were obtained by slow evaporation from CH2Cl2 at reduced
temperature ("18 #C). IR (CH2Cl2, cm"1): 2054 n(RuC≡C), 1584
n(N¼O), 1324 n(N-O). 1H NMR (CDCl3, 600 MHz) d/ppm: 1.21 (t,
J¼ 7 Hz, 36H, CH3, P(OEt)3), 4.25 (quar., J¼ 7 Hz, 24H, CH2, P(OEt)3),
7.03 (d, J ¼ 9 Hz, 4H, H4), 8.02 (d, J ¼ 9 Hz, 4H, H5). 31P{1H} NMR
(CDCl3, 600 MHz) d/ppm: 136.2 (s, Ru{P(OEt)3}4). 13C{1H} NMR
(CDCl3, 600 MHz) d/ppm: 16.5 (s, CH3, P(OEt)3), 61.1 (s, CH2,
P(OEt)3), 102.2 (quin., J ¼ 21 Hz, C1), 116.9 (s, C2), 124.0 (s, C5), 129.9
(s, C4), 137.9 (s, C3), 142.8 (s, C6). ESI(þ)-MS (m/z): 1058
[Ru(C≡CC6H4-4-NO2)2{P(OEt)3}4]þ, 953 [Ru(C≡CC6H4-4-NO2)
{P(OEt)3}4 þ MeCN]þ, 912 [Ru(C≡CC6H4-4-NO2){P(OEt)3}4]þ. Anal.
Found: C, 45.46; H, 6.50; N, 2.67. Calc. for C40H68N2O16P4Ru: C,
45.36; H, 6.48; N, 2.65%.

4.2.7. Synthesis of trans-[Ru(C≡CC6H4-4-C5H11)2{P(OEt)3}4], [1g]
A mixture of trans-[RuCl2{P(OEt)3}4] (0.19 g, 0.22 mmol), KPF6

(0.14 g, 0.75 mmol) and HC≡CC6H4-4-C5H11 (0.22 ml, 1.13 mmol) in
EtOH (5 ml) and NHiPr2 (2 ml) was stirred under N2 for 17 days (or
until all mono-alkynyl converted to the bis-alkynyl complex in so-
lution, monitored by unlocked 31P{1H} NMR spectroscopy). The
solution colour changed from yellow to orange over the reaction
period and a white solid precipitated. The reaction solvents were
removed under high vacuum, yielding a brown residue. The residue
was extracted with minimum CH2Cl2, filtered through Celite to
remove reaction salts and concentrated to dryness by rotary
evaporation, yielding a brown residue. Aminimum amount of EtOH
(2.5 ml) was added to the residue and solution stirred in an ice bath
until a yellow solid separated out (ca. 30 min). The solid was
collected by filtration, washed with minimum cold EtOH (3 ! 5 ml)
and vacuum dried (0.083 g, 34%). Large white crystals, suitable for
X-ray crystallography, were grown fromCDCl3/EtOH layer diffusion.
IR (CH2Cl2, cm"1): 2076 n(RuC≡C), 1602 n(C¼C). 1H NMR (CDCl3,
600 MHz) d/ppm: 0.89 (t, J ¼ 7 Hz, 6H, H11), 1.20 (t, J ¼ 7 Hz, 36H,
CH3, P(OEt)3), 1.29e1.37 (m, 8H, H8 and H10), 1.58 (quin., J ¼ 7 Hz,
4H, H9), 2.51 (t, J ¼ 7 Hz, 4H, H7), 4.32 (quar., J ¼ 7 Hz, 24H, CH2,
P(OEt)3), 6.92 (d, J¼ 8 Hz, 4H, H5), 6.94 (d, J ¼ 8 Hz, 4H, H4). 31P{1H}
NMR (CDCl3, 300MHz) d/ppm: 138.4 (s, Ru{P(OEt)3}4). 13C{1H} NMR
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(CDCl3, 600 MHz) d/ppm: 14.2 (s, C11), 16.6 (s, CH3, P(OEt)3), 23.0 (s,
C8 or C10), 31.3 (s, C9), 31.9 (s, C8 or C10), 35.9 (s, C7), 61.0 (s, CH2,
P(OEt)3),113.5 (s, C2),114.2 (quin. J¼ 21 Hz, C1) 127.8 (s, C5),128.9 (s,
C3), 129.9 (s, C4), 136.9 (s, C6). APCI(þ)-MS (m/z): 1109
[Ru(C≡CC6H4-4-C5H11)2{P(OEt)3}4 þ H]þ, 937 [Ru(C≡CC6H4-4-
C5H11){P(OEt)3}4]þ, 771 [Ru(C≡CC6H4-4-C5H11){P(OEt)3}3]þ, 605
[Ru(C≡CC6H4-4-C5H11){P(OEt)3}2 þ H]þ. Anal. Found: C, 54.23; H,
8.09. Calc. for C50H90O12P4Ru: C, 54.13; H, 8.18%.

4.2.8. Synthesis of trans-[Ru(C≡CC6H4-4-OMe)2{P(OEt)3}4], [1h]
A mixture of trans-[RuCl2{P(OEt)3}4] (0.11 g, 0.13 mmol), KPF6

(0.087 g, 0.47 mmol) and HC≡CC6H4-4-OMe (0.3 ml, excess) in
EtOH (5 ml) and NHiPr2 (2 ml) was stirred under N2 for 14 days (or
until all mono-alkynyl was converted to the bis-alkynyl complex in
solution, monitored by unlocked 31P{1H} NMR spectroscopy). The
solution colour changed from yellow to orange over the reaction
period and a white solid precipitated. The reaction solvents were
removed under high vacuum, yielding a brown oily residue. The
residue was extracted with minimum CH2Cl2, filtered through
Celite to remove reaction salts and concentrated to dryness by ro-
tary evaporation, yielding a brown oil. A minimum amount of
MeOH (3 ml) was added to the oily residue, solution stirred for ca.
two minutes and left in the fridge for ca. 1 h, where a white solid
was formed. The solid was collected by filtration, washed with cold
MeOH (3 # 10 ml) and air-dried (0.095 g, 72%). Crystals suitable for
single crystal X-ray crystallography were grown via slow evapora-
tion of a CH2Cl2/hexanes solution. IR (CH2Cl2, cm$1): 2077
n(RuC≡C), 1501 n(C-O). 1H NMR (CDCl3, 600 MHz) d/ppm: 1.20 (t,
J ¼ 7 Hz, 36H, CH3, P(OEt)3), 3.75 (s, 6H, OCH3), 4.32 (quar., J ¼ 7 Hz,
24H, CH2, P(OEt)3), 6.68 (d, J ¼ 8 Hz, 4H, H4), 6.96 (d, J ¼ 8 Hz, 4H,
H5). 31P{1H} NMR (CDCl3, 300 MHz) d/ppm: 138.4 (s, Ru{P(OEt)3}4).
13C{1H} NMR (CDCl3, 600 MHz) d/ppm: 16.6 (s, CH3, P(OEt)3), 55.3
(s, OCH3), 61.0 (s, CH2, P(OEt)3), 112.1 (quin., J ¼ 19 Hz, C1), 112.5 (s,
C2), 113.4 (s, C4), 124.6 (s, C3), 130.8 (s, C5), 155.5 (s, C6). ESI(þ)-MS
(m/z): 1028 [Ru(C≡CC6H4-4-OMe)2{P(OEt)3}4]þ, 938 [Ru(C≡CC6H4-
4-OMe){P(OEt)3}4 þ MeCN]þ, 897 [Ru(C≡CC6H4-4-OMe)
{P(OEt)3}4]þ. Anal. Found: C, 48.94; H, 7.32. Calc. for C42H74O14P4Ru:
C, 49.01; H, 7.25%.

4.3. Crystallography

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 [64] ([1b] and
[1h]) or SHELXL-2014 [65]. All hydrogen atoms were added at
calculated positions and refined by use of a riding model with
isotropic displacement parameters based on those of the parent
atoms. Anisotropic displacement parameters were employed
throughout for the non-hydrogen atom. Data have been deposited
with the CCDC, reference numbers 1533627-1533633.

4.4. Computational studies

Molecular structure optimizations were performed with the
Gaussian 09 program package [66], using the CAM-B3LYP func-
tional [67], the LANL2DZ basis set on Ru [68e70] and 6-31G** on all
other atoms [71]. A COSMO(CH2Cl2) solvent model was applied.
Structures were confirmed as true minima by the absence of
imaginary frequencies. Molecular orbital analysis was undertaken
using the GaussSum package [72].
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Insulated molecular wires: inhibiting orthogonal
contacts in metal complex based molecular
junctions†

Oday A. Al-Owaedi,‡a,b Sören Bock,‡c David C. Milan, ‡d Marie-Christine Oerthel,e

Michael S. Inkpen, f Dmitry S. Yufit, e Alexandre N. Sobolev,c,g

Nicholas J. Long, f Tim Albrecht, f Simon J. Higgins, d Martin R. Bryce, e

Richard J. Nichols, *d Colin J. Lambert *a and Paul J. Low *c

Metal complexes are receiving increased attention as molecular wires in fundamental studies of the trans-

port properties of metal|molecule|metal junctions. In this context we report the single-molecule conduc-

tance of a systematic series of d8 square-planar platinum(II) trans-bis(alkynyl) complexes with terminal tri-

methylsilylethynyl (CuCSiMe3) contacting groups, e.g. trans-Pt{CuCC6H4CuCSiMe3}2(PR3)2 (R = Ph or

Et), using a combination of scanning tunneling microscopy (STM) experiments in solution and theoretical

calculations using density functional theory and non-equilibrium Green’s function formalism. The

measured conductance values of the complexes (ca. 3–5 × 10−5 G0) are commensurate with similarly

structured all-organic oligo(phenylene ethynylene) and oligo(yne) compounds. Based on conductance

and break-off distance data, we demonstrate that a PPh3 supporting ligand in the platinum complexes

can provide an alternative contact point for the STM tip in the molecular junctions, orthogonal to the

terminal CuCSiMe3 group. The attachment of hexyloxy side chains to the diethynylbenzene ligands, e.g.

trans-Pt{CuCC6H2(Ohex)2CuCSiMe3}2(PPh3)2 (Ohex = OC6H13), hinders contact of the STM tip to the

PPh3 groups and effectively insulates the molecule, allowing the conductance through the full length of

the backbone to be reliably measured. The use of trialkylphosphine (PEt3), rather than triarylphosphine

(PPh3), ancillary ligands at platinum also eliminates these orthogonal contacts. These results have signifi-

cant implications for the future design of organometallic complexes for studies in molecular junctions.

Introduction
The development of methods that allow the formation and
experimental determination of the electrical response of
single-molecule metal|molecule|metal junctions has driven
rapid advances in molecular electronics.1–6 Studies of simple
systems such as α,ω-alkane dithiols contacted between two
gold electrodes have shed light on issues such as non-resonant
charge transport and the importance of molecular confor-
mation within the junction,7–9 and inspired innovations in
designs of wire-like molecules. Moving beyond the identifi-
cation of the influence of the medium on electrical properties
of the junction10–14 and introduction of redox-active molecules
to molecular junctions has led to systems capable of modulat-
ing charge transport in response to an external electro-
chemical or chemical gate.15–20

Whilst the majority of studies have been directed towards
organic molecules within molecular junctions, metal com-
plexes are now also attracting attention.21–24 Metal complexes
offer the potential to tune energies of key molecular orbitals

†Electronic supplementary information (ESI) available: Synthetic procedures
and characterisation data. Details of computational analysis, descriptions of
alternate junction geometries, plots showing calculated conductance as a func-
tion of Fermi energy for these different models and tabulated results. Plots of
NMR spectra. Data from the single molecule studies is available from the
University of Liverpool data catalogue (DOI: 10.17638/datacat.liverpool.ac.uk/
212). See DOI: 10.1039/c7nr01829k
‡These authors contributed equally.
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through choice of metal and supporting ligands, whilst the
possibilities to control the metal complex redox state at
modest potentials leads to exciting applications in electro-
statically and electrochemically gated junctions.25,26 Of the
various metal complexes that have been studied in molecular
junctions, including multi-metallic strings,27 clusters,13,28,29

porphyrins,30,31 and ferrocene derivatives,32,33 compounds and
complexes of the group 8 metals within bipyridyl-,34–36 bis(ter-
pyridyl)-37 or trans-bis(alkynyl)-based38,39,40–46 structures
feature prominently. In contrast, analogous wire-like trans-bis
(alkynyl) platinum complexes have been little explored in
molecular junctions.47–49 This is likely due to the perceptions
of low conductivity arising from the smaller contribution of Pt
(5d) orbitals to the frontier orbitals of square planar trans-Pt
(CuCR)2L2 (L = phosphine) complexes compared with the
more extensive delocalisation in the HOMOs of octahedral
complexes trans-M(CuCR)2L4 (M = Fe, Ru, Os) along the π-d-
π-conjugated molecular backbone.45,50–53 However, as dis-
cussed by McGrady in the context of pseudo-1D metal string
complexes, efficient through-molecule conductance can be
achieved through frontier orbitals which are distributed near,
and energetically aligned with, the electrodes and need not be
evenly distributed along the entire molecular backbone.54,55

Recently, the molecular conductances of Pt(II) complexes trans-
Pt{CuCC6H2(Ohex)2CuCC6H4SMe}2(PPh3)2 (1.8 × 10−5 G0)
and trans-Pt{CuCC6H2(Ohex)2CuCC5H4N}2(PPh3)2 (9.8 × 10−6

G0) have been measured, and found to be similar to those of
analogous ruthenium complexes trans-Ru{CuCC6H2(Ohex)2

CuCC6H4SMe}2(dppe)2 (1.8 × 10−5 G0) and trans-
Ru{CuCC6H2(Ohex)2CuCC5H4N}2(dppe)2 (4.5 × 10−6 G0),56

(Ohex = OC6H13) making trans-bis(alkynyl) Pt(II) complexes an
attractive target for further study.

Through numerous studies of molecular junctions, the
nature of the molecule-electrode contact has proven impor-
tant,57 and recognition of the role that anchor groups play in
the electrical performance of the junction has led to the devel-
opment of a wide range of contacting groups and electrode
materials.58–63 However, even well-known contacting groups
such as thiolates bind to a range of surface sites, including
terraces or near to adatoms as well as idealised pristine atom-
ically flat terraces, giving rise to a range of molecular conduc-
tance signatures from a given molecular backbone.64

Consequently, interest has increasingly focussed on molecular
junctions in which the molecule is contacted to the electrode
by strong electrode-carbon covalent bonds.65,66 Other strat-
egies to minimise the range of conductance signatures
observed include the use of bulky anchor groups such as tri-
methylsilylethynyl, which give rise only to junctions of appreci-
able conductance in a restricted range of configurations, sim-
plifying conductance profiles and allowing more precise
assessment of low conductance contacts.14,67

However, even when well-defined contacts are placed within
a molecule, the contact of the electrodes to different parts of
the compound, particularly in the case of long, conjugated
molecules, can result in complex electrical behavior. Examples
include the potentiometric-like response of thiol-terminated

oligoenes, where electrical contact can be made at either
the thiol or oligoene π-system,68 and related observations in
oligoyne-based69 and other molecular wires70,71 in which the
π-system of the molecular backbone interacts with the electro-
des at shorter electrode separations leading to enhanced con-
ductance (short circuits).

Observations of electrical contact directly to the molecular
backbone, and conceptual analogies to conventional wires,
inspire the design of ‘insulated’ wire-like compounds.72,73 For
example, the Gladysz group has reported a series of bimetallic,
polyyndiyl-bridged platinum complexes in which the wire-like
polyyndiyl core is wrapped in helical alkyl chains (Fig. 1a).74–79

Fig. 1 Representative sketches of different insulating strategies for
metal-complex based molecular wires: (a) helical alkyl chains arranged
around a conjugated chain (bold line); (b) fluorous alkyl chains self-
assembled around a conjugated chain; (c) encapsulation of a conjugated
chain in a rotaxane-like structure; (d) protection of the ancillary ligands
on the metal complex by alkyloxy side-chains; (e) single molecule con-
ductance can be determined by placing the molecule within a junction
represented here by an STM tip and a conducting substrate. After initial
contact with the molecule, the current flowing from the tip to the sub-
strate through the molecule is determined whilst the STM tip is with-
drawn. As the tip is withdrawn the molecule may rearrange within the
junction until eventually the tip|molecule|substrate contact is broken.1
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A related concept involving the introduction of highly fluorous
trialkylphosphines as ancillary ligands to bimetallic platinum
polyynydiyl complexes to shield the wire-like carbon-chain
through aggregation of the fluorine- rich aliphatic segments
has also been proposed (Fig. 1b).80 Rotaxane-like encapsula-
tion has also proven to be a popular concept in the design of
insulated wire-like structures, with prominent recent examples
from the Anderson and Tykwinski,81,82 Gladysz83,84 and
Terao85–89 groups being reported recently (Fig. 1c). In each of
these cases, the conceptual design principle involves shielding
the π-conjugated backbone of the molecule from adventitious
contact within a junction.90

The motivation for the present study was twofold: (i) to
explore the electrical properties and behavior of new trans-bis
(alkynyl) platinum complexes within molecular junctions, and
(ii) to address issues concerning the design of insulated mole-
cular wires. We demonstrate that when contacted through the
trimethylsilylethynyl group installed at the remote ends of the
molecular backbone, the trans- bis(alkynyl) platinum com-
plexes examined here display single molecule conductances of
similar magnitude to organic oligo(phenylene ethynylene)-
and oligo(yne)-based molecular wires. In addition, hexyloxy
side chains, initially introduced to promote solubility (Fig. 1d),
are shown to play an important role in preventing adventitious
contacts (‘short circuits’) by hindering formation of molecular
junctions contacted through ancillary triphenylphosphine
(PPh3) ligands.

Results and discussion
The compounds 1a,b–4a,b (Chart 1) were chosen to allow
further exploration of the behavior of trans-bis(alkynyl) Pt(II)
complexes and the influence of supporting ligands in single-
molecule junctions. The trimethylsilylethynyl group
(CuCSiMe3) has been shown to be a useful anchor in the con-
struction of self-assembled monolayers (SAMs) of unsaturated
hydrocarbons on gold, with the electron-withdrawing ethynyl
moiety playing an essential role in stabilizing the gold–mole-
cule interaction.91–94 As a contacting group in molecular junc-
tions, the CuCSiMe3 moiety is known to favor only a single,
albeit low conductance, contact.14,95–97 This is due to the fact
that the CuCSiMe3 group makes effective electrical contact to
defect sites on the gold electrode surfaces in a restricted range
of geometries, limited in part due to the steric bulk of the
ancillary methyl groups.67 Thus, in even π-rich oligophenylene
ethynylene based molecules, the large footprint and limited
range of conducting configurations that are available to
CuCSiMe3 contacts gives rise to conductance histograms fea-
turing only a single conductance peak without complications
from alternative conductive molecular orientations or contacts
within the junction14,14,67,96 As will be seen in the discussion
that follows, the relatively weak nature of the CuCSiMe3–gold
interaction (estimated at ca. 0.4–0.7 eV)14,67 permits competi-
tive, if adventitious, interactions between the STM tip and
other regions of the molecule.

The complexes were synthesized from CuI-catalyzed ligand
exchange reactions of cis-PtCl2(PPh3)2

98 or a mixture of cis-
and trans-PtCl2(PEt3)2

99 with the appropriate alkyne in diethyl-,
triethyl- or diisopropyl-amine solvent.100 The compounds were
characterized by the usual suite of 1H, 13C and 31P NMR spec-
troscopies, IR spectroscopy, mass spectrometry, and elemental
analysis. Complexes 2a and 2b were also characterized by
single crystal X-ray diffraction studies, the results of which are
summarized in the ESI.† Conductance data were acquired
using the STM I(s) technique (Fig. 1e and Fig. S1–S8†),101 with
measurements made in mesitylene solution.14 These experi-
mental measurements were also supported by calculations of
model junctions carried out using a combination of DFT and
non-equilibrium Green’s function formalism (Fig. 2).

Initial STM I(s) studies of the compounds 1a ((3.1 ± 0.9) ×
10−5 G0 or 2.4 ± 0.7 nS) and 1b ((3.2 ± 0.8) × 10−5 G0 or 2.5 ±
0.6 nS) bearing solubilizing hexyloxy groups revealed essen-
tially identical single-molecule conductance values, and hence
little influence of the supporting phosphine ligands (1a, PPh3;
1b, PEt3) on the conductance properties (Table 1, Fig. 3).47

These values compare with that of the analogous organic com-
pound Me3SiCuCC6H4CuCC6H4CuCC6H4CuCSiMe3 (5,
(2.75 ± 0.55) × 10−5 G0 or 2.13 ± 0.43 nS, Chart 1) of compar-
able molecular length (1a 2.12 nm; 1b 2.05 nm; 5 2.45 nm),
also measured by the I(s) method.96 Break-off distances
obtained from the I(s) data from 1a and 1b are in reasonable
agreement with these estimates of molecular length (Table 1).

The model junction constructed from 1a contacted via the
trimethylsilylethynyl moieties (Fig. 2) gave excellent agreement
with the experimental results at EF − EDFT

F = −0.4 eV (Fig. 2).

Chart 1 The compounds 1a,b–4a,b used in this work, and reference
compound 5.
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The tail of the molecular LUMO states aligns with this Fermi
level (Fig. 2), indicating a charge transport mechanism invol-
ving tunnelling though the LUMO. A Mülliken Population
Analysis of the frontier orbitals of 1a and 1b indicates that the
energetically low-lying Pt orbitals make only a small contri-
bution to the HOMO (1a, ε −4.53 eV, 7% Pt; 1b, ε −4.62 eV, 8%
Pt) and LUMO (1a, ε −0.94 eV, 8% Pt; 1b, ε −0.95 eV, 8% Pt);
instead these orbitals are largely diethynylbenzene in character
(Fig. 4). Whilst the LUMO of 1b is rather well separated from

another combination of the ligand π* orbitals which forms
LUMO+1 (ε −0.72 eV), for 1a the LUMO+1 lies only some 0.02
eV higher in energy (at this level of theory) and is delocalised
over the Ph3P–Pt–PPh3 fragment (Pt 14%, PPh3, 80%) (Fig. 4),
and contributions from the PPh3 ligands also dominate the
next 14 unoccupied orbitals.

Schull and colleagues have previously reported studies of
self-assembled films of the platinum complexes trans-Pt
(CuCC6H4SAc)2L2 (L = PCy3, PBu3, PPh3, P(OEt)3, P(OPh)3)
within crossed-wire molecular junctions.47 Despite the modest
(0.08 eV) variation in the HOMO–LUMO gap as a function of
the supporting ligand, L, the I–V characteristics of these film-
based junctions were also identical within experimental error.
On the basis of these conductance results from both crossed-
wire thin-films of Schull and those from I(s) single-molecule
based junctions of 1a and 1b described here, it could initially
be concluded that the supporting ligands L play no significant
role in the electrical characteristics of the junctions formed
from trans-Pt(CuCR)2L2 complexes.

However, a more complex picture emerged when the study
was extended to the complexes 2a,b (Chart 1) of similar struc-
ture and comparable molecular length (Table 1). Solubilizing
alkyloxy groups, such as those present in 1a and 1b, play little
role in tuning the conductance behavior of all-organic oligo
(phenylene ethynylene)-based molecular wires,102 yet the con-
ductance histogram of triphenylphosphine-supported 2a
revealed a much less pronounced peak, at significantly higher
conductance ((7.9 ± 1.1) × 10−5 G0 or 6.1 ± 0.85 nS) and a
shorter break-off distance (1.70 ± 0.1 nm), than found for 1a
and 1b (Table 1 and Fig. 5). However, the experimentally deter-
mined conductance of the triethylphosphine complex 2b
forms a more well-defined peak in the histogram ((3.2 ± 1.3) ×
10−5 G0 or 2.5 ± 1.0 nS) which is entirely in line with the values
expected from 1a and 1b, and with better agreement between
the experimental break-off distance (2.1 ± 0.15 nm) and the
estimated Si⋯Si distance (2.40 nm) (Table 1 and Fig. 5).
Computationally derived model junctions constructed for 2a
(3.1 × 10−5 G0 or 2.4 nS) (Table S1 and Fig. S9† (Model C)) and
2b (3.5 × 10−5 G0 or 2.7 nS) (Table 1 and Fig. 2) with contact
through the trimethylsilylethynyl moieties gave computed con-
ductance values close to those expected, causing further con-
sideration of the experimental result for 2a.

As noted above, the trimethylsilylethynyl molecule-gold
contact has been studied in a number of contexts,91–96 and is
well described in terms of physisorption of the methyl groups,
augmented by a degree of charge transfer when residing near
to surface defects.14,67 It is only these latter situations that give
rise to CuCSiMe3-contacted junctions of sufficient conduc-
tance to be measured. However, the potential for molecules to
bind in a number of distinct configurations within a molecular
junction, each offering a distinct contact and hence conduc-
tance value, has been recognized. As phenyl rings are known
to bind at defect sites to give rise to molecular junctions,64,103

and the PPh3 ligands make a significant contribution to the
low-lying unoccupied orbitals of 1a, a second model junction
was explored in which a molecule of 2a is contacted by the

Fig. 2 The relaxed geometries from DFT model molecular junctions
and plots showing selected comparisons of calculated conductance as a
function of the Fermi energy for all molecular junctions. Black dashed
lines show the chosen Fermi energy (EF = −0.4 eV).
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STM tip at one of the ostensibly ancillary PPh3 ligands (Fig. 2
and Table 1). The calculated conductance of this alternative
contact geometry (8.0 × 10−5 G0) is in excellent agreement with
the experimental value ((7.9 ± 1.1) × 10−5 G0 or 6.1 ± 0.85 nS).
Moreover, a calculated break-off distance (1.73 nm) in agree-
ment with experiment (1.70 ± 0.1 nm) was obtained (Table 1).
A further model in which the junction is formed by contact
across both trans-disposed PPh3 ligand sets (Table S1 and
Fig. S9,† Model B) gave a significantly higher calculated con-
ductance (3.44 × 10−4 G0 or 26.6 nS) and a much shorter
break-off distance (1.05 nm) than the experimental values (see
also discussion below).

It is therefore quite probable that the peak observed in the
conductance histogram of 2a (Fig. 5) is derived from adventi-
tious contact of the STM tip to one of the bulky PPh3 ligands
rather than to the ‘designated’ CuCSiMe3 contact. The flexible
hexyloxy chains, initially introduced to improve the solubility

of compounds 1a and 1b, therefore also appear to play a role
in preventing the approach of the STM tip to the PPh3 ligand,
effectively ‘insulating’ the PPh3 ligands from contacting to the
electrodes. Similarly, the absence of any significant electron
density on the alkyl chains of the PEt3 ligands in the frontier
orbitals of 1b and 2b ensures more conductive molecular
junctions are formed by contacts between the electrodes and
the trimethylsilylethynyl groups. Thus, for the identically-
contacted compounds 1a, 1b, and 2b the junction con-
ductances are identical (Table 1), whilst the higher
values measured for 2a can be attributed to the binding
of the molecule in the junction through one of the PPh3

ligands (Fig. 2). Interestingly, molecular junctions formed
with the bis( platinum) octatetrayndiyl complex [Pt(SAc)
{P(p-tol)3}2]2(μ-CuCCuCCuCCuC) (p-tol = 4-MeC6H4-) by the
mechanically controlled break junction (MCBJ) method were
observed to be rather unstable, with broadening of peaks in
the dI/dV plots ascribed to various instabilities in the junction
including structural fluctuations.49 Given the steric encum-

Table 1 Summary of the conductance values and geometries from experimental and computational molecular junctions

Exp. G/G0
a Th. G/G0

b Z* c (nm) Zd (nm)
Si⋯Si
distancee (nm)

Anchor
group

1a trans-Pt{CuCC6H2(Ohex)2CuCSiMe3}2(PPh3)2 3.1 ± 0.9 × 10−5 3.1 × 10−5 1.84 ± 0.1 2.11 2.39 CuCSiMe3
1b trans-Pt{CuCC6H2(Ohex)2CuCSiMe3}2(PEt3)2 3.2 ± 0.8 × 10−5 3.2 × 10−5 2.05 ± 0.2 2.21 2.39 CuCSiMe3
2a trans-Pt{CuCC6H4CuCSiMe3}2(PPh3)2 7.9 ± 1.1 × 10−5 8.0 × 10−5 1.70 ± 0.1 1.73 2.40g PPh3
2b trans-Pt{CuCC6H4CuCSiMe3}2(PEt3)2 3.2 ± 1.3 × 10−5 3.5 × 10−5 2.1 ± 0.15 2.31 2.40g CuCSiMe3
3a trans-Pt{CuCCuCSiMe3}2(PPh3)2 5.2 ± 1.6 × 10−5 5.7 × 10−5 1.38 ± 0.1 1.37 1.53 PPh3
3b trans-Pt{CuCCuCSiMe3}2(PEt3)2 4.9 ± 1.0 × 10−5 4.5 × 10−5 1.70 ± 0.17 1.72 1.53 CuCSiMe3
4a trans-Pt{CuCC6H4But}2(PPh3)2 4.1 ± 0.6 × 10−5 1.98 × 10−5 1.46 ± 0.21 1.05/1.40 f nm PPh3
4b trans-Pt{CuCC6H4But}2(PEt3)2 No peak 2.46 × 10−8 — 2.23 —

a The experimental conductance determined from I(s) measurements. b The calculated conductance values G/G0 at EF − EDFT
F = −0.4 eV from

model junctions. c Experimental break-off distance from I(s) measurments. d The calculated electrode separation in a relaxed junction, Z = dAu–Au
− 0.25 nm, where 0.25 nm is the calculated center-to-center distance of the apex atoms of the two opposing gold electrodes when conductance =
G0 in the absence of a molecule. e Si⋯Si distance from DFT optimised gas-phase geometries. f See Fig. S11. g Crystallographically determined dis-
tance 2.37 nm.

Fig. 3 I(s) conductance histograms of 1a and 1b constructed from 500
traces.

Fig. 4 Plots of selected frontier orbitals of 1a (a, LUMO+1; b, LUMO; c,
HOMO) and 1b (d, LUMO+1; e, LUMO; f, HOMO). In this and all other
plots, iso-surfaces are shown at ±0.03 (e per bohr3)1/2.
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brance around the thiolate group in this complex, adventitious
contact through the tolyl moieties of the supporting phos-
phine ligands may now be suggested as a contributing factor
to these junction instabilities and peak broadening.

The frontier orbitals of 2a and 2b were analyzed (Fig. 6) in
part to explore if such junction geometries might be predicted
from the molecular electronic structure, which, in turn, might
aid future molecular design concepts. Whilst the HOMOs are
also significantly diethynylbenzene in character, with a small
contribution from the Pt atom, (2a HOMO Pt 8%; 2b HOMO
11%), the LUMO of 2a is now found to be largely PPh3 in char-
acter (76%) and somewhat separated from the other frontier
orbitals (ΔE HOMO–LUMO 3.92 eV; ΔE LUMO–(LUMO+1) 0.09

eV). The LUMO and LUMO+1 of 2b are both delocalized over
the diethynylbenzene and Pt centre. Although the conductance
channel cannot be predicted from simple inspection of MOs,
the presence of the low-lying phosphine π* orbitals is consist-
ent with the results from the experimental and model
junctions.

To explore this concept further, the electronic structures of
the bis(diynyl) complexes trans-Pt(CuCCuCSiMe3)2(PPh3)2

(3a) and trans-Pt(CuCCuCSiMe3)2(PEt3)2 (3b) were also com-
pared and the compounds examined in both experimental and
computational molecular junctions. The HOMO of 3a (−5.04
eV) and 3b (−5.17 eV) are of similar energy and almost identi-
cally composed (Fig. 7). However, again the exchange of PPh3

for PEt3 has a significant influence on the energy and compo-
sition of the unoccupied frontier molecular orbitals. In the
case of 3a the PPh3 ligands contribute almost exclusively to the
LUMO (−1.09 eV) and the next 12 unoccupied orbitals. The
LUMO+13 of 3a (+0.16 eV), whilst featuring only a small contri-
bution from the Pt center (2%), is the lowest lying orbital to be
largely comprised of contributions from atoms within the diynyl
ligands. In contrast, the LUMO of 3b (−0.97 eV), which is well
removed from the other frontier orbitals, is delocalized over
the 11-atom Si–C4–Pt–C4–Si chain.

The single-molecule conductance measurements initially
belie the influence of these differences in electronic structure
on the characteristics of the junction, with both 3a ((5.2 ± 1.6)
× 10−5 G0 or 4.0 ± 1.2 nS) and 3b ((4.9 ± 1.0) × 10−5 G0 or 3.8 ±
0.8 nS) giving rise to conductance histograms with peaks at
similar conductance values (Fig. 8). However, the experi-
mentally determined break-off distance is somewhat shorter
for the PPh3 ligated complex 3a (1.38 ± 0.10 nm) than PEt3 sub-
stituted 3b (1.70 ± 0.17 nm), which compares with the Si⋯Si
distance of 1.53 nm in each case (Table 1). From the model
junction with two trimethylsilylethynyl contacts (Fig. S9,†
Model C), a calculated conductance value of 4.23 × 10−5 G0 or
3.28 nS was obtained from 3a (Fig. S10†), which although in

Fig. 5 I(s) conductance histograms of 2a and 2b constructed from 500
traces.

Fig. 7 Plots of selected frontier orbitals of 3a (a, LUMO+1; b, LUMO; c,
HOMO) and 3b (d, LUMO+1; e, LUMO; f, HOMO).

Fig. 6 Plots of selected frontier orbitals of 2a (a, LUMO+1; b, LUMO; c,
HOMO) and 2b (d, LUMO+1; e, LUMO; f, HOMO).
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fairly good agreement with the experimental value, gave an
estimated break-off distance of 1.72 nm, considerably longer
than the experimental value.

As with 2a, a model junction of 3a with two triphenyl-
phosphine contacts (Fig. S9,† Model B) gave a calculated con-
ductance value of 5.66 × 10−4 G0 or 7.22 nS (Fig. S10 and
Table S1†) and an estimated break-off distance of 1.03 nm, in
poor agreement with experiment (G = 5.2 ± 1.6 × 10−5 G0 or 4.0
± 1.2 nS; Z* = 1.38 ± 0.1 nm). However, a model junction in
which the STM tip is allowed to contact one of the PPh3

ligands in 3a (Fig. 2 and Fig. S9,† Model A) gave better overall
agreement with a calculated conductance of 5.70 × 10−5 G0 or
4.41 nS and break-off distance of 1.37 nm. The model junction
constructed from trimethylsilylethynyl-contacted 3b (Fig. 2)
gave good agreement between the experimental ((4.9 ± 1.0) ×
10−5 G0 or 3.8 ± 0.8 nS; break-off distance 1.70 ± 0.17 nm) and
calculated (4.50 × 10−5 G0 or 3.49 nS; break-off distance
1.72 nm).

To conclusively demonstrate the significance of the PPh3

contacts in these Pt-complex based molecular junctions, the
model compounds trans-Pt(CuCC6H4But)2(PPh3)2 (4a) and
trans-Pt(CuCC6H4But)2(PEt3)2 (4b) were studied (Fig. 9 and
Table 1). The alkynyl ligands were chosen to model the elec-
tronic effects of the alkynyl ligands in 1a,b–3a,b, with the tert-
butyl substituent (tBu) introduced to prevent adventitious
junction formation to that phenyl ring.103 The I(s) studies of
4a revealed a peak in the conductance histogram ((4.1 ± 0.6) ×
10−5 G0 or 3.17 ± 0.46 nS). The experimental break-off distance
(1.46 ± 0.21 nm) compares poorly with the estimated separ-
ation of the quaternary carbons of the tBu groups of 1.81 nm,
but is much more consistent with the dimensions across the
aryl rings of the phosphine ligands (ca. 1.4 nm). Three compu-
tational model junctions were constructed from 4a, contacted
through either a tert-butyl group and one PPh3 ligand

(Fig. S9,† Model A), both PPh3 ligands (Fig. 2 and Fig. S9,†
Model B) or both the tert-butyl moieties (Fig. S9,† Model C)
were constructed (Table S1†). Only the bis(PPh3)-contacted
junction gave conductance value and break-off distance con-
sistent with the experimental data (Fig. S9–S11†). In contrast,
I(s) studies of 4b bearing the trialkyl phosphine PEt3 revealed
no traces containing the current plateaus characteristic of
single-molecule junction formation (Fig. S8†).

The binding energies of 3a, chosen as a representative
example of the compounds in the series, in a phosphine-con-
tacted model junction were calculated over a range of electrode
separations to provide further support for the hypothesis of
competing contacts to different regions of the molecule
(Fig. S12 and Table S2†). The trimethylsilylethynyl-gold
binding energy has been estimated to fall between −0.40 and
−0.74 eV over a range of gold- surface features.67 As the phos-
phine-contacted junction is evolved to simulate the pulling of
the junction, the binding energy naturally decreases from
−3.46 eV to −0.12 eV (Table S2†). It is therefore likely that I(s)
junctions formed as the STM tip approaches and withdraws
from the surface involve at least one PPh3-based contact.
Although bis(PPh3)-contacted junctions (Fig. S9,† Model B),
are energetically favorable at the shortest electrode separations
(Table S2†), the formation of these junctions are likely geome-
trically limited by the closest tip-substrate approach distance
in the I(s) measurements (>1 nm) and the dimensions of the
prolate-shaped molecules (Fig. S11†).

Finally, the conductance behavior of these platinum com-
plexes in comparison with closely related organic compounds
measured under similar conditions is deserving of comment.
The electrical properties and conductance behavior of oligo(phe-
nylene ethynylene)102,104–108 and oligo(yne) derivatives14,69,109,110

have been explored extensively. The oligo(phenylene ethynylene)
compound Me3SiCuCC6H4CuCC6H4CuCC6H4CuCSiMe3 (5)

Fig. 8 I(s) conductance histograms of 3a and 3b constructed from 500
traces.

Fig. 9 I(s) conductance histograms of 4a and 4b constructed from 500
traces.
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has an estimated Si⋯Si distance of 2.69 nm, and gives rise to a
conductance value of (2.75 ± 0.56) × 10−5 G0 or 2.13 ± 0.43
nS.96 The trimethylsilylethynyl-contacted platinum complexes
1a, bearing the insulating hexyloxy side chains, 1b and 2b
offer comparable molecular lengths (2.39–2.40 nm) and
similar conductances (Table 1). Clearly, the platinum center
cannot be considered an insulating fragment per se, but in the
present series is comparable in effect to the central phenylene
ring in Me3SiCuCC6H4CuCC6H4CuCC6H4CuCSiMe3 (5).

For the trimethylsilylethynyl-contacted bis(diynyl) complex
3b ((4.9 ± 1.0) × 10−5 G0 or 3.8 ± 0.8 nS, Si⋯Si distance
1.53 nm) the observed conductance of the molecular junction
may be compared with those reported earlier for the organic
oligoynes Me3SiCuCCuCSiMe3 (2.01 × 10−5 G0 or 1.56 nS,
Si⋯Si distance 0.76 nm), Me3SiCuCCuCCuCSiMe3

(1.63 × 10−5 G0 or 1.26 nS, Si⋯Si distance 1.06 nm),
Me3SiCuCCuCCuCCuCSiMe3 (1.42 × 10−5 G0 or 1.10 nS,
Si⋯Si distance 1.33 nm) and Me3SiCuCCuCCu
CCuCCuCSiMe3 (0.90 × 10−5 G0 or 0.70 nS, Si⋯Si distance
1.60 nm) in the same solvent.14 The relative values of conduc-
tance obtained from 3b and the octatetrayne indicate that
introduction of the trans-Pt(PEt3)2 fragment within the oli-
goyne chain gives rise to molecules of greater conductance
than those prepared by homo-coupling through a carbon–
carbon sigma bond, or insertion of another alkyne –CuC–
moiety. We can, therefore, conclude that although the plati-
num center makes little contribution to the LUMO, there is no
detrimental effect on the conductance of these molecules with
LUMO-based conduction channels. Similar concepts have
been proposed to account for the high conductance of Cr3-
metal strings despite the absence of extensively delocalized
frontier orbitals.54,55

Conclusion
The d8 square-planar platinum complexes 1a ((3.1 ± 0.9) × 10−5

G0), 1b ((3.2 ± 0.8) × 10−5 G0), 2b ((3.2 ± 1.3) × 10−5 G0) and 3b
((4.9 ± 1.0) × 10−5 G0) form molecular junctions in I(s) experi-
ments with conductance commensurate with similarly struc-
tured all-organic oligo(phenylene ethynylene) and oligoyne
compounds. The PPh3 supporting ligands in the series 2a–4a
provide an alternative contact point in the molecular junc-
tions, although the introduction of solubilising hexyloxy side
chains to the diethynylbenzene ligands in 1a hinders this
contact and effectively insulates these alternative contact
points. Thus, despite the wide-spread use of PPh3 and other
aryl-phosphines as ancillary ligands in organometallic chem-
istry, these moieties can clearly have unintended consequences
for single-molecule conductance measurements arising from
adventitious contacts and formation of un-anticipated mole-
cular junctions. The hexyloxy groups in 1a serve to effectively
insulate these alternate contacts. Otherwise, the use of trialkyl-
phosphines, such as PEt3 here, is effective in both maintaining
sufficient compound solubility and preventing adventitious
junction formation through the ancillary ligands. It is also

important to note the simplicity with which trans-bis(alkynyl)
platinum(II) complexes can be synthesized. These results
provide a considerable body of information concerning the
design of organometallic complexes for use in molecular
electronics.
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Mixed-Valent Ruthenium Complexes

Electronic Structures of Divinylchalcogenophene-Bridged
Biruthenium Complexes: Exploring Trends from O to Te
Wen-Xia Liu,[a] Feng Yan,[a] Shu-Li Qian,[a] Jin-Yu Ye,[b] Xu Liu,[a] Ming-Xia Yu,[a]

Xiao-Hui Wu,[a] Meng-Lei Le,[a] Zhi-You Zhou,[b] Sheng-Hua Liu,[a] Paul J. Low,*[c] and
Shan Jin*[a]

Abstract: An homologous series of divinylchalcogenophene-
bridged binuclear ruthenium complexes [{(PMe3)3Cl(CO)Ru}2-
(µ-CH=CH-C4H2E-CH=CH)] (4a–4d, E = O, S, Se, Te) have been
synthesised and fully characterised by X-ray crystallography and
various spectroscopic techniques. The single-crystal X-ray dif-
fraction results reveal a distinct short/long bond-length alterna-
tion along the polyene-like hydrocarbon backbone, with geo-
metric constraints imposed by the chalcogenophene leading to
an increasing distance between the two metal centres (dRu–Ru)
in complexes 4a–4d as the heteroatom in the five-membered
ring is changed from oxygen (9.980 Å in 4a) to tellurium
(11.063 Å in 4d). The complexes undergo two sequential one-

Introduction
Since the initial explorations of the Creutz–Taube ion in 1969.[1]

there has been intense interest in the electronic structures,
redox properties and electron-transfer characteristics of com-
pounds and complexes in which two (or more) organic, organo-
metallic or inorganic electrophores are linked through a com-
mon bridge.[2–8] Such studies underpin both our fundamental
understanding of intramolecular electron-transfer processes,
and are further motivated by interest in modelling electron-
transfer processes in biology and the design of advanced opto-
electronic materials. In this regard, the bimetallic complexes
[LnM(µ-bridge)MLn], in which two ostensibly redox-active metal
centres M supported by auxiliary ligands L are linked by a π-
conjugated bridging unit, have attracted considerable atten-
tion.[3,9–14] Consequently, bimetallic complexes featuring a wide
variety of metal end-caps and π-conjugated bridges, including
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electron oxidation processes, the half-wave potential and sepa-
ration of which appear to be sensitive to a range of factors,
including aromatic stabilisation and re-organisation energies.
Analysis of [4a–4d]n+ (n = 0, 1, 2) by UV/Vis/NIR and IR spectro-
electrochemical methods, supported by DFT calculations (n =
0, 1), revealed that the redox character of the complexes is
dominated by the polyene-like backbone with the chalcogen-
ide playing a subtle but influential, structural rather than elec-
tronic, role. In the radical cations [4a–4d]+, the charge is rather
effectively delocalised over the 10-atom Ru–[4-s-cis-all-trans-
(CH=CH)4]–Ru chain, giving rise to a species with spectroscopic
properties not dissimilar to oxidised polyaceylene.

carbon-rich chains such as oligoynyl,[15–37] oligoenyl,[38–41]

aromatic hydrocarbons[42–50] and heterocycles,[51,52] bridging
ligands containing other main-group elements,[53–57]

carboranes[58] and even other metal units,[59–63] have been pre-
pared and studied.

Most commonly, electron transfer within these bimetallic
assemblies is not assessed directly in the [LnM(µ-bridge)MLn]
species, but rather by analysis of the “inter-valence charge
transfer” (IVCT) absorption band found in the “mixed-valence”
derivatives [LnM(µ-bridge)MLn]+ with the electronic coupling
between the metal centres, Hab, being determined by analysis
of the IVCT band-shape within the framework of Marcus–Hush
theory and its variations.[3,5–7] However, it is increasingly recog-
nised that many [LnM(µ-bridge)MLn]+ systems are better de-
scribed in terms of bridge-based redox character rather than
metal-based mixed-valence.[9,11,42,44,45,64] Consequently, de-
pending on the nature of the interactions between the metal
centres and the bridging ligand, [LnM(µ-bridge)MLn]+ systems
can serve as models through which to probe bridge-mediated
electron transfer within the mixed-valence regime or explore
the characteristics of the oxidised bridging ligand.

Within the broad range of bridging ligands examined within
[LnM(µ-bridge)MLn]+ complexes, thiophene derivatives have
attracted attention,[36,65–72] with the lower aromaticity of the
heterocyclic ring in comparison with benzene thought likely to
lead to increased contributions from a cumulene-like ground
state and more extensively delocalised electronic struc-
tures.[73,74] For example, Lapinte and Lo Sterzo and their respec-
tive co-workers have reported that 2,5-diethynylthiophene-

https://doi.org/10.1002/ejic.201701036
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linked Fe(dppe)Cp* and Fe(dppe)Cp [Cp = cyclopentadienyl,
Cp* = pentamethylpentadienyl, dppe = 1,2-bis(diphenylphos-
phino)ethane] termini are more strongly coupled than the
1,4-diethynylbenzene-bridged analogues.[48,69] Many other bi-
metallic complexes and metallopolymers with 2,5-diethynyl-
thiophene-based bridging ligands are also known to offer
highly delocalised electronic structures with significant contri-
butions from the bridging ligand to the frontier molecular
orbitals.[36,49,65,75–83]

Against this backdrop of long-standing interest in the prop-
erties of bimetallic complexes featuring (oligo)thiophene-based
bridges, there has been increasing interest in genuine mixed-
valence compounds featuring oligofuran-based bridging li-
gands.[84–87] Gidron and Bendikov reported that oligofurans can
offer stronger electronic coupling between ferrocenyl redox
units than oligothiophenes.[84] Similar results were obtained by
Lang and co-workers who used ruthenium or iron(II) complexes
as redox-active termini bridged by 2,5-diethynylfuran and -thio-
phene.[85,86] However, in 2,5-diethynylfuran- and -thiophene-
bridged bis(ferrocene) complexes, the thiophene derivative is
likely modestly more strongly coupled.[88] Unsurprisingly, it can
therefore be concluded that the electronic structure and degree
of bridge-mediated electronic interactions in these systems are
sensitive to both the heteroatom and the nature of the metal
complex bridge. Despite the extensive explorations of thio-
phene-based bridging ligands and the potential for tuning the
electronic structure of the resulting complexes through the na-
ture of the heteroatom demonstrated by these few comparative
studies with furan-based analogues, selenophene- and telluro-
phene-containing bridging ligands have received little atten-
tion[89,90] and systematic studies of the influence of the full chal-
cogenophene series on the electronic structures of bimetallic
complexes [MLn(µ-bridge)MLn]+ are scarce.

In designing a study to explore electronic structure and elec-
tron-transfer processes in mixed-valence [MLn(µ-bridge)MLn]+

complexes there is considerable advantage in looking beyond
traditional methods of analysis based on IVCT band-shape.[3] As
is now well-documented, the IVCT band is often overlapped by
other low-energy electronic transitions,[7,31,58] whereas different
thermally accessible molecular conformers in solution lead to a
distribution of metal-bridge orbital overlaps and hence a range
of electronic coupling characteristics and multiple “IVCT” transi-
tions.[28,30,42,45] Accurate interpretation of the resulting heavily
overlapped and poorly resolved optical absorption band envel-
opes is challenging. Increasingly, evidence from other spectro-
scopic methods with a range of timescales (e.g., IR, EPR, Möss-
bauer)[10,28–30,42,85,91–94] supported by computational stud-
ies[8,12] is used to explore the electronic structures of the
[LnM(µ-bridge)MLn]+ complexes, many of which do not conform
well to the traditional interpretations based on metal-based
redox processes in static molecular structures.

Binuclear ruthenium mixed-valence complexes incorporating
two “RuCl(CO)(PR3)2L” (L = neutral two-electron donor or free
coordination site) redox-active termini connected by a carbon-
rich unsaturated spacer display well-behaved redox chemistry
and are ideally suited for studies of the electron-density distri-
bution and interplay between the properties of the bridge and
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metal centres as well as charge-transfer characteris-
tics.[40,44,47,64,86,95–97] In particular, the synergistic nature of the
bonding interactions between the Ru metal centre and ancillary
CO ligand results in the v(CO) IR band being an excellent re-
porter group of metal electron density.[46,98,99] With this in
mind, we report here the synthesis, electrochemical behaviour
and spectroscopic characterisation of a full series of chalcogen-
ophene-bridged binuclear ruthenium complexes (4a–4d, see
Scheme 1) with the aim of exploring their electronic structures
as a function of the heteroatom (O, S, Se, Te) in the bridging
ligand and redox state. The parent bimetallic complexes were
fully characterised by NMR spectroscopy, X-ray diffraction and
elemental analysis, whereas the redox products were explored
by UV/Vis/NIR and IR spectroelectrochemistry, supported by
DFT calculations using the global hybrid BLYP35 functional.

Results and Discussion

Syntheses and Characterisation

The divinylheterocyclic-bridged bimetallic ruthenium com-
plexes 4a–4d were synthesised as outlined in Scheme 1. In
brief, the dibromides 1a–1d were cross-coupled with trimethyl-
silylacetylene under Sonogashira conditions to give the bis(tri-
methylsilylethynyl) compounds 2a–2d. Removal of the trimeth-
ylsilyl protecting groups {KOH/MeOH or [nBu4N]F (TBAF)/THF}
gave the thermally and photochemically sensitive terminal alk-
ynes 3a–3d, which were immediately treated with the ruth-
enium hydride complex [RuHCl(CO)(PPh3)3] to yield the hydro-
ruthenated products [{(PPh3)2Cl(CO)Ru}2(µ-CH=CH-C4H2E-CH=
CH)] (E = O, S, Se, Te). As these five-coordinate complexes
proved to be air-sensitive, especially in solution, the reaction
mixture was directly treated with PMe3 without further purifica-
tion to give the corresponding six-coordinate products 4a–4d.

Scheme 1. Synthesis of chalcogenophene-based bimetallic ruthenium
complexes 4a–4d. Reagents and conditions: i) TMSA, [PdCl2(PPh3)2], CuI,
THF/Et3N; ii) KOH/MeOH (4a–4c) or TBAF/THF (4d); iii) [RuHCl(CO)(PPh3)3],
PMe3, CH2Cl2 (TMSA = trimethylsilylacetylene, TBAF = tetra-n-butylammo-
nium fluoride).

In the 1H NMR spectra (in CDCl3) of 4a–4d, the vinyl protons
display two well-resolved doublets-of-multiplets at around
7.2–7.8 ppm (Ru–CH) and 6.4–6.7 ppm (Ru–CH=CH), which are
typical of (E)-Ru–CH=CH fragments of this type, albeit the Ru–
CH protons are shifted slightly upfield in comparison with those
in the complex [{RuCl(CO)(PMe3)3}2(µ-CH=CH-C6H5-CH=CH)]
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(4e).[46] The two vinylic protons at the double bond are trans to
each other, due to the approach of the Ru–H to the same side
of the alkyne moiety during the hydroruthenation reaction. The
1H and 13C NMR spectra of 4a–4d show a rather large downfield
shift of the resonances arising from the chalcogenophene back-
bone from E = O to Te, in line with the decreasing electronega-
tivity of the chalcogenide.[100,101] The geometry of the octa-
tetraene-like hydrocarbon backbone was confirmed by the X-
ray structures of 4a–4d (see Figure 1).

Molecular Structures

The furan-, thiophene-, selenophene- and tellurophene-bridged
diruthenium vinyl complexes 4a–4d were further characterised
by single-crystal X-ray diffraction analysis. In each case, suitable
single crystals were obtained by slow diffusion of hexane into
a solution of the corresponding complex in dichloromethane
at room temperature. The molecular structures of 4a–4d are
displayed in Figure 1. The crystallographic details are presented
in Tables S1 and S2 in the Supporting Information, and selected
bond lengths and angles for 4a–4d are presented in Table S3.

The structures of related bimetallic divinylfuran and -thio-
phene ruthenium complexes have been recently reported.[85,86]

However, complexes 4a–4d represent the first crystallographi-
cally characterised examples of a systemic chalcogenophene
series of binuclear complexes (Figure 1). The linearly conjugated
complexes 4a–4d consist of two {RuCl(CO)(PMe3)3} end-groups
linked by a 2,5-divinyl-substituted five-membered heterocycle
carbon chain through Ru–C σ bonds. In 4a, the vinylic double
bonds adopt s-trans and s-cis configurations around C2–C3 and
C6–C7, respectively. The vinylic double bonds are both in s-
trans configurations in 4b–4d and directed towards the hetero-
atom. This is likely a combination of the well-documented elec-
tronic interactions that exist between the vinyl and CO moie-
ties,[102] possibly supported by a vinyl C–H···Cl interaction (see
Table S3 in the Supporting Information).[102–104] Although the
significance of these secondary effects and the contribution
that extended delocalisation may play in stabilising the ob-
served structures cannot be readily deconvoluted, the carbon
atoms of the µ-CH=CH-C4H2E-CH=CH (E = O, S, Se, Te) units are
almost coplanar, with torsion angles between the core hetero-
cycle ring and the two vinyl moieties of 176.9° for 4a, 174.3°
for 4b, 176.2° for 4c, and 173.8° for 4d (Figure 1 and Table S3).

The structures of 4a–4d display a number of trends that can
be attributed to the changes in size and electronic characteris-
tics of the chalcogenide. As the chalcogenide E becomes larger
(O < S < Se < Te) the E–C3 and E–C6 bond lengths increase
(see Table S3 in the Supporting Information). The decrease in
the C3–E–C6 bond angle is also a necessary consequence of
the invariance of the bond length C4–C5 and the increase in
the bond lengths E–C3 and E–C6 down the row. This pulls atom
E further away from the diene part of the heterocyclic ring,
making the angle more acute. There is a distinct short/long
alternation in C–C bond lengths along the C1 to C6 chain that
follows the formal valence-bond description of complexes 4a–
4d with an octa-1,3,5,7-tetraene-like structure along the hydro-
carbon backbone. As a consequence of the structural changes
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Figure 1. ORTEP diagrams (50 % probability level) of the molecular structures
of 4a–4d (a–d) showing the atom numbering scheme. Hydrogen atoms have
been omitted for clarity.

at the chalcogenide, the C3–C4–C5 and C4–C5–C6 angles are
forced wider, increasing from 105.3(7) and 108.2° in 4a to
118.0(9) and 120.2(1)° in 4d. Consequently, the Ru1–Ru2 distan-
ces in complexes 4a–4d increase upon changing the hetero-
atom of the five-membered ring from oxygen (9.980 Å in 4a)
to tellurium (11.063 Å in 4d). In all cases, the Ru···Ru distances
are significantly shorter than the corresponding value 11.901 Å
in complex 4e.[46]

Bird has developed a simple parameter that provides a de-
scription of the delocalization in a cyclic system based on analy-
sis of bond lengths.[105] Higher values of the Bird index, I, corre-
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spond to more delocalised structures, with I = 100 representing
a fully delocalised (aromatic) system. In the case of 4a–4d, the
Bird index, I, of the thiophene derivative 4b (45.75) is somewhat
higher than those of the other members of the series [4a
(27.52); 4c (30.49); 4d (26.88)], and on this basis 4b presents
the most delocalised ground-state structure.

Electrochemistry

The redox properties of complexes 4a–4d (1 mM in CH2Cl2)
were investigated by cyclic voltammetry (CV) and square-wave
voltammetry (SWV) using 0.05 M [nBu4N][B(C6F5)4] as the sup-
porting electrolyte. The voltammograms of complexes 4a–4d
are shown in Figure 2, and those of the reference compound
[{RuCl(CO)(PMe3)3}2(µ-CH=CH-C6H5-CH=CH)] (4e) are presented
in Figure S1. The electrochemical parameters are compiled in
Table 1.

Figure 2. Cyclic voltammograms of complexes 4a–4d (up to down) in
CH2Cl2/[nBu4N][B(C6F5)4] at υ = 0.1 V s–1. Square-wave voltammograms at
f = 10 Hz. Potentials are given relative to the Ag|Ag+ reference couple.

Complexes 4a–4d displayed two consecutive one-electron
redox processes in the potential range between –0.30 and
0.60 V vs. Ag+/Ag, the first being reversible, the second partially
chemically reversible (see Figure S2 and Table S4 in the Sup-
porting Information). The first oxidation of the thiophene-
bridged complex 4b may also reflect the higher aromaticity of
the thiophene moiety and the increased re-organisation energy
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Table 1. Summary of the electrochemical properties of 4a–4e.

E1 [V][a] E2 [V][a] ∆E [mV][b] Kc
[c]

4a –0.114 0.374 488 1.78 × 108

4b 0.022 0.470 448 3.75 × 107

4c 0.016 0.440 424 1.47 × 107

4d –0.007 0.413 420 1.26 × 107

4e[d] 0.260 0.610 348 7.64 × 105

[a] From square-wave voltammetry in 0.05 M [nBu4N][B(C6F5)4]/CH2Cl2
solutions at 10 Hz. Potentials Ep are in V vs. Ag+/Ag; under our conditions the
Fc/Fc+ couple exhibited ipc/ipa = 0.99, ∆Ep = 70 mV and E1/2 (Fc/Fc+) = +0.22 V
vs. Ag/Ag+. [b] Peak potential differences ∆E = E2 – E1 are in mV. [c] The
comproportionation constants, Kc, were calculated according to the formula
Kc = exp (∆E/25.69) at 298 K. [d] Data from ref.[46]

associated with an oxidation process based on the bridge, al-
though there is no clear trend for this across the series (Table 1).
The peak separation of the two redox waves (∆E = E2 – E1)
decreases somewhat along the chalcogenophene series, ran-
ging from 488 mV for the furan-bridged 4a to 420 mV for the
tellurophene-bridged 4d (Table 1). The corresponding compro-
portionation constants, Kc, range from 2 × 108 (4a) to 1 × 107

(4d). The ∆E and Kc values of 4a–4d are considerably greater
than those obtained for phenylene analogue 4e (∆E = 348 mV,
Kc = 7.64 × 105), and overall the large values of Kc demonstrate
the significant thermodynamic stability of the one-electron
oxidation products [4a–4d]+.[9,106]

To further investigate the influence of the heteroatom (O,
S, Se, Te) on the redox properties and electronic structures of
complexes 4a–4d, the UV/Vis/NIR and IR spectra of each mem-
ber of the series in their various electrochemically accessible
oxidation states were measured by using spectroelectrochemi-
cal methods from solutions in CH2Cl2 containing 0.05 M

[nBu4N][B(C6F5)4] as the supporting electrolyte.

UV/Vis/NIR Spectroscopy and Spectroelectrochemistry

The UV absorption spectra of the series of binuclear chalcogen-
ophene-bridged complexes 4a–4d were measured in dichloro-
methane. The electronic absorption spectra (Figure 3, Table 2)
show that the absorption maximum, λmax, of the band envelope
of each complex shifts to longer wavelengths from X = O to S
to Se to Te, which indicates a decrease in the magnitude of

Figure 3. UV/Vis electronic absorption spectra of compounds 4a–4d
(1 × 10–5 M) in CH2Cl2.
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the optical gap, a phenomenon also observed in the parent
chalcogenophenes (see Figure S2 in the Supporting Informa-
tion), and likely tracks the HOMO–LUMO gap. For 4a and 4b,

Figure 4. UV/Vis/NIR spectra of complexes 4a–4d collected during in situ oxidation in a spectroelectrochemical cell (Insets: Deconvoluted NIR spectra of [4a–
4d]+ in 0.05 M CH2Cl2/[nBu4N][B(C6F5)4]; black: experimental spectra, blue: deconvoluted spectra fitted with two Gaussian-shaped sub-bands, red: sum of
Gaussian sub-bands).
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the main broad transition envelopes in the near-UV region are
expected to arise from ligand-centred π–π* transitions of the
chalcogenophene core, as the energy and fine-structure of
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these absorption features closely resemble those of the corre-
sponding 2,5-bis(trimethylsilylethynyl)-substituted heterocycles
2a–2d (see Figure S3).

Table 2. UV/Vis absorption properties of complexes 4a–4e (1 × 10–5 M) in
CH2Cl2 at 298 K.

λmax [nm] ε λmax [nm] (E [eV], calcd.) ∆(H – L)
(E [eV])[a] [10–4 M–1 cm–1] Assignment [eV][b]

4a 348 (3.57) 3.12 328 (3.76) 4.87[c]

368 (3.38) 0.79 HOMO–(LUMO+2) (94 %)
4b 370 (3.36) 1.72 350 (3.53) 4.76

388 (3.20) 1.33 HOMO–LUMO (96 %)
4c 378 (3.29) 1.14 361 (3.43) 4.64

397 (3.13) 1.84 HOMO–LUMO (97 %)
4d 389 (3.19) 3.01 366 (3.38) 4.58

411 (3.02) 3.38 HOMO–LUMO (68 %)
HOMO–(LUMO+1) (25 %)

[a] Spectroscopic data obtained from deconvolution of the experimental UV
spectra. [b] HOMO–LUMO energy gap. [c] ∆[HOMO – (LUMO+2)] = 5.04 eV.

To gain an insight into the oxidation products derived from
the series of complexes 4a–4d, UV/Vis/NIR spectroelectrochemi-
cal experiments were carried out in an optically transparent
thin-layer electrochemical (OTTLE) cell with 0.05 M

[nBu4N][B(C6F5)4] as the supporting electrolyte and 2.0 mM of
4a–4d at 25 °C. Upon one-electron oxidation of complexes 4a–
4d to [4a–4d]+, the π–π* bands shift from the UV region to the
visible region (450–650 nm for [4a]+ and 500–750 nm for [4b–
4d]+). In addition, [4b–4d]+ show intense absorption bands in
the NIR region between 750 and 1300 nm (Figure 4), similar to
those observed for both the radical cation complexes
[{(PiPr3)2(CO)ClRu}2(µ-CH=CH-C4H2E-CH=CH)]+ (E = O, S),[86] in
which the unpaired electron is delocalised along the molecular
backbone, and the higher-energy absorption band of hole-
doped polyacetylene.[107] The energies of these electronic ab-
sorption bands are essentially solvent-independent (see Fig-
ure S4 in the Supporting Information), which strongly supports
their assignment to transitions within a delocalised framework.
Upon further oxidation to dicationic [4a–4d]2+, the two absorp-
tion envelopes associated with the radical cations collapse and
only higher-energy bands characteristic of the π–π* transitions
of a closed-shell system are observed.

As noted above, for genuinely “mixed-valence” complexes,
the band shape of the intervalence charge-transfer (IVCT) band
can be used to provide details of the underlying electronic
structure according to the generalised Marcus–Hush and Mul-
liken–Hush theories.[3] However, the complications associated
with such band-shape analyses are being increasingly recog-
nised. Many “mixed-valence” complexes feature complex, low-
energy absorption envelopes due to multiple intervalence
charge-transfer (IVCT) processes, each of which may feature su-
perimposed vibrational progressions or overlap with intercon-
figurational d–d transitions localised on the individual metal
sites.[7] In addition, many real molecular systems exist in solu-
tion, not as a static lowest-energy structure, but rather as a
mixture of thermally populated conformers, each with their
own electronic characteristics and absorption spectra, which
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further complicate the appearance of the electronic absorption
bands and traditional methods of analysis.[28,30,42,45] However,
for comparison with the many examples of [LnM(µ-bridge)MLn]+

complexes reported in the literature with highly delocalised
electronic structures with significant bridging character that
have been analysed within the framework of the Marcus-Hush
model, key parameters are summarised in Table S5 in the Sup-
porting Information.

IR Spectroscopy and Spectroelectrochemistry

IR spectroscopy can provide complementary information to
that contained within the electronic absorption bands, and be-
cause IR bands are typically sharper and better resolved than
the absorption envelopes associated with electronic transitions,
IR spectroscopy can provide additional information concerning
electron (de)localisation over the molecular frame-
work.[52,92,94,108,109] Thus, for the most commonly studied
[LnM(µ-bridge)MLn]+ systems in which both metal centres and
their ancillary ligands are identical, vibrational modes associ-
ated with symmetric atomic displacements of the bridge gain
intensity in localised mixed-valence complexes due to the in-
duced dipole over the entire molecule. In cases in which suit-
able IR-active vibrations associated with the metal fragments
can be observed, information concerning the metal oxidation
state(s) can also be obtained.[93,95]

To further probe the nature of the redox products, in situ IR
difference spectra studies were carried out on complexes 4a–
4d during electrochemical oxidation. The ν(CO) bands were
monitored to elucidate the nature of the changes in the molec-
ular and electronic structures of the (CH=CH)Ru(CO)Cl(PMe3)3

units in [4a–4d]n+ (n = 0, 1, 2). The spectra so obtained are
presented in Figure 5 and the ν(CO) frequencies are summa-
rised in Table 3. Figure 5 shows a series of in situ IR transmission
difference spectra in the range between 1700 and 2200 cm–1

recorded with a potential sweep from –0.30 to +0.60 V with
respect to the reference IR spectrum obtained at –0.30 V. At
this potential, complexes 4a–4e exist in the formal Ru2

II,II state,
and hence the downward and upward peaks correspond to the
formation and disappearance of species, respectively. As shown
in Figure 5, Figure S5 and Table 3, the ν(CO) bands of 4a–4d are
essentially identical (1919–1921 cm–1), which indicates similar
electronic environments at the ruthenium centre in each case,
despite the change in electronegativity of the chalcogenide.

Upon one-electron oxidation, the ν(CO) band at 1919–
1921 cm–1 shifts to a higher frequency, but by only around
+20 cm–1. During the second oxidation to the dications [4a–
4d]2+, the ν(CO) band undergoes a second shift to a higher
frequency of around +30 cm–1. The small ν(CO) shift indicates
that little change in the metal oxidation state accompanies the
oxidation process, and the lack of any discernible splitting of
the ν(CO) band envelope is consistent with the two metal cen-
tres having an equivalent electronic environment on the IR
timescale (ca. 10–13 s) in all three oxidation states.[46,95] To-
gether, these observations strongly support the conclusions
drawn from the UV/Vis/NIR studies and descriptions of [4a–4d]+

in terms of a bridge-based oxidation.
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Figure 5. IR difference spectra of (a) 4a and (b) 4b recorded sequentially during a potential sweep from –0.30 to +0.60 V in a 0.05 M [nBu4N][B(C6F5)4]/CH2Cl2
solution at 298 K. The band at 1952 cm–1 associated with the spectrum of [4a]2+ cannot be assigned with confidence due to the poor chemical stability of
[4a]2+.

Table 3. Experimental (and computational)[a] IR data for complexes [4a–4d]n+

(n = 0, 1, 2) in their various oxidation states.

n ν(CO) [cm–1]
4a 4b 4c 4d

0 1921 (1944) 1919 (1946) 1920 (1945) 1919 (1946)
1 1940 (1961) 1940 (1963) 1941 (1965) 1941 (1965)
2 1968[b] 1972 1971 1968

[a] Corrected by a factor of 0.95, see ref.[110]

Quantum Chemical Calculations

To gain further insight concerning the influence of the chalco-
genide on the electronic structures of 4a–4d, DFT calculations
were performed by using the BLYP35 functional [LANL2DZ
for Ru, Se and Te, 6-31G** for all other atoms, COSMO-
(CH2Cl2)].[8,111,112] The 35 % direct exchange contribution in the
BLYP35 global hybrid functional proved to be well-suited to the
study of both localised and delocalised organic and organo-
metallic mixed-valence complexes.[113–119] Structures were opti-
mised without constraints and shown to be true minima by
frequency analysis. The geometry optimisation consistently re-
turned the all-trans-4-s-cis structures determined crystallo-
graphically for 4b–4d, but no minimum structure correspond-
ing to the all-trans-2-s-trans-4-s-cis conformation in the crystal
structure of 4a could be identified. It is likely that the conforma-
tion adopted by 4a in the crystal is a consequence of the solid
state and packing phenomena.

Important bond lengths and angles from the optimised ge-
ometries are summarised in Table S3 in the Supporting Informa-
tion together with equivalent parameters from the crystallo-
graphically determined structures for comparison. The Ru–P
and Ru–Cl bond lengths are modestly over-estimated, but there
is excellent correlation between the experimentally determined
and calculated distances and angles along the Ru–(CH=CH)4–
Ru chain and for the parameters relating to the chalcogenide
element. The accuracy of the computational models was further
verified by the calculated ν(CO) frequencies (Table 3). In each
case the symmetric and asymmetric ν(CO) stretching modes dif-
fer by only around 1 cm–1, and across the series fall within the
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small range of 1944–1946 cm–1, close to the experimental val-
ues of 1919–1920 cm–1.

Plots of the HOMOs and LUMOs of 4a–4d together with the
LUMO+2 of 4a and LUMO+1 of 4d are presented in Figure 6
with a summary of the orbital composition given in Table S6 in
the Supporting Information. The electronic structures are rather
similar, despite the changes in the nature of the chalcogenide.
At the level of theory employed, the HOMOs feature only 10 %
Ru character (5 % from each metal atom), with no appreciable
contribution from the chalcogenide. Rather, the composition
and nodal properties of the HOMOs closely resemble those of
the HOMO (or 4π MO with three nodal planes) of the 4-s-cis-
all-trans-octatetraene-like fragment (85–87 %; Figure 6 and
Table S6 in the Supporting Information). The LUMOs of 4b–4d
resemble the octatetraene-like π* manifold, with a small (6–
8 %) contribution from a chalcogenide p-type orbital. In the
case of 4a, the O atom contribution lifts the π* system above
low-lying empty metal d orbitals and becomes the LUMO+2.

The HOMO–LUMO energy gap [or the similarly composed
HOMO–(LUMO+2) for 4a] displays the same trend over the se-
ries 4a–4d as the lowest-energy optical absorption, progres-
sively decreasing with increasing atomic number of the chalco-
genide, but these energies correlate only modestly with the
energies of the lowest-energy optical transitions (see Table S6
in the Supporting Information). TD-DFT calculations with a
solvent model more accurately map the electronic absorption
spectra of 4a–4d (see Table S6). The lowest-energy electronic
absorptions of any appreciable intensity have octatetraene-like
π–π* character and arise from HOMO–LUMO [or HOMO–
(LUMO+2) in the case of 4a] transitions. There is some admixed
HOMO–(LUMO+1) character in the case of 4d, which contrib-
utes more Te character to the excited state.

The radical cations were modelled at the same level of the-
ory, with minima again being obtained for the all-trans-4-s-cis
conformations (see Table S4 in the Supporting Information).
The calculated ν(CO) frequencies of [4a–4d]+ give rise to
slightly greater differences in the symmetric and asymmetric
stretches [∆ν(CO) ≈ 2–3 cm–1] than for the neutral systems, but
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Figure 6. Plots of selected frontier MOs of 4a–4d.

again they are too similar to be resolved in the ν(CO) band
envelopes, which fall in the small range of 1962–1966 cm–1. The
shifts of the ν(CO) bands of around +20 cm–1 upon oxidation
are in excellent agreement with the experimental data (Table 3).

Close comparison of the molecular geometries reveals a very
small (ca. 0.02 Å) contraction of the Ru–Cl bond lengths and a
similar elongation of the Ru–P distances, which indicates a
small decrease in the electron density at the metal centre, con-
sistent with the conclusions drawn from the computational
vibrational and experimental IR spectra. The chalcogenide–C3
and chalcogenide–C6 bond lengths are also insensitive to the
change in molecular oxidation state (see Table S3 in the Sup-

Figure 7. Plots of selected orbitals from [4a]+ and [4d]+.
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porting Information). More significant structure changes upon
oxidation are apparent along the 10-atom Ru–[4-s-cis-all-trans-
(CH=CH)4]–Ru chain, which adopts a less pronounced long/
short bond-length alternation. The C–C bond lengths along the
polyene-like chain differ by around 0.03 Å, consistent with a
more cumulene-like valence-bond structure.

The composition and nodal properties of the frontier orbitals
in the radical cations [4a–4d]+ are similar to those described
above for the neutral systems, with the π* system in 4a+ now
descending below the empty metal d orbitals (Figure 7). Thus,
the #-LUMOs and α-HOMOs of the radical cations both closely
resemble the HOMOs of the neutral systems, whereas the α-
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LUMOs are similar in structure to the LUMOs of the neutral
systems. Therefore, to a good first approximation, the oxidation
of 4a–4d can be thought of in terms of a depopulation of the
HOMO, with the resulting radical cations showing similar elec-
tronic structures and characteristics to a conformationally well-
defined fragment of oxidised polyacetylene.[107] The lower-lying
!-HOMO has appreciable metal–vinyl character, with increas-
ingly important contributions from the chalcogenide along the
series [4a–4d]+.

TD-DFT calculations were also performed on [4a–4d]+ (see
Table S6 in the Supporting Information). The calculations gave
two predominant transitions for 4a that correspond to the NIR
and Vis absorption envelopes observed in the spectroelectro-
chemical experiments. The lowest-energy transition of any ap-
preciable oscillator strength has !-HOMO–!-LUMO character
(>80 %), and consideration of the composition of these orbitals
allowed the NIR band to be satisfactorily, if approximately, at-
tributed to a dπ–π transition. The higher-energy transition,
which corresponds to the visible absorption envelope, arises
predominantly from the α-HOMO–α-LUMO transition and has
the same π–π* character as the principal absorption feature
in the neutral compounds. For 4d the electronic description is
somewhat more complex. The greater involvement of the Te
atom in the composition of the !-HOMO lends a degree of
TeLCT character to the NIR absorption band, whereas two tran-
sitions (588 and 546 nm) contribute to the higher-energy band
envelope, both with !-(HOMO-5)–!-LUMO and α-HOMO–α-
LUMO character (see Table S6). Plots of the relevant orbitals of
[4a]+ and [4d]+ are given in Figure 7 to illustrate these features.
The limited metal contribution to the !-LUMO, coupled with
the collapse of both the absorption band in the NIR region
and the visible absorption arising from the ligand-based π–π*
transition in the second oxidation, leads us to prefer to describe
the radical cations [4a–4d]+ in terms of metal-supported
oxidised oligoenes rather than describing them formally as
Class III mixed-valence complexes.[86]

Conclusions

The full series of divinylchalcogenophene-bridged binuclear
ruthenium complexes [{(PMe3)3Cl(CO)Ru}2(µ-CH=CH-C4H2E-CH=
CH)] (E = O, S, Se, Te) have been prepared with the aim of
systematically studying any influence of the heteroatom on the
electronic structure of these compounds and their redox-
derived products. The first homologous series of chalcogeno-
phene-bridged binuclear complexes 4a–4d were completely
characterised by single-crystal X-ray diffraction analysis. The
vinyl moieties and five-membered heterocycles are almost co-
planar, allowing for extensive π conjugation across the entire
organometallic backbone. Single-crystal X-ray diffraction analy-
sis showed that the Ru1–Ru2 distances in complexes 4a–4d
increase by changing the heteroatom of the five-membered
ring from oxygen (4a) to tellurium (4d). The electronic absorp-
tion spectra of these compounds display an intense π–π* tran-
sition associated with the conjugated 10-atom Ru–[4-s-cis-all-
trans-(CH=CH)4]–Ru chain. The ν(CO) frequencies in their IR
spectra are largely independent of the nature of the chalcogen-
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ide, consistent with the limited conjugation of the metal atoms
to the chalcogenide. Rather, the metal fragments serve as elec-
tron-donating capping groups to the oligoene. Oxidation of
4a–4d to the radical cations 4a+–4d+ results in the depopula-
tion of the HOMO, with the latter exhibiting intense solvent-
independent NIR absorption envelopes arising from the !-
HOMO–!-LUMO transition, whereas at higher energy the α-
HOMO–α-LUMO transition retains the oligoene-like π–π* char-
acter of the neutral systems. In turn, these and related systems
provide further opportunities to model the polarons of oxidised
polyacetylene and other organic semi-conductors.

Experimental Section
General Materials: All manipulations were carried out at room
temperature under argon using standard Schlenk techniques unless
otherwise stated. Solvents were pre-dried, distilled and degassed
prior to use, except those for spectroscopic measurements, which
were of spectroscopic grade. The reagents (trimethylsilyl)acetylene,
selenophene and 2,5-dibromothiophene (1b) were commercially
available. The starting materials [RuHCl(CO)(PPh3)3],[120] telluro-
phene,[90,121] 2,5-dibromofuran (1a),[122] 2,5-dibromoselenophene
(1c),[123] 2,5-dibromotellurophene (1d),[90] 2,5-bis(ethynyl)furan
(3a),[90] 2,5-bis(ethynyl)thiophene (3b)[90] and [{RuCl(CO)(PMe3)3}2-
(µ-CH=CH-C6H4-CH=CH)] (4e)[46] were prepared by literature meth-
ods.

Physical Measurements: Elemental analyses (C, H, N) were per-
formed with a Vario ElIII CHNSO. 1H, 13C{1H} and 31P{1H} NMR spec-
tra were collected with a Varian MERCURY Plus 400 spectrometer
(400 MHz). 1H and 13C NMR chemical shifts are given relative to
TMS, and 31P NMR chemical shifts are relative to 85 % H3PO4.
UV/Vis spectra were recorded with a PDA spectrophotometer in
quartz cells with a path length of 1.0 cm. The electrochemical meas-
urements were performed with a CHI 660D potentiostat (CHI USA).
A three-electrode one-compartment cell was used to analyse the
compounds in dry CH2Cl2 with a supporting electrolyte. The solu-
tions were deaerated by bubbling argon through the solution for
about 10 min before measurement. A 500 µm diameter platinum
disc working electrode, a platinum wire counter electrode and an
Ag|Ag+ reference electrode were used. The Ag|Ag+ reference elec-
trode contained an internal solution of 0.01 mol dm–3 AgNO3 in
acetonitrile and was incorporated in the cell by means of a salt
bridge containing 0.05 mol dm–3 [nBu4N][B(C6F5)4] in CH2Cl2.
UV/Vis/NIR experiments were performed in an airtight optically
transparent thin-layer electrochemical (OTTLE) cell equipped with a
Pt mini-grid working electrode and CaF2 windows with a path
length of 200 µm.[124] The cell was positioned in the sample com-
partment of a Shimadzu UV-3600 UV/Vis/NIR spectrophotometer.
In situ FTIR experiments were carried out with a Nexus 870 FTIR
spectrometer (Nicolet) equipped with a liquid-nitrogen cooled MCT-
A detector. A model 263 A potentiostat/galvanostat (EG&G) was
used to control the electrode potential. In situ FTIR experiments
were performed with a purpose-designed reflection-absorption cell
in a N2-saturated CH2Cl2 solution. The working electrode was of
glassy carbon with a diameter of 5 mm in diameter and the counter
electrode was platinum foil. The reference electrode (Ag/Ag+) was
separated from the bulk of the solution by a fritted-glass bridge of
low porosity containing the solvent/supporting electrolyte mixture.
The IR spectra were collected in single beam mode at 2 cm–1 and
the differential absorbance spectra are presented together with the
reference spectrum recorded immediately prior to the application
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of the potential. All the electrochemical experiments were carried
out under ambient conditions.

Synthesis of Bis(trimethylsilylethynyl) Heterocyclic Derivatives

2,5-Bis(trimethylsilylethynyl)furan (2a): (Trimethylsilyl)acetylene
(0.49 g, 5 mmol) was added to a stirred solution of 1a (0.226 g,
1 mmol), CuI (0.038 g, 0.2 mmol) and [Pd(PPh3)2Cl2] (0.07 g,
0.1 mmol) in triethylamine (5 mL) and THF (10 mL) under argon,
and the mixture was heated at reflux for 10 h at 60 °C. The cold
solution was filtered through a bed of Celite. The filtrate was evapo-
rated under reduced pressure and the residue was purified by silica
gel column chromatography (petroleum ether/dichloromethane =
5:1) to give a pale-yellow solid (0.25 g, 95 %). 1H NMR (400 MHz,
CDCl3): δ = 6.54 (s, 2 H), 0.24 (s, 18 H) ppm.

2,5-Bis(trimethylsilylethynyl)thiophene (2b): The procedure for
the synthesis of 2b was similar to that used for 2a: 1b (0.60 g,
2.5 mmol), CuI (0.095 g, 0.5 mmol), [Pd(PPh3)2Cl2] (0.176 g,
0.25 mmol), triethylamine (5 mL), THF (10 mL) and (trimethyl-
silyl)acetylene (1.23 g, 12.5 mmol). Yield: 0.68 g (98 %) of a yellow
solid. 1H NMR (400 MHz, CDCl3): δ = 7.04 (s, 2 H), 0.24 (s, 18 H) ppm.

2,5-Bis(trimethylsilylethynyl)selenophene (2c): The procedure
for the synthesis of 2c was similar to that used for 2a: 1c (0.29 g,
1 mmol), CuI (0.038 g, 0.2 mmol), [Pd(PPh3)2Cl2] (0.070 g, 0.1 mmol),
triethylamine (5 mL), THF (10 mL) and (trimethylsilyl)acetylene
(0.49 g, 5 mmol). Yield: 0.29 g (90 %) of a yellow solid. 1H NMR
(400 MHz, CDCl3): δ = 7.10 (s, 2 H), 0.24 (s, 18 H) ppm.

2,5-Bis(trimethylsilylethynyl)tellurophene (2d): The procedure
for the synthesis of 2d was similar to that used for 2a: 1d (0.34 g,
1 mmol), CuI (0.038 g, 0.2 mmol), [Pd(PPh3)2Cl2] (0.070 g, 0.1 mmol),
triethylamine (5 mL), THF (10 mL) and (trimethylsilyl)acetylene
(0.49 g, 5 mmol). Yield: 0.19 g (50 %) of a yellow solid. 1H NMR
(400 MHz, CDCl3): δ = 7.64 (s, 2 H), 0.23 (s, 18 H) ppm.

Synthesis of Diethynyl Heterocyclic Derivatives

2,5-Diethynylselenophene (3c): 2,5-Bis(trimethylsilylethynyl)-
selenophene (2c; 0.32 g, 1 mmol) was dissolved in methanol
(30 mL). Aqueous potassium hydroxide (1 mL, 5 M) was added and
the reaction mixture was stirred at room temperature overnight.
The reaction mixture was diluted with pentane and washed with
brine. The organic layer was dried with Na2SO4 and the solvent
removed in vacuo to give a yellow-brown solid. Yield: 0.070 g
(40 %). 1H NMR (400 MHz, CDCl3): δ = 7.31 (s, 2 H), 3.54 (s, 2 H) ppm.

2,5-Diethynyltellurophene (3d): 2,5-Bis(trimethylsilylethynyl)-
tellurophene (2d; 0.19 g, 0.5 mmol) was dissolved in THF (20 mL).
TBAF (2.5 mL, 1 M) was added at –20 °C and the reaction mixture
was stirred for 30 min and then at room temperature overnight.
The solution was filtered through a bed of Celite. The filtrate was
evaporated under reduced pressure and the residue was purified
by silica gel column chromatography (pentane) to give a yellow
solid. Yield: 0.050 g (44 %). 1H NMR (400 MHz, CDCl3): δ = 7.72 (s, 2
H), 3.72 (s, 2 H) ppm.

General Synthesis of Binuclear Ruthenium Complexes 4a–4d: A
solution of the appropriate diethynyl heterocyclic compound 3a–
3d (0.18 mmol) in CH2Cl2 (5 mL) was slowly added to a suspension
of [RuHCl(CO)(PPh3)3] (0.31 g, 0.33 mmol) in CH2Cl2 (20 mL) and the
reaction mixture was stirred for 1 h to give a red solution. Then a
1 M THF solution of PMe3 (1.8 mL, 1.8 mmol) was added and the
mixture was stirred for another 20 h. The solution was filtered
through a column of Celite. The volume of the filtrate was reduced
to around 2 mL under vacuum. Addition of hexane (6 mL) to the
residue produced a solid, which was collected by filtration, washed
with hexane and dried under vacuum.
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4a: Yield: 0.090 g, 52 %. 1H NMR (400 MHz, CDCl3): δ = 7.76–7.71
(m, 2 H, Ru-CH=), 6.46–6.42 (m, 2 H, C4H2O-CH=), 5.97 (s, 2 H,
C4H2O), 1.46 (d, J = 6.7 Hz, 18 H, PMe3), 1.40 (t, J = 3.4 Hz, 36 H,
PMe3) ppm. 13C NMR (100 MHz, CDCl3): δ = 201.86 [q, J(P,C) = 25.2,
13.1 Hz, CO], 162.55 [dt, J(P,C) = 77.7, 17.6 Hz, Ru-CH=], 154.37 [d,
J(P,C) = 6.6 Hz, Ru-CH=CH], 124.93 (C-2/5), 100.76 (C-3/4), 20.18 [t,
J(P,C) = 18.6 Hz, PMe3], 16.75 [dd, J(P,C) = 15.5 Hz, PMe3] ppm. 31P
NMR (160 MHz, CDCl3): δ = –8.68 (d, J = 23.3 Hz), –20.13 (t, J =
23.2 Hz) ppm. C28H60Cl2O3P6Ru2 (903.67): calcd. C 37.22, H 6.69;
found C 37.32, H 7.01.

4b: Yield: 0.080 g, 48 %. 1H NMR (400 MHz, CDCl3): δ = 7.68–7.60
(m, 2 H, Ru-CH=), 6.63–6.57 (m, 2 H, C4H2S-CH=), 6.44 (s, 2 H, C4H2S),
1.45 (d, J = 6.8 Hz, 18 H, PMe3), 1.40 (t, J = 3.4 Hz, 36 H, PMe3) ppm.
13C NMR (100 MHz, CD2Cl2): δ = 202.26 [q, J(P,C) = 24.9, 12.4 Hz,
CO], 164.58 [dt, J(P,C) = 76.0, 19.4 Hz, Ru-CH=], 145.54 (m, Ru-CH=
CH) 129.02 (C-2/5), 118.08 (C-3/4), 20.25 [d, J(P,C) = 21.2 Hz, PMe3],
16.94 [t, J(P,C) = 16.0 Hz, PMe3] ppm. 31P NMR (160 MHz, CDCl3): δ =
–8.25 (d, J = 22.6 Hz), –19.74 (t, J = 20.7 Hz) ppm. C28H60Cl2O2P6Ru2S
(919.73): calcd. C 36.57, H 6.58; found C 36.72, H 6.62.

4c: Yield: 0.070 g, 40 %. 1H NMR (400 MHz, CDCl3): δ = 7.59–7.51
(m, 2 H, Ru-CH=), 6.66–6.60 (m, 2 H, C4H2Se-CH=), 6.55 (s, 2 H,
C4H2Se), 1.45 (d, J = 6.8 Hz, 18 H, PMe3), 1.40 (t, J = 3.4 Hz, 36 H,
PMe3) ppm. 13C NMR (100 MHz, CD2Cl2): δ = 202.83 [q, J(P,C) = 24.4,
12.8 Hz, CO], 168.72 [dm, J(P,C) = 75.5, 17.8 Hz, Ru-CH=], 131.98
(C-2/5), 120.16 (C-3/4), 20.25 [d, J(P,C) = 20.9 Hz, PMe3], 16.93 [t,
J(P,C) = 15.2 Hz, PMe3] ppm. 31P NMR (160 MHz, CDCl3): δ = –8.36
(d, J = 22.7 Hz), –19.87 (t, J = 22.0 Hz) ppm. C28H60Cl2O2P6Ru2Se
(966.63): calcd. C 34.79, H 6.26; found C 34.63, H 6.67.

4d: Yield: 0.090 g, 49 %. 1H NMR (400 MHz, CDCl3): δ = 7.34–7.27
(m, 2 H, Ru-CH=), 6.91 (s, 2 H, C4H2Te), 6.56–6.50 (m, 2 H,
C4H2Te-CH=), 1.45 (d, J = 6.8 Hz, 18 H, PMe3), 1.39 (t, J = 3.4 Hz, 36
H, PMe3) ppm. 13C NMR (100 MHz, CDCl3): δ = 202.21 [q, J(P,C) =
24.8, 12.2 Hz, CO], 169.79 [t, J(P,C) = 78.3, 16.1 Hz, Ru-CH=], 149.72
(m, Ru-CH=CH), 136.15 (C-2/5), 127.26 (C-3/4), 20.09 [d, J(P,C) =
21.0 Hz, PMe3], 16.82 [t, J(P,C) = 15.2 Hz, PMe3] ppm. 31P NMR
(160 MHz, CDCl3): δ = –8.29 (d, J = 22.6 Hz), –19.82 (t, J =
22.5 Hz) ppm. C28H60Cl2O2P6Ru2Te (1015.27): calcd. C 33.12, H 5.96;
found C 33.22, H 6.08.

4e: Yield: 0.26 g, 70 %. 1H NMR (400 MHz, CDCl3): δ = 7.99–7.93 (m,
2 H, Ru-CH=), 7.25 (s, 2 H, Ph-H), 6.56–6.50 (m, 2 H, Ph-CH=), 1.45
(d, J = 6.8 Hz, 18 H, PMe3), 1.39 (t, J = 3.2 Hz, 36 H, PMe3) ppm. 13C
NMR (150 MHz, CDCl3): δ = 202.48 (CO), 164.72 [t, J(P,C) = 15.5 Hz,
Ru-CH=], 137.79 (m, Ru-CH=CH), 134.86 (C-2/5), 124.34 (C-3/4), 20.13
[d, J(P,C) = 20.55 Hz, PMe3], 16.56 [t, J(P,C) = 15.2 Hz, PMe3] ppm.
31P NMR (160 MHz, CDCl3): δ = –9.35 (d, J = 21.1 Hz), –21.01 (t, J =
21.1 Hz) ppm.

Quantum Chemical Studies: All calculations were carried out by
using the Gaussian 09 suite of programs[125] with the BLYP35 func-
tional[119] and LANL2DZ basis set for Ru, Se and Te[126–128] and 6-
31G** for all other atoms.[129] A COSMO(CH2Cl2) solvent model was
also employed.[111] Crystallographically determined structures were
used as the starting point for geometry optimisations, which were
carried out without constraints. Structures were confirmed as true
minima by the absence of imaginary frequencies. Molecular orbital
analysis was undertaken by using the GaussSum package.[130]
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High surface coverage of a self-assembled
monolayer by in situ synthesis of palladium
nanodeposits†
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Nascent metal|monolayer|metal devices have been fabricated by depositing palladium, produced through

a CO-confined growth method, onto a self-assembled monolayer of an amine-terminated oligo(phenyl-

ene ethynylene) derivative on a gold bottom electrode. The high surface area coverage (85%) of the

organic monolayer by densely packed palladium particles was confirmed by X-ray photoemission spec-

troscopy (XPS) and atomic force microscopy (AFM). The electrical properties of these nascent Au|mono-

layer|Pd assemblies were determined from the I–V curves recorded with a conductive-AFM using the

Peak Force Tunneling AFM (PF-TUNA™) mode. The I–V curves together with the electrochemical experi-

ments performed rule out the formation of short-circuits due to palladium penetration through the

monolayer, suggesting that the palladium deposition strategy is an effective method for the fabrication of

molecular junctions without damaging the organic layer.

Introduction
Molecular electronics is a dynamic field of contemporary
research with enormous potential to approach not only con-
cerns over ‘top-down’ scaling of electronic components, but
also identify a wide range of technological and scientific chal-
lenges that are reliant on electron-transfer between molecular

systems and solid-state interfaces including solar-energy har-
vesting, thermoelectric materials, catalysis, and sensing.1

Significant progress has been made in the last few years
including the synthesis of new functional molecular
materials,2–10 development of sophisticated methods for the
assembly of either single molecules or monolayers onto elec-
trodes for the achievement of efficient molecule–electrode
junctions,11–15 as well as experimental methods to determine
the electrical properties of molecules at a single level16–22 or in
monolayers.23,24 However, several challenges remain to be
addressed before molecular electronics turns into a truly
viable and reliable technology.25 The fabrication of the top
contact electrode in two terminal sandwich-based metal|
organic monolayer|metal devices is one of the major chal-
lenges that, despite intense research over more than 30 years,
remains to be fully resolved.15,26–30 A wide variety of tech-
niques to deposit the top metal electrode onto a molecular
monolayer have been described in the literature including
direct and indirect evaporation,11,31–38 use of liquid
metals,11,34,39,40 flip chip lamination,34,41 electrodeposition,42–44

surface-diffusion-mediated deposition,44 chemisorption of
metal nanoparticles onto surface-functionalised monolayers,45

thermal induced decomposition of an organometallic mono-
layer,46 and photoreduction of a metal precursor.47,48 The
most significant problems in the deposition of the top-contact
electrode are those related to damage of the functional mole-
cules during the metallization process of the monolayer or
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penetration of the growing top-contact through the monolayer,
which results in short circuits. In addition, many of the pro-
posed ‘soft’ methods that avoid penetration of the growing
metal electrode through the monolayer result in a relatively
low surface coverage of the monolayer by the newly fashioned
top contact.45–47

In this contribution, a simple procedure for the deposition
of a metallic top-contact electrode onto a monolayer film of
‘wire-like’ molecules is presented. A self-assembled monolayer
(SAM) of an oligo(phenylene ethynylene) (OPE) derivative, 4-(2-
(4-(2-(4-aminophenyl)ethynyl)phenyl)ethynyl)benzenamine, 1,
featuring amine functional groups to provide metallic con-
tacts49,50 has been used as the wire-like molecular component.
This allows benchmarking of the electrical performance
against similar device structures and helps assess the
effectiveness of this top-contact deposition method (Fig. 1).
Anisotropic palladium nanostructures were initially produced
with the assistance of a CO-confined growth method.51,52

Carbon monoxide molecules, which strongly adsorb onto the
basal (111) planes of palladium nanosheets, are used to block
the growth of the metallic particle along the [111] direction
and direct the formation of sheet-like structures.51 These met-
allic palladium sheets are aggregated onto the monolayer to
generate larger palladium nanodeposits (PdND) across the
surface. This method results in a larger surface coverage
of palladium than that previously achieved with gold45,47 or
silver53 by the assembly of metal nanoparticles onto organic
monolayers.

Experimental
Compound 1 was synthesized as described elsewhere.54

Gold substrates were purchased from Arrandee®, Schroeer,
Germany, and 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 Self-assembled monolayers (SAMs) were prepared
by immersion of the annealed gold-on-glass substrates in a
10−4 M solution of 1 in tetrahydrofuran (THF, HPLC grade
≥99.9%, inhibitor-free solution) for 48 hours. Afterwards,
the surface-modified substrates (denoted gold|SAM(1)) were
thoroughly rinsed with THF and dried under a stream of dry
nitrogen.

A stainless steel, Teflon lined autoclave (Fig. 2a) was fitted
with a specially designed Teflon insert to create two compart-
ments (termed mixing and growth chambers), connected by
lateral windows (Fig. 2b). The monolayer-modified gold sub-
strate (i.e. gold|SAM(1)) was attached face down within the
lower growth chamber to prevent deposition of particulate
matter by gravity (Fig. 2c). A palladium growth solution was
prepared by mixing 11 mg of sodium palladium(II) chloride
(Na2PdCl4, Aldrich) and 130 mg of potassium bromide (KBr,
Aldrich) in Milli-Q water (400 μL). The resulting red-coloured,
homogeneous solution was mixed with 4 mL of dimethyl-
formamide (DMF, EMD chemicals, used as received) and intro-
duced into the autoclave. The solution was gently stirred with
a magnetic flea located at the mixing chamber, whilst the
lateral windows carved in the Teflon holder assured a good
fluid transfer between the mixing chamber and the growth
chamber (Fig. 2), reducing the presence of any concentration
profiles that could affect the homogeneity and the surface cov-
erage of the substrate. The autoclave was flushed under CO
and pressurized to 6 bar, and the reactor heated at 80 °C for
50 min. Palladium nanodeposits are formed on the gold|SAM(1)
resulting in sandwich structures denoted gold|SAM(1)|
PdNDs.

X-ray photoelectron spectra (XPS) were recorded 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. To
provide a precise energy calibration, the XPS binding energies
were referenced to the C 1s peak at 284.6 eV. The thickness of
the SAM onto the gold substrate was estimated using the
attenuation of the Au 4f signal from the substrate according to
ISAM = Isubstrate exp(−d/λ sin θ), where d is the film thickness,
ISAM and Isubstrate are the average of the intensities of the Au
4f5/2 and Au 4f7/2 peaks attenuated by the SAM and from bare
gold, respectively; θ is the photoelectron take-off angle; and λ
is the effective attenuation length of the photoelectron (4.2 ±
0.1 nm).56

AFM images were obtained in tapping and peak-force
modes using a Multimode 8 microscope equipped with a
Nanoscope V control unit from Bruker operating under
ambient air conditions at a scan rate of 0.5–1.2 Hz. To this
end, RFESPA-75 (75–100 kHz, and 1.5–6 N m−1, nominal
radius of 8 nm) and ScanAsyst-Air-HR tips (130–160 kHz, and
0.4–0.6 N m−1, nominal radius of 2 nm), purchased from
Bruker, were used. In order to minimize tip convolution effects
affecting the measurement of the width of the palladium
nanodeposits, data obtained from AFM image profiling have
been corrected according to Canet-Ferrer et al.57 The RMS

Fig. 1 Structure of the gold|SAM(1)|PdND devices presented in this
paper.
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(root mean square) roughness as well as bearing and depth
statistical analyses were carried out by means of Nanoscope
off-line v. 1.40 and Gwyddion v. 2.41 package software. The
electrical properties of the molecular junctions were deter-
mined with a conductive-AFM (Bruker ICON) under humidity
control, ca. 40%, with a N2 flow using the Peak Force
Tunnelling AFM (PF-TUNA™) mode, and employing a
PF-TUNA™ cantilever from Bruker (coated with Pt/Ir 20 nm,
ca. 25 nm radius, 0.4 N m−1 spring constant and 70 kHz reson-
ance frequency).

Cyclic voltammetry (CV) experiments were performed using
a potentiostat from EcoChemie and a standard three-electrode
cell, where the working electrode was a bare Au(111) electrode,
an Au(111) electrode covered by a monolayer of 1, or an
Au(111) electrode covered by a monolayer of 1 with palladium
nanodeposits on top of the organic film. These working
electrodes were connected to the potentiostat by means of a
cable ended in a metallic tweezer that holds the electrode. The
reference electrode was Ag/AgCl, KCl (3 M) and the counter
electrode was a Pt sheet.

Results and discussion
The fabrication of the monolayer sandwich-style structures
commenced with the initial deposition of high-quality self-
assembled monolayers of 1 on flame-annealed gold-on-glass
substrates offering large area (111) terraces. After the incu-
bation of the gold substrate in a solution of compound 1 in a
10−4 M solution for 48 h, AFM imaging confirmed the for-
mation of a homogenous and tightly packed organic layer with
low occurrence of defects, pinholes, and three-dimensional
aggregates (Fig. 3a). The characteristic features of the under-

lying Au(111) surface still remain detectable beneath the well-
ordered monolayer, i.e. smooth terraces and monoatomic gold
steps. Such a defect-free and densely packed organic mono-
layer is expected to contribute to avoid penetration of the top-
contact electrode through the monolayer. By scratching the
surface with the AFM tip, the average thickness of the film,
namely 1.78 ± 0.14 nm, can be accurately estimated by carrying
out height/depth profiles across the scratched area (Fig. S1 in
the ESI†).57 This thickness is also in good agreement with the
one determined from the attenuation of the Au 4f signal from
the gold substrate in the XPS spectrum (see Fig. S2 in the
ESI†), namely (1.85 ± 0.05 nm). The experimental thickness of
the SAM of 1, as determined by any of the two experimental
methods used, is in good agreement with the length of com-
pound 1 (1.9 nm) determined from computational molecular
models (Spartan®08 V1.0.0), suggesting an arrangement of 1
in the monolayer with a tilt angle of ca. 70° to the substrate
surface.

Fig. 3 Representative AFM images of (a) gold|SAM(1) and (b) gold|SAM(1)|
PdNDs.

Fig. 2 (a) Teflon holder designed to grow PdNDs onto organic monolayers. (b) Location of mixing and growth chambers with the fluid transfer
between chambers by the lateral windows. (c) The gold|SAM(1) secured in the growth chamber; when the Teflon holder is placed in the autoclave,
the exposed gold|SAM(1) surface is facing ‘down’ to limit adventitious deposition of PdNDs by gravity.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2017 Nanoscale, 2017, 9, 13281–13290 | 13283

Pu
bl

is
he

d 
on

 1
0 

A
ug

us
t 2

01
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:

06
:2

3.
 

View Article Online

http://dx.doi.org/10.1039/c7nr03365f


It is well known that cyclic voltammetry can be used as an
indirect method for evaluating the presence of pores or holes
in organic films deposited onto electrodes.58,59 Fig. S2† shows
the electrochemical response of a bare gold electrode as well
as the response of the gold-substrate covered by a SAM of 1
introduced into a solution containing an electrochemical
probe, K3[Fe(CN)6]. The complete blocking exhibited by the
gold substrate covered by the SAM of 1 within the potential
window considered for the reversible diffusion-controlled
redox probe is indicative of a tightly-packed film.60 Further
relevant results are discussed in more detail below.

The mechanisms of nucleation and growth of nanoparticles
in solution have been widely explored and described in detail
elsewhere by others.61–64 According to the traditional LaMer
mechanism of nucleation and growth of nanoparticles, nuclea-
tion of nanoparticles can take place under either homogeneous
and heterogeneous conditions. Homogeneous nucleation
occurs when nuclei form uniformly throughout the parent
phase, whereas, heterogeneous nucleation commences at struc-
tural in-homogeneities on a surface. Consequently, the growth
kinetics and size of the resulting nanoparticles are usually
different in homogeneous and heterogeneous nucleation pro-
cesses. However, whilst nucleation processes may be faster at
the heterogeneous interface, a diffusion limited process is
usually responsible for directing the growth of nanoparticles on
substrates, allowing a more controlled and regular growth with
lower density of defects in the particle distribution.65

Previous studies have used organic capping agents to
produce Pd nanoparticles with sheet-like morphology.51,52

However, for the purpose of this work, the presence of organic
compounds over the metallic top-contact would interfere with
the planned electrical measurements. Palladium nano-
structures were therefore prepared here without the assistance
of added capping agents, exploiting the presence of Br− anions
and CO pressure, the key variables to control the anisotropic
growth of Pd, and the metallic palladium top-contact electrode
was grown on top of the monolayer in a heterogeneous
fashion, further taking advantage of CO-confined growth of
palladium nanoparticles.

The reduction of the palladium precursor was performed in
aqueous DMF solution in a CO-pressurized autoclave. The CO
has a dual role in the formation of PdNDs: (1) it is a facet-
specific capping agent that promotes the formation of sheet
morphology by the preferential binding to {111} planes of the
growing Pd particle, leading to ultra-thin sheet like mor-
phology; (2) CO is a reducing agent and assists in the chemical
reduction of Pd2+ ions to metallic palladium. Reagent compo-
sition and synthesis conditions (CO pressure, time and temp-
erature) were optimized to give coverage of the SAM by PdNDs.

Fig. S4a and S4b† show representative sheet-like nano-
particles collected in the autoclave after reaction. Energy-dis-
persive X-ray spectroscopy confirmed the presence of Pd in the
nanosheets in the bulk solution (Fig. S4c and S4d†). The mean
diameter of the Pd nanosheets dispersed in the bulk solution
ranged between 21 and 28 nm, obtained from a mixture of tri-
angular and hexagonal morphologies. Fig. S4e† shows the

representative UV-Vis spectra of a colloidal suspension of the
Pd nanosheets. The surface plasmon resonance (SPR) peak
exhibited by the Pd nanosheets is in full agreement with the
reported data of the Pd nanosheets with similar dimen-
sions.51,52 The robustness of the synthesis method is con-
firmed by the excellent reproducibility of the optical properties
of the colloidal suspensions obtained from multiple indepen-
dent syntheses (Fig. S4e†).

When the gold|SAM(1) system is placed in the reactor
chamber, heterogeneous CO-controlled growth leads to Pd
nanostructures that almost completely cover the SAM surface,
with low occurrence of large 3D-aggregates (Fig. 3b). The
resulting sandwich-like structures are denoted as gold|SAM(1)|
PdNDs. The surface roughness, expressed in terms of the Root
Mean Square (RMS), of the gold|SAM(1)|PdND assembly (2.64
± 0.25 nm) is significantly greater than that of the gold|SAM(1)
precursor structures (0.49 ± 0.09 nm) (Fig. S5†). The statistical
analysis of the data provided by the AFM images indicates that
the aggregated PdNDs are essentially disk-shaped with an
average diameter (corrected by the tip convolution) of 15.7 ±
2.4 nm and an average height of 7.3 ± 1.5 nm (Fig. S6†). More
importantly, the AFM images exhibit a remarkably high
surface coverage of the SAM with heterogeneously grown
PdNDs (Fig. 3b). A bearing analysis of the recorded AFM
images was carried out in order to estimate the percentage of
the SAM of 1 covered by the PdNDs (Fig. S7†). Such an analysis
provides an accurate assessment of the image area covered by
features with larger heights than the selected depth
threshold66,67 and rendered an average PdND coverage of 84.5
± 2.8% for the optimum conditions employed. A similar
surface coverage area has been obtained from the SEM images
of the gold|SAM(1)|PdND system (Fig. S8†). In comparison
with analogous experiments carried out with other metallic
nanoparticles self-assembled as a top-contact onto an aro-
matic-moiety monolayer, such as gold nanoparticles with a
coverage of 25%46 and, more recently, with silver nano-
particles, 76%,53 a significant improvement in the surface cov-
erage has been achieved by the CO-controlled growth method
of palladium deposition. In light of the previous remarks, the
shape and size of the palladium particles produced by CO-con-
fined growth in solution by homogeneous nucleation does not
necessarily map directly to the morphology of the metallic
material grown under the same conditions but arising from
heterogeneous nucleation on top of the SAM of 1. It is also
worth mentioning that the incubation of a gold|SAM(1) into a
bulk dispersion containing pre-formed Pd nanosheets (i.e.
overnight incubation of the gold|SAM(1) substrate in a col-
loidal suspension of pre-formed Pd nanosheets prepared
under the same CO-controlled growth conditions) results in a
rather low surface coverage, ca. 5% (Fig. S9†). This result sup-
ports the importance of the heterogeneous growth model to
the structures grown on the gold|SAM(1) substrates in the
autoclave.

Deposition of metallic palladium nanodeposits on the SAM
of 1 to give the gold|SAM(1)|PdND assembly has been further
demonstrated by XPS (Fig. 4). The XPS spectrum shows four
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peaks, two at 333.7 and 351.8 eV originating from the gold sub-
strate, and other two peaks at 334.2 and 339.5 eV, with an area
ratio of 3 : 2 and a peak separation of 5.3 eV, which are associ-
ated with the (3d5/2) and (3d3/2) peaks of metallic
palladium.68–70

At this point it is critical to verify that the metal-deposition
strategy does not result in short-circuits by penetration of
PdNDs through the SAM and this is an effective route towards
the deposition of a top-contact electrode on a monolayer film.
To do so, I–V curves were recorded for gold|SAM(1)|PdND
structures using a conductive atomic force microscope (c-AFM)

with the PeakForce tunneling AFM (PF-TUNA) mode and a
PF-TUNA cantilever (coated with Pt/Ir 20 nm, ca. 25 nm
radius, 0.4 N m−1 spring constant and 70 kHz resonance
frequency).46,53,71–73 Under these conditions, the tip makes
intermittent contact with the surface at a frequency of 2 kHz
and a low maximum force (peak-force) to limit damage to the
surface and detrimental lateral forces. Therefore, the peak-
force tapping mode is useful for the conductivity mapping of
soft or fragile samples, since lateral forces are avoided.
Nevertheless, before recording the I–V curves, a compromise
has to be made in order to select the most suitable contact
force to be applied during the measurement since too much
force results in unacceptably large deformation of the SAM
underlying the PdNDs, while too little force yields an
inadequate electrical contact between the AFM probe tip and
the PdNDs. The deformation or damage of the monolayer has
been investigated as a function of the tip loading force (set-
point force) to help determine the most suitable set-point
force for the subsequent electrical measurements (Fig. 5a). In
the 1–8 nN set-point force range, the section analysis for three
isolated PdNDs (inset Fig. 5a) shows practically constant
heights (relative height determined with respect to the
immediate surroundings of the PdNDs that may contain other
PdNDs in the background) indicating that no significant de-
formation of the monolayer occurs and that the PdNDs are not
substantially pushed into the monolayer by the AFM tip. If the
set-point force is increased up to 12 nN, the section analysis of
these PdNDs gives lower height values revealing deformation
of the monolayer for this applied set-point force. If the set-
point is increased to 15.5 nN the deformation of the mono-
layer increases with lower height values obtained from the
section analysis. After applying a set-point force of 19.5 nN,

Fig. 4 XPS spectrum of gold|SAM(1)|PdNDs. The grey line shows the
recorded spectrum and the blue and red lines show the deconvolution
of the original spectrum to distinguish contributions from gold and
palladium.

Fig. 5 (a) Relative height of three PdNDs determined with the c-AFM at the indicated set-point forces. These PdNDs were used to study the defor-
mation of the monolayer as a function of the set-point force. The inset shows a 150 × 150 nm2 image where the three PdNDs can be clearly distin-
guished; the Z range is 12 nm. (b) Conductance values measured locating the tip of the c-AFM onto a PdND vs. the applied set point-force (deter-
mined from the linear section (−0.5 to +0.5 V range) in the recorded I–V curve). Top inset figure: log–log plot to evidence the presence of a single
power regime in the load force region explored in this work. Bottom inset figure: Cartoon showing the SAM onto a gold underlying electrode and
the PdND contacted by the c-AFM tip.
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two of these PdNDs are not visible indicating that these
PdNDs have been pushed down into the relatively soft under-
lying monolayer by the pressure exerted from the AFM values,
e.g. to 1 nN, the section analysis of these PdNDs is restored.
Therefore, the deformation of the monolayer caused by apply-
ing a set-point force of 19.5 nN at the AFM tip is reversible and
induces no apparent damage of the organic layer.

Turning to the electrical response, when a set-point force
below 4 nN was used practically no current was detected,
whilst for a set-point force between 4 and 8 nN a low conduc-
tance was obtained. These results suggest that when low set-
point forces are applied, the contact between the tip and the
PdND does not result in any measureable electrical current
flow. Nevertheless, when a higher set-point force (between 12
and 27.3 nN) is applied, the I–V curves show a significant con-
ductance, revealing that for these set-point forces there is a
good electrical contact. In addition, top inset of Fig. 5b shows
a log–log plot that evidence the increase in junction conduc-
tance versus the applied set-point force. In this case, a single
power law regime74,75 (i.e., log(conductance) ∝ log (set-point
force)·n where n = +2.73) can be observed for the set point
force range explored in this work. In conclusion, a set-point
force of 12 nN represents the minimum load required to make
a reasonable contact between the tip and the PdND, minimiz-
ing any possible damage or excessive deformation of the
organic layer during the determination of the electrical pro-
perties, although slightly higher loads do not show either evi-
dence of a different power low regime or short-circuits.

Some 250 I–V curves were recorded by positioning the AFM
tip on top of a PdND using a 12 nN set-point force, and by
applying a bias between the underlying gold electrode and the
tip (inset Fig. 5b). The individual I–V curves show a shape
commonly observed for metal–molecule–metal junctions,
with a linear section only at relatively low bias voltages (−0.5
to +0.5 V) and increasing curvature at higher bias (Fig. 6).
Importantly, no low-resistance traces characteristic of metallic
short circuits were observed in any of the individual I–V
curves, which rules out the presence of short-circuits. The
same behavior was also observed for I–V curves from gold|SAM(1)|
PdND junctions collected at set-point forces of up to 27.3 nN
(Fig. S10†). For simple monolayers of 1 on gold, i.e.
without the PdND, a set point force of 8 nN was established as
being sufficient to make good electrical contact without
damage or excessive deformation to these softer surfaces. The
I–V curves collected from these Pd free junctions also exhibit
the typical shape associated with metal|molecule|metal junc-
tions. This conformity of results from junctions comprised of
SAM of 1 with and without PdNDs establish that the depo-
sition process does not damage the underlying SAM, and does
not alter or contaminate the interfaces.

The representative I–V curve shown in Fig. 6 fits in good
agreement with the Simmons model76 (where Φ is the effective
barrier height of the tunneling junction relative to the Fermi
level of the Au) and α is related to the effective mass of the tun-
neling electron. Φ and α are the fit parameters revealing that
the mechanism of transport through these metal–molecule–

metal junctions is non-resonant tunneling with an effective
barrier height, Φ, of the tunneling junction of 0.66 eV, in excel-
lent agreement with other similar OPE derivatives54,77–79

which also rules out the presence of short circuits since short
circuits would result in lower values of Φ.

To further explore the steps in the fabrication process,
the electrochemical (cyclic votammetric) response of the
[Fe(CN)6]3−/[Fe(CN)6]4− couple at a bare Au(111) electrode, an
Au(111) electrode modified by a SAM of 1, and an Au(111)
electrode modified to give a gold|SAM(1)|PdND structure was
examined (Fig. 7a). At the bare gold electrode, a well-defined,
electrochemically reversible Fe(III/II) couple is readily observed.
The complete inhibition of the electron transfer (ET) reaction
to the [Fe(CN)6]3− redox probe observed for the SAM of 1 modi-
fied electrode together with the significant decrease in the
capacitance in comparison with the bare Au(111) electrode is
consistent with the formation of a tightly-packed monolayer
that effectively blocks the diffusion of ions to the underlying
gold electrode. From consideration of the size of the ferricya-
nide redox probe, it has been estimated that the complete inhi-
bition of ET is achieved at a monolayer-modified electrode
with pinholes below 0.5 nm diameter.80,81 Additionally,
organic layers containing a nitrogen terminated-group are
well known to favour considerably the on-top deposition of
noble metal nanostructures (Au, Pt, Pd, etc.) with reference
to the bare substrate by interacting strongly with the salt

Fig. 6 Representative I–V curve for a gold|SAM(1)|PdND system (black)
obtained by positioning the c-AFM tip on top of a PdND and fitting
according to the Simmons equation, Φ = 0.66 eV, α = 0.58 (magenta
line). Inset top graph: Conductance histogram built from all the experi-
mental data from −0.5 to 0.5 V for each I–V curve recorded (ca. 250
curves) positioning the tip onto a PdND and applying a set point-force
of 12 nN. Inset bottom graph: Representative I–V curve for a gold-SAM
device obtained by positioning the c-AFM tip directly onto the SAM and
applying a set point-force of 8 nN.

Paper Nanoscale

13286 | Nanoscale, 2017, 9, 13281–13290 This journal is © The Royal Society of Chemistry 2017

Pu
bl

is
he

d 
on

 1
0 

A
ug

us
t 2

01
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:

06
:2

3.
 

View Article Online

http://dx.doi.org/10.1039/c7nr03365f


precursors.82–86 The diffusion of palladium or palladium pre-
cursors through the tightly packed SAM of 1 therefore appears
be strongly hindered, which in turn is consistent with the lack
of palladium penetration into the monolayer.

In contrast to the noticeable suppression of the Faradaic
electrochemical response of the redox probe at the gold|SAM(1)
electrode, once the PdNDs have been deposited onto the SAM
of 1, a reversible voltammetric profile analogous to that exhibi-
ted by the bare gold electrode is obtained (Fig. 7a). This signifi-
cant increase in the ET kinetics is indicative of a metallic-nano-
deposit mediated ET through the passivated SAM of 1. This
phenomenon, i.e. restoration of ET mediated by metallic nano-
particles, has been elegantly addressed by Chazalviel et al.87

and others82,88–90 and attributed to the fact that ET between two
metallic phases separated by an organic layer under an applied
bias voltage, is orders of magnitude faster, even with electrons
tunnelling through the inner organic layer, than ET between a
metal and a dilute redox species in solution.

It is also noteworthy that the gold|SAM(1)|PdND system
results in a slightly larger ΔEp as well as a reduced current
density of the peak in the voltammogram with respect to a
bare gold electrode. It is well known that the ET properties
exhibited by electrode/organic layer/metallic nanoparticle
systems depend on the surface density of the top metallic
deposit (the higher the surface density, the higher the current
restoration),82,90,91 which is remarkably high in the gold|SAM(1)|
PdND system described here. Additionally, the current
density of electrode|organic layer|metallic nanoparticles also
may depend on the thickness of the organic layer. Thus, it has
been proven that the ET results are independent of the thick-
ness of the organic film until a certain threshold is reached,
after which the thicker the organic film is the slower is the rate
of the ET.87,89 The transition from the transfer unaffected (full
restoration of the current density after deposition of the top
metal) to the transfer hindered regime is also dependent on
the top metal nanoparticle size, with very small nanoparticles
favoring a transfer hindered regime. Although for 16 nm dia-

meter metallic nanoparticles the threshold monolayer thick-
ness for the transition from ET thickness independent of the
ET thickness dependent regime is predicted to be ca. 2.5 nm,87

the experimental results here presented indicate that a thick-
ness of 1.8 nm for the SAM of 1 is enough to hamper slightly
the ET as observed in Fig. 7a. This result is in agreement with
previous observations such as that of Gooding and co-workers
that obtained experimentally, for 27 nm gold nanoparticles, an
organic film thickness threshold of 2.0 nm, which compares
with the predicted value of 2.8 nm.89

The electrochemical behaviour associated with the gold|
SAM(1) and the gold|SAM(1)|PdND assemblies has also been
assessed by means of cyclic voltammetry measurements in
0.1 M H2SO4. As shown in Fig. 7b, the Hydrogen Evolution
Reaction, HER, at the bare Au(111) electrode can be detected
at large cathodic overpotentials. Two important observations
are worth mentioning. First, the HER reaction is noticeably
inhibited by the presence of the SAM of 1. Second, the electro-
chemical double layer/capacitance charging current has been
appreciably reduced after the formation of the SAM of 1 onto
the Au(111) surface. Moreover, the electrode covered by a SAM
of 1 also exhibits a potential-independent behaviour in a wide
potential window. These two observations are characteristic of
thin organic layers with a low dielectric constant that exhibit a
blocking behaviour versus ion and solvent penetration.92 Most
importantly, once the PdNDs are formed onto the SAM of 1,
the singular electrochemical response related to nano-
structured palladium electrodes is clearly observed. These
characteristic voltammetric peaks located in the −0.3 V and
+0.3 V window potential are mainly attributed to the electroad-
sorption/electrodesorption of hydrogen atoms preceding the
HER reaction, which is overlapped with hydrogen absorp-
tion.93,94 Therefore, after the attachment of PdNDs onto the
SAM of 1, electron transfer through the organic monolayer
takes place and, subsequently, the applied electrochemical
potential is experienced by the outer PdND/electrolyte
interface.

Fig. 7 (a) Cyclic voltammograms registered at 0.050 V s−1 in a 1 mM K3[Fe(CN)6] solution in 0.1 M KCl for the indicated working electrodes.
(b) Cyclic voltammograms registered at 0.1 V s−1 in 0.1 M H2SO4 for the indicated electrodes. The reference electrode was in both cases Ag/AgCl,
KCl (3 M).
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Oxidative desorption of the SAM of 1 was also carried out
(Fig. S11†), after which no traces of voltammetric peaks associ-
ated with the electrochemical activity of palladium were
observed. Since palladium deposited onto gold electrodes has
thoroughly reported to exhibit a stable voltammetric response
after successive cycling within the selected window poten-
tial,95,96 the lack of any palladium related peak in the voltam-
mogram indicates that PdNDs were subsequently delivered to
the bulk solution together with oxidized 1. This observation
also rules out that migration of metallic palladium nano-
particles through the organic layer to the gold electrode has
taken place to a significant extent.

Conclusions
In this contribution, metallic palladium deposits acting as the
top contact electrode in sandwiched metal|monolayer|metal
devices have been fabricated onto self-assembled films.
Palladium deposition was achieved by means of a fast and
simple CO-confined growth method, without the addition of
organic capping agents that could modify the organic mono-
layer or metallic particle, and hence the molecular electronic
performance of the resulting gold|SAM(1)|PdND junctions.
Importantly, these palladium nanodeposits exhibit a high
surface coverage, ca. 85% of the SAM surface. In addition, it
has been demonstrated that these nanodeposits do not result
in short circuits through the monolayer film. This method-
ology, due to the large surface coverage achieved, may facilitate
the subsequent application of other techniques to complete
the metallization of the organic monolayer with a significant
diminution in the risk of inducing short circuits (e.g., electro-
less deposition, metal evaporation, etc.). Work towards this
objective is presently underway in our laboratories.
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Influence of surface coverage on the formation of
4,40-bipyridinium (viologen) single molecular
junctions†

Henrry M. Osorio,abc Santiago Martı́n, *ad David C. Milan,e

Alejandro González-Orive,b Josef B. G. Gluyas,f Simon J. Higgins, e

Paul J. Low, *f Richard J. Nichols*e and Pilar Cea *ab

Single-molecule conductance experiments using the STM-based I(s) method and samples of N,N0-di(4-

(trimethylsilylethynyl)benzyl)-4,40-bipyridinium bis(tetrafluoroborate) ([1](BF4)2) prepared on gold substrates

with low-surface coverage of [1](BF4)2 (G = 1.25 ! 10"11 mol cm"2) give rise to molecular junctions with

two distinct conductance values. From the associated break-off distances and comparison experiments

with related compounds, the higher conductance junctions are attributed to molecular contacts between

the molecule and the electrodes via the N,N0-dibenzyl-4,40-bipyridinium (viologen) moiety and one

trimethylsilylethynyl (TMSE) group (G = (5.4 # 0.95) ! 10"5 G0, break-off distance (1.56 # 0.09) nm). The

second, lower conductance junction (G = (0.84 # 0.09) ! 10"5 G0) is consistent with an extended

molecular conformation between the substrate and tip contacted through the two TMSE groups giving

rise to a break-off distance (1.95 # 0.12) nm that compares well with the Si$ $ $Si distance (2.0 nm) in the

extended molecule. Langmuir monolayers of [1](BF4)2 formed at the air–water interface can be transferred

onto a gold-on-glass substrate by the Langmuir–Blodgett (LB) technique to give well-ordered, compact

films with surface coverage G = 2.0 ! 10"10 mol cm"2. Single-molecule conductance experiments using

the STM-based I(s) method reveal only the higher conductance junctions (G = (5.4 # 0.95) ! 10"5 G0,

break-off distance (1.56 # 0.09) nm) due to the restricted range of molecular conformations in the

tightly packed, well-ordered LB films.

Introduction
Molecular electronics is an emergent technology in which
organic, inorganic or organometallic molecules are connected
between two (or three) electrodes, and their electrical properties
are harnessed to perform some useful function that can translate
to enhanced or novel performance in an electronic device.1

Recent developments in methods of contacting single molecules

or portions of monolayer films by electrodes formed from a wide
variety of materials, and measuring the electrical characteristics
of these ‘molecular junctions’, have driven significant progress
in the area. Nevertheless, many difficult challenges must be
overcome before molecular junctions suitable for developing the
science of molecular electronics can be translated to true device
structures and considered as a viable technology capable of
reaching the market.2 However, commercial molecular electronics
devices are starting to emerge with the innovation of molecular
electronic components for audio processing.3

Many studies have been undertaken to measure and optimize
the electrical characteristics of molecular junctions, with an
ultimate goal of establishing design rules for the construction
of a molecular electronic device. It is now well-established that
charge transfer through molecular junctions is dependent on
many different factors, including the structure and conforma-
tion of the molecular backbone, the number of molecules in
the junction, solvent environment and external electrochemical
potential, the electrode material, surface structure and the
nature of the electrode-molecule contact.4–7 The study of single
molecule junctions has greatly contributed to the understanding
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of these parameters, and their influence on charge and heat
transport phenomena at the molecular scale.8–16 Although
single molecule measurements may appear to represent the
ultimate low coverage phase (i.e. a single molecule), depending
on the measurement conditions, such measurements may also
be performed on single molecules within a densely packed mono-
layer phase. In turn, studies of larger area metal–monolayer–metal
junctions in which molecular components are assembled into a
well-defined, high surface coverage and usually well-characterized
monolayer film within the junction play a further crucial role in
understanding the effect of intermolecular interactions, such as
van der Waals interactions and polarization effects, on the
electronic transport properties of the molecular film.17–20 In
addition, whilst single molecule junctions are excellent vehicles
through which to study transport phenomena, planar-sandwiched
monolayer structures are more closely aligned with practical
electronic applications.

Whether assembled from a single-molecule or monolayer-
film, the ability to manipulate the electrical response of a
molecular junction beyond the simple non-resonant tunneling
behavior of many candidate molecular wires is also an area
of intense contemporary activity. For example, mechanical
compression or elongation of single-molecule junctions has
been shown to facilitate the manipulation of the structure of
the molecule within the junction and details of how molecules
bind to the electrodes, resulting in mechanical gating of the
junction.21,22 However, despite establishing that molecular
orientation and junction geometry can play a significant role
on the electrical response of a junction, it is not yet clear how,
or if, the changes in molecular geometry and orientation that
can be expected to occur upon increasing surface coverage
of molecular components from truly isolated single molecules
to more densely packed and ordered films can influence the
electrical response of a junction.

The capacity of various N,N0-disubstituted-4,40-bipyridinium,
or viologen, derivatives to assemble into well-ordered mono-
and multi-layered Langmuir films has been established.23–25 In
these structures, the doubly-charged viologen group is anchored
at the aqueous surface and the (typically hydrophobic)
N,N0-substituents are aligned outwards from the surface of the
aqueous sub-phase.23,26 These Langmuir films are readily trans-
ferred onto hydrophilic substrates by means of the vertical dipping
method,23,26,27 preserving the orientation of the viologen units
in the Langmuir films in the resulting substrate-supported
Langmuir–Blodgett film. The electrochemical properties of these
well-ordered films have been characterized but the electrical
properties of these films have not yet been studied in detail.

Viologen-based molecular components have also been
studied within single molecule junctions, with the reversibility
of their redox reactions at modest potentials and the high
chemical stability of their various redox states leading to
effective molecular junctions featuring hopping mechanisms.
This has facilitated electrochemical switching and development
of nascent transistor-like devices.11,28–30 However, a compara-
tive study of viologen-containing molecules within both single
molecule junctions and well-ordered films offers additional

challenges and avenues for exploration that have not been
explored to date.

In this contribution, single-molecule junctions of the viologen
derivative, N,N0-di(4-(trimethylsilylethynyl)benzy)-4,4’-bipyridinium
as its bis(tetrafluoroborate) salt ([1](BF4)2) (Fig. 1) have been
formed from both dilute solution, leading to low surface cover-
age, and, on the other hand, well-ordered and tightly-packed
monolayer LB films. The surface coverage dependence of the
formation of single molecular junctions and the resulting
electrical conductance is evaluated. The electrical properties
and break-off distances from the single molecule junctions
formed from isolated molecules of [1](BF4)2 on the surface and
well-ordered films reveal two distinct conductance values. By
comparison with junctions formed from the related compounds
[2](BF4)2 and 3 (Fig. 1) these different conductance values can be
attributed to different molecular configurations and contacts
within the junction: (1) a lower conductance junction formed from
electrode contact to the two terminal trimethylsilylethynyl (TMSE)
groups with the molecule adopting an extended conformation
between the electrodes; and (2) a higher conductance junction
arising from a more compact molecular conformation with contact
to the electrodes formed between the viologen moiety and one
TMSE group. Both types of molecular contact are observed for
junctions formed from the isolated molecules, but in the case of
the LB film-based junctions, only the more compact, viologen-
contacted junction has been observed.

Experimental
Compound [1](BF4)2 and 3 were synthesized by the literature
methods.30,31 Compound [2](BF4)2 was prepared by minor
variation of the routes described elsewhere.32

LB films of [1](BF4)2 were prepared using a Nima Teflon
trough with dimensions (720 ! 100) mm2, which was housed in
a constant temperature (20 " 1 1C) clean room. A Wilhelmy

Fig. 1 Molecular structures of the compounds used (as the BF4
# salts) in

this study.
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paper plate pressure sensor was used to measure the surface
pressure (p) of the monolayers. The subphase was pure water
(Millipore Milli-Q, resistivity 18.2 MO cm). A 7.5 ! 10"6 M
solution of [1](BF4)2 in HPLC grade CHCl3 : EtOH (3 : 1) was spread
onto the water surface. The spreading solvent was allowed to
completely evaporate from the aqueous surface 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. Under
these experimental conditions, the isotherms were highly repro-
ducible. The monolayers were deposited by the vertical dipping
method onto a gold substrate at a constant surface pressure of
10 mN m"1 and a speed of 3 mm min"1.

The STM based I(s) method described in the literature,11,33

and in further detail in the Supporting Information, has been
used here to obtain conductance values of molecular junctions
formed from either a LB film of [1](BF4)2 or low coverage phases
of compounds [1](BF4)2, [2](BF4)2 and 3. The STM-I(s) measure-
ments were performed with flame-annealed Au substrates

which feature Au(111) microfacets.34 Molecular adsorption for
the low coverage single-molecule studies was achieved by immer-
sing the gold electrode for 60 s in a 5 ! 10"4 M ethanolic solution
of the compound under investigation. This short immersion time
and low analyte concentration is expected to yield low surface
coverage (see main text). After adsorption, the sample was rinsed
in ethanol and gently blown dry in a stream of nitrogen gas. Gold
STM tips were fabricated from 0.25 mm Au wire (99.99%) which
was freshly electrochemically etched for each experiment at
+2.4 V in a mixture of ethanol (50%) and HCl (50%).

Results and discussion
The low surface coverage deposition of [1](BF4)2 on a flame-
annealed gold substrate was achieved by placing a gold electrode
for just 60 s into a 5 ! 10"4 M solution of [1](BF4)2 in ethanol.
The surface coverage at this time, 60 s, was quantified by

Fig. 2 (a) Representative I(s) traces at a set-point current of 40 nA for single molecule junctions of 12+ and conductance histogram built
from summation of conductance traces (ca. 500) that show discernible plateaus. (b) Representative I(s) traces for molecular junctions formed from
a LB film of 12+ and conductance histogram built from summation of conductance traces (ca. 500) that shows discernible plateaus. Ut = 0.6 V where Ut

is the ‘‘tip bias’’.
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measuring the frequency change (Df) of a quartz crystal reso-
nator for incubation at different times in the adsorption
solution until the frequency remained constant (see ESI,† for
further details). Using the Sauerbrey equation,35 the frequency
change was converted to coverage. At an immersion time of 60 s
a surface coverage of 1.25 ! 10"11 mol cm"2 was obtained.

A higher surface coverage of [1](BF4)2 was obtained by
transferring a homogenous monolayer, formed and character-
ized at the air–water interface, onto a gold substrate to produce
a compact LB film. This was achieved by the vertical dipping
method with the hydrophilic substrates initially immersed in the
water subphase at the optimum surface pressure of 10 mN m"1

(see ESI† for further details of the LB film fabrication and
characterization). At this surface pressure the surface coverage
was determined with a quartz crystal microbalance (QCM) by
measuring the frequency change (Df) for a quartz resonator
before and after the deposition process. A surface coverage, G,
of 2.0 ! 10"10 mol cm"2 was then obtained using the Sauerbrey
equation (see ESI†). Therefore, from these two different methods
of sample preparation, a surface coverage difference amounting
to a factor of 16 between the low and high coverage is obtained,
allowing us to study how these two markedly different surface

arrangements of 12+ influence the formation of molecular junc-
tions using an STM probe.

Conductance measurements of molecular junctions formed from
either low surface coverage phases (G = 1.25 ! 10"11 mol cm"2) or
LB films (high surface coverage, G = 2.0 ! 10"10 mol cm"2) of
[1](BF4)2 were carried out using a scanning tunneling microscope
(STM) and the I(s) method.11,33 The I(s) method has been widely
used to determine the conductance both of single molecules14,36–38

and molecules assembled into monolayers.39–42 In the I(s) technique,
an STM tip is first moved into close proximity of the surface, by
adjusting the set-point current (I0) to high values. However, in
contrast to the STM break-junction method direct metallic contact
between tip and surface is avoided. The STM feedback loop is then
temporarily switched off and the STM tip is rapidly retracted while
recording the junction tunneling current. An enhanced junction
current results if a molecular bridge forms between the STM tip and
substrate. Many such molecular junction formation and cleavage
cycles are recorded and statistically analyzed in histograms to
obtain the molecular junction conductance. Further details of
the measurements are given in the ESI.†

The I(s) curves obtained at a set-point current of 40 nA from
substrates with low surface coverage of [1](BF4)2 feature a set of

Fig. 3 2D conductance histograms for (a) a low coverage phase, single molecule, and (b) for molecular junctions formed from a LB film of [1](BF4)2
(c) 2D-histogram constructed by using only the I(s) curves which present the plateau corresponding to the low conductance (LC) value observed for
single-molecule junctions of 12+ in Fig. 2a.
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plateaus arising from formation of single-molecule junctions,
with a relative high conductance (HC) value at (5.3 ! 0.85) "
10#5 G0 (Fig. 2a), with a break-off distance of (1.6 ! 0.11) nm,
estimated from the corresponding 2-D histogram (Fig. 3a),
which is somewhat shorter than the Si$ $ $Si distance estimated
for the extended molecular conformation (2.0 nm). A detailed
analysis closer to the noise level of the current amplifier in the
I(s) scans of these conductance–distance traces shows another
set of plateaus that are clustered around a low conductance (LC)
value of (8.4 ! 0.9) " 10#6 G0, almost an order of magnitude
lower than the HC feature, with a much longer break-off distance
of 1.95 ! 0.12 nm (Fig. 3c). The plateaus corresponding to the
LC feature and the corresponding conductance histogram are
illustrated in the insets to Fig. 2a.

Some of the sample conductance traces were found to have
plateaus corresponding to both conductance values, suggesting that
the conduction pathway in the high state (HC) is not only shorter
than that in the low state (LC), but that the HC junctions can evolve
into the LC junctions as the tip is retracted. The conductance value
determined from this LC group is also in excellent agreement
with the single molecule conductance reported for [1](BF4)2 in an
ionic liquid (1-butyl-3-methylimidazolium triflate (BMIM-OTf)),
B0.8 " 10#5 G0.30 Similarly for a viologen derivative with alkyl
chains as N,N0-substituents and using thiols as anchoring groups
(N,N0-di-(6-(thioacetyl)hexyl)-4,40-bipyridinium dibromide) which
features a S$ $ $S distance of 2.4 nm, conductance values of
B0.75 " 10#5 G0 and B0.7 " 10#5 G0 were recorded in
BMIM-OTf30 and in air,11 respectively, with break-off distances
of B2 nm.11 These results suggest that the LC group arises from
molecular junctions in which 12+ is contacted through the TMSE
groups in an extended molecular geometry (Fig. 4b).

The I(s) curves from molecular junctions formed from the more
densely packed LB films of [1](BF4)2 (Fig. 2b) and the conductance
histogram, constructed from 500 I(s) curves, (Fig. 2b bottom) also
present a set of HC plateaus at (5.4 ! 0.95) " 10#5 G0 with
associated break-off distance of (1.56 ! 0.09) nm (Fig. 3b). In
contrast to junctions formed from the low surface coverage
substrates featuring more isolated molecules, single-molecule
junctions formed from the LB film do not show any other set of
plateaus (insets in Fig. 2b). The observation of a unique set of
plateaus for junctions formed from LB films of [1](BF4)2 indicates a
more uniform and less mobile molecular conformation within the
junction, which is likely to be a consequence of the tight packing
and high surface coverage in the film. It has been previously
demonstrated that the touch-to-contact method, where an STM tip
is brought into contact with a high coverage monolayer also reveals
the same single molecule conductance as more established
methods such as the I(s) method on dilute (low coverage) films
of the same molecule.20,43 It should be noted here that this
method of measurement is likely to be locally destructive for
the monolayer structure, since the initial distance between the
tip and the substrate is less than the LB film thickness; in other
words, the tip penetrates into monolayer.

As a consequence of tip intrusion into the monolayer, the
molecule (or molecules) initially trapped within the junction must
presumably tilt toward the substrate surface in order to compen-
sate for the vertical approach of the tip. Then, during measure-
ment, the molecule is ‘‘lifted’’ by the retracting STM tip, until
the molecule bridge breaks. The similarity between the high
conductance, HC, values and break-off distances for the junc-
tions formed from both single-molecule ((5.3! 0.85)" 10#5 G0;
1.60 ! 0.11 nm) and the LB film ((5.4 ! 0.95) " 10#5 G0;

Fig. 4 The proposed configuration of 12+ for (a) the high conductance (HC) pathway and (b) the low conductance (LC) pathway from Spartans08V 1.0.0
molecular models.
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1.56 ! 0.09 nm) indicate that 12+ is found in the same
configuration in both cases. In seeking to better define the
molecular geometry in the junctions, the thickness of a LB film
of [1](BF4)2 was determined to be (1.40 ! 0.20) nm by scratching
the film with the AFM tip (see ESI† for more details).44 The film
thickness obtained using this method (Fig. S7, ESI†) is in good
agreement with the break-off distances for the HC plateaus, if
one considers that during junction extension only one leg of the
molecule is ‘‘lifted’’ until the molecular bridge breaks as in
Fig. 4a. The film thickness and break-off distances are both
considerably shorter than the Si" " "Si distance (2.0 nm) calculated
for 12+, but entirely consistent with the configuration shown in
Fig. 4a in which the viologen moiety is linked to one of the
electrodes and one of the TMSE end groups is in contact with the
top contact electrode. The HC contact in both single-molecule
and LB film junctions is therefore attributed to this conforma-
tion. A similar orientation of viologen derivatives was described
previously in other LB films containing this moiety.24,25

To corroborate all these results, single-molecule conductance
measurements were carried out for compound 22+ (also as the
bis(tetrafluoroborate) salt), which features the viologen group, but
only one benzyl-supported trimethylsilylethynyl moiety (Fig. 1).
Fig. 5a shows the 2D conductance histogram built from summation
of conductance traces (ca. 500) that show discernible plateaus as
described in the ESI.† A conductance peak at (5.3! 0.70)# 10$5 G0

and a break-off distance of (1.52! 0.07) nm were obtained. Both the
conductance value and the break-off distance are in excellent
agreement with the HC value recorded for 12+ in single-molecule
and LB film-based junctions, supporting the proposed configuration
shown in Fig. 4a as being responsible for the HC pathway.

The efficacy of the viologen contact can be appreciated by
comparison with the conductance data obtained from the linearly
conjugated wire-like molecule 3, which features the TMSE surface
binding groups in a similar Si" " "Si distance as that proposed
for the HC junctions from 12+. A 2D conductance histogram
constructed from data collected from single molecule junctions
of 1,4-bis(trimethylsilylethynyl) benzene (3) under identical

conditions shows a single conductance peak at (1.25 ! 0.50) #
10$5 G0, some 4–5 times lower than the viologen/TMSE con-
tacted compounds 12+ (HC) and 22+, despite the comparable
break-off distance (1.41 ! 0.12) nm (Fig. 5b).

Conclusions
The electrical properties of single-molecule junctions prepared
from substrates with low surface coverage of [1](BF4)2 (G =
1.25 # 10$11 mol cm$2) and LB films with considerably higher
surface coverage (G = 2.0 # 10$10 mol cm$2) have been examined
by the scanning tunneling microscope-based I(s) technique. From
junctions prepared from isolated molecules, two conductance
values were observed. The low conductance (LC) junction has
been associated to the conventional ‘end-to-end’ contacted mole-
cule, with the two trimethylsilylethynyl (TMSE) groups linked to
the electrodes giving rise to an extended molecular conformation
within the junction. The high conductance (HC) junction has
been associated with a conformation which viologen fragment
contacts to one of the electrodes and a TMSE group to the other
one. From junctions formed from single molecules constrained
into LB films only a single high conductance (HC) junction
has been observed. Therefore, surface coverage and molecular
packing density can be used to control the geometry of molecules
within molecular junctions, leading to a high degree of control
over the resulting electrical properties.
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ABSTRACT: Three symmetric Mo2 dimers [Mo2(DAniF)3](μ-
E2CCE2)[Mo2(DAniF)3] (DAniF = N ,N ′-di(p -anisyl)-
formamidinate) with oxalate (E = O) or the thiolated derivatives
(E = O or S) as bridging ligands have been synthesized, and the
optical properties of the mixed-valence (MV) derivatives obtained by
one-electron oxidation studied within the framework of the vibronic
two-state model. These Mo2−Mo2 systems are effective models for
testing electron transfer theories, with the δ electrons of the Mo2
fragments that are responsible for the redox and optical properties of
the MV complex being well isolated from other metal d and ligand
π-type orbitals. This in turn gives rise to unique, well-resolved metal
to ligand (MLCT) and intervalence charge transfer (IVCT)
absorption bands that permit accurate analyses based on band shape. In the series [Mo2(DAniF)3](μ-E2CCE2)[Mo2(DAniF)3],
the extent of electron delocalization between the Mo2 cores increases with increasing number of sulfur atoms, E, in the bridge.
Higher-energy IVCT absorption bands are observed for the more strongly coupled complex, but in contrast to the predictions
from the two-state model, the IVCT band becomes more symmetric in shape as the electronic coupling constant increases
beyond the Class III border and 2Hab/λ ≫ 1. Thus, the oxalate-bridged complex (E2 = O2) is situated on the Class II−III
borderline, while the two thiolated species are well placed deep into Class III, where novel optical behavior can be observed. The
electronic coupling matrix elements (HDA) estimated from the transition energy EIT (HDA = EIT/2, 2000−2500 cm−1) are in
excellent agreement with data (Hab, 2400−3000 cm−1) calculated from the modified Mulliken−Hush expression for Class III
systems. DFT calculations show that linear combinations of the δ orbitals of the Mo2 centers generate the HOMO (out-of-phase,
δ−δ) and HOMO−1 (in-phase, δ + δ), with the energy difference corresponding to the EIT. This study illustrates a systematic
transition from a strongly coupled MV complex near the Class II−III border, to Class III, and to systems in which the underlying
ground state is better described in terms of simple delocalized electronic states rather evolving from strongly coupled diabatic
states which define Class III.

■ INTRODUCTION
Low-dimensional molecules D−B−A, in which an electron
donor (D) and an electron acceptor (A) are linked through a
central bridging moiety (B), have played a crucial role in
elucidation of electron transfer (ET) phenomena that is
ubiquitous in chemical and biological processes.1−5 In the
1950s to 60s, the semiclassical theory of ET reactions was
constructed mainly through the works of Marcus and Hush and
the development of the two-state model.6−10 Experimentally,
the great advantage of employing mixed-valence (MV) metal
complexes M−B−M+ as the D−B−A model for ET studies is
that under the semiclassical formalism information on the D−A
electronic coupling and ET reaction kinetics can be extracted
from the shape, energy and intensity of the intervalence charge
transfer (IVCT) absorption band.1−4,11 MV compounds are

traditionally grouped into one of three major classes according
to the scheme proposed by Robin and Day.12 Class I
compounds are those for which there is no electronic coupling
between the donor (D or M) and acceptor (A or M+) sites. For
Class II compounds, there is a moderate degree of electronic
coupling, and intramolecular ET may occur optically via a
diabatic process, leading to the observation of the IVCT band
in the electronic spectrum, and thermally by an adiabatic
pathway, achieved by vibronic coupling between the donor and
acceptor. As the coupling increases further the thermal barrier
between the donor and acceptor sites in the ground state
decreases, and the system evolves to Class III when the thermal
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barrier is completely removed. These three cases are illustrated
in Figure 1. Systems on the Class II−III borderline are of

particular interest because as coupling increases the vibronic
two-state model predicts a low-energy “cutoff” of the IVCT
band, leading to an increasingly pronounced asymmetric shape
to the IVCT absorption band.11,13,14 For Class III compounds,
the charge is fully delocalized, and the character of the “IVCT”
band is changed from a true “charge transfer” transition and is
perhaps better described as a “charge resonance” transition.11,15

However, whether or not the two-state model, which is based
on the coupling of two diabatic states, each describing one of
the fully localized electronic situations, is adequate for systems
in the truly delocalized regime is a topic of debate.16−19

Resolving this question relies on accessing detailed information
on closely related molecular systems which map the “vibronic
to electronic” transformation.
This significance of the evolution from Class II to Class III

arises in part from the distinct characteristics of the low energy
electronic transitions in the two MV regimes. For symmetric
Class II systems, according to the semiclassical theory, the
upper and lower adiabatic potential energy surfaces (PESs) at
the transition state are separated by 2Hab, and the system is
characterized by 2Hab/λ < 1,20 where Hab is the electronic
coupling matrix element between diabatic states, denoted as ϕa
and ϕb. For Class III, the ground state PES has one energy
minimum, at which the state energy difference ΔE is twice the
coupling parameter Hab (Figure 1). Following the traditional
nomenclature, ΔE is still termed as intervalence transition
energy (EIT), although in the Class III system an averaged
valence is found on each of the two redox sites. Thus, an
important energetic relationship

=E H2IT ab (1)

is obtained, which has been widely used to estimate the
coupling element for strongly coupled systems (Class III) from
the IVCT band. The two-state model also indicates that Class
III systems should meet the condition 2Hab > λ, while 2Hab = λ
is a quantitative criterion that defines the Class II−III
borderline.20 The typical optical behaviors for systems in the
three broad Robin−Day classes (Class I Hab = 0; Class II 2Hab
< λ; Class III 2Hab > λ) predicted from the two-state model and
analyzed through application of various derived theories have
been observed across a broad cross-section of MV com-
pounds.13,21 However, the behavior as 2Hab ≫ λ for very
strongly coupled systems has not yet been well explored.
In contrast to the semiclassical two-state model, in a

quantum mechanical treatment, an ET reaction is described
by mixing of initial and final wave functions of the system, ϕa
(reactant) and ϕb (product). Considering single-electron donor
(ϕD) and acceptor (ϕA) orbitals involved in the electron
exchange process, Newton demonstrated that the Hamiltonian
(Hel) for wave functions on a many-electron basis equals that
(h) in the effective one-electron system;15 therefore

ϕ ϕ ϕ ϕ= ⟨ | | ⟩ = ⟨ | | ⟩H H ha elab b D A (2)

Equation 2 provides a framework through which to describe the
adiabatic ET in Class II and electronic transition in Class III as
well as the transition from Class II to Class III. Experimental
verification of eq 2 will provide full endorsements for the
contemporary ET and MV theories. However, it is difficult to
find appropriate model systems in which the intramolecular
electron transfer involves pure one-particle donor and acceptor
orbitals. Many of the commonly and intensely studied binuclear
d5−d6 MV metal complexes, such as bridged diruthenium
systems,1−4,11,22 are unfavorable because of uncertainty of the
zero-order states ϕD and ϕA. Furthermore, according to eq 2,
the electronic coupling constant can alternatively be calculated
for Class III systems from the energy gap between the
electronic states, which can be approximated in the single-
electron model as the difference in energy between the
molecular orbitals involving the donor and acceptor fragments.
However, this relationship holds only for well-defined Class III
systems, and analysis requires that the (single) IVCT
absorption band can be unambiguously assigned and that the
electronic nature of the transition is clearly established. At
present, few systems can convincingly meet these requirements.
For most of the reported Class III systems, including the
Cruetz−Taube ion,23−31 and many organic MV systems,32 the
low energy transition responsible for the IVCT-derived
absorption band exhibits principal vibronic character with
substantial charge distributed on the bridge. As a consequence
of this bridge involvement, the system cannot be accurately
represented by the approximations inherent in the two-state
model.
In seeking to identify compounds that might permit more

thorough exploration of the change in character of the IVCT
transition in strongly coupled systems from vibronic to
electronic, attention is drawn to the covalently bonded dimetal
unit (M2) in which the d-orbital degeneracy is removed by the
formation of M−M multiple bonds. For example, a quadruply
bonded Mo2

4+ unit has an electronic configuration of σ2π4δ2;
two valence electrons occupy the δ orbital, which is distinct
from σ and π obitals in terms of both energy and symmetry.33

Thus, in suitably constructed MV systems,34−37 {[Mo2]−
bridge−[Mo2]}

+, the electronic character and optical behaviors
are explicitly and uniquely due to interactions between

Figure 1. Plots of the free energies for the initial (left-hand parabola)
and final (right-hand parabola) diabatic states (Class I, red lines) and
the lower and upper adiabatic states (Class II, blue lines, and Class III,
green lines) of a symmetric MV system vs the reaction coordinate. EIT
is the IV transition energy for Class I and II and electronic transition
energy between the associated molecular orbitals for Class III. Hab is
the electronic coupling matrix element between the donor and
acceptor.
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electrons in δ orbitals across the bridge. Therefore, the δ orbital
can be viewed as effective one-electron orbitals for the donor
(ϕD) and acceptor (ϕA). In addition, as shown in Figure 2,

when the [Mo2] moiety is supported by the common
paddlewheel arrangement of auxiliary ligands, the π* orbital
of the chelating groups of the bridging ligand can also be
considered as part of the donor (ϕD) and acceptor (ϕA) orbitals
due to the d(δ)−p(π) conjugation, which affects the electron-
donating (or accepting) ability of the [Mo2] unit. For strongly
coupled systems, direct interactions between ϕD and ϕA are
expected to generate molecular orbitals associated with the
states giving rise to the vertical electronic transitions.
In this work, the dimolybdenum dimers, [Mo2(DAniF)3]2(μ-

OSCCOS) ([OS−OS]), and [Mo2(DAniF)3]2(μ-S2CCS2)
([SS−SS]), where DAniF = N,N′-di(p-anisyl)formamidinate,
have been synthesized by assembling two [Mo2(DAniF)3]

+

building blocks with dithiooxalate (dto) and tetrathiooxalate
(tto) bridging ligands, respectively, and characterized by single-
crystal X-ray diffraction. Together with the oxalate (oxa)
analogue [Mo2(DAniF)3]2(μ-O2CCO2) ([OO−OO]),38 the
three-membered family (Figure 3) permits a detailed
examination of the electronic interactions between the two
[Mo2] units. Most importantly, for these dimers of dimers, the
linking of two paddlewheel complex units through ligands such
as oxalate results in bridges comprised of no more than a single
bond, thereby avoiding the issues of the bridge localization of
charge that can perturb analysis within the two-state frame-
work. One-electron oxidation of the three compounds yielded
the corresponding mixed-valence radical cations [OO−OO]+,
[OS−OS]+, and [SS−SS]+ which are shown by magnetic and
spectroscopic analyses to be delocalized systems. The low
energy (IVCT) bands in the near-IR spectra correspond to the
electronic transitions between the metal-based molecular
orbitals, e.g., HOMO−1 → SOMO, but the band shape
becomes more symmetrical with increasing electronic coupling,
in contrast with that predicated from the two-state model for
Class III complexes. Experimental and theoretical results

demonstrate the transformation from vibronic to electronic
states accompanying the system transition from strongly
coupled [OO−OO]+ to very strongly coupled [OS−OS]+
and [SS−SS]+.

■ RESULTS AND DISCUSSION
Molecular Structures. Single crystals of complexes [OS−

OS] and [SS−SS] were obtained by diffusion of ethanol into
CH2Cl2 solutions of the corresponding complex. The structures
are characterized by X-ray diffraction, as shown in Figure 4 and
Table S1. The crystal structure of the oxalate-bridged complex
[OO−OO] was reported earlier.38 These three Mo2 dimers
share a common molecular scaffold which may be viewed as
two complex units [Mo2(DAniF)3(E2C)] (E = O or S) or
[Mo2], linked through a C−C single bond. Small geometric
differences between the members of the series arise from the
O/S variation of the donor atoms on the bridging ligand. The
Mo−Mo bonds in the dimeric motif are lengthened as a result
of introducing S atoms to the bridging ligands (see Table S2),
in a manner similar to that found for the phenylene-bridged
series, [Mo2]−(μ-1,4-C6H4)−[Mo2].

35 For the same reason,
the shortest (6.953(2) Å) and longest (7.881(6) Å) [Mo2]···
[Mo2] separations, as measured from the centroids of the
dimetal units, are found for [OO−OO] and [SS−SS],
respectively, while in [OS−OS] this distance falls in between
these extremes (7.354(7) Å). For the oxalate (oxa) and
dithiooxalate (dto) derivatives, [OO−OO] and [OS−OS], the
bridging ligands are essentially coplanar with the two Mo−Mo
vectors. For the tetrathiooxalate (tto) analogue, [SS−SS],
however, there exists a dihedral angle (ca. 22°) between the
two linked chelating rings. In the crystal structure of [OS−OS],
the molecule resides in a special position of Pi;̅ thus the O and
S atoms are arranged in the trans positions. In the three
molecular structures, the C(1)−C(2) bond that connects the
two [Mo2] units decreases in length as the chelating O atoms
are replaced by S atoms, being 1.508(2) Å for [OO−OO],
1.476(8) Å for [OS−OS], and 1.454(7) Å for [SS−SS].
Notably, these C−C bond distances are appreciably shorter
than those in the acid or anion of the bridging ligands, for
example, 1.544(5) Å in oxalic acid,39 1.516(4) Å in K2dto,

40

and 1.516(6) Å in (Et4N)2tto.
41 The C−C bond contraction is

consistent with increasing electron delocalization along the
charge transfer axis.

Figure 2. Pseudo-“one-electron” orbitals for [Mo2] donor (ϕD) and
acceptor (ϕA) and the orbital interactions between ϕD and ϕA along
the charge transfer axis for the strongly delocalized [Mo2]−[Mo2]
systems, which gives rise to the electronic states relevant to the “IV”
electronic transition.

Figure 3. Common molecular scaffold for the complex systems under
investigation.
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Electrochemical Studies. Electrochemical measurements
of the complexes were carried out in CH2Cl2 solutions of
nBu4NPF6 (0.1 mM) with potentials reported vs the Ag/AgCl
reference electrode. In our experimental system, the ferrocene/
ferrocenium couple is found at 0.46 V. The [OS−OS] and
[SS−SS] complexes present two well-separated redox couples
in the cyclic voltammograms (CVs) (Figure 5, Table 1),
corresponding to the sequential one-electron oxidation of each
of the Mo2

4+ ions which gives a potential separation ΔE1/2. For
[SS−SS], the redox couple at ∼1.0 V is partially masked by the
oxidation of the tto ligand which occurs at a similar potential. In
prior work, a two-electron oxidation at 1.07 V was observed for
the tetrathiotetraphthalate analogue, illustrating the redox
activity of this family of tetrathiolated bridging ligands.42

Thus, the data given in Table 1 were extracted following
simulation and fitting of the CV parameters.
In earlier work, the oxalate-bridged complex [OO−OO]

(ΔE1/2 = 212 mV) and a similar oxalate-bridged complex,
[Mo2(

tBuCO2)3]2(μ-O2CCO2) (ΔE1/2 = 280 mV), were
determined to be examples of strongly coupled (Class III)
Mo2−Mo2 compounds.34,43−47 The ΔE1/2 values increase with
increasing S content of the bridging ligand, and values of ΔE1/2
for [OS−OS] and [SS−SS] were determined to be 480 mV
and 572 mV, respectively. Indeed, of all the symmetrical Mo2
dimers studied to date, [SS−SS] shows the largest ΔE1/2 value.
Examination of the redox potentials in Table 1 indicates that

the coordinating atoms of the bis(chelate) ligand play a role in
both the first oxidation potential, with the lower electron-
donating ability of sulfur compared with oxygen causing a
relatively small anodic shift in the first electrode potential, and
also causing a more significant shift in the second redox
potential, likely a consequence of additional stabilization of the
MV state brought about by increased delocalization.
For these Mo2 dimers, the comproportionation equilibria in

solution can be expressed as follows

− + −
⇌ −

+

+
[Mo (IV) Mo (IV)] [Mo (V) Mo (V)]

2[Mo (IV) Mo (V)]
2 2

0
2 2

2

2 2 (3)

= ΔK Eexp[( )/25.69](at 298 K)C 1/2

Δ ° = −G RT KlnC C

The comproportionation constant (KC) and associated free
energy change of the comproportionation reaction (ΔG°C)
may be derived from the electrochemical data (Table 3).48 The
large free energy change (−ΔG°C > 103 cm−1) for the series
shifts the equilibrium toward the singly oxidized form
{[Mo2(DAniF)3]2(μ-E2CCE2)}

+, due to the high thermody-
namic stability of the MV species in solution. In general, the
free energy change ΔG°C can be divided into nonresonance
(ΔG°nr) and resonance (ΔG°r) terms, but only the latter is

Figure 4. Crystal structures for [OS−OS] and [SS−SS]. Displacement
ellipsoids are drawn at the 30% probability level. All the hydrogen
atoms have been omitted for clarity.

Figure 5. Cyclic voltammograms for [OS−OS] (top) and [SS−SS]
(bottom). The high energy redox couple for [SS−SS] is simulated as
shown by the profile (dashed line) because it is masked by the
followed redox event occurring on the bridging ligand. Electrochemical
measurements were carried out in CH2Cl2 solutions with electrolyte
nBu4NPF6 (0.1 mM).

Table 1. Electrochemical Measurements and the Derived
Thermodynamic Parameters for the Comproportionation
Equilibria

complex
E1/2(1)
(mV)

E1/2(2)
(mV)

ΔE1/2
(mV) KC

ΔG°C
(cm−1)

[OO−OO]a 260 472 212 3.8 × 103 −1709
[OS−OS] 354 788 434 2.2 × 107 −3500
[SS−SS] 393 965 572 4.7 × 109 −4611

aData cited from ref 38.
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indicative of the extent of electron delocalization. ΔG°nr
includes the statistical factor of 4, intramolecular electrostatic
interactions, metal to ligand back bonding effects, etc.49 Across
the series [OO−OO], [OS−OS], and [SS−SS], these
nonresonant terms are likely similar; hence, differences in the
overall free energy change ΔG°C in the series can be attributed
to resonance factors, and the increasing ΔE1/2 reflects an
increasing electronic interaction between the [Mo2] moieties.
On this basis, the electronic coupling is expected to increase
[OO−OO]+ < [OS−OS]+ < [SS−SS]+.
Spectroscopic and Magnetic Properties. Compounds in

the series are different in color, being red for [OO−OO], blue
for [OS−OS], and green for [SS−SS], and exhibit relatively
simple electronic spectra. The electronic spectrum of the
complex [OO−OO] is characterized by a metal (δ) to ligand
(π*) charge transfer (MLCT) absorption band at 460 nm with
a rather low extinction coefficient εML = 13 027 M−1 cm−1

(Figure S5). In contrast, much more intense, lower energy
MLCT bands are observed for the two thiolate complexes
[OS−OS] (733 nm, εML = 24 200 M−1 cm−1) and [SS−SS]
(885 nm, εML = 38 025 M−1 cm−1) (Figure S6 and Figure S7).
For [OS−OS], a weak δ→ δ* transition is also apparent at 460
nm, but for [OO−OO] and [SS−SS] this band is masked by
high energy absorptions.
The mixed-valence complexes [OO−OO]+, [OS−OS]+, and

[SS−SS]+ were generated by chemical oxidation of the
corresponding neutral compounds using one equivalent of
ferrocenium hexafluorophosphate in CH2Cl2 solution. Sub-
sequent magnetic and spectroscopic measurements were
carried out in situ at 110 K. In the X-band electron
paramagnetic resonance (EPR) spectra (Figure S4), each
complex cation shows an isotropic peak, with g values 1.945,
1.944, and 1.942 for [OO−OO]+, [OS−OS]+, and [SS−SS]+,
respectively. Chisholm reported the EPR spectrum for the
carboxylate-supported analogue {[Mo2(

tBuCO2)3]2(μ-
O2CCO2)}

+, which shows a g value of 1.937 and well-resolved
hyperfine structures (Aiso = 14.8 G).44 The g values from these
dimer-of-dimer complexes are less than the value of 2.0023
expected for an organic radical and indicate that the odd
electron resides essentially on a metal-based δ orbital.
The UV−vis spectra for the MV complexes are similar to

those of the corresponding neutral precursors. For [OO−OO]+

and [SS−SS]+, the MLCT absorption band energies remain
essentially the same as those for the neutral complexes (Figure
S5 and Figure S7), while the MLCT band for [OS−OS]+ is
red-shifted by only about 20 nm (Figure 6 and Figure S5). It is
interesting that here only [OO−OO]+ shows two bridging
ligand (π) to metal (δ) charge transfer (LMCT) absorption
bands at 610 and 684 nm (Figure 6 and Figure S5). The
appearance of a LMCT band in the spectrum is indicative of
hole hopping from the acceptor to the bridging ligand in
superexchange formalism15,50 and is known to occur in
{[Mo2]−bridge−[Mo2]}

+ complexes of Class II and Class
II−III systems.51,52 The absence of this band for [OS−OS]+
and [SS−SS]+ implies that these two complexes have electronic
structures significantly different from that of the [OO−OO]+

analogue.
The most striking difference between the spectra of the MV

complexes and the neutral precursors is the exhibition of a new
absorption band in the near-infrared spectrum in each case
(Figure 6). In terms of the classical two-state model this band
would be assigned as the IVCT transition. In contrast to the
MLCT bands, the IVCT band energies (EIT) for the three

species vary over a relatively narrow range, increasing from
4077 cm−1 ([OO−OO]+) to 4149 cm−1 ([OS−OS]+) to 4926
cm−1 ([SS−SS]+). The EIT value for [OO−OO]+ is similar to
that for {[Mo2(

tBuCO2)3]2(μ-O2CCO2)}
+ (4085 cm−1).47

Given the similarity in molecular structures, the differences in
EIT reflect directly the differences in the strength of electronic
coupling (eq 1). It was observed that in the more localized
Class II {[Mo2(DAniF)3]2(μ-E2C-1,4-C6H4−CE2)}

+ series the
IVCT band energy decreases with increasing electronic
coupling such that the most strongly coupled example,
{[Mo2(DAniF)3]2(μ-S2C-1,4-C6H4−CS2)}+, which lies at the
Class II−III borderline, has the lowest IVCT band energy (EIT
= 2640 cm−1). In contrast, here the IVCT band energy
increases as the electronic coupling increases.
For delocalized systems, ΔG°nr is small or negligible (ΔGC°

≈ ΔG°r). Brunschwig and Sutin suggested the use of the
ΔE1/2:EIT ratio to differentiate strongly coupled systems from
very strongly coupled systems;49 that is, ΔE1/2:EIT ≈ 0.5
(−ΔG°r ≈ EIT/2) for complexes near to the Class II−III
borderline, and ΔE1/2:EIT ≈ 1.0 (−ΔG°r → EIT) for more well-
defined Class III compounds. The ΔE1/2:EIT criteria are
practically useful because the electrochemical and spectroscopic
parameters are both readily obtained experimentally. In prior
work, we evaluated the strength of coupling for [N(H)O−
N(H)O]+ (ΔE1/2:EIT ≈ 0.56) and [N(H)S−N(H)S]+

(ΔE1/2:EIT ≈ 0.86), finding both to lie within the Class III
regime.53 In the present study, the ΔE1/2:EIT ratios for [OO−
OO]+, [OS−OS]+, and [SS−SS]+ are determined to be 0.42,
0.84, and 0.94, respectively. Evidently, the oxa-bridged complex
[OO−OO]+ is on the Class II−III borderline, while the dto
and tto derivatives [OS−OS]+ and [SS−SS]+ should be
assigned more definitively to Class III. As will be discussed
below, with the largest ΔE1/2:EIT value, and assuming
Koopmans’ Theorem holds,15,19,54 [SS−SS]+ has reached the
extreme of electronic coupling, a case of which is rarely seen.

Electronic Coupling Matrix Elements and Reorganiza-
tion Energies. By treating the spectroscopic parameters of the
IVCT band for each of the three complexes by eq 1, the
coupling parameters, denoted as HDA to distinguish from Hab in
the Hush formalism, are determined to be 2039 cm−1 ([OO−
OO]+), 2075 cm−1 ([OS−OS]+), and 2463 cm−1 ([SS−SS]+).

Figure 6. UV−vis-near-IR spectra of radical cations [OO−OO]+

(black line), [OS−OS]+ (blue line), and [SS−SS]+ (red line) in
CH2Cl2. The IVCT bands in the low energy region are shown in the
inset for clarity.
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The HDA values are 5−7-fold larger than those for the Class II
{[Mo2](μ-E2C-1,4-C6H4−CE2)[Mo2]}

+ systems.35−37 Alterna-
tively, the Mulliken−Hush expression (eq 4), which holds for
the calculation of Hab for Class II systems,55 may be modified
according to the work of Brunschwig, Creutz, and Sutin to
extend its application to Class III systems (eq 5)20

ε ν
=

× Δ
H

E
r

0.0206
ab

max IT 1/2

ab (4)

ν ε λ= × −
H

RT z
r

0.0206 { 4 ln(2) ) [1 erf( )]}
ab

max max
1/2

ab
(5)

where erf(z) is the “error function”, λ λ= −z H RT(2 )/ 4ab ,
introduced to correct the expression for strongly coupled
systems beyond the Class II limit. As is well-known, using the
geometrical separation between the donor and acceptor as the
electron transfer distance (rab) results in a significant under-
estimation of Hab calculated from eq 4 because rab is likely very
much shorter than this geometric distance due to convolution
of the donor−bridge and bridge−acceptor electronic charac-
ters.56,57 Accurate determination of rab can be achieved from
electroabsorption spectroscopic methods (Stark effect),58

which measure the dipole moment change for electron transfer.
In the absence of such data, in the current dimer-of-dimer
systems, for the purposes of evaluation of Hab from eq 5, the
C−C bond lengths likely serve as reasonable approximations of
the ET distances (rab) in considering the d(δ)−p(π)
conjugation within a [Mo2] unit; calculations from eq 5 yield
the Hab values, 2376 cm−1 for [OO−OO]+, 2726 cm−1 for
[OS−OS]+, and 2950 cm−1 for [SS−SS]+. Thus, the coupling
parameters derived from the two different methods (eq 1 and
eq 5) are very close (Table 2). By satisfying 2Hab = EIT and
EIT:ΔE1/2 ≈ 0.5, [OO−OO]+ is located at the Class II−III
limit, while [OS−OS]+ and [SS−SS]+ may be considered to be
very strongly coupled Class III systems. The excellent
consistency between values of HDA (from eq 1) and Hab

(from eq 5) also validates the consistency of the related
theories.
A general condition for assignment of a compound to Class

III is 2Hab/λ ≥ 1.20 The magnitude of λ is determined by two
terms: λv for internal molecular vibrational frequency adjust-
ment and λs for outer-sphere type solvent molecule rearrange-
ments. Both terms must be considered in a general description
of an ET reaction. While λs can be calculated according to
Marcus’ dielectric continuum model,6,7,59,60 there is no
experimental method to determine λv. However, for strongly
coupled D−B−A systems, the λv term is generally small.61 In
addition, the differences in λv between these complexes are
minimized by their structural similarities. Therefore, for the
series of Mo2 dimers under examination here, the influence of
λv on the differences in electronic coupling is negligible, and it
is assumed that λ ≈ λs. According to Brunschwig and Sutin,49

for Class III, the free energy change from the resonance effects
(ΔG°r) is related to the IVCT transition energy EIT by

λ λ− Δ = − = −G H E2( /4) /2r ab IT (6)

Considering −ΔGr ≈ ΔE1/2 for a strong coupling system, the
total reorganization energy can be estimated by

λ = − ΔE E2( )IT 1/2 (7)

Thus, the reorganization energies, 4734 cm−1 ([OO−OO]+),
1296 cm−1 ([OS−OS]+), and 624 cm−1 ([SS−SS]+)), are
calculated from eq 7. For [OO−OO]+, the calculated λ is close
to, but larger than, EIT (4080 cm−1) (Table 2), as expected for
compounds at the Class II−III borderline (2Hab/λ = 1) and at
the Class III limit. The difference between the two values is
understandable as the nonresonance contribution to ΔG°C that
is not taken into account in the calculation is expected to be
most significant for less strongly coupled complexes. These
results verify our assignment of [OO−OO]+ at the Class II−III
borderline or Class III limit and support the approach taken in
arriving at the calculated λ value. In contrast, the very small λ
for [SS−SS]+ is in accord with the description of this system in
terms of almost perfect electronic delocalization.

Table 2. Near-IR Spectral Data and Calculated Hab Parameters and Reorganization Energies (λ) for the MV Complexes

complex EIT (cm−1) εIT (M−1 cm−1) λ (cm−1)a HDA
b Hab

c ΔE1/2/EIT 2Hab/λ

[OO−OO]+ 4077 7680 4734 2039 2376 0.42 1
[OS−OS]+ 4149 20100 1296 2075 2726 0.84 4.2
[SS−SS]+ 4926 9900 624 2463 2950 0.94 9.5

aData determined by λ = 2(EIT − ΔE1/2) (eq 7). bData determined by HDA = EIT/2 (eq 1). cData determined by modified Mulliken−Hush
expression (eq 5).

Figure 7. Near-IR spectra of the [OO−OO]+, [OS−OS]+, and [SS−SS]+ in four different solvents.
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The near-IR spectra were also recorded in more polar
solvents, THF, DMF, and MeCN, in order to examine the
solvent dependence of the IVCT absorption bands (Figure 7
and Figures S8−S10). The IVCT band in complex [OO−OO]+

exhibits a solvent dependence quite distinct from that of [OS−
OS]+ and [SS−SS]+, consistent with the distinctions in
electronic structure between [OO−OO]+ and the other two
complexes in this series inferred from the other data discussed
above. In the case of [OO−OO]+, the IVCT transition energies
EIT, 6540 cm−1 (THF), 13 684 cm−1 (MeCN), and 15 526
cm−1 (DMF), increase with increasing the solvent polarity. In
the more polar solvents, the IVCT band for this complex
becomes very weak, broad, and symmetrical in shape, thereby
showing typical Class II behavior (Figure 7). Solvent-controlled
system transitions from delocalized to localized electronic
structures have also been reported in organic dinitroaromatic
radical anions.61,62 The solvent dependence of [OO−OO]+ is
in contrast to the solvent-independent IVCT band observed for
the Cruetz−Taube ion, [(NH3)5Ru(pyrizine)Ru(NH3)5]

5+,
which shows the properties of both Class II and Class III
and is proposed to be in Class II−III.11 Our results indicate that
Class II−III does not necessitate solvent independence that is
considered to be an experimental criterion for Class II−III.11,63
Contrarily, for [OS−OS]+ and [SS−SS]+, the IVCT transition
energy (EIT) and bandwidth Δν1/2(exp) are essentially solvent
independent, although the band intensity is significantly
reduced in polar solvents (Figure 9). The constant EIT values
for [OS−OS]+ and [SS−SS]+ in different solvents imply the
very small reorganization energy with respect to the transition
energy (λ ≪ EIT), as estimated from the electrochemical and
optical data (Table 2). For [OO−OO]+, the large solvent effect
is indicative of the large solvent reorganization energy (λs),
which makes a major contribution to the total reorganization
energy λ (= EIT). Therefore, for this system the solvent dipoles
are able to control the charge localization, promoting the
transition from the Class II−III borderline in less polar
solvents, to weakly coupled Class II in more polar solvents that
better support charge localization.
DFT Calculations and Electronic Structures. DFT

calculations were carried out on simplified models generated
by replacing the anisyl groups of the compounds with hydrogen
(H) atoms. As there is little orbital mixing from the anisyl
groups on the supporting ligands, this substitution permits
more rapid computational investigation without significant loss
of relevance to the experimental results. As the compounds
under investigation are largely delocalized, the common B3LYP
functional has been adopted in the interests of computational
expense. Although the structure of [SS−SS] does not
reproduce the torsion angle of the solid state structure, in
general the calculated geometries are in good agreement with

the structural data obtained crystallographically (Table 3),
giving confidence in the appropriateness of the computational
models to the experimental systems. The three frontier
molecular orbitals (MOs), LUMO, HOMO, and HOMO−1,
are constructed through interactions between the Mo2 (δ) and
bridging ligand (π) orbitals (Figure 8). The LUMO is

composed primarily of orbitals on the bridging ligand. In- (δ
+ δ) and out- (δ−δ) of-phase combinations of δ orbitals, with
some involvement of bridging ligand π orbitals, result in the
HOMO (antisymmetric) and HOMO−1 (symmetric), respec-
tively. For each of the compounds [OO−OO], [OS−OS], and
[SS−SS], the calculated energy gaps (ΔEH‑L) between the
HOMOs and LUMOs correspond to the observed MLCT band
energies (EMLCT) with acceptable consistency (ΔEH‑L/EMLCT =
1.1−1.2), proving further evidence for the appropriateness of
the approximations made in the computational work (Table 3).
Topologically, the δπ−δπ interaction between the two [Mo2]

fragments is similar to p−p π-bonding interaction that occurs
between two atoms of the second row. Consequently as the
orbitals of the [Mo2] units interact, in-phase (bonding;
HOMO−1) and out-of-phase (antibonding; HOMO) combi-
nations arise. The stronger the interaction between the orbitals
of the [Mo2] fragments, the larger the separation of the in- and
out-of-phase combinations, and the larger the energy gap
between the HOMO−1 and HOMO. Increasing the sulfur
content enhances the metal−metal interactions even in these
closed-shell systems, evidenced by the larger HOMO−
HOMO−1 gaps (Figure 8). In contrast, the smaller energy
gap between HOMO and HOMO−1 in the oxa-bridged species
[OO−OO] is consistent with the description of this compound

Table 3. Calculated Bond Distances and Energy Gaps between the Selected Frontier MOs, in Comparison with the Charge
Transfer Bands

single point

bond distance (Å) MLCT (cm−1) IVCT (cm−1) TD-DFT

models Mo−Mo C−C ΔEH−L EML ΔEH‑1−S EIT Eex (cm
−1) HDA(cal)/Hab (cm

−1)

[OO−OO] 2.130 1.519 24062 21739 / / / /
[OO−OO]+ 2.149 1.503 26779 21779 2285 4077 6038 3019/2376
[OS−OS] 2.138 1.490 17613 13642 / / / /
[OS−OS]+ 2.158 1.464 22135 12500 3905 4149 7094 3547/2726
[SS−SS] 2.142 1.470 14120 11236 / / / /
[SS−SS]+ 2.160 1.443 18318 11364 4992 4926 7470 3735/2950

Figure 8. Molecular orbital and energy diagram showing the energy
and symmetry of the key MOs for the computational models of [OO−
OO], [OS−OS], and [SS−SS].
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as a more weakly coupled compound, further evidenced by the
longer C−C single bond (1.519 Å) linking the two [Mo2] units
(Table 3).
Returning to the semiclassical description, the δπ-orbitals of

the [Mo2] fragments can be considered as the pseudo “one-
particle” diabatic states, ϕD and ϕA, for a noninteracting system
(Class I). Interaction of ϕD and ϕA gives rise to the two
adiabatic states

ψ ϕ ϕ= + + S( )/ 2(1 )g D A DA

ψ ϕ ϕ= − − S( )/ 2(1 )e D A DA (8)

where the diabatic overlap integral SDA = 0. For Class III
systems, these two states are represented by the HOMO (or
SOMO) (δπ − δπ) and HOMO−1 (δπ* + δπ*), respectively.
Assuming Koopmans’ Theorem holds, the MV state is then
well represented by depopulation of the HOMO by one
electron. The ground and excited states for the system become
(δπ* + δπ*)2(δπ − δπ)1 and (δπ* + δπ*)1(δπ − δπ)2,
respectively. The “IVCT” absorption band in these Class III
systems can then be described in terms of an optical transition
between these states.
The MV complexes [OO−OO]+, [OS−OS]+, and [SS−SS]+

were also studied using DFT methods and the simplified
models. Key structural features of these MV models include
elongation of the Mo−Mo bond in the [Mo2] fragments and
contraction of C−C bond length associated with the bridges
(Table 3). The optimized structures provide some insight
regarding the relative intensity of the IVCT bands (Figure 6,
Figure 7) from symmetry considerations. The molecular
structures and the optimized models of [OO−OO] and
[OO−OO]+ belong to the point group D2h. For the
crystallographically determined structure of [SS−SS], the
symmetry is lowered to D2 because of the torsion angle
(∼22°) between the two [Mo2] units, although the optimized
structures of [SS−SS] and [SS−SS]+ are both D2h. With this
symmetry, the HOMO−1 → SOMO transitions, B1u → B3g for
[OO−OO]+ and [SS−SS]+, are allowed with polarization in
the y direction. However, for [OS−OS]+ with C2h symmetry,
the direct product of HOMO−1 (Au) and SOMO (Bg) is
transformed by a Bu irreducible representation, which
corresponds to light dipole moments in both the x and y
directions. Consistent with this analysis, the molar extinction of
the near-IR band from [OS−OS]+ (εIT, 2.0 × 104 M−1 cm−1) is
approximately twice that of [OO−OO]+ (εIT, 7.7 × 103 M−1

cm−1) and [SS−SS]+ (εIT, 9.9 × 103 M−1 cm−1) (Figure 6).
Accurate calculations of transition energies in large, open-

shell transition metal complexes carry significant computational
expense,64 necessitating compromises and approximation in the
methodologies employed.65 Since the key absorption bands in
cation radicals involve electronic transitions between doubly
occupied orbitals and the SOMO, the transition energies can be
approximated as the difference in the relevant ionization
potentials (i.e., Koopmans’ Theorem orbital energies). Since
Koopmans’ Theorem refers to the relationship between
ionization energies and orbital energies from closed-shell HF
theory, the “neutral in cation geometry” (NCG) method,66 in
which a single point at the geometry of the radical cation is
calculated with a neutral charge, has been proposed. The
absorptions arising from the HOMO−1 → HOMO transitions
are referred to as K bands, and the NCG approach has been
successfully used in organic radical MV systems.19,67 Although

the appropriateness of Koopmans’ Theorem to DFT-based
orbital energies (Kohn−Sham orbitals) has been debated,68,69 it
is interesting to note that for the two very strongly coupled
complexes, [OS−OS]+ and [SS−SS]+, HOMO−1 → SOMO
transition energy (ΔEH‑1−S) is close to the observed IVCT band
energies (Table 3). However, for [OO−OO]+, as shown in
Table 3, there is better consistency between the experimental
and theoretical data for the MLCT absorption, whereas a
relatively large difference is found between EIT and ΔEH‑1−S.
For systems at the Class II−III borderline, adiabatic ET and
vertical transition between electronic states may occur
simultaneously, thus showing the character of both Class II
and III.11,21,31 The adiabatic ET behavior of this complex is
shown by the copresence of MLCT (480 nm) and LMCT (620
nm) absorptions in the spectra. Presumably, for [OO−OO]+,
the deviations of the calculated results from the observations
are reflective of its character as a Class II−III borderline species.
Nevertheless, with the defined donor (acceptor) orbitals, the
electron transition HOMO−1 → SOMO can be expressed as
the difference in energy eigenvalue between ground and excited
states70

ϕ ϕ ψ ψ ψ ψ⟨ | | ⟩ = ⟨ | | ⟩ − ⟨ | | ⟩

= −
= Δ =

h H H

H H

E H

1
2

{ }

( )/2

/2

D A g el g e el e

gg ee

ab (9)

with assumptions

ψ ψ ψ ψ⟨ | | ⟩ = = = ⟨ | | ⟩ =H H H H 0g el e ge eg e el g

This quantum mechanical treatment to the Mo2−Mo2 system
establishes clearly the relationship between EIT and coupling
Hab, which is verified by the good agreements between the
energetic parameters EIT, ΔEH‑1−S, and 2Hab, as shown in Table
3. Therefore, in this study, the semiclassical theories and
quantum mechanical description on MV systems are
remarkably unified.
In seeking to provide further confirmation of the results and

interpretations drawn for the Koopmans’-based approach,
attention was next turned to TD-DFT methods. In spin-
unrestricted TD-DFT calculations, the spin up (α) and spin
down (β) electrons are treated separately (Figure 9). In the
present case, the β-LUMO and α-HOMO of the one-electron
oxidized compounds [EE−EE]+ are topologically similar to the
HOMO of the corresponding neutral precursors [EE−EE].
Similarly, the α-HOMO−1 and β-HOMO of [EE−EE]+ have
similar character to the HOMO−1 of [EE−EE] (Figure S11).
In the computational models of [OO−OO]+ and [OS−OS]+
the β-HOMO−1’s lie above the α-HOMOs, while this order is
reversed in the [SS−SS]+ model. The β-HOMO−1 → β-
LUMO transition energies from the TD-DFT calculations are
generally larger than the experimental IVCT band energies
(EIT) (Table 3). The [OO−OO]+ model has the smallest
excitation energy Eex (6038 cm−1), and the [SS−SS]+ model
has the largest value (7470 cm−1) and follows the same trends
in increasing energy with increasing sulfur composition as EIT.
Therefore, our results on the strongly coupled Mo2−Mo2
systems show that single-point calculation gives more accurate
estimation on the IV transition energy than the TD-DFT
methods, which agrees with the reported results by Nelsen.19

The TD-DFT calculated coupling elements, HDA(cal) (= Eex/
2), as listed in Table 3, are about 25% larger than the Hab values
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derived from the two-state model. The general agreement
between Hab and HDA(cal) validates the use of the two-state
model in estimating the coupling energy. The deviation could
be due to the systematic errors caused by simplified
computational models and experimental measurements. More
importantly, in this study, the system is regulated with specified
donor and acceptor orbitals, symmetry and energy-adapted D−
A interactions, as well as well-defined “IV” transition, which
satisfy the preset conditions of the contemporary theories.
Thus, the Mo2−Mo2 system provides a valuable example of a
“one-particle” D−B−A experimental model that unravels the
quantum mechanical insights of electronic delocalization.
Comparison of the IVCT Band Profile with that

Predicated from the Two-State Model. In the two-state
model, a Gaussian-shaped IVCT band is expected for Class II
compounds, and the bandwidth at half-height (Δν°1/2) can be
calculated by eq 10

λΔ ° =v RT2[4ln(2) ]1/2
1/2

(10)

One of the pronounced optical properties for the Class II−III
and Class III limit systems is that the low energy side of the
IVCT band is truncated at 2Hab.

20,71 The “cutoff” phenomenon
is well interpreted by the two-state model weighted by a
Boltzmann distribution.13,32 As a consequence of the cutoff of
the absorption band, systems in which the observed bandwidth
(Δν1/2(exp)) is significantly smaller than Δν°1/2 are considered
to lie at or within the delocalized regime, e.g., Class II−III or
Class III. To have a quantitative criterion for classification of
MV compounds, a parameter Γ has been defined in terms of

the experimental Δν1/2(exp) and calculated Δν°1/2 half-height
band-widths20

θΓ = −1 (11)

θ = Δ Δ °v v( (exp))/1/2 1/2

When Δν1/2(exp) is less than a half of Δν°1/2 (θ < 0.5) or Γ >
0.5, the system is considered to be in Class III. The half-height
bandwidth can also be calculated using eq 1220

ν Η λ λ Η λΔ = − + − −RT[(2 ) 4ln(2) ] (2 )hi ab ab
2 1/2

(12)

where Δνhi is the half-height width of the high energy side, that
is, Δνhi = Δν°1/2/2. In the strongly coupled case, Δν1/2(exp)
should be compatible with Δνhi because the low energy “half”
(Δνlo) is cut. For all three complexes, Γ > 0.5, and the Γ
parameter increases with increasing the coupling, as expected
(Table 4). Surprisingly, very similar IVCT bandwidths (∼1200
cm−1) are observed for the three complexes, although the
extent of electronic coupling varies significantly. Only for
[OO−OO]+ the measured bandwidth, Δν1/2 (exp) = 1210
cm−1, is comparable to the calculated Δνhi value (1535 cm−1),
derived from the calculated Δν°1/2 (= 3069 cm−1). In
comparison with the Gaussian-shape-simulated band profile
(Figure 10), the “cutoff” of the bandwidth at half-height is 38%.
This measured value is less than 50% because in the real
situation solvent broadening leads to a rounded band envelope.
For example, a cutoff of ∼22% was found for the radical cation
of N,N,N′,N′-tetra-4-methoxy phenyl-p-phenylenediamine at
the Class II−III borderline.13 Similar optical behavior was also
observed for [N(H)O−N(H)O]+ and [SS−ph−SS]+.35,53 The
IVCT band features for [OO−OO]+ agree with the assignment
to the Class II−III borderline, offering a pronounced
asymmetry and low-energy cutoff. However, although the
strength of electronic coupling increases from [OO−OO]+ to
[SS−SS]+ (Table 1), the IVCT band envelope becomes
increasingly less asymmetric as shown in Figure 10. These
results are in sharp contrast to those predicated by the two-state
model for Class III systems, where increasing coupling should
lead to a progressively narrower and increasingly asymmetric
IVCT band.20,71 The smallest cutoff, ca. 16%, is found for [SS−
SS]+ (Table 4). These results are parallel with the observations
for the series of oxalate-bridged M2 (M = Mo, W) dimers
derived by variation of the dimetal centers from Mo2 to MoW
to W2, where [Mo2(

tBuCO2)3]2(μ-O2CCO2) exhibits the most
asymmetrical IVCT band and more symmetrical IVCT bands
are found for the strongly coupled [MoW(tBuCO2)3]2(μ-
O2CCO2) and [W2(

tBuCO2)3]2(μ-O2CCO2) complexes.47

Furthermore, for [OS−OS]+ to [SS−SS]+, calculations of
Δνhi from eq 12 give estimates of the band shape that are in
poor agreement with experiment (Table 4).
In seeking to explain the unusual shape of the IVCT band in

these most strongly coupled (highly delocalized) complexes,
the potential energy surfaces (PES) for the three MV systems

Figure 9. Energy diagram of the key orbitals derived from TD-DFT
calculations on the corresponding complex models of [OO−OO]+,
[OS−OS]+, and [SS−SS]+. The orbital energies shown in the same
color code are referred to the same MOs for the neutral precursor,
turquoise for LUMO, green for HOMO, and orange for HOMO−1. β-
LUMO is omitted for each of the systems.

Table 4. Measured and Calculated IVCT Bandwidths and Γ Parameters for the MV Complexes

Δν1/2(exp) (cm−1) Δν°1/2(HTL)a (cm−1) θ Γ Δνhib (cm−1) cutoffc (% exp)

[OO−OO]+ 1210 3069 0.39 0.61 1535 38
[OS−OS]+ 1210 3096 0.39 0.61 89 23
[SS−SS]+ 1093 3373 0.32 0.68 34 16

aData calculated from eq 10 at high-temperature limit (HTL) using λ = EIT for the hypothetical Class II systems.
bData calculated from eq 12 using

HDA (= EIT/2).
cReduced bandwidth at half-height relative to the Gaussian simulated band profile.
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were calculated using the Hab and λ parameters (Figures 11 and
SI). While [OO−OO]+ presents the typical single-well minima

adiabatic surfaces for a strongly coupled system, the calculated
PESs for [OS−OS]+ and [SS−SS]+ are almost flat, showing an
absence of vibronic features along the reaction coordinate,
against the Franck−Condon principle. Obviously, these “flat”
PESs arising from the application of values of Hab and λ
parameters from [OS−OS]+ and [SS−SS]+ to the two-state
model do not account for the narrow but more symmetrical
IVCT bands observed for the two thiolated analogues. These
two examples show that the two-state model, while catering for
systems at or near the Class III boundary, does not accurately
predict the band shape for very strongly coupled systems that
lie well into the delocalized regime.
In the cases of [OS−OS]+ and [SS−SS]+, we propose that

the increased symmetry and narrowed width of the IV bands
are due to the equal shape of the ground and excited state
potential wells. Therefore, a Franck−Condon energy diagram,
with the assumption of constant nuclear coordinates during the
transition (the Condon Approximation), is exploited to
describe the electronic transition that yields the “IVCT”

absorption in such strongly coupled (delocalized) systems
(Figure 11). The vibronic features of IVCT bands for Class II−
III or Class III limit, as interpreted by the two-state model, are
different in nature from those that arise from such electronic
transitions. In the two-state diagram for delocalized systems,
the upper curve has a small parabolic curvature, relative to the
lower curve. However, for a vertical electronic transition, the
potential wells for ground and excited states are similar and
narrow. In this context, the more symmetric “IVCT” bands
observed for very strongly coupled systems may now be well
understood. Our study shows that the IVCT band shape
changes from symmetric to asymmetric to symmetrical as the
systems vary from weakly to strongly to very strongly coupled.
Systems on the Class II−III borderline and Class III limit
exhibit the most asymmetric IVCT absorption band.
In the two-state model, all the systems crossing over the

Class II−III borderline are treated as Class III. However, the
proceeding analyses show that there is a turning point in
electronic property from [OO−OO]+ to [OS−OS]+ and [SS−
SS]+, as indicated by the optical characters and computational
data. In our systematic study from weakly to strongly coupled
systems on {[Mo2]−bridge−[Mo2]}

+ models, the semiclassical
theories succeed remarkably well in interpreting the extent of
electronic delocalization35−37 and elucidating the electron
transfer dynamics and kinetics.51,52 However, in the spectra
of [OS−OS]+ and [SS−SS]+, the IVCT band profiles are
significantly different from that predicted from the two-state
model, implying that these systems have gone beyond the
classical description of a Class III system based on the two-state
model. We believe that the differences in optical behavior
between strong and very strong coupling systems are due to the
change of the system from vibronic to electronic character. If
this turning point is taken as a borderline separating Class III
from another regime, this regime may be termed as the very
strongly coupled Class IV. A mixed-valence compound in this
category behaves more like a molecular radical, whose
electronic properties should be elucidated on the basis of the
electronic character of the entire molecular entity rather than
derived from the coupling of constituent diabatic states.

■ CONCLUSION
Assembling two quadruply bonded Mo2 complex units with
oxalate and its thiolated derivatives has produced three
symmetrical dimers of dimers, denoted as [OO−OO], [OS−

Figure 10. Intervalence absorption bands (solid line) and the Gaussian band fits (dashed lines) for [OO−OO]+, [OS−OS]+, and [SS−SS]+ in
CH2Cl2 solutions. For each of them, the cutting-off percentage given in Table 3 is determined from the bandwidth at half height with respect to that
of the simulated band profile.

Figure 11. Potential energy surfaces for [OO−OO]+ (black line),
[OS−OS]+ (blue line), and [SS−SS]+ (red line) drawn based on the
coupling parameters (Hab) and reorganization energies (λ) (Table 2).
Under the Condon Approximation, electronic transition (red dashed
line) between the ground and excited states is proposed for [SS−SS]+.
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OS], and [SS−SS], which share a common molecular scaffold
with subtle structural differences due to the ligating atoms of
the bridging ligands. Given an electronic configuration of
σ2π4δ2 for the Mo2

4+ center, the δ orbital is nondegenerate with
respect to the σ and π orbitals, and the δ electrons, conjugated
with the oxalate-like π-system, are solely responsible for the
electronic events; thus, the Mo2−Mo2 system features uniquely
the diabatic one-electron donor and acceptor states (ϕD and
ϕA) derived from the δπ* orbitals with regard to the [Mo2]
complex units. The MV complexes generated by 1 equiv of
[Cp2Fe]PF6 have the charge distributed over the four Mo
atoms, but the extent of delocalization increases largely with
increasing the sulfur content. [OO−OO]+ shows typical Class
II−III borderline characters, such as an asymmetrically shaped
and solvent-dependent IVCT band, while [OS−OS]+ and [SS−
SS]+ are well-defined very strongly coupled Class III MV
(delocalized) complexes. The optical behavior of the three
complexes with increasing electronic coupling has been
analyzed within the approximations of the vibronic two-state
framework. The coupling parameters (Hab) calculated from the
modified Mulliken−Hush equation for Class III fall in the range
of 2400−3000 cm−1, in excellent agreement with the estimates
(2040−2500 cm−1) from the observed intervalence transition
energies. However, a more symmetrically shaped IVCT band is
observed for the more strongly coupled system. This is in sharp
contrast to the predication from the vibronic two-state model;
that is, that the IVCT band is cut in half at 2Hab for Class III
systems. DFT calculations on the computational models show
that δ orbital interactions between the two Mo2 units, with
minor involvement of the bridge π orbital, generate the HOMO
(δπ − δπ) and HOMO−1 (δπ* + δπ*). Single-point and TD-
DFT calculations give consistent results, indicating that the
HOMO and HOMO−1 correspond to the excited and ground
states for the intervalence transition, respectively, with better
accuracy for estimate (HDA(cal) = ΔEH‑1−S/2) of the coupling
elements provided by the former. It is remarkable that the
transition energy of HOMO−1 → SOMO equals nearly the
intervalence absorption energy for a very strongly coupled
system. Therefore, the very strongly coupled [OS−OS]+ and
[SS−SS]+ behave more like a molecular radical, whose
electronic properties should be elucidated on the basis of the
molecular entity. These results, including the diminished
“cutoff” effect, illustrate that system transition from Class II
to III is accompanied by the transformation from vibronic to
electronic states, in accordance with the quantum mechanical
basis of the two-state model. On this basis, the extreme of
mixed valency may be termed as Class IV.

■ EXPERIMENTAL SECTIONS
Materials and Methods. All manipulations were per-

formed in a nitrogen-filled glovebox or by using standard
Schlenk-line techniques. All solvents are freshly distilled over
appropriate drying agents under nitrogen. Starting materials,
HDAniF72 and Mo2(DAniF)3(O2CCH3),

73 and dipotassium
1,2-dithiooxlate74 and tetraethylammonium tetrathiooxalate
(Et4N)2tto

75 were synthesized according to published methods.
Physical Measurements. Electronic spectra were meas-

ured on a Shimadzu UV-3600 UV−vis-Near-IR spectropho-
tometer in CH2Cl2 solution.

1H NMR spectra were recorded
on a Bruker Avance 500 spectrometer. Cyclic voltammograms
(CVs) and differential pulse voltammograms (DPVs) were
obtained using a CH Instruments model CHI660D electro-
chemical analyzer in 0.10 M CH2Cl2 solution of nBu4NPF6,

with Pt working and auxiliary electrodes, a Ag/AgCl reference
electrode, and a scan rate of 100 mV s−1. EPR spectra were
measured using a Bruker A300-10-12 electron paramagnetic
resonance spectrometer. Measurements for the mixed-valence
complexes were carried out in situ after single electron
oxidation of the corresponding neutral compounds by
[Cp2Fe]PF6.

X-ray Crystal Structure Determinations. Single-crystal
data for [O2−O2]·4CH2Cl2 and [S2−S2]·3CH2Cl2 were
collected on an Agilent Gemini S Ultra Xcalibur Nova
diffractometer with Cu−Kα radiation (λ = 1.54178 Å) at
173(2) K. The empirical absorption corrections were applied
using spherical harmonics, implemented in the SCALE3
ABSPACK scaling algorithm.76 All the structures were solved
using direct methods, which yielded the positions of all non-
hydrogen atoms. Hydrogen atoms were placed in calculated
positions in the final structure refinement. Structure determi-
nation and refinement were carried out using SHELXS-2014
and SHELXL-2014 programs, respectively.77 For the two
measured crystal structures, the solvent molecules were
disordered in multiple orientations, which were refined
isotropically. All non-hydrogen atoms were refined with
anisotropic displacement parameters.

Computational Details. Before computations were started,
simplifications of molecules were taken by using H atoms to
replace the anisyl groups (−C6H4OCH3) in auxiliary ligands.
Density functional theory (DFT) calculations were performed
with the hybrid Becke three-parameter exchange functional and
the Lee−Yang−Parr nonlocal correlation functional (B3LYP)
in the Gaussian 09 program (version A.01).78 Basis set SDD
was used on Mo atoms, while 6-31G was used on C, N, O, S,
and H atoms. Time-dependent density functional (TD-DFT)
calculations (nstate = 60) were used to assign the bands on
electronic spectra of these molecules.

Preparation of Dipotassium-1,2-dithiooxalate (K2dto).
This compound was prepared by modifying a published
procedure. To a 500 mL three-neck flask with 150 mL of
anhydrous ethanol was added potassium metal (2.2 g, 0.05
mol), slowly and with stirring. When the metallic pieces had
dissolved, H2S was bubbled into the solution until saturated
(ca. 2 h). Diphenyl oxalate (3.4 g, 0.0125 mol) was added into
the mixture, causing the solution to undertake a faint yellow
color immediately. After 30 h, the reaction mixture was filtered
in air, and the collected solid was washed with ether (2 × 5
mL). The gray white solid was placed in a desiccator in vacuum
and dried for 24 h to give the product (2.6 g, 94%).

Preparation of (Mo2(DAniF)3)2(μ-SOCCOS). To a
solution of Mo2(DAniF)3(O2CCH3) (0.50 g, 0.50 mmol) and
K2dto (0.05 g, 0.25 mmol) in THF (30 mL) was added, slowly
and with stirring, sodium methoxide (0.5 M, 3.0 mL) in
methanol. A blue solid formed in about 30 min. After 5 h, the
solvent was evaporated under reduced pressure. The solid
residue was extracted using CH2Cl2 (ca. 15 mL). The mixture
was filtered using a Celite-packed frit, and the volume of the
filtrate was reduced under a vacuum to ca. 5 mL. Then, 30 mL
of ethanol was added, producing a blue precipitate, which was
washed with ethanol (2 × 20 mL) and hexanes (5 mL). The
solid was collected by filtration and dried under a vacuum.
Yield: 280 mg (55%). Single crystals for X-ray analysis were
obtained by diffusing ethanol into a dichloromethane solution
of the blue product. 1H NMR δ (ppm in CDCl3): 8.51 (s, 2H,
−NCHN−), 8.34 (s, 4H, −NCHN−), 6.76 (d, 8H, aromatic
C−H), 6.60 (d, 8H, aromatic C−H), 6.54 (m, 16H, aromatic
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C−H), 6.39 (m, 8H, aromatic −H), 6.10 (m, 8H, aromatic
−H), 3.70 (s, 12H, −OCH3), 3.65 (m, 24H, −OCH3) (Figure
S1). UV−vis, λmax nm (ε, M−1 cm−1): 462 nm (2.7 × 103), 682
nm (2.6 × 104), 733 nm (2.8 × 104). Anal. Calcd for
C92H90Mo4N12O14S2: C, 54.56; H, 4.50; N, 8.32. Found: C,
54.28; H, 4.46; N, 8.26.
Synthesis of [Mo2(DAniF)3]2(μ-S2CCS2). A solution of

sodium methoxide (0.041 g, 0.75 mmol) in 5 mL of methanol
was added dropwise to a solution of Mo2(DAniF)3(O2CCH3)
(0.512 g, 0.50 mmol) in 15 mL of THF. After stirring at room
temperature for 2 h, the solvent was removed under vacuum.
The residue was dissolved using 20 mL of CH2Cl2 and filtered
off through a Celite-packed funnel. The filtrate was mixed with
tetraethylammonium tetrathiooxalate (0.1135 g, 0.275 mmol)
in 20 mL of acetonitrile. The mixture was stirring for 3 h,
producing a green solid. The product was collected by filtration
and washed with ethanol (3 × 20 mL). Yield: 0.66 g, 63%.
Diffusion of ethanol into a dichloromethane solution of the
compound affords green flake-shaped crystals. 1H NMR δ
(ppm in CDCl3): 8.44 (s, 4H, −NCHN−), 8.43 (s, 2H,
−NCHN−), 6.60 (m, 32H, aromatic C−H), 6.33 (d, 8H,
aromatic C−H), 5.96 (d, 8H, aromatic C−H), 3.69 (s, 24H,
−OCH3), 3.62 (s, 12H, −OCH3) (see Figure S1). UV−vis, λmax
nm (ε, M−1 cm−1): 885 (3.8 × 104). Anal. Calcd for
C92H90Mo4N12O12S4: C, 53.44; H, 4.39; N, 8.13. Found: C,
54.44; H, 4.51; N, 8.17.
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Rapid and sensitive colorimetric sensing of the
insecticide pymetrozine using melamine-modified
gold nanoparticles†

Jing-yan Kang,ab Yu-jie Zhang,b Xing Li, *ab Chen Dong,b Hong-yu Liu,b

Li-jing Miao,b Paul J. Low, c Zhi-xian Gao,d Narayan S. Hosmanea

and Ai-guo Wu *a

A colorimetric sensor for the pesticide pymetrozine (PYM) based on analyte-induced aggregation of

melamine-modified gold nanoparticles (M-Au NPs) has been developed with high selectivity and

sensitivity with a detection limit of 80 nM by the naked eye and 10 nM by UV-Vis spectroscopy. This

colorimetric sensing design exhibits lower detection limits, compared with limits of 46–148 nM for

existing instrumental methods. The new aggregation-induced nanoparticle sensor is applicable for rapid

colorimetric detection of PYM in real water environments (tap water and lake water) and food samples

(green tea and apple juice). The technical approach for the colorimetric sensor is easier and simpler than

detection of PYM by, for example, HPLC whilst giving equivalent results within the error of the

measurements.

Introduction
In order to reduce plant infestation, a wide range of chemical
insecticides are used in the agricultural production of food.
However, insecticides are a primary source of environmental
pollution and food toxicity.1,2 There is considerable concern that
human health is being compromised with the increased use of
insecticides and pesticides.3 According to world statistics, the
health of approximately two million people globally each year is
adversely affected due to different levels of food contamination.
Therefore, simple, rapid, sensitive and reliable methods for the
detection of pesticides in food products are warranted.

The triazine pymetrozine (PYM) (Fig. S1a†) is an insecticide
which shows selective activity against homopteran insects by
affecting the nervous regulation of insect feeding behaviour,

which also exhibits low acute toxicity to humans, birds and
mammals. PYM has also been classied as a ‘potential’ human
carcinogen by the United States Environmental Protection
Agency (EPA), and a maximum level of 138 nM (0.03 mg kg!1) in
food has been set by national regulators in China.4–7 Conven-
tional detection methods for PYM include high-performance
liquid chromatography (HPLC),8,9 liquid chromatography with
mass spectrometry (LC-MS),10 gas chromatography (GC),7 elec-
tronic spectroscopy11,12 and differential pulse polarography
(DPP).13 Although most of these methods offer good sensitivity to
the materials being detected, they are relatively complicated and
time-consuming, with limited capacity for on-site detection in
the eld.

Colorimetric detection methods based on precious metal
nanoparticles have received increased attention because of their
simple operation, low cost and high sensitivity.14–16 There are
many published studies describing colorimetric detection of
heavy metal ions,17,18 proteins,19,20 and organic molecules21,22

and in a variety of biological applications.23,24 However, there
are only two reports related to the detection of PYM using
colorimetric methods based on gold nanoparticles, and they
exhibit high detection limits and poor sensitivity and
selectivity.25,26

In this study, a facile new colorimetric detection sensor for
PYM with high sensitivity and excellent selectivity is described,
based on PYM-induced aggregation of melamine-modied gold
nanoparticles. The detection limit of the sensor for PYM is 80 nM
by the naked eye and 10 nM by UV-Vis spectroscopy, and the
sensor reported here is applicable for rapid colorimetric detec-
tion of PYM in food samples and natural water environments.

aKey Laboratory of Magnetic Materials and Devices, Division of Functional Materials
and Nanodevices, Ningbo Institute of Materials Technology and Engineering, Ningbo
315201, China
bSchool of Science, Faculty of Materials Science and Chemical Engineering, Ningbo
University, Ningbo 315211, China
cSchool of Molecular Sciences, University of Western Australia, 35 Stirling Highway,
Crawley 6009, Australia
dTianjin Key Laboratory of Risk Assessment and Control Technology for Environment
and Food Safety, Institute of Health and Environmental Medicine, Tianjin 300050,
China

† Electronic supplementary information (ESI) available: The structure of
pymetrozine and melamine; the EDS of Au NPs and M-Au NPs; effect of
different concentrations of melamine for detection; effect of pH on the
detection; effect of reaction time on the detection; UV-Vis absorption spectra of
(a) M-Au NPs and (b) M-Au NPs with 0.08 mM PYM; and comparison of
pymetrozine detection in solution. See DOI: 10.1039/c7ay02658g

Cite this: Anal. Methods, 2018, 10, 417

Received 15th November 2017
Accepted 11th December 2017

DOI: 10.1039/c7ay02658g

rsc.li/methods

This journal is © The Royal Society of Chemistry 2018 Anal. Methods, 2018, 10, 417–421 | 417

Analytical
Methods

PAPER

Pu
bl

is
he

d 
on

 1
1 

D
ec

em
be

r 2
01

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 

06
/0

6/
20

18
 0

3:
29

:4
1.

 

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ay02658g&domain=pdf&date_stamp=2018-01-19
http://orcid.org/0000-0002-5063-6950
http://orcid.org/0000-0003-1136-2296
http://orcid.org/0000-0001-7200-8923
http://dx.doi.org/10.1039/c7ay02658g
http://pubs.rsc.org/en/journals/journal/AY
http://pubs.rsc.org/en/journals/journal/AY?issueid=AY010004


Experimental
Materials

Chemicals of analytical reagent grade were used without further
purication and all solutions were prepared with Milli-Q water.
Chloroauric acid (AuCl3$HCl$4H2O), sodium citrate (Na3-
Ct$2H2O), HCl, HNO3 and NaOH were obtained from Sino-
pharm Chemical Reagent Co. Ltd (Shanghai, China). Atrazine
and glyphosate were obtained from J&K Scientic Ltd. (Beijing,
China). Melamine iprodione, dipterex, regent, indoxacarb,
fenobucarb, pretilachlor, isoprocarb, and pymetrozine were
purchased from Aladdin-Reagent Co., Ltd. (Shanghai, China).
MCPA-Na was obtained from Sigma-Aldrich (Shanghai, China).

Apparatus

Transmission electron microscopy (TEM) and energy dispersive
X-ray spectroscopy (EDS) data were obtained on a JEOL 2100
microscope operated at 200 kV. Dynamic light scattering (DLS)
and zeta potential measurements were made by using a Zeta
Potentiostat at the ZS instrumentation facility (Malvern Instru-
ments Ltd). Absorption spectra were obtained on an ultraviolet
and visible spectrophotometer (UV-Vis, PERSEE T10CS). The
concentration of PYM in tap and lake water was determined by
high-performance liquid chromatography (HPLC) on an Agilent
AJL1260.

Preparation of Au NPs

Au NPs were prepared according to the Turkevitch methods of
reduction of HAuCl4 by Na3Ct. Accordingly, an aqueous solution
of HAuCl4 (5.0 mM, 10 mL) was mixed with deionized water
(85 mL) and the resulting solution was then heated to boiling, to
which an aqueous solution of Na3Ct (1 wt% 10 mL) was rapidly
added with constant stirring. Aer 5 min, the color of the
solution changed from yellow to wine red, and the resulting
solution was then cooled to room temperature to obtain Au NPs,
which were stored in a refrigerator for 24 h at 4 !C for further
use.

Detection of pymetrozine using modied Au NPs

While the pH of Au NPs was controlled to be 5.0, 200 mL of 0.8
mM melamine was quickly added to 700 mL of Au NPs and the
mixture le to stand for 20 min. For the detection of PYM, 100
mL of PYM, with variable concentrations (0.1–100 mM), was
respectively added to the mixture and the resulting solution was
shaken well and equilibrated for 15 min, during which time the
color of the solution gradually changed from red to blue-grey
with increasing PYM concentration. The particle size and zeta
potential of Au NPs and the melamine modied Au NPs were
determined by EDS and further characterized by TEM and DLS.

Selectivity experiment of pymetrozine

Ten kinds of pesticides (atrazine, glyphosate, iprodione, regent,
indoxacarb, MCPA-Na, fenobucarb, dipterex, pretilachlor, and
isoprocarb) were chosen to verify the selectivity and anti-
interference of the sensor for PYM. The experimental

methodology is the same as that for the detection of PYM
described above. The concentrations of the other pesticides
were 10 times higher than that of PYM.

Detection of pymetrozine in water samples from the
environment

Water samples from real environments such as tap water and
lake water, collected through our institutional facility, were rst
ltered using syringe lters with a 0.22 mm membrane, to which
standard solutions of pymetrozine at variable concentrations
were added and then analyzed using our new detection system
and High Performance Liquid Chromatography (HPLC).

Results and discussion
Naked Au NPs (ca. 16 nm) were prepared according to the
Turkevitch method of reduction of HAuCl4 by sodium citrate,
and modied with melamine (Fig. S1b†) at pH ¼ 5 before
further use. The successful incorporation of melamine onto the
Au NPs was conrmed by energy dispersive X-ray spectroscopy
(EDS) and zeta potential measurements. The EDS of the mela-
mine-modied gold nanoparticles (M-Au NPs) (Fig. S2†)
conrmed the presence of carbon and nitrogen, absent from the
pure Au NPs, indicating the incorporation of melamine. The
zeta potentials of both Au NPs and M-Au NPs were also
measured, with the lower zeta-potential of M-Au NPs (#34.1
mV) compared with Au NPs (#41.2 mV) presumably due to
electrostatic interaction between amino groups and citrate ions,
combined with a decrease in the surface negative charge of Au
NPs.27

Aliquots (100 mL) of different concentrations (0.1–100 mM) of
PYM aqueous solution were added to 900 mL of the M-Au NP
dispersion. The resulting solution was shaken well and allowed
to equilibrate at room temperature for 15 min, during which
time the color of the solution progressively changed from red to
blue-grey with increasing concentration of PYM. As shown in
Fig. 1, the M-Au NP dispersion is wine-red in color and exhibits
an absorption band in the UV-Vis spectrum at 525 nm. Aer

Fig. 1 UV-Vis absorption spectra of (a) M-Au NPs and (b) M-Au NPs
with the PYM-induced change in the surface plasmon resonance (SPR)
absorption peak and intensity.
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incubation with PYM for 15 min, the UV-Vis absorption peak at
525 nm decreased and a new absorption peak at 680 nm
appeared as a result of the blue-grey color of the solution, likely
due to PYM-induced aggregation of the melamine modied Au
NPs (Scheme 1). The M-Au NP solutions which exhibit red-wine
colour, exist as a stable dispersion with a weak network formed
through limited electrostatic effect between the exocyclic amine
groups of the melamine molecules and the surface of Au NPs. In
the presence of PYM, the melamine and PYM form a complex
through hydrogen bonds. The M-Au NPs aggregate quickly,
leading to the color change of the solution from wine red to
blue, accompanied by the change in the surface plasmon
resonance (SPR) absorption peak and intensity.

Fig. 2 shows the TEM images and the corresponding particle
size distributions for Au NPs and M-Au NPs and the effect of
PYM on the aggregation of M-Au NPs. The particle size of Au
NPs (Fig. 2a) and M-Au NPs (Fig. 2b) is around 16 nm and
17 nm, respectively. In the presence of PYM, M-Au NPs aggre-
gate signicantly with average aggregates of about 206 nm
diameter, as indicated in Fig. 2c.

The results are in agreement with the UV-Vis absorption
spectrum and support the proposal that the PYM-induced
aggregation of M-Au NPs is responsible for the colorimetric
response.

In order to improve the sensitivity of the colorimetric
detection system, the optimum concentration of melamine for
use in the preparation of M-Au NPs was briey explored
(Fig. S3†). The A670 nm/A521 nm ratiometric response of the M-Au
NPs with PYM proved to be sensitive to the concentration of
melamine used in the initial preparation of the M-Au NPs.
When the concentration of melamine was lower than 0.2 mM,
the A670 nm/A521 nm ratiometric response to PYM was not obvious
(Fig. S3†). The response signicantly increased for M-Au NPs
prepared from 0.4–1.0 mM melamine solutions, with the ratio-
metric response reaching a plateau for M-Au NPs prepared from
0.8 mM melamine solutions. When the concentration of mela-
mine was very low, Au NPs were not modied well by melamine
and the sensitivity of the assay was poor; in contrast, with too

high concentration of melamine, M-Au NPs aggregated in the
absence of analytes. On the basis of these results, Au NPs were
modied with 0.8 mM melamine throughout the following
experiments.

Other parameters (pH and incubation time) for the optimi-
sation of the colorimetric response to PYM were also exam-
ined.28 The pH of M-Au NPs greatly inuenced the detection of
PYM (Fig. S4†), with pH ¼ 5 realising the largest ratiometric
response in the presence of 0.2 mM PYM; the M-Au NPs are
stable under these conditions. When the pH was lower than 5,
the dispersed M-Au NPs aggregated easily and when the pH was
higher than 8, the M-Au NPs did not aggregate even though PYM
was added. So pH¼ 5 was chosen for the experiment. When the
pH was 5, the absorption strength at A681 nm (the max absorp-
tion wavelength) of M-Au NPs with 0.2 mM PYM was invariable
aer 15 min (Fig. S5†). Therefore 15 min was chosen as the
standard for subsequent experiments.

The selectivity of the M-Au NP colorimetric sensor for PYM
was evaluated by both naked eye observation and UV-Vis
absorption spectroscopy, in competition with other pesticides
such as atrazine, glyphosate, iprodione, regent, indoxacarb,
MCPA-Na, fenobucarb, dipterex, pretilachlor and isoprocarb.

Fig. 3a and b show a photograph and plot of the A690 nm/A520

nm ratio from M-Au NP suspensions in the presence of a variety of
individual pesticides. The visual response illustrated in the
photograph (Fig. 3a) clearly shows that only PYM induces the
aggregation of M-Au NPs under these conditions and hence the
dramatic increase of A690 nm/A520 nm compared with the blank
sample and other pesticides. These results unambiguously
conrmed that the sensing system reported here has an excellent
selectivity for PYM over a number of other common pesticides.

Scheme 1 Detection scheme for the PYM based melamine modified
gold nanocomposite.

Fig. 2 TEM images and the corresponding DLS of (a) Au NPs, (b) M-Au
NPs and (c) M-Au NPs with PYM.
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Similarly, the presence of other pesticides did not signicantly
interfere with the PYM detection. Fig. 3c and d show a photo-
graphic image and the UV-Vis absorption ratio (A690 nm/A520 nm)
of the detection system incubated with PYM alone, or mixtures of
PYM and other pesticides. The color of M-Au NP solutions
incubated with PYM or with mixtures of PYM and other pesti-
cides changed from wine-red to blue because PYM has a specic
structure and the N–H and O of PYM can connect with the amino
groups of melamine through hydrogen bonds. But other pesti-
cides such as atrazine and iprodione, which contain N and Cl,
can't form hydrogen bonds with melamine.

The control solution containing only M-Au NPs in pH ¼ 5
solution retained a stable wine-red color over the course of the
experiment. From Fig. 3d it can be seen that the UV-Vis
absorption ratio (A690 nm/A520 nm) of M-Au NP solutions with
PYM and mixtures of PYM and other pesticides have an obvi-
ously increased ratio when compared with the control sample.
Although there is some minor variation in the absolute values of
A690 nm/A520 nm in response to these various matrix effects, the
detection of PYM is not compromised and the signicant
change in apparent color is clear in each case (Fig. 3c). The
sensitivity of the colorimetric response of the M-Au NP system
to PYM was tested both visually and by UV-Vis spectroscopy. The
photographic image of M-Au NP dispersions incubated with
various concentrations of PYM is shown in Fig. 4. The color of
the M-Au NP dispersion changed from wine red to blue with
increasing PYM concentration, and the limit of detection by the
naked eye was near 80 nM; the corresponding UV-Vis absorp-
tion spectra are shown in Fig. S6.†

The UV-Vis spectra of the M-Au NP solutions with different
concentrations of PYM are illustrated in Fig. 5a, and

demonstrate the increase in absorption intensity at 690 nm with
the increasing concentration of PYM below the level of detec-
tion by the naked eye (0.01–10 mM). Fig. 5b shows the plot of the
absorption ratio A690 nm/A520 nm as a function of PYM concen-
tration between 0.01 and 10 mM, and this ratio increased with
the increase in concentration of PYM. The inset plot shows
a good linear relationship (R2 ¼ 0.9969) between A690 nm/A520 nm

and PYM concentrations, from 10 to 1000 nM with the detection
limit near 10 nM.29,30 The excellent linear response of the
A690 nm/A520 nm ratio indicates that the M-Au NP colorimetric
sensor is not only useful as a threshold measure, but can also be
used for quantitative assay of PYM.

The detection limits and linear range of the M-Au NP
colorimetric detection system for PYM are compared with those
of other detection methods in Table S1;† the M-Au NP system
offers a lower detection limit and wider linear response range
than any other colorimetric detection system reported to
date,31–33 and is competitive with many other instrumental
assays based on electrochemical, GC or HPLC methods.

To validate the applicability of our M-Au NP-based detection
system, water samples drawn from real environments, such as tap
or lake water, and food samples, such as green tea and apple
juice, have been analyzed. The analytical results are given in Table
1 in comparison with results obtained for the same samples
analyzed by HPLC.14,33 It is obvious that the observed concentra-
tion of PYM is close to that determined by HPLC and that the M-
Au NP detection system can be used for analysis of PYM in food
samples and water samples drawn from real environments.

Fig. 3 (a) Image and (b) UV-Vis absorption A690 nm/A520 nm ratio of the
M-Au NPs in the presence of 1.0 mM PYM or different interferents (10
mM). (c) Image and (d) UV-Vis absorption A690 nm/A520 nm ratio of the
M-Au NPs in the presence of mixtures of 1.0 mM PYM and different
interferents (10 mM) (A, atrazine; B, glyphosate; C, iprodione; D, regent;
E, indoxacarb; F, MCPA-Na; G, fenobucarb; H, dipterex; I, pretilachlor;
and J, isoprocarb).

Fig. 4 The image of the M-Au NPs with different concentrations of
PYM.

Fig. 5 (a) UV-Vis absorption spectra of Au NP dispersions containing
different PYM concentrations and (b) plot of A690 nm/A520 nm of
different Au NP dispersions vs. concentration of PYM ranging from
0.01 to 10 mM (A690 nm is the absorbance of Au NP dispersions with
PYM at 690 nm. A520 nm is the absorbance of Au NP dispersions with
PYM at 520 nm).
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Conclusions
The addition of PYM, in variable concentrations, to melamine
modied Au NPs causes them to aggregate quickly due to
hydrogen bonding leading to a change in color from wine red to
blue-gray. Consequently, a change in the surface plasmon
resonance (SPR) absorption peak and intensity was observed.
Thus, the method has been demonstrated to possess an excel-
lent selectivity for the detection of PYM in comparison with
those for other pesticides. Accordingly, the detection limit of
our sensor for PYM is 80 nM by the naked eye and 10 nM by UV-
Vis spectroscopy and these values are much lower than those
reported previously, thus meeting the national standard.
Unambiguously, the practicality of the melamine modied Au
NPs for analysis of PYM in food samples and real environmental
water was demonstrated by the colorimetric detection method.
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Table 1 Detection of PYM in real water samples by our developed
colorimetric method or HPLC

Samples Added (mM)
Au-NP sensor (mM)
(mean ! E, n ¼ 3) HPLC (mM)

Tap water 0.2 0.198 ! 0.02 0.233
Lake water 0.2 0.210 ! 0.02 0.214
Green tea 0.2 0.173 ! 0.04 0.177
Apple juice 0.2 0.171 ! 0.04 0.179
Tap water 0.8 0.813 ! 0.03 0.828
Lake water 0.8 0.812 ! 0.01 0.776
Green tea 0.8 0.753 ! 0.01 0.770
Apple juice 0.8 0.763 ! 0.02 0.772
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Understanding the charge transport properties of
redox active metal–organic conjugated wires†

Donglei Bu, a Yingqi Xiong,a Ying Ning Tan,a Miao Meng,a Paul J. Low, b

Dai-Bin Kuang c and Chun Y. Liu *a

Layer-by-layer assembly of the dirhodium complex [Rh2(O2CCH3)4] (Rh2) with linear N,N0-bidentate ligands

pyrazine (LS) or 1,2-bis(4-pyridyl)ethene (LL) on a gold substrate has developed two series of redox active

molecular wires, (Rh2LS)n@Au and (Rh2LL)n@Au (n ¼ 1–6). By controlling the number of assembling

cycles, the molecular wires in the two series vary systematically in length, as characterized by UV-vis

spectroscopy, cyclic voltammetry and atomic force microscopy. The current–voltage characteristics

recorded by conductive probe atomic force microscopy indicate a mechanistic transition for charge

transport from voltage-driven to electrical field-driven in wires with n ¼ 4, irrespective of the nature and

length of the wires. Whilst weak length dependence of electrical resistance is observed for both series,

(Rh2LL)n@Au wires exhibit smaller distance attenuation factors (b) in both the tunneling (b ¼ 0.044 Å"1)

and hopping (b ¼ 0.003 Å"1) regimes, although in (Rh2LS)n@Au the electronic coupling between the

adjacent Rh2 centers is stronger. DFT calculations reveal that these wires have a p-conjugated molecular

backbone established through p(Rh2)–p(L) orbital interactions, and (Rh2LL)n@Au has a smaller energy gap

between the filled p*(Rh2) and the empty p*(L) orbitals. Thus, for (Rh2LL)n@Au, electron hopping across

the bridge is facilitated by the decreased metal to ligand charge transfer gap, while in (Rh2LS)n@Au the

hopping pathway is disfavored likely due to the increased Coulomb repulsion. On this basis, we propose

that the super-exchange tunneling and the underlying incoherent hopping are the dominant charge

transport mechanisms for shorter (n # 4) and longer (n > 4) wires, respectively, and the Rh2L subunits in

mixed-valence states alternately arranged along the wire serve as the hopping sites.

Introduction
Molecular electronics has attracted great attention due to the
potential applications of preprogrammed molecules as
components in nanoscale circuits.1,2 Whilst molecular junc-
tions that offer electronic function equivalent to traditional
components such as rectiers,3 switches1,4–6 and transistors7

receive growing attention, the synthesis of linear molecules that
can be embedded between two electrodes and function as
molecular wires continues to be of primary importance for the
development of science underpinning the operation of molec-
ular electronic devices.8–11 Generally speaking, the conductive
performance of a molecular wire in a molecular junction is
determined by a convolution of factors including the environ-
ment,12–14 the nature of the molecule–electrode contacts15,16 and
the electronic conguration of the molecule.17,18 Detailed

knowledge concerning these various structure–functionality
relationships within molecular junctions is therefore much in
demand before any practical usage of such devices can be
realized.1,3,8,12,17,19–21 Aiming at this goal, signicant efforts have
been made to create molecular junctions with various back-
bones and controlled lengths, which are tested using an
increasingly diverse array of electrode–molecule–electrode
junction techniques.19,22–24 Organic compounds with p-conju-
gated backbones have served as models through which to
explore charge transport mechanisms and the inuence of (un)
saturation in the molecular backbone on electrical proper-
ties.17,20,25–27 Increasingly, chemical functionality is being intro-
duced into prototypical wire-like structures. Redox active
molecular wires, linear molecules with one or more periodically
inserted redox centers, show weak length-dependence of redox
conduction,27–30 which can be reversibly tuned with a gate
electrode.19 These features lead to growing interest in the study
of molecular wires with integrated metal centers.31–33

In both single molecular junctions19,34 and self-assembled
monolayers (SAMs),17,20,25–27 two principal conductance mecha-
nisms, charge tunneling for shorter wires and charge hopping
for longer wires, have been identied. With increasing wire
lengths, a switch in the predominant mechanism from
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tunneling to hopping is observed for wires of 4–6 nm.17,20,34,35

These two mechanisms are in accordance with the fundamental
studies of electron transfer in donor(D)–bridge(B)–acceptor(A)
compounds in solution. It is found that D–A electron transfer
across a short bridge proceeds by the super-exchange mecha-
nism, whereas long-distance electron transfer is achieved by
sequential hopping.36 It is worthwhile to note that in the latter
case, the individual hopping steps are interpreted through an
underlying super-exchange formalism as well.36 Moreover, as is
well known, D–A electron transfer kinetics is governed by
donor–acceptor electronic coupling, which is tuned by the
bridge structure as well as the donor–bridge energy gap.37,38

Therefore, the through-bond electron transfer in D–B–A systems
is intrinsically a resonant behavior of the transferring electron,
which necessitates a compatibility of the molecular orbitals in
energy and symmetry.36 From the similarities in the electron
transfer mechanism between D–B–A systems and electrode–
molecule–electrode junctions, it would be interesting to vali-
date the understandings on electron transfer in solution and at
molecular junctions. Furthermore, to fully understand the
hopping mechanism, the chemical nature of the hopping sites
for a given molecular system need to be claried.19,27 For
example, for oligophenyleneimine (OPI) wires, it has been
proposed that the charge-hopping site consists of three
repeating conjugated subunits.17 Unfortunately, for most of the
wire systems studied, the hopping sites are not clearly dened,
which prevents a deeper understanding of the microscopic
process of charge transport.

Investigation of the electron transport characteristics in the
two mechanistic regimes and the transition from one to another
relies on the development of a series of structurally related wires
with precisely controlled lengths, which can be realized conve-
niently via layer-by-layer methods with SAM templates.17,20,25,26,39

Coordination chemistry has emerged as a particularly useful
tool in this regard.28,39–41 In integrating metal complex units into
a p-conjugated backbone, covalently bonded dimetal units (M2)
can be desirable candidates.40 With appropriately designed and
synthesized M2 building blocks and bridging ligands, both axial
and equatorial linkages can be realized to construct metal–
organic hybrid wires.8,40 From an equatorial linkage, metal–
ligand orbital interactions would generate a d(d)–p(p) conju-
gated wire,42,43 while an axial binding mode gives a wire with
p(M2)–p(bridge) conjugation.8,44,45 Such well-dened electronic
structures should be highly benecial to the rational design of
wire-like compounds and mechanistic study of charge
transport.

In the present work, two series of metal–organic hybrid wire-
like structures with similar backbones were prepared by the
fabrication of the SAMs on gold surfaces through axial coordi-
nation of the dirhodium building block [Rh2(O2CCH3)4] (Rh2)
with the conjugated N,N0-bidentate bridging ligands (L), pyr-
azine (LS) and 1,2-bis(4-pyridyl)ethene (LL), and denoted as
(Rh2LS)n@Au and (Rh2LL)n@Au, respectively. By taking a step-
wise fabrication approach, the number of Rh2L repeating units
(n¼ 1–6) was precisely controlled, giving the wire-like structures
lengths up to "9 nm. These two wire series have similar
molecular backbones, but different lengths for the wires with

the same number of building blocks, which permit detailed
studies of the impact of Rh2L building blocks on charge trans-
port properties in the tunneling and hopping regimes. The
electron transport characteristics of the resulting SAMs were
measured using conductive probe atomic force microscopy (CP-
AFM). For both systems, a change of length dependence from an
exponential to a linear relationship for the current–voltage (I–V)
characteristics was observed at n¼ 4, which signals a transition
in the charge transport mechanism. Notably, smaller b values
were found for the system having the longer bridging ligand for
both short (n ¼ 1–4) (bT ¼ 0.044 # 0.002 Å$1, verses 0.101 #
0.012 Å$1 for (Rh2LS)n@Au) and long (n ¼ 4–6) (bH ¼ 0.003 #
0.001 Å$1 verses 0.035 # 0.003 Å$1 for (Rh2LS)n@Au) junctions,
although the electronic coupling within the LS bridged series is
signicantly stronger. DFT calculations on the Rh2L fragments
coupled with estimates from spectral data reveal that the 1,2-
bis(4-pyridyl)ethene-based (Rh2LL)n wires offer smaller HOMO
(Rh2 dp)–LUMO (bridge p*) gaps than the shorter pyrazine-
based (Rh2LS)n systems, thus, accounting for the improved
charge hopping of this system. These experimental and theo-
retical results suggest that in these (Rh2L)n wire systems the
Rh2L complex units serve as the hopping sites for charge
hopping over a long distance.

Results and discussion
Fabrication of the (Rh2L)n@Au

The fabrication process of the Rh2-ligand SAMs is schematically
described in Fig. 1. As is well known, the dirhodium complex
[Rh2(O2CCH3)4] is a strong Lewis acid with respect to its axial
coordination capability and readily forms [Rh2(m-O2CCH3)4L2]
adducts with Lewis bases, L, and is stable under aerobic
conditions. These features allow the facile assembly of Rh2 and
linear N,N0-bidentate bridging ligands L (L ¼ LS for pyrazine or
LL for 1,2-bis(4-pyridyl)ethene), yielding a linear structure with
the Rh–Rh bonds aligned with the long molecular axis. To
immobilize the SAMs onto the gold substrate, 2-(4-pyridyl)
ethanethiol was utilized as a molecular anchor that is bonded to
the Au surface with the S atom, preparing a pyridyl group for the
complexation of the incoming Rh2 building block. Similar
processes involving [Rh2(phen)2(m-O2CCH3)2(NCMe)2], pyrazine
(LS) and 4-thiopyridine as a surface anchor,46 and systems
consisting of bis(Rh2) dimers, 1,2-bis(4-pyridyl)ethene (LL) and
2-(4-pyridyl) ethanethiol as anchors40 have been reported by
other groups.

Here, the assembly process started with the immersion of
the gold substrate in an ethanol solution of 2-(4-pyridyl) etha-
nethiol (0.01 mM) for one hour (Step I). This pyridyl-function-
alized Au substrate was then soaked in an ethanol solution of
[Rh2(O2CCH3)4] (0.2 mM), in which the Rh2 complex exists as
EtOH solvated molecules [Rh2(O2CCH3)4(EtOH)2], at $15 %C for
1 hour. This process allows the rst Rh2 unit to be immobilized
onto the gold surface through metal–ligand complexation
(Fig. 1, Step II), forming Rh2@Au.40 It was found that reactions
at room temperature did not afford surface structures of high
quality for the subsequent wire growth. In the following step,
the functionalized Rh2@Au substrate was immersed in an ether

This journal is © The Royal Society of Chemistry 2018 Chem. Sci., 2018, 9, 3438–3450 | 3439
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solution of the ligand (L ¼ LS or LL) for 10 minutes to generate
(Rh2L)n@Au (n ¼ 1) (Step III). In Step IV a second Rh2 moiety
was introduced by further reaction with [Rh2(O2CCH3)4

(EtOH)2] (2 minutes). The following steps involve alternate
repeating of Steps III and IV with a dipping time of 2 minutes
for both processes, which developed the satisfactory metal–
organic SAMs on the gold substrates, (Rh2LS)n@Au and
(Rh2LL)n@Au (n ¼ 1–6), as indicated by electrochemical and
spectroscopic characterization (vide infra). Aer each step, the
Au substrates were rinsed with ethanol to remove the excess
adsorbates and dried with a stream of N2. The fabrication of
these monolayers with six Rh2L repeating units can be
completed in less than three hours, faster than the stepwise
fabrication of organic SAMs.17,20 For (Rh2LS)n@Au, with
increasing n from 2 to 6, the thickness (T) of the SAMs increases
from 2.04 " 0.29 to 4.74 " 0.18 nm, as determined by an AFM
based nano-shaving method,39 whereas for (Rh2LL)n@Au, T ¼
3.08 " 0.64 nm (n ¼ 2) # 8.78 " 0.53 nm (n ¼ 6). These data are
in good agreement with the wire lengths (L) estimated from the
X-ray structures of similar structural motifs (Fig. S4 and
S5†).47–49

Spectroscopic characterization and properties

UV-vis spectroscopy was utilized to characterize the resultant
SAMs and monitor the growth of the SAMs on the Au substrate.
As shown in Fig. 2A for (Rh2LS)n@Au and Fig. 2B for (Rh2LL)n@Au,
while the band proles remain unchanged, the spectral
absorption intensities increase linearly as the number of layers
(n) increases from 1 to 6, conrming the step-by-step fabrication
of (Rh2L)n (n ¼ 1–6) on the Au substrates. The SAMs of both

systems exhibit four absorption bands in the range of
200–500 nm, similar to the spectra of the oligomers (Rh2LS)n

(Fig. S1A†) and (Rh2LL)n (Fig. S1B†), prepared by mixing
[Rh2(OCCH3)4] with the bridging ligands. Comparison of the
spectra of the molecules immobilized on the Au substrate with
the spectra of the associated oligomers and free bridging
ligands (Fig. S1C and D†) provides accurate spectral assign-
ments to the electronic transitions. The low energy absorption

Fig. 1 Schematic description of the stepwise assembly of the metal–organic hybrid SAMs on Au substrates, (Rh2Ls)n@Au and (Rh2LL)n@Au. Step I,
assembling the pyridyl-terminated anchor (2-(4-pyridyl) ethanethiol) on the gold surface. Step II, implanting the first Rh2 building block. Step III,
introducing a bridging ligand. Step IV, adding an Rh2 building block.

Fig. 2 UV-vis spectra of (Rh2LS)n@Au (A) and (Rh2LL)n@Au (B), showing
the increase of band intensity with increasing the number of layers n
from 1 to 6 (from bottom to top). Linear relationships between the
absorbance and n for (Rh2LS)n@Au (C) and (Rh2LL)n@Au (D), deter-
mined from the three major absorption bands in the spectra.

3440 | Chem. Sci., 2018, 9, 3438–3450 This journal is © The Royal Society of Chemistry 2018
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band in the spectra (Fig. 2), ca. 427 nm (Rh2LS)n@Au and
426 nm for (Rh2LL)n@Au, is assigned to the p*(Rh–O) /
s*(Rh–O) transition within the [Rh2(O2CCR)4] core,50,51 which is
insensitive to the nature of the axial ligands. The higher energy
absorbances (lmax < 228 nm) are attributed to transitions
occurring within the bridging ligands. In the spectra of the free
bridging ligands, an intense absorption band is observed at
250 nm for pyrazine (Fig. S1C†) and at 280 nm for 1,2-bis(4-
pyridyl)ethene (Fig. S1D†); for the SAMs on the Au substrate
these bands are red shied to 261 and 310 nm, respectively.
These bands arise likely from the p / p* transition in the
aromatic system of the ligands. It is notable that for
(Rh2L)n@Au and oligomers (Rh2L)n this band is broad and
asymmetrical. There is a shoulder band appearing on the low
energy side of this dominant absorbance, ca. 285 nm for
(Rh2LS)n@Au and 330 nm for (Rh2LL)n@Au, as shown in Fig. 2A
and B, which is not present in the spectra of the free ligands
(Fig. S1C and D†). Therefore, these absorption bands are
ascribable to the metal (Rh2) to ligand (bridge) charge transfer
(MLCT). Importantly, (Rh2LS)n@Au has a MLCT energy signi-
cantly higher than that for (Rh2LL)n@Au.

Electrochemical characterization and properties

Electrochemical measurements of the immobilized SAMs were
performed in CH2Cl2 with an nBu4NPF6 electrolyte (1.0 M). The
cyclic voltammograms (CVs) obtained for (Rh2LS)n@Au and
(Rh2LL)n@Au with n ¼ 1–6 are shown in Fig. 3A and B, respec-
tively. As expected, in the CVs for (Rh2L)n@Au, the current
density increases with increasing the number of the Rh2 units.

By variation of the scan rate from 0.10 to 0.50 V s"1 for the CV
measurements (Fig. S2†), a linear correlation of the current
intensity with the scan rate is observed, indicating that the Rh2

units of the linear molecules are surface bounded. The SAMs
with a Rh2 monolayer (n ¼ 1) show a weak redox wave at almost
the same potentials, E1/2 ¼ #1.05 V, regardless of the axial
coordination of pyrazine or 1,2-bis(4-pyridyl)ethane, and the
cathodic and anodic peaks appear at similar potentials (Fig. 3A
and B). To validate these potentials for the Rh2 redox centers on
the SAMs, two reference compounds, Rh2(O2CCH3)4(C5H5N)2

and Rh2(O2CCH3)4(C5H5NC2H2C6H6)2, analogous to the Rh2L2

complex moieties in (Rh2LS)n@Au and (Rh2LL)n@Au, respec-
tively, were prepared and the redox properties were examined by
cyclic voltammetry in CH2Cl2 solution. Quasi-reversible CVs
(Fig. S3†) were observed for these Rh2 complexes, which gave
the E1/2 values of 0.97 V and 0.95 V, respectively, in good
agreement with the data for the SAMs of n ¼ 1. Interestingly,
aer additional Rh2 layers are introduced onto the SAMs, the
cathodic (Epc) and anodic (Epa) peaks are largely displaced.
Then, the half wave redox potentials (E1/2), 1.30 V for
(Rh2LS)n@Au (n ¼ 2–6, Fig. 3A) and 1.03 V for (Rh2LL)n@Au
(n ¼ 2–6, Fig. 3B), are estimated from E1/2 ¼ (Epa + Epc)/2. SAMs
(Rh2LL)n@Au (n ¼ 2–6) show an E1/2 nearly identical to that of
(Rh2LL)@Au, but a large deviation from 1.05 to 1.30 V is found
for the pyrazine bridged series. Therefore, these half-wave
potentials (E1/2) account for the redox process Rh2

II/II / Rh2
II/III

in the SAMs.
The surface coverage (G) of the Rh2L unit in the SAMs with

different Rh2L unit numbers (n) is determined coulometrically
from the redox waves (Table 1), which increases as a function of
n, as shown in Fig. 3C and D. For (Rh2LL)n@Au, the surface
coverage of Rh2L increases from 1.9 $ 10"10 mole cm"2 to 11.2
$ 10"10 mole cm"2 as n increases from 1 to 6. Slightly smaller
surface coverage values, G ¼ 0.9 $ 10"10 (n ¼ 1) " 8.0 $ 10"10

(n ¼ 6) mole cm"2, are found for (Rh2LS)n@Au. The linear
dependence of surface coverage on n demonstrates that the
monolayers formed on the surface consist of the wires with
presubscribed building blocks. These results are fully consis-
tent with the UV-vis spectra, conrming the successful fabri-
cation of the metal–organic wires in the expected manner.

For the Rh2 SAMs with n ¼ 2–6, the potential hysteresis of
reduction is remarkable. These results are in contrast to the
observations in most of the redox active SAMs, which have the
anodic and cathodic peaks at similar potentials.39,52 The
cathodic–anodic peak separations are also larger than those for
SAMs with Rh2 complex building blocks (0.14 V) reported in
earlier work.40 The observations that a shorter bridge gives
a larger Epa " Epc splitting and a larger shi of E1/2, relative to
the potentials for the SAMs with a single Rh2 complex unit and
the Rh2 monomer in solution, indicate that the pronounced
redox hysteresis for these two series is somehow related to the
electronic coupling between neighboring Rh2 centers. Similarly,
for moderately coupled mixed-valence (MV) D–B–A systems, we
may observe a large Epa " Epc separation due to the two over-
lapped potential waves for the two redox centers. In a strong
coupling case, organic SAMs constructed from redox active
tetrathiafulvalene (TTF) building blocks show two separated

Fig. 3 Cyclic voltammograms (CVs) for (Rh2LS)n@Au (A) and
(Rh2LL)n@Au (B) (n ¼ 1–6, from inside to outside). (Rh2LS)n@Au shows
a high half-wave potential and a large anodic–cathodic peak
separation, relative to the analogues with longer bridging ligands,
which indicates stronger coupling between the neighboring Rh2

centers along the wires. Surface coverage varies as a function of n for
(Rh2LS)n@Au (C) and (Rh2LL)n@Au (D).

This journal is © The Royal Society of Chemistry 2018 Chem. Sci., 2018, 9, 3438–3450 | 3441
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redox waves for the two one-electron processes,20 resembling
strongly coupled MV systems, for example, the Creutz–Taube
complex (DE1/2 ¼ 360 mV),53 [(NH3)5Ru (pyrazine)Ru(NH3)5]5+.
This correlation of (Epa " Epc) with the electronic coupling
between the metal centers is further supported by the Rh2 SAMs
with a saturated bridging ligand (L ¼ 1,2-dipyridylethane),
which exhibit the Epa (0.92 V) and Epc (0.94 V) peaks at similar
potentials.54 Therefore, we attribute the larger Epa" Epc splitting
(0.38 V) for (Rh2LS)n@Au, in comparison with 0.29 V of
(Rh2LL)n@Au, to the stronger bridge mediated metal–metal
coupling. Similar results were obtained in other metal-con-
taining redox conductive systems. For instance, with phenylene
or multi-phenylene bridges, the bis(terpyridyl) metal
complex wires showed small Epa " Epc splitting.39 However, the
bis(terpyridyl) metal complex networks with a short metal–
metal distance exhibit a large potential hysteresis in the elec-
trochemical CV diagrams,55 although both systems are con-
structed with the same metal complex unit.

In molecular junctions, the electronic coupling between two
electrodes is a sum of the coupling between the electrode and
the wire, and the coupling within the molecule.56 Theoretically,
the general Hamiltonian of electronic coupling can be
expressed as follows:57

H ¼ Hmol + Helectrode + V (1)

where Hmol describes the electronic coupling within the mole-
cule, Helectrode accounts for the electronic coupling between the
electrodes and V represents the molecule–electrode interaction.
When the molecule sandwiched between electrodes is suffi-
ciently large, direct electrode–electrode interaction is weak and
the term Helectrode may be negligible. The term V can be evalu-
ated based on the difference in energy between the Fermi level
and the highest occupied molecular orbital (HOMO), i.e.,
EF " EHOMO. Enhanced alignment of the HOMO of metal inte-
grated wires with the gold Fermi level and hence the small
EF " EHOMO gap are well documented.17,20 From the similar
molecular backbones for the two series, similar EF " EHOMO

gaps and thus, similar coupling strength between the electrode

and the molecule are expected. Therefore, the electronic
coupling of the molecules, as measured from the Rh2–Rh2

coupling, becomes the key factor that affects the conducting
properties of these wires. In the study of D–B–A molecules in
solution, it is recognized that there are two major effects
contributing to the magnitude of DE1/2 or qualitatively, the
coupling strength, that is, electrostatic and resonant effects,
resulting from the short D–A distance and strong orbital inter-
actions between D and A, respectively.58,59 The observed larger
reduction hysteresis and greater potential shi in
(Rh2LS)2–6@Au indicate the stronger electronic interaction
between the redox sites. On the other hand, the unchanged E1/2

and smaller Epa " Epc splitting for (Rh2LL)2–6@Au are obviously
due to the lengthened bridging ligand that weakens the
Rh2–Rh2 interactions. Therefore, the electrochemical results
show that the bridging ligands, the organic parts of the metal–
organic hybridized wires, have a substantial impact on the
overall coupling (H) in the molecular junctions.

Current (I)–voltage (V) characteristics

The electron transport characteristics of (Rh2LS)n@Au and
(Rh2LL)n@Au were studied using CP-AFM with Pt/Ir AFM probes
in contact with the termini of the wires implanted on gold
surfaces. The electrical resistances of the molecular junctions
formed by Au substrate-wire-AFM probe are determined by
taking the reciprocal of I–V curve slopes and averaging over 30
I–V traces. Fig. 4 shows a plot of resistance (R) versus molecular
length (L) for (Rh2LS)n and (Rh2LL)n (n ¼ 1–6). As expected, R
increases as a function of the wire length. However, here the
length-dependence of R is best described by a correlation of R
with the number (n) of the Rh2L units. As shown in Table 1,
similar current resistances (R) are found for shorter wires of the
two series with n # 4. For the longer wires (n ¼ 4–6), an abrupt
increase of R is observed for (Rh2LS)n@Au as n increases,
whereas (Rh2LL)n@Au shows a plateau of R with adding more
Rh2L units, even though the wires are largely lengthened, in
comparison with (Rh2LS)n@Au (Table 1). For both series, an
exponential increase of R with increasing wire length is

Table 1 Selected experimental and calculated data for (Rh2L)n@Au

Monolayer E1/2 (V) Epa " Epc (V) Egap
a (eV) G (10"10 mol cm"2) L (nm) Tb (nm) R (106 U) b

(Rh2LS)1@Au 1.05 0.02

4.35

0.9 1.43 — 10.3 # 1.8
0.101 # 0.012(Rh2LS)2@Au

1.30 0.38

1.0 2.17 2.04 # 0.29 31.9 # 5.5
(Rh2LS)3@Au 2.7 2.91 — 51.9 # 4.9
(Rh2LS)4@Au 3.8 3.65 3.55 # 0.62 105.7 # 19.9

0.035 # 0.003(Rh2LS)5@Au 7.1 4.39 — 134.0 # 22.1
(Rh2LS)6@Au 8.0 5.51 4.74 # 0.18 178.1 # 34.5
(Rh2LL)1@Au 1.05 0.01

3.76

1.9 2.05 — 17.9 # 9.2
0.044 # 0.002(Rh2LL)2@Au

1.03 0.29

2.8 3.41 3.08 # 0.64 28.9# 5.3
(Rh2LL)3@Au 5.4 4.77 — 57.4 # 10.4
(Rh2LL)4@Au 6.7 6.13 5.83 # 0.33 102.7 # 18.9

0.003 # 0.001(Rh2LL)5@Au 8.1 7.49 — 107.8 # 27.3
(Rh2LL)6@Au 11.2 8.85 8.78 # 0.53 111.6 # 29.4

a Egap refers to the metal to ligand charge transfer (MLCT) energy. b Data collected only for the selected wires to show the length variation with
increasing the number of the Rh2L units (n).

3442 | Chem. Sci., 2018, 9, 3438–3450 This journal is © The Royal Society of Chemistry 2018
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observed for systems n # 4 (Fig. 4B, regime I), and a linear
relationship between R and L is found for longer structures with
n ¼ 4–6 (Fig. 4B, regime II). The exponential increase of R in
regime I is consistent with the characteristic R–L relationship in
the charge tunneling process, described by

R ¼ R0 exp (bL) (2)

where R is the junction resistance, R0 the effective contact
resistance and b the distance attenuation factor.17,20 Exponen-
tial tting to the data for (Rh2LS)1–4 junctions gave an attenua-
tion factor for charge tunneling, bS–T ¼ 0.101 " 0.012 Å#1,
whereas a smaller attenuation factor, bL–T ¼ 0.044 " 0.002 Å#1,
is found for the longer wires, (Rh2LL)1–4. Therefore, it is evi-
denced that these metal–organic wires have relatively small
b values, compared to organic wires with similar molecular
backbones, for example, oligophenylene wires (b ¼ 0.61 Å#1)
and benzylic derivatives of oligophenylene wires (b ¼
0.67 Å#1),60 oligophenyleneimine (OPI) wires (b¼ 0.3 Å#1),17 and
oligo (ethylene glycol) wires (b¼ 0.24 Å#1).61 An enhancement of
molecular conductance is generally observed by incorporation
of metal complex units into the wires.28,30,31,33,62–65 Typical metal–
organic wire systems include bis(terpyridine)metal
wires28,39,52,64,66–68 with b ¼ 0.07–0.001 Å#1 and oligo-porphyrin
molecular wires with b ¼ 0.10–0.03 Å#1.69–73

Different length-dependences of the conductance are
observed for the longer wires (n ¼ 4–6) in region II, indicating
that charge transport occurs via a different mechanism. The
linear correlation of resistance with length (Fig. 4B) indicates that
the hopping mechanism is in operation for charge transport in
(Rh2L)4–6@Au.19,74 These results indicate a transition in the
charge transport mechanism from tunneling to hopping.
Tunneling to hopping transition has been observed in several p-
conjugated organic systems,17,19,20,25,27 but scarcely seen in metal–
organic wire series.30,31 It is important to note that for the two
series, the transition occurs in wires with the same number of
Rh2L units (n ¼ 4), but with different lengths, ca. $3.5 nm for

(Rh2LS)4@Au and $6 nm for (Rh2LL)6@Au. These lengths asso-
ciated with the change in the conductance mechanism are
compatible with other systems.17,19,20,27,28 For instance, for oligo-
phenyleneimine (OPI) and oligo-tetrathiafulvalene-pyromellitic-
diimideimine (OTPI) wires, the turning point from tunneling to
hopping is at about 4–5 nm.17,20 To compare the charge transport
characteristics of the wires in different regimes, the b parameters
in the hopping regime (II) were also derived by exponential tting
of the data (eqn (2)), as reported in the literature.17,22 bS–H¼ 0.035
" 0.002 Å#1for (Rh2LS)4–6@Au and bL–H ¼ 0.003 " 0.001 Å#1 for
(Rh2LL)4–6@Au are determined, which are substantially smaller
than those for (Rh2L)n@Au with n < 4 (Fig. 4). For the wires with
1,2-bis(4-pyridyl)ethane bridges, the attenuation factor of
0.003 Å#1 is close to the smallest b values in the hopping regime
reported before.22,28,64 Collectively, the wire series with larger
p-conjugated bridges, (Rh2LL)n, have smaller b factors in both
tunneling and hopping regimes, while these wires show generally
a weak length-dependence of electrical resistance.

Fig. 5 shows the impacts of voltage (V) and electrical eld (E)
on current intensity (I) for the two wire series at different
lengths. For both (Rh2LS)n@Au (Fig. 5A) and (Rh2LL)n@Au
(Fig. 5B), symmetric I–V curves are displayed within the testing
window ("0.8 V). The I–V curves for all studied wires with error
bars representing the standard deviation are displayed in
Fig. S6.† It is found that the current decreases as the wire length
increases, consistent with the length dependence of resistance
(Fig. 4). Importantly, the two series exhibit the semi-log I–V
curves that can be divided into two groups considering the
current variation with respect of the number of the Rh2L units
(Fig. 5A and B). For short wires (n ¼ 1–4), elongating the
molecular wires yields a large decrease of the current at all
potentials. However, the I–V curves for the long wires (n ¼ 4–6)
show smaller current reductions with increasing the wire length.

Fig. 4 (A) Semi-log plots of resistance versus molecular length in
regimes I (n¼ 1–4, blue) and II (n¼ 4–6, red) for (Rh2LS)n (triangle) and
(Rh2LL)n (diamond). The wire resistances were measured with CP-AFM,
in which a Pt/Ir-coated tip was brought into contact with the (Rh2-
L)n@Au monolayers. The I–V traces were obtained over " 0.8 V at
a load of $1 nN on the tip contact. Each data point is the average
resistance obtained from over 30 I–V traces in the range from #0.4 to
+0.4 V. The straight lines are the linear fitting of the data using eqn (2).
(B) A linear plot of R versus L, demonstrating linear scaling of resistance
with the length of the long wires (n ¼ 4–6).

Fig. 5 Semi-log plots of the averaged I–V curves for (Rh2LS)n@Au (n ¼
1–6) (A) and (Rh2LL)n@Au (n ¼ 1–6) (B). Semi-log plots of the averaged
I–E curves for (Rh2LS)n@Au (n¼ 1–6) (C) and (Rh2LL)n@Au (n¼ 1–6) (D).
The deviations from the I–V and I–E curves are shown in Fig. S6 (ESI).†

This journal is © The Royal Society of Chemistry 2018 Chem. Sci., 2018, 9, 3438–3450 | 3443
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Interestingly, for each of the two wire series, the two groups that
show different conductive behaviors are separated by the wire
having the same Rh2L unit number (n ¼ 4), rather than the wire
having the same lengths, in accord with the transition point
observed in the length dependence of resistance (Fig. 4).

The large voltage-dependence of current for the short wires of
both series, as shown by the semi-log I–V curves (Fig. 5A and B),
corresponds to the voltage-driven characteristics for charge
tunneling.17 On the other hand, in the semi-log I–E plots,
(Rh2LL)n@Au (n ¼ 4–6) (Fig. 5D) exhibits the traces that collapse
nearly on the top of one another. This result reveals that for long
wires (Rh2LL)n, the charge transport is eld driven in nature,
corresponding to the hopping mechanism.17 The I–E character-
istics observed for (Rh2LL)n@Au conform well to the transition
from exponential to linear relationships between the resistance
(R) and the molecular length (L), conrming the conversion of
the electron transport mechanism from tunneling to hopping.
Furthermore, the more homogeneously spaced I–V (Fig. 5A) and
I–E curves for the pyrazine derived wires (Fig. 5C) are consistent
with the mild transition from regime I to II, observed for
(Rh2LS)n@Au (Fig. 4). These results indicate that while charge
transport in (Rh2LS)n is dominated by super-exchange tunneling
in regime I, this pathway still plays a signicant role in regime II
where the hopping mechanism starts to operate. This is under-
standable from the strong coupling between the Rh2 centers and
great extent of electronic delocalization for the pyrazine bridged
system. The differences in I–V and I–E characteristics between
(Rh2LS)n@Au and (Rh2LL)n@Au must originate from their
differences in the backbone architecture.

DFT calculations

As shown above, in regime II (n $ 4), for wires of the two series
having the same number of the bridging ligands, charge

hopping behaviors are observed for the wires built by longer
bridging ligand LL (1,2-bis(4-pyridyl)ethene), which shows
relatively weak Rh2–Rh2 coupling, as evaluated by the electro-
chemical analyses. To better understand the experimental
results, theoretical calculations at the density functional theory
(DFT) level were carried out on the simple models that are not
wired to the electrode, aiming at understanding the electronic
coupling effects within the molecules. For the regime I, the
calculation models are built with two Rh2L units (n¼ 2) and a 2-
(4-pyridyl) ethanethiol group, that is, (Rh2L)2(NC5H4CH2CH2S)
(L¼ LS or LL), as an example of the shorter wires. In the hopping
regime, the models of the Rh2L moieties, Rh2(O2CCH3)4(C5H5N)
(Rh2LS) and Rh2(O2CCH3)4(NC5H4CHCHC5H4N) (Rh2LL), were
adopted considering that the hopping sites are relevant to the
fragment orbitals but not necessarily to the MOs of the entire
molecule.

As shown in Fig. 6, the computational results show that one
of the two Rh–Rh p anti-bonding orbitals (p*

xz and p*
yz) is

symmetrically related to the p orbitals of the conjugated
bridging ligand, topologically analogous to the orbital interac-
tions between the ethynyl and phenyl groups in ethynyl
benzene. Therefore, for both series, a p orbital interaction is
invoked through the p*(Rh2)–p*(L) orbital interactions. In both
of the Rh2 dimer and Rh2L fragment cases, the compositions of
the MOs predict that the HOMOs of the molecular wires are
composed of the p*(Rh2) orbitals, while the LUMOs are con-
structed mainly from the p*(L) orbitals. For the Rh2 dimers,
calculations also show that the longer bridging ligand gives
lower LUMO energy for the wire, e.g., "2.42 eV and"2.16 eV for
the Rh2 dimers with longer and shorter bridges, respectively.
The HOMOs result from “phase out” combination (p* " p*) of
the p*(Rh2) orbitals for the pyrazine derivative, but “phase in”
combination (p* + p*) for the other. The HOMO–LUMO gap for

Fig. 6 (A) Calculated frontier orbitals and the orbital energies for the Rh2 dimers (Rh2L)2, (Rh2LS)2 (left), and (Rh2LL)2 (right). (B) Calculated
molecular orbitals and energies for metal (Rh2) to ligand (L) charge transfer for the Rh2L moieties in the linear molecules, Rh2LS (left), and Rh2LL

(right).
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the pyrazine bridged Rh2 dimer is 3.69 eV (336 nm), larger than
that for the Rh2 dimer with the longer bridge by 0.4 eV (40 nm)
(Fig. 6), consistent with the experimental observation (45 nm).
The calculations on the two models give similar HOMO ener-
gies, i.e.,!5.85 and!5.71 eV for the molecules with shorter and
longer bridges (Fig. 6A), respectively.

It is remarkable that the computational results are in excel-
lent agreement with the ionization energies (IE) for the corre-
sponding Rh2 oligomers, i.e., 5.98 and 5.88 eV determined by
XPS (Fig. S7†). Therefore, experimental and theoretical results
indicate that in both of the two Rh2 wire systems, the HOMO is
below, but very close to, the gold Fermi level (!5.31 eV).75 Given
this energetic alignment of the HOMO with the electrode Fermi
level, sufficiently strong electronic coupling between the mole-
cule and the electrode is maintained, which facilitates the
charge injection from the electrode to the molecule. Since the
optically determined HOMO–LUMO gaps can be signicantly
reduced in the metallic junction,9 strong electronic coupling is
ensured in the molecular junctions for both of the two wire
systems, as evidenced by the large hysteresis of the reduction
potential for the (Rh2L)n@Au (vide supra).

The calculations also convey important information on the
electronic coupling within the molecules. For (Rh2LS)2

(NC5H4CH2CH2S), the counterpart of the HOMO (p* ! p*) is
HOMO-3 (p* + p*), as shown in Fig. 6A. These two metal-based
MOs are separated in energy by 0.12 eV. Remarkably, in XPS,
two peaks at 5.98 eV and 6.18 eV were observed (Fig. S7†), cor-
responding to the removal of the valence electrons from these
metal-based MOs. In contrast, for (Rh2LL)2(NC5H4CH2CH2S),
the energy difference between the HOMO (p* + p*) and HOMO-
1 (p*! p*) is only 0.05 eV and XPS exhibits a single peak at 5.88
eV, consistent with the calculated value (!5.71 eV). These MOs
are non-degenerate due to the mediation of the bridging ligand,
and the larger the spacing, the stronger the electronic coupling.
Thus, the energy difference between the MO counterparts is
a measurement of the strength of Rh2–Rh2 electronic coupling,
similar to the equatorially bridged Mo2 dimers where the
magnitude of the energy gap between (d + d) and (d ! d) has
been used to evaluate the metal–metal coupling strength.43

Therefore, evidently, the Rh2–Rh2 coupling in the pyrazine
bridged wires is appreciably stronger than that in the 1,2-bis(4-
pyridyl)ethene bridged system, consistent with the experi-
mental results. For the latter, the HOMO–(HOMO!1) gap of
0.05 eV indicates that the metal–metal interaction is relatively
weak,43 being in the charge localized regime.

Calculations on the fragment models show that the HOMO
and LUMO are contributed mainly by the Rh2 center and
bridging ligand orbitals, respectively (Fig. 6B). This p*(Rh2)–
p*(L) interaction is transformed by the HOMO / LUMO elec-
tronic transition in Rh2LL. For Rh2LS, such a p*(Rh2)–p*(L)
interaction is represented by the HOMO!1 / LUMO+1 tran-
sition. Therefore, these transitions correspond to the metal to
ligand charge transfer (MLCT) absorptions in the electronic
spectra (vide supra). As shown in Fig. 6B, the p*(Rh2) (HOMO)
energy for Rh2LL is higher than that (HOMO!1) for Rh2LS,
which is in agreement with its lower redox potential (Fig. 3 and
Table 1). In addition to the higher p*(Rh2) orbital energy for

Rh2LL, the p*(L) orbital energy is substantially low in compar-
ison with that for Rh2LS. Therefore, the two Rh2L fragments
differ in the energy gap between these Rh2-based and L-based
MOs. The metal to ligand charge transfer energy for the Rh2LS

and Rh2LL fragments is calculated to be 3.99 eV (311 nm) and
3.55 eV (349 nm), respectively. The calculated transition ener-
gies are in good agreement with the observed MLCT band
energies in the UV-vis spectra for the SAMs on the gold
substrate, 285 nm for (Rh2LS)n@Au and 330 nm for
(Rh2LL)n@Au, as shown in Fig. 2.

Interpretation of charge transport behaviors

Given the experimental and theoretical results for the two wire
series, the conducting behaviors and the charge transport
mechanisms of the systems may be elucidated under the
McConnell super-exchange formalism,58,59 which is widely
accepted for the study of the intramolecular electron transfer in
solution and proposed in the molecular junction.76 In a D–B–A
molecular system, according to the super-exchange mechanism,
reducing the energy gaps between the donor and bridge and/or
the bridge and acceptor benets directly the charge transfer
from the D (A) site to the bridge or vice versa, consequently
accelerating the D / A electron transfer.45,58,59 Similarly, here,
better charge transport characteristics are observed for
(Rh2LL)n@Au due to the smaller optical gaps. From the lower p*
(LL) orbital energies for this series, as shown in Fig. 6, higher
energy lled p(LL) orbitals are anticipated, which would help
hole hopping via a ligand to metal transition (LMCT). There-
fore, under the super-exchange formalism, charge transport
between two neighboring Rh2 centers in both tunneling and
hopping pathways is favored for the (Rh2LL)n wires. On the other
hand, in (Rh2LS)n, the extra Coulomb repulsion caused by the
short Rh2–Rh2 distance would resist the charge hopping
between the adjacent Rh2 centers. Therefore, the large optical
gap and strong electrostatic effects provide the pyrazine
bridged wires with poorer redox conduction in the hopping
regime. In the tunneling regime, however, similar charge
transport characteristics are observed for (Rh2LS)n and
(Rh2LL)n (Table 1). It appears that the increased coupling
effects resulting from the shorter charge transfer distance and
delocalization for (Rh2LS)n are offset by the larger HOMO–
LUMO gap and electrostatic repulsion. Therefore, our results
show that the generally dened electronic coupling within the
molecule is not an impetus to drive the charge transport
under the condition of bias voltage, and accordingly, the
extent of electron delocalization may not be used as an
effective criterion for the assessment of charge transport
characteristic in molecular junctions. Of course, better elec-
tronic delocalization in (Rh2LS)n@Au should be helpful for
efficient charge tunneling; this is why for this series, the
attenuation factor b in the hopping regime (n > 4) is close to
that for the shorter wires (n < 4), showing the tunneling
characteristics. Finally, it should be addressed that when
electrons traverse the molecules through bonds in a short
distance, both super-exchange and resonance pathways may
be involved. For example, as shown in Fig. 6, resonant
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tunneling may occur between the two non-degenerate metal-
based HOMOs. However, it is hard to account for the contri-
butions made by each of them. Therefore, the use of termi-
nology super-exchange tunneling in this context does not
preclude the resonant effects.

As is noticed, electron delocalization does not extend
throughout the entire long p conjugated wire;17 for wires with
a sufficiently long length, charges are unevenly distributed
along the wires. Therefore, redox exchange, for which the
presence of charge localized redox centers is the perquisite, has
been considered in diverse molecular junctions.77 The study of
a single electron transistor reveals that several distinct redox
states in the phenylenevinylene oligomer (3.2 nm in length) can
be reached with small addition energies, which controls the
charge transport properties.35 According to Nishihara, different
redox states for the [Fe(tpy)2] sites in the wire, generated aer
electron injection from the gold electrode, are responsible for
the intra-wire hopping between the [Fe(tpy)2] sites along the
wire.28 The hypothesis of mixed-valence state exchange for redox
molecular conduction junctions is also supported by recent
theoretical work.78 In this study, the experimental observations
and computational data lead us to propose that under a bias
voltage the Rh2 redox sites in the wires are in mixed-valence
states, a reduced Rh2

II/II(D) and oxidized Rh2
II/III(A), and redox

exchange between two adjacent Rh2 centers occurs as follows:

–(Rh2
II/II–L–Rh2

II/III)– / –(Rh2
II/III–L–Rh2

II/II)– (3)

For shorter wires (Rh2L)n@Au (n < 4) in the tunneling regime,
the super-exchange may cross several D–B–A units, being
extended to the electrodes by the orbital interactions. For long
wires in (Rh2L)n@Au (n > 4), the Rh2L complex unit serves as the
hopping site to transport the charge carriers in the hopping
regime.

A microscopic description for this hopping mechanism is
schematized in Fig. 7, showing charge transport through
multiple redox hopping steps under a certain bias. We assume
that the mixed-valance states are in the localized regime and
there is not any instant charge occupation on the bridge. As
shown in Fig. 7, the wire ends with a bridging ligand which is in
contact with the conducting probe. Upon application of a bias
voltage, migration of the charge carriers starts with the rst
injection of charge (hole) from the electrodes, creating the rst
MV Rh2

II/II–L–Rh2
II/III unit close to the electrode.9,56 Within

a Rh2
II/II–L–Rh2

II/III unit, Rh2 / Rh2 electron transfer proceeds
through bridge-mediated electron and hole hopping pathways,
or electron/hole super-exchange reactions, in which the
bridging ligand is involved by providing a low lying empty p*

orbital and high lying lled p orbital.38 By this hypothesis, the
super-exchange tunneling to hopping transition is controlled by
the number of Rh2–L–Rh2 units, instead of the wire length.
Experimentally, we observed that for both wire series, the
mechanistic transition occurs in the wire with two Rh2–L–Rh2

units (n ¼ 4), but with different lengths. In the situation of
molecular junctions, electron self-exchange is not an isolated
redox event occurring in a single Rh2–L–Rh2 unit. Simultaneous
and concerted actions of all the Rh2–L–Rh2 units along the wire

generate the redox conductivity in the electrical circuit (Fig. 7).
This mechanism conforms well to a previous theoretical study,
which proposes a conduction channel dominated by electron
localization at the redox centers.78

The hopping mechanism proposed here is based on the
super-exchange formalism. The metal–ligand interactions, as
indicated by the HOMO–LUMO energy difference (optical gap)
of the Rh2L unit, govern the electron transfer across the bridge.
This optical gap can be referred to as the energy barrier for
electron hopping between two bridged Rh2 centers.79 Notably,
this is different from organic p conjugated wires, in which the
hopping barrier is determined by structural conformation
factors.17 Our results show that localized systems with small
optical gaps present high performance of electrical conduc-
tance. These results are parallel with the observations on p-
conjugated organic wires constructed with a redox active donor
(tetrathiafulvalene, TTF) and acceptor (pyromelliticdiimide,
PMDI), which show an enhanced hopping transport with
respect to the homogeneous wire systems.17,20 It is noted that
this oligo-tetrathiafulvalene-pyromelliticdiimide-imine (OTPI)
system is fully charge localized because of the large internal
potential difference (redox asymmetry) between the D and A
sites, but has the wire conductivity nearly two orders of
magnitude higher than that of the charge delocalized oligo-
phenyleneimine (OPI) wires.17,20 In both of the two examples of
organic and metal–organic redox systems, the hopping effi-
ciency is controlled by the HOMO–LUMO gap, as predicted by
the CNS model proposed by Creutz, Newton and Sutin based on
the McConnell super-exchange formalism.80 However, in the
asymmetrical organic D–B–A wires, the HOMO–LUMO gap
corresponds to the potential difference between the D and A
sites. Differently, for the symmetrical, metal–organic redox
wires under investigation, the optical gap is correlated with the
differences in orbital energy between the MOs of the redox
center and the bridge ligand.

Fig. 7 Schematic description of the hopping mechanism for (Rh2L)n (n
> 4) wires in the electrode–molecule–electrode junction. Under a bias
voltage, the bridged Rh2 centers in the wire are in the mixed-valence
states. The bridging ligand L provides a low-lying empty orbital (p*)
and high-lying filled orbital (p) for electron hopping and hole hopping
pathways by the super-exchange mechanism, respectively. Simulta-
neous and consecutive electron self-exchange between the neigh-
boring redox sites generates redox conductivity in the electrical circuit.

3446 | Chem. Sci., 2018, 9, 3438–3450 This journal is © The Royal Society of Chemistry 2018
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Conclusion
Through axial coordination, the dirhodium complex [Rh2(O2-
CCH3)4] with N,N0-bidentate ligands was fabricated linearly and
alternately on Au substrates, developing two series of highly
ordered p conjugated wires (Rh2LS)n (Ls ¼ pyrazine) and
(Rh2LL)n (LL ¼ 1,2-bis(4-pyridyl)ethene) (n ¼ 1–6). With the Rh2

redox centers incorporated into the molecular backbones, these
two metal–organic hybrid wire systems exhibit generally weak
length dependence of electrical resistance due to the good
alignment of the molecular HOMO with the gold Fermi level in
energy and the p–p conjugation between the Rh2 unit and the
bridging ligand. Analyses of the current (I)–voltage (V) charac-
teristics reveal that in both series, a transition of the charge
transport mechanism from super-exchange tunneling to
hopping occurs in wires of n ¼ 4, disregarding the wire lengths.
Surprisingly, smaller attenuation factors (b) of electric resis-
tance against increasing the length are found for (Rh2LL)n with
longer bridging ligands in both tunneling (b ¼ 0.044 Å"1) and
hopping regimes (b ¼ 0.003 Å"1), although in (Rh2LS)n the
metal–metal interactions are much stronger. This unusual
phenomenon is rationalized by two coupling effects that
diminish the charge transport ability of the molecules (Rh2LS)n

with small bridging ligands, that is, the relatively high MLCT
gap and the charge delocalization that imposes strong electro-
static repulsion between the hopping sites. These results
suggest that in these wires, the Rh2L units function as the
hopping sites and the optical gap, corresponding to the HOMO–
LUMO energy difference, accounts for the hopping barrier. This
hypothesis is supported by DFT calculations on the Rh2L
motifs, which dene the p(Rh2)–p(L) orbital interaction and
conrm the spectral assignments to the Rh2 / L electronic
transition. On this basis, it is proposed that under a bias
voltage, the redox sites in the wire are in mixed-valence states
and simultaneous and consecutive electron (or hole) self-
exchange across the bridging ligand generates redox conduc-
tivity in the circuit. This work indicates that localized redox
active wires with small optical gaps exhibit excellent long-
distance conductance. The obtained understanding opens the
door for the development of highly conductive molecular wires.

Materials and methods
Materials

1,2-bis(4-pyridyl)ethene, pyrazine, rhodium(II) chloride trihy-
drate, and tetrabutyl ammonium hexauorophosphate
(nBu4NPF6), 2-(4-pyridyl) ethanethiol, ethanol, ether and
dichloride methane were obtained from commercial sources
and used without further purication. The tetraacetate dirho-
dium(II) were synthesized according to a literature method.81

Preparation of gold lms

Three types of gold lms were used in this study. A transparent
gold lm was used for UV-vis spectroscopy study, gold on quartz
was used for electrochemical measurements and ultra-at gold
was used for AFM characterization.

Preparation of transparent gold lm and gold lm on quartz

First, quartz plates (1 # 4.5 cm2, thickness 0.2 cm) were washed
using piranha solution (concentrated sulfuric acid: 30%
hydrogen peroxide ¼ 2 : 1) followed by water and ethanol
sequentially and dried in N2. Second, a 3–5 nm thick Ti layer
was deposited on the plate by magnetron sputtering. Finally,
a 20 nm thick Au layer was deposited on the Ti layer by
magnetron sputtering. For electrochemical measurements
a 100 nm Au layer was deposited on the Ti layer by magnetron
sputtering.

Preparation of the ultra-at gold lm

Freshly cleaved mica sheets (5 # 5 cm2) were placed onto
a stainless steel sample holder in a high vacuum evaporator
(Model TRP-450 Sky Technology Development, Shenyang,
China). Gold (99.999%, Alfa Aesar, Ward Hill, MA) was evapo-
rated at 3 Å s"1 until 150–200 nm thickness was reached at
a pressure around 7 # 10"6 Torr.82,83 Then, ultra-at gold with
large global atness is prepared on glass according to the
method developed by Hegner et al.84 and Wagner et al.85 First,
microscope cover slips with a diameter of 12 mm were washed
using piranha solution followed by water and ethanol sequen-
tially and dried in N2. Second, these cover slips were glued with
Epotek 377 (Epoxy Technology, Billerica, MA) onto the gold thin
lms. Aer bring the cover slips in contact with the gold thin
lm, the samples were annealed at 150 $C for 2 hours, allowing
the glue to cure. The cover slip was peeled off from the mica
substrate with a gold lm glued on it prior to use.

Preparation of metal–organic hybrid SAMs on gold substrates

First, SAMs of 2-(4-pyridyl) ethanethiol were prepared by soak-
ing gold lms in 0.01 mM 2-(4-pyridyl) ethanethiol in ethanol
for 1 hour at room temperature.40 The SAMs were rinsed with
ethanol and dried by nitrogen blowing. The fabrication of the
metal–organic hybrid oligomers on these SAMs involves two
repeating steps. The rst step was soaking the SAMs in a 0.2 mM
Rh2 ethanol solution at "15 $C for 1 hour.40 Second, these
samples were rinsed with ethanol and dried by nitrogen
blowing, followed by soaking in a 0.1 mM solution of the
bridging molecules (pyrazine or 1,2-bis(4-pyridyl)ethene) in
ether at room temperature for 10 minutes. Aer taking out from
the solutions, the samples were rinsed with ethanol and dried
in a nitrogen stream followed by repeating the two steps shown
above. Aer the rst cycle, soaking times for both solutions were
reduced to 2 minutes.

Physical measurements

UV-vis spectroscopy. UV-vis spectra were measured with
a Shimadzu UV-3600 UV-vis-NIR spectrophotometer.

Electrochemical measurements. Electrochemical measure-
ments were carried out using a CH instruments model CHI
660D electrochemical analyzer in a 1.0 M nBu4NPF6 solution in
CH2Cl2 with the studied SAMs on gold as a working electrode,
a Pt plate as a counter electrode, and an Ag/AgCl reference
electrode.

This journal is © The Royal Society of Chemistry 2018 Chem. Sci., 2018, 9, 3438–3450 | 3447
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The surface coverage values of Rh2LL and Rh2LS units were
estimated by the integration of the oxidation peak areas. This
integration gives the number of electrons transported from the
SAMs' terminal to a gold electrode (Q). Therefore, G can be
estimated using the following equation:

G ¼ Q

nFAn
(4)

where n is the stoichiometric number of electrons involved in
the redox reaction, F is the Faraday constant, A is the electrode
area and n is the scan rate.66

Junction formation and current–voltage measurements by
CP-AFM. The I–V measurements were conducted according to
the method reported in the literature.20 Molecular junctions
were formed by bringing a Pt/Ir coated tip (SCM-PIC-V2 probes,
Bruker) into contact with a monolayer. These experiments were
performed with a Bruker Innova AFM (Bruker, SO#47233) in
a glovebox (Vigor SG1200/750TS). Minimal load force ("1 nN) to
give stable I–V curves was used to make reproducible contact.
We have examined the current–voltage (I–V) characteristics of
the junctions over #0.8 V. The low voltage resistance was
determined from the linear I–V relationship within the range of
#0.4 V. Three Pt/Ir-coated AFM tips were used for the
measurements. The three tips were used separately to examine
three sets of junctions: (Rh2LL)1–4@Au (tip 1), (Rh2LL)1–6@Au,
(Rh2LS)1@Au (tip 2), and (Rh2LL)2@Au, (Rh2LS)2–6@Au (tip 3). In
order to reduce the systematic errors introduced by changing
tips, each measurement of junctions (Rh2L)1–4@Au was con-
ducted using at least two different tips to conrm that similar
resistances were obtained. For each junction, at least 30 I–V
curves over more than ve sample points were collected.

AFM imaging and AFM based nanoshaving. AFM topo-
graphic imaging and AFM based nanoshaving were conducted
using an Innova AFM (Bruker, SO#47233) in a glovebox (Vigor,
SG1200/750TS). AFM imaging and nanoshaving were performed
with a silicon nitride cantilever with a spring constant of
0.01 N m$1 (MSNL-10) and 0.35 N m$1 (RTESP-300), respectively.

XPS spectra. The XPS spectra of (Rh2LS)n and (Rh2LL)n olig-
omers were recorded on a Thermo Scientic ESCALAB 250Xi
spectrometer with an Al Ka X-ray (1486.8 eV) source using
a hemispherical analyzer in an ultrahigh vacuum (<2 % 10$9

mbar) system and the X-ray anode was operated at 150 W. The
binding energy is referenced to the work function of 4.41 eV for
the instrument.

Wire length calculations

The wire lengths were estimated from the X-ray single crystal
structures of the Rh2L units that construct the wires. An Rh2LL

unit is 13.6 Å 47 in length and an Rh2LS unit is 7.4 Å.48 The
length of the molecule 2-(4-pyridyl) ethanethiol on the gold
surface is 6.9 Å.49

DFT calculations

All calculations were run using Gaussian 09 programs (revision
A.01). For all calculation models, the geometry was optimized
for the neutral states at a DFT level using the B3LYP functional

and CPCM (conductor-like polarizable continuum model)
solvent model (dichloromethane) in conjunction with the
LANL2DZ basic set for rhodium and 6-31G for other atoms.
Post-processing for visualization of the molecular orbitals
generated by the DFT calculations was performed using VMD
and POV-Ray programs. The calculated results are summarized
in Fig. S8.†
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C. Gondran, P. Guionneau, L. Guérente, P. Labbé,
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ABSTRACT: The electronic structures of the prototypical bimetallic buta-1,3-diyn-1,4-
diyl-bridged radical cation complexes [{M(dppe)Cp′}2(μ-CCCC)]+ (M= Fe, Cp′ =
Cp* (1a), Cp (1b); M = Ru, Cp′ = Cp* (2a), Cp (2b)) have been (re)investigated using
a combination of UV−vis−NIR and IR spectroelectrochemistry, and quantum chemical
calculations based on both dispersion-corrected global (BLYP35-D3) and local (Lh-
SsirPW92-D3) hybrid functionals. Following analysis of new and existing data, including
the IR-active ν(CC) bands, the iron compounds [1]+ are reclassified as valence-trapped
(Robin and Day Class II) mixed-valence complexes, in contrast to the ruthenium
complexes [2]+, which are delocalized (Robin and Day Class III) systems. All members of
the series exist as a thermally populated distribution of conformers in solution, and the
overlapping spectroscopic profiles make the accurate extraction of the parameters
necessary for the analysis of [1]+ and [2]+ within the framework of the Marcus−Hush
model extremely challenging. Analysis of the spin-density distributions from a range of
conformational minima provides an alternative representation of the degree of charge
localization, and a comparison between members of the series is presented.

■ INTRODUCTION

The syntheses, redox properties, molecular and electronic
structures of metal complexes bearing linear, “all-carbon”
ligands, [{LmM}(μ-C4){MLm}]

n+ have been widely investigated
since the first examples were synthesized in the mid 1970s.1

Among these investigations, the elucidation of the structure of
the carbon-ligand and nature of the “mixed-valence” derivatives
(n = 1) as a function of the metal, M, and supporting ligands,
Lm, have been topics of considerable interest.2−22 Four of the
early examples of [{LmM}(μ-CCCC){MLm}]

+ complexes,
specifically [{Cp*(dppe)Fe}(μ-CCCC){Fe(dppe)Cp*}]+

([1a]+) (Chart 1),2,3 [{Cp*(dppe)Ru}(μ-CCCC){Ru-
(dppe)Cp*}]+ ([2a]+) (Chart 1),10 [{Cp(PPh3)2Ru}(μ-C
CCC){Ru(PPh3)2Cp}]

+,9 and [{Cp*(NO)(PPh3)Re}(μ-
CCCC){Re(PPh3)(NO)Cp*}]+

6,23 have become estab-
lished as benchmark examples of highly delocalized or Class III
mixed-valence complexes. Each complex is comprised of a buta-
1,3-diyn-1,4-diyl fragment terminated by half-sandwich, d6

metal fragments and exhibits characteristic ν(CC) and NIR
spectra. While the IR spectra provide information concerning
the formal bond order and a valence-bond description of the C4
ligand (augmented by information concerning the electron

density at the metal from the ν(NO) band in the case of
[{Cp*(NO)(PPh3)Re}(μ-CCCC){Re(PPh3)(NO)-
Cp*}]+), analysis of the NIR band envelopes found in the
∼5000−15 000 cm−1 region within the framework of Marcus−
Hush theory, supported by quantum-chemical calculations
using HF or standard global hybrid functionals (B3LYP), were

Received: February 19, 2018
Published: April 30, 2018

Chart 1. Bimetallic Half-Sandwich Buta-1,3-diyn-1,4-diyl-
Derived Complexes under Discussion
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used to provide information concerning electronic structure in
these earlier works.5−7,9,11

Recent re-investigations of bimetallic ruthenium complex 2a
(Chart 1), supported by analysis of closely related complexes
including [{Cp(dppe)Ru}(μ-CCCC){Ru(dppe)Cp}]
(2b) (Chart 1), have shown that a more complete analysis of
these systems requires explicit consideration of thermal
populations of conformers that differ through rotation of one
half-sandwich fragment relative to the other around the Ru−
CC bond and hence offer different orbital overlaps over the
RuC4Ru chain.14,16 Conformational isomers have also been
detected in 31P NMR spectra of iron complex 1a, with the
rotational barrier determined to be some 28.2 kJ (6.74 kcal)
mol−1.24 The stability of the different rotamers, the thermal
population of which will be important to the observed
spectroscopic properties of solutions of the complex, are likely
influenced by a combination of both steric and electronic
interactions between the Fe(dppe)Cp* fragments. On the basis
of these observations, we were drawn to re-examine the
electronic structure and the electronic and vibrational
spectroscopic data of [{Cp*(dppe)Fe}(μ-CCCC){Fe-
(dppe)Cp*}]+ ([1a]+) and the closely related species [{Cp-
(dppe)Fe}(μ-CCCC){Fe(dppe)Cp}]+ ([1b]+) (Chart 1)
using specially constructed global and new local hybrid density
functionals. The new analysis allows us to assign key
spectroscopic features and to (re)classify [1a,b]+ in terms of
a ground state population distribution that features many
minima with significantly polarized (“localized”) electronic
structures. This significant ground state polarization in the
population of the iron systems affords a clear contrast between
the iron and ruthenium homologues. These studies further
highlight the difficulty in applying conventional methods of
analysis based on the Marcus−Hush theory to conformationally
fluxional “mixed-valence” systems of low symmetry.

■ RESULTS AND DISCUSSION
The compound [{Cp(dppe)Fe}(μ-CCCC){Fe(dppe)-
Cp}] (1b) was prepared in the same two-step method as
developed earlier for the preparation of the well-known
complex [{Cp*(dppe)Fe}(μ-CCCC){Fe(dppe)Cp*}]
(1a), through a sequence of reactions involving initial oxidation
of Fe(CCH)(dppe)Cp to give the radical cation [Fe(C
CH)(dppe)Cp]+ and homodimerization to give the bis-
(vinylidene) [{Fe(dppe)Cp}2(μ-CC(H)C(H)C)]2+,25 fol-
lowed by deprotonation.3 Multinuclear NMR spectra for
butadiyndiyl complex 1b were obtained at room temperature
in the presence of a trace of CoCp2 to prevent accumulation of
Fe(III) species by aerial oxidation; this procedure is an
alternative to the low-temperature protocol employed for the
equivalent characterization of 1a.3 In the 13C{1H} NMR
spectrum, the quaternary carbons of the C4 bridge were
observed at δ 110.2 (Cβ) and δ 88.9 (t, JC−P = 44 Hz); the high-
field shift of Cα by comparison with related monometallic
alkynyl complexes [Fe(CCR)(dppe)Cp] is also a feature of
the analogous Fe(dppe)Cp* system. The room-temperature
31P{1H} NMR spectrum of 1b exhibits a singlet resonance at δ
105.0. Crystallographic characterization of 1b (Figure S1)
confirmed the butadiyndiyl form of the C4 bridge (Fe−C(α)
1.884(3) Å, C(α)−C(β) 1.220(4) Å, C(β)−C(γ) 1.373(4) Å,
C(γ)−Fe 1.889(3) Å), typical of complexes of this
type.5,11,26−30

As noted above, much of the interest in butadiyndiyl-bridged
complexes stems from the changes in molecular and electronic

structure that occur as a function of redox state. The
electrochemical responses of many complexes of the general
formula {(η-C5R5)(PP)M}(μ-CCCC){M(PP)(η-C5R5)}
(M = Fe, Ru) have been reported and discussed on previous
occasions.1,5 In general, the complexes undergo three (M =
Fe)4 or four (M = Ru)8−10,14,16 oxidation processes within the
electrochemical window of common solvents. New compound
1b displays three redox processes in 0.1 M NBu4PF6/CH2Cl2
electrolyte at a Pt electrode (−0.94, −0.28, +0.53 V vs Fc/Fc+ =
0.00 V, Fc*/Fc*+ = −0.55 V Figure S2), which are as reversible
as the internal decamethylferrocene/decamethylferrocinium
reference couple, paralleling the behavior of the Cp* analogue
1a (−1.14, −0.42, +0.49 V) under identical conditions.
Comparison of these data reveals trends which support and
extend concepts developed in earlier studies of various
members of the {(η-C5R5)(dppe)M}(μ-CCCC){M-
(dppe)(η-C5R5)} series (M = Fe, Ru; R = Me, H).11 First,
the formal substitution of Cp (R = H) for Cp* (R = Me)
causes a more significant shift to less positive (more negative)
potentials of the first (ΔE1 = −0.20 V) and second (ΔE2 =
−0.14 V) redox processes than the third (ΔE3 = −0.04 V).
Second, the third redox potentials are almost independent of
the nature of supporting cyclopentadienyl ligand (E3 = +0.95 V
(1a), +0.99 V (1b)). This is entirely consistent with the notion
that the latter redox events are more carbon-chain in
character,4,9 which is supported here by the observation of a
low-frequency ν(CCCC) band by in situ spectroelectrochem-
istry for [1b]3+ (1684 cm−1).
Guided by the electrochemical results, the synthesis of [1b]n+

(n = 1 or 2) by chemical oxidation with ferrocenium
hexafluorophosphate was investigated. Oxidation of a cooled
(0 °C) dichloromethane solution of 1b with 2 equiv of
ferrocenium hexafluorophosphate resulted in a rapid color
change from orange to deep green, and the dication [1b][PF6]2
was subsequently isolated as a deep green solid. The
monocation [1b][PF6] could also be obtained by ferrocenium
oxidation of 1b, but the preferred protocol involves the
comproportionation reaction of equimolar quantities of [1b]-
[PF6]2 and 1b in CH2Cl2 which led to the isolation of
[1b][PF6] as a black-green solid. The oxidized complexes
[1b]n+ (n = 1 or 2) were characterized by IR spectroscopy,
mass spectrometry, and microanalytical data. IR data in the
ν(CC) stretching region recorded on isolated samples of
[1b]n+ fully concur with the data obtained from spectroelec-
trochemical investigations (see below). Microanalytical data
indicate the inclusion of some dichloromethane of crystal-
lization in both [1b][PF6] and [1b][PF6]2; a similar
observation was made for the Cp* analogue [1a][PF6].

3

Samples of both [1b](PF6) and [1b](PF6)2 decomposed
slowly in air to give [Fe(CO)(dppe)Cp](PF6), characterized by
a strong ν(CO) band (1978 cm−1 (CH2Cl2); 1970 cm−1

(ATR)) and molecular ion at m/z (MALDI-MS) = 547 amu.
An authentic sample of the carbonyl cation [Fe(CO)(dppe)-
Cp]+31,32 was independently synthesized and isolated as the
BPh4

¯ salt, and shown to exhibit identical IR spectroscopic
(ν(CO) = 1979 cm−1 (CH2Cl2), 1970 cm−1 (ATR)) and mass
spectrometric properties to those of the decomposition product
from [1b](PF6)n. It has also been shown that in the Cp* series,
compounds with general formula [Fe(CCR)(dppe)Cp*]+
react readily with O2 to form the analogous carbonyl cation
[Fe(CO)(dppe)Cp*]+.33 Therefore, to avoid complications
arising from aerial decomposition of the chemically prepared
and isolated redox products, NIR and IR spectra of the redox
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series [1a]n+ and [1b]n+ (n = 0, 1, 2) were collected in a
spectroelectrochemical cell of Hartl design (Table S1).34

Strictly anaerobic conditions were maintained during the
experiments by performing sample preparation, filling and
sealing the cell in a dinitrogen-filled dry glovebox using
rigorously dried and degassed solvents. Failure to observe these
precautions led to observation of the characteristic [Fe(CO)-
(dppe)Cp′]+ ν(CO) bands, indicating sample decomposition.
Before commencing a description of the experimental

spectra, it is helpful to first note the vibrational modes of a
model buta-1,3-diyne. The two highest frequency modes will
arise from the “symmetric” and “asymmetric” stretches of the
four-carbon fragment; the atomic displacements that corre-
spond to these modes are shown schematically in Figure 1. For

a centrosymmetric molecule featuring the linear C4 fragment,
Y−CCCC−Y, the symmetric stretch will be IR inactive,
the asymmetric IR active. In contrast, in an asymmetrically
substituted derivative, X−CCCC−Y, both bands will be
IR active. Thus, for HCCCCH, a single (unscaled) IR-
active but low-intensity ν(CCCC) harmonic vibrational
frequency is calculated (BLYP35-D3/def2-SVP) at 2158 cm−1,
while HCCCCPh gave IR active ν(CCCC) modes at
2211 and 2376 cm−1 at the same level of theory.
In the IR spectra of 1a and 1b, the “asymmetric” ν(C

CCC) stretch is observed near 1955 (1a)24 or 1950 (1b)
cm−1 with discernible shoulders to the low (1a) or high (1b)
frequency side of the band (Figure 2). As has been discussed
elsewhere for related ruthenium butadiyndiyl complexes,14,16

these shoulders are characteristic of a distribution of con-
formers in solution; such rotamers have also been detected by
low-temperature 31P NMR spectroscopy in the case of 1a.24

The formally forbidden symmetric ν(CCCC) band has
been detected as a very weak feature near 2103 cm−1 (Figure
S3) in the IR spectrum of 1a, likely due to symmetry breaking
from rotation of the half-sandwich fragments around the long
molecular axis.24

The “mixed-valence” monocations [1a]+ and [1b]+ are
characterized by two main vibrational features corresponding to
the symmetric and asymmetric ν(CCCC) stretches at
1976 and 1880 cm−1 ([1a]+) and 1979 and 1877 cm−1 ([1b]+),
overlying a low-intensity electronic absorption band, and
providing the first clear evidence of valence-localization in at
least some of the conformations of these compounds on the IR
time scale. Each main vibrational feature also exhibits shoulders
at lower frequency, which point to additional conformational
isomers in solution. Close scrutiny of the IR spectra of the
isostructural ruthenium complexes [2a]+ and [2b]+ reveals a
very weak band feature near 2000 cm−1 for the symmetric
ν(CCCC) stretch in addition to the more prominent
bands for the asymmetric ν(CCCC) stretch at 1860
([2a]+) and 1859 ([2b]+) cm−1 (Figures 2 and S4). The

apparent differences in the IR spectra of these formally mixed-
valence monocations [1a,b]+ and [2a,b]+ can be summarized in
terms of the intensity of the higher-frequency, broad
“symmetric” ν(CCCC) band (Figure 2). The significant
IR activity of the “symmetric” ν(CCCC) band in [1a,b]+

points strongly to a noncentrosymmetric structure (i.e., valence
localization on the IR time-scale) of these iron complexes, while
the vanishingly small intensity of this vibration in [2a,b]+ points
to a more centrosymmetric (valence-delocalized) structure for
the ruthenium homologues.
This conclusion of a greater degree of localized (or Class II

mixed-valence) character in the iron compounds is seemingly at
odds with the greater separation of the first and second redox
waves associated with the oxidation of [1a] (ΔE1/2 = 0.72 V)
when compared with those of [2a] (ΔE1/2 = 0.65 V) and hence
larger comproportionation constant and thermodynamic
stability of [1a]+ (KC = 1.6 × 1012) compared to that of
[2a]+ (KC = 9.7 × 1010). However, the results of a relatively
recent analysis of the magnetic behavior of [1a][PF6]2 and
[2a][PF6]2 and thermodynamic terms associated with the
comproportionation equilibria give further insight,35 and we
begin to combine the various earlier observations and those
made here into a consistent picture. As discussed in various
degrees of detail in summaries published elsewhere,36−38 the
thermodynamic stability of mixed-valence complexes, expressed
as the free energy of comproportionation, ΔGC, can be
attributed to contributions from not only the “resonance”
effects that relate to the concepts of “metal−metal coupling”
but also entropic, electrostatic, inductive, solvation, ion-pairing,
and magnetic terms. From the temperature dependence of the
chemical shifts versus 1/T, a singlet−triplet energy gap of ΔGST
= −850 cm−1 was determined for [2a]2+, which is very much
greater than that found for [1a]2+ (ΔGST = −18 cm−1). The
comproportionation equilibrium, described as

μ‐ ≡ ≡
+ μ‐ ≡ ≡
⇆ μ‐ ≡ ≡

+

+

[{L M}( C CC C){ML }]

[{L M}( C CC C){ML }]

2[{L M}( C CC C){ML }]

m m

m m

m m

2

shifts to the left with greater stabilization of the (singlet)
dication [2a]2+, despite the greater resonance contribution
calculated previously from the Marcus−Hush two-state
model.35 In addition, while Mössbauer spectroscopic data
from [1a]+ are consistent with a delocalized structure,3

Mössbauer operates on slower timescales (ca. 10−9 s) than
molecular vibrations observed by IR measurements (ca. 10−13

s), suggesting a range for the possible electron transfer rate.
Further oxidation to the dications leads to another decrease

in the frequencies of the symmetric and asymmetric stretches of
the C4 bridge, with the symmetric band being almost IR-silent
and only detectable in the [M(dppe)(η-C5H5)] derived
complexes as an extremely weak feature near 1880 cm−1

([1b]2+) and 1860 cm−1 ([2b]2+) (Figure 2). The asymmetric
stretch was observed more clearly as a weak to medium
intensity band in the iron complexes at 1813 ([1a]2+) and 1807
([1b]2+) cm−1, close to those observed in the analogous
ruthenium complexes [{(η-C5R5)(dppe)Ru}(μ-CCC
C){Ru(dppe)(η-C5R5)}](PF6)2 (R = Me, 1770 cm−1

([2a]2+);10,16 R = H, 1772 cm−1 ([2b]2+),16 and taken as
evidence for a significant cumulene contribution to the bridging
C4 ligand structure.

Figure 1. Schematic representation of the ν(CCCC) modes in
buta-1,3-diyne.
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The electronic structures of [2a,b]+ have been explored
recently using computations with the global BLYP35-D3 hybrid
functional39−41 for a range of thermally accessible molecular
conformations that differ through the relative positions of the
half-sandwich fragments across the C4 bridge (Figure 3).

14,16 In
each conformer, the compounds offer highly delocalized
electronic structures and may be described as Class III
mixed-valence complexes, albeit with a small polarization of
electron density in the “perpendicular” conformer.
It is likely that the small symmetry breaking arising from the

relative orientations of the Ru(dppe)Cp′ fragments in the perp
forms is responsible for the weak symmetric ν(CCCC)
band observed in the spectra of [2a,b]+ near 2000 cm−1 (Figure
2).16 Consistent with the lack of rotational dynamics in solid
samples, the ATR spectrum of [2a]PF6 shows a more
prominent signal corresponding to the symmetric stretch at
1992 cm−1 with the asymmetric stretch at 1854 cm−1 (Figure
S4). A significant increase in the relative intensity of the
symmetric ν(CCCC) feature relative to that seen in
solution is also apparent in solid-state spectra of [1a]PF6
(Figure S4). However, it seems unlikely that conformational
factors alone can satisfactorily explain the different intensities of
the symmetric IR ν(CCCC) band of the iron and
ruthenium species.

To better explain the IR spectra of [1a,b]+, computations at
BLYP35-D3/def2-SVP level were carried out. The 35% exact-
exchange admixture of BLYP35-D3 has been found to provide a

Figure 2. Spectroelectrochemically generated IR ν(CC) spectra of [1a]n+, [1b]n+, [2a]n+, and [2b]n+ (n = 0, 1, 2) in 0.1 M NBu4PF6/CH2Cl2.

Figure 3. Schematic representations of three low-lying minima of
[2b]+ for illustrative purposes.
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good compromise for modeling both localized and delocalized
organic, inorganic and organometallic mixed-valence systems.42

A conformational scan of the computationally less intensive
compound [1b]+ was undertaken, with sample points for initial
geometry optimizations of [1a]+ being drawn from those
identified for structurally similar [2a]+.16 Geometry optimiza-
tions were carried out giving four energetically similar minima
which are denoted by the torsion angle P−Fe···Fe−P (Ω°) for
[1a]+ (Ω = 55, 94, 110, and 144°) and five for [1b]+ (Ω = 36,
51, 86, 135, and 147°) (Table 1, Figure S5). The conforma-
tional distribution and dihedrals of these minima are
comparable to those of respective ruthenium homologues
[2a]+ (Figure S6) and [2b]+ (Figure S7). The lowest-energy
structures of [1a]+ and [2a]+ exhibit Ω close to 50° (55 and
51°, respectively), while [1b]+ and [2b]+ with the bulkier Cp*
ligands have values close to 30° (36 and 33°, respectively). As
discussed elsewhere for the ruthenium species,16 dispersion
interactions between the two ligand spheres are responsible for
these preferences and are strongest for the lowest-energy
minima. The observation of the critical role that dispersion
plays in these structures is intriguing, especially in light of the
IR spectra of the related compound [{Cp(dippe)Fe}(μ-C
CCC){Fe(dippe)Cp}]+ ([1c]+) featuring the smaller, alkyl
diphospine, di-isopropylphosphinoethane (dippe). In the solid
state as a Nujol mull, the IR spectrum of [1c]PF6 exhibits a
pattern of two ν(CC) bands (1977, 1879 cm−1) similar to
that observed for [1a]+ and [1b]+, while in CH2Cl2 solution,
only a single, asymmetric stretch ν(CC) band is observed at

1878 cm−1.4 It is interesting to speculate on the role that the
steric and intramolecular electronic (CH−π) interactions play
in influencing the conformational distribution in the entire
family of compounds [{LmM}(μ-CCCC){MLm}]

n+,
although further explicit discussion of this point must await a
more comprehensive study of analogues of [1c]n+.
Earlier computations on truncated-ligand models for

[1a]+7,11 gave delocalized structures and spin-density distribu-
tions. However, the low exact-exchange admixture (20%) of
B3LYP is known to clearly over-delocalize Class II systems.42

To provide a lower localization limit to the present
computations using full ligand models with dispersion
corrections, we have also optimized several minima of [1a]+

and [1b]+ at B3LYP-D3/def2-SVP level (Tables S2 and S3a).
Interestingly, while the B3LYP results for [1b]+ indeed are
close to a fully delocalized situation, clear symmetry breaking is
still found for [1a]+ even at this computational level known to
be biased toward delocalized situations. This provides addi-
tional support to a Class II description, in particular for the
somewhat more weakly coupled [1a]+. Examination of the
optimized structures of both [1a]+ and [1b]+ at the more
suitable (even if possibly somewhat too localized) BLYP35-D3
level of theory reveals significant structural differences at the
iron centers, with the average Fe(2)−P distances ca. 0.05 Å
longer than those at Fe(1) (Table S2). There is a concomitant
decrease in Fe(2)−C(δ) distances relative to Fe(1)−C(α) of
ca. 0.015 Å ([1a]+) and ca. 0.03 Å ([1b]+). This points clearly
to localized oxidation at Fe(2). As a result of this polarized

Table 1. Computed Harmonic Vibrational Frequencies for Different Conformers of [1a]+ and [1b]+ (BLYP35-D3/def2-SVP)a

[1a]+ [1b]+

IR frequencies IR frequencies

Ω [°] ν1 (cm
−1) int. ν2 (cm

−1) int. Ω [°] ν1 (cm
−1) int. ν2 (cm

−1) int.

36 1953 4376 1875 168
55 1980 3451 1888 41 51 1955 4425 1876 333
94 1987 3129 1891 44 86 1971 3709 1883 179
110 1985 3126 1890 22 135 1955 4635 1876 258
144 1969 3808 1882 51 147 1952 4999 1876 321
exp 1976 1880 1980 1877

aν1, ν2 denote the symmetric and asymmetric alkynyl stretch, respectively. The computed frequencies are scaled by a factor of 0.895.43

Table 2. Comparison of Relative Energies (kJ mol−1) and Total Spin Expectation Values of Different Conformers of Mixed-
Valence Cations at Global (BLYP35-D3) and Local (Lh-SsirPW92-D3) Hybrid DFT Levelsa

BLYP35-D3 Lh-SsirPW92-D3 BLYP35-D3 Lh-SsirPW92-D3

Ω [°] rel. E [kJ/mol] ⟨S2⟩ rel. E [kJ/mol] ⟨S2⟩ Ω [°] rel. E [kJ/mol] ⟨S2⟩ rel. E [kJ/mol] ⟨S2⟩

[1a]+ [2a]+

36 2.1 0.77 2.1 0.76
55 0.0 0.83 0.0 0.79 51 0.0 0.77 0.0 0.76
94 1.7 0.83 8.8 0.79 69 4.6 0.77 11.8 0.76
110 3.4 0.83 4.8 0.79 105 20.2 0.77 25.5 0.76
144 8.3 0.83 6.0 0.79 132 16.4 0.77 22.9 0.76

153 13.8 0.77 20.4 0.76
[1b]+ [2b]+

36 0.0 0.82 0.0 0.79 33 0.0 0.77 0.0 0.76
51 3.0 0.82 10.3 0.79 51 2.6 0.77 8.3 0.76
86 8.5 0.82 20.6 0.79 98 21.0 0.77 23.0 0.76
135 17.2 0.82 17.6 0.79 127 24.7 0.77 31.2 0.76
147 17.0 0.82 18.8 0.79 150 22.6 0.77 34.0 0.76

174 23.3 0.77 32.6 0.76
aAt BLYP35-D3 structures. With COSMO solvent model (CH2Cl2) for both structure optimizations and single-point runs.
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structure, vibrational bands arising from both “symmetric” and
“asymmetric” atomic displacements in the CCCC chain
have significant oscillator strength or intensity in all of the
minima explored, giving rise to bands that fall between 1969−
1987 cm−1 and 1882−1891 cm−1 ([1a]+) or between 1952−
1971 cm−1 and 1875− 1883 cm−1 ([1b]+). The calculations not
only reproduce the frequencies of the experimentally observed
two-band pattern for [1a,b]+ (Figure 2) but also given the
greater spread of vibrational frequencies for the symmetric
vibrational mode as a function of conformation (Table 1)
reproduce the shape of the bands and the general appearance of
the spectra (Figure 2). However, the calculations do not
reproduce the relative intensities of the ν(CCCC) bands
observed experimentally due to the overestimation of charge-
localization by BLYP35-D3.
While the localized BLYP35-D3 structures (Table S2)

satisfactorily explain the appearance of the IR spectra, the S2

expectation values (ca. 0.82 compared to the nominal 0.75 for a
doublet state) indicate significant spin contamination, and
analysis of the spin-density population shows excess spin
polarization (in part with appreciably negative spin densities)
along the C4-bridge. This contrasts with analogous ruthenium
complexes [2a,b], where little spin contamination is observed at
the same computational level (Table 2). In order to provide a
better description of the spin-density distribution and in
particular better electronic excitation spectra in TDDFT
calculations (see below), single-point calculations using the
local hybrid functional Lh-SsirPW92-D344 were performed
(with D3-type dispersion corrections), using a recent efficient
implementation.45,46

Related local hybrids, which in contrast to BLYP35 or
B3LYP exhibit position-dependent rather than constant exact-
exchange admixture, have recently been shown to provide a
good description of both localized and delocalized mixed-
valence systems,47 while reducing the spin contamination
compared to “global” hybrids with high exact exchange, such as
BLYP35. The structures were not optimized with local hybrids,
as the higher computational demand of the current gradient
implementation for local hybrids was not warranted by the
expected small structural improvements.48

Table 2 compares the energies and S2 expectation values of
BLYP35-D3 and Lh-SsirPW92-D3 single-point calculations for
all four complexes studied. Use of the local hybrid leaves the
global minima generally unchanged. The most notable change
at the Lh-SsirPW92-D3 level is the relative destabilization of
the most localized/polarized conformers near Ω = 90°, making
them the least stable ones for both [1a]+ and [1b]+ (Table 2).
We also note a smaller conformational energy spread for [1a]+

compared to that of [1b]+ and particularly compared to the two
ruthenium complexes [2a,b]+.
The spin-density distribution in the monocationic iron

complexes (Lh-SsirPW92-D3/def2-SVP level; Table S3, Figure
S8) largely tracks the composition of the frontier orbitals
(Table S4, Figure S9) and supports the description of [1a]+ and
[1b]+ in terms of a localized electronic structure (i.e., as a
Robin/Day Class II mixed-valence complex; Figure 4). That is,
for the global minima the SOMO is distributed unevenly over
the two metal centers and the bridge (SOMO Fe(1)/C4/Fe(2):
[1a]+, Ω = 55°, 7/25/57%; [1b]+, Ω = 36°, 10/29/51%). The
HOMO is similarly polarized, but localized on the other metal
center (HOMO Fe(1)/C4/Fe(2): [1a]

+, Ω = 55°, 49/31/9%;
[1b]+ Ω = 36°, 50/25/15%). Plots of these orbitals and total
spin density (Figure 4) show that the latter reflects not only the

SOMO composition but also some spin polarization effects (cf.
negative spin density in red color). Similar molecular orbital
and spin-density distributions are found for the other
conformers, while it is apparent that the structures become
even more localized for the more “perpendicular” conformers
(in particular with Ω ≈ 90°; Tables S3 and S4, Figures S8 and
S9). In contrast to the delocalized picture established for the
ruthenium complexes (Tables S3 and S4, Figures S8 and
S9),14,16 the spin densities (and the structures) clearly point to
a partially localized picture for iron complexes [1a]+ and [1b]+.
The more localized description of iron complexes [1a]+ and
[1b]+ furthermore leads to a relatively small contribution of the
C4 bridging ligand of about 25−30% to the overall spin density
(adding up both positive and negative atomic spin
populations), while the C4 fragment supports almost 50% of
the spin density for ruthenium systems [2a]+ and [2b]+. It
should be noted in passing that the Lh-SsirPW92-D3 local
hybrid gives a somewhat less localized and less spin-polarized
distribution for the iron complexes than the BLYP35-D3 global
hybrid (Table S3, Figure S8), even when using the BLYP35-D3
structures. The smaller valence-shell spin polarization over the
bridge is directly related to the somewhat lower S2 expectation
value.
The asymmetry and associated dipole moment computed

across the long axis of polarized [1a]+ and [1b]+ readily explain
the intensity of both the “symmetric” and “asymmetric” ν(C
CCC) stretches observed in their IR spectra, indicating that
the electronic structure remains localized on the IR time scale
(ca. 1013 s−1).49,50 In contrast, for the more delocalized
ruthenium and rhenium complexes [2a]+, [2b]+16 and
[{Re(PPh3)(NO)Cp*}2(μ-CCCC)]+,6 the symmetric
stretch only appears as an exceptionally weak band, which
only gains intensity due to the small polarization of the most
perpendicular conformers. Consequently, only the ν(CCC
C) stretch corresponding to the asymmetric atom displacement
is observed to have any appreciable intensity, and the IR spectra
are dominated by a single, strong ν(CCCC) band.
A further characteristic feature of mixed-valence complexes is

the low-energy “intervalence charge transfer” (IVCT) band,
which is often observed in the NIR to IR region. In the case of
[2a]+ and [2b]+, the NIR band envelope has been assigned on

Figure 4. Frontier molecular orbital plots (isosurface: ± 0.02 au) and
spin-density plots (isosurface: ± 0.001 au) for [1a]+ (Ω = 55°) and
[1b]+ (Ω = 36°) using Lh-SsirPW92-D3/def2-SVP (red color in the
spin density marks negative values). Plots of related orbitals and spin-
density distributions for other minima are given in the Supporting
Information.
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the basis of a detailed computational (TDDFT with BLYP35-
D3), structural, and spectroscopic study, and was shown to
arise from a series of HOMO-1 to SOMO transitions with
significant π−π* character involving orbitals delocalized over
the 6-atom Ru−C4−Ru chain (Table S5).16 In the conformers
with the most perpendicular mutual arrangements of the half-
sandwich fragments, these transitions are blue-shifted, account-
ing for the high-energy shoulder, and gain a degree of MLCT
character (Figure 5). In addition, a weak electronic transition in
the IR region is also observed. It arises from π−π* type
transitions (HOMO-SOMO) between orbitals that are
essentially orthogonal π-faces of the butadiyne bridge and
delocalized over the Ru−C4−Ru chains. This transition might
be approximated as a dd transition if the contributions from the
carbon atoms are ignored. Further single-point TDDFT
calculations performed here with the local hybrid functional
(Lh-SsirPW92-D3) at these previously identified structures give
essentially the same description of the electronic spectra
(Tables S5 and S6).
The NIR region of [1a]+3,5 and [1b]+, both of which have

been recorded here using spectroelectrochemical techniques,
taking care to ensure a rigorously dry and anaerobic

environment within the cell (Figure 5), are dominated by a
broad and relatively intense band envelope (ε = 12 000 ([1a]+);
22 000 ([1b]+) M−1 cm−1) that extends between ca. 12 000−
5000 cm−1, with a higher-energy shoulder that is most
pronounced for [1a]+. This absorption band envelope has
been assigned as the “Class III” IVCT (or charge resonance)
transition in previous studies of [1a]+.2−5

While use of the local hybrid thus does not alter the picture
for the ruthenium complexes relative to BLYP35-D3 data, the
BLYP35-D3 excitation spectra for [1a]+ and [1b]+ do not
reproduce the experimental spectra at all well (Figure S10).
Using the Lh-SsirPW92-D3 local hybrid instead leads to
dramatically improved agreement with experiment (Table S6,
Figure S10), which is the main reason for extending our
previous computational protocol to local hybrids in the case of
the iron complexes.41,42,51 Results for the range of conforma-
tional minima (see above) of the iron complexes are given in
Table 3. The excitations include a very low-energy electronic
transition, E1, in the IR region ([1a]+ E1 = 2416−2993 cm−1);
[1b]+ E1 = 2925−3689 cm−1) and well beyond the range of the
NIR spectrometer used in the original report.3 While
overlapped by vibrational features, the corresponding band

Figure 5. Spectroelectrochemically generated NIR spectra of [1a,b]+ and [2a,b]+ in CH2Cl2/0.1 M NBu4[PF6] at room temperature.
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can be readily observed in the IR spectra of [1a]+ (∼2500
cm−1) and [1b]+ (∼2750 cm−1) (Figures 6 and 7).
The TDDFT calculations attribute E1 to the HOMO-SOMO

excitation, admixed with HOMO-1 to SOMO and HOMO-3 to
SOMO character (the precise composition varies for each
conformer; Tables 3 and S6). The HOMO-1 to SOMO
excitation is a more important contribution for the more cis-
and trans-like conformers, while HOMO-3 to SOMO is more
significant in the more perpendicular conformers. The E1
transition red-shifts and decreases in intensity in the more
perpendicular conformers. Given the differences in the
localization of the HOMO, HOMO-1 and HOMO-3, all of
which feature significant Fe(1) character, and the SOMO,
which has appreciable Fe(2) character, these low-energy IR
bands for [1a,b]+ are well-described as part of the IVCT
transitions associated with Class II (valence-localized) mixed-
valence complexes based on pseudo-octahedral d5−d6 metal
fragments.52 Such descriptions should not, however, overlook
the important contributions of the C4 chain to the frontier
orbitals. The SOMO has ca. 25 or 30% C4 character in all
conformers of [1a]+ and [1b]+, respectively (even when
averaging the negative and positive regions created by spin
polarization, see above). The HOMO-1 and HOMO-3 feature
opposite trends in their carbon character, with the carbon
character decreasing in the more perpendicular conformers in
HOMO-1 and rising in the case of the HOMO-3. In terms of
the traditional two-state model of mixed-valence complexes, E1
might be described as the true IVCT transition.
The TDDFT calculations (Lh-SsirPW92-D3//BLYP35-D3)

provide a second transition of relatively low oscillator strength
(E2) that is also red-shifted and decreases in intensity for the
perpendicular conformers, falling between 5656 and 6416 cm−1

([1a]+) and between 6255 and 7174 cm−1 ([1b]+). This E2
transition arises from HOMO-4 and HOMO-5 to SOMO
excitations, admixed with smaller contributions from the
HOMO to SOMO excitation (the HOMO-5 contribution
becomes more dominant for the more perpendicular isomers).
On the basis of the composition of the HOMO-4 (Ω = 110°,
[1a]+, Fe(1)/C4/Fe(2): 40/11/8; Ω = 86°, [1b]+: 33/19/24)
and HOMO-5 (Ω = 110°, [1a]+, Fe(1)/C4/Fe(2): 7/11/47; Ω
= 86°, [1b]+: 13/10/52), the low-intensity E2 transition can be
described as arising from an MLCT excitation, although the
relatively low oscillator strength makes the definitive assign-
ment of features of this transition in the experimental spectrum
uncertain.
The E3 transitions provided by the TDDFT calculations have

much greater oscillator strength than E1 and E2 and fall between
10 325 and 12 405 cm−1 ([1a]+) and between 9310 and 12 180
cm−1 ([1b]+) across the range of conformations identified. As
with the other electronic transitions, the composition of E3 is
modestly sensitive to the conformation, decreasing in intensity
but blue-shifting in the case of the more perpendicular
conformers. These E3 transitions from the most perpendicular
conformers are in part responsible for the shoulder observed in
the experimental spectra (Figure 5). The E3 transitions of [1b]

+

cover a narrower range than those of [1a]+, neatly accounting
for the narrower NIR absorption envelope observed in the Cp
derivative and the more significant shoulder seen with the Cp*
derivative. The E3 transitions involve HOMO to SOMO and
HOMO-1 to SOMO excitations and much smaller contribu-
tions from the HOMO-2 to SOMO excitation. The HOMO to
SOMO component is most significant for the most cis- and
trans-like conformers, while the HOMO-1 to SOMO
contribution dominates for perpendicular conformers and is

Table 3. TDDFT (Lh-SsirPW92-D3) Electronic Excitation Energies with Corresponding Transition Dipole Moments of
Different Conformers of [1a,b]+, [2a,b]+, and Corresponding Experimental Data

Ω (°) E1 (cm
−1) μ (D) E2 (cm

−1) μ (D) E3 (cm
−1) μ (D) E4 (cm

−1) μ (D) E5 (cm
−1) μ (D) E6 (cm

−1) μ (D)

[1a]+

55 2900 0.5 6043 1.8 11234 5.4 13255 1.5 16266 1.2
94 2416 0.4 5656 0.8 12405 4.2 12636 2.9 15882 1.2
110 2667 0.9 5819 0.2 12084 4.7 13226 2.4 13744 0.2 16048 0.9
144 3168 1.2 6416 0.8 10325 6.3 10857 2.8 13546 0.5 16403 0.8
expa 2380 7766 9320

[1b]+

36 3689 1.1 7017 2.0 9584 7.0 13794 0.9 15613 0.1 16683 0.8
51 3384 1.3 6807 2.3 10318 6.0 11013 2.9 13434 1.4 16122 1.1
86 2925 0.5 6255 0.4 12180 4.6 12868 3.4 16327 0.8 17109 1.4
135 3298 1.7 6769 1.4 9635 7.0 13326 1.0 15492 0.7 16267 1.1
147 3689 1.7 7174 0.9 9310 7.7 13676 0.6 14367 0.2 15363 0.2
expa 2640 8332 10800

[2a]+

36 2545 0.9 11912 2.5 12377 6.0 13702 5.1
51 1979 1.3 11778 0.3 12061 5.7 13653 5.8
69 1177 1.3 11178 4.2 11531 3.2 14193 5.9
105 805 1.4 11084 4.3 11446 2.6 14270 6.1
132 2137 1.2 11911 2.9 12134 4.9 13952 5.9
153 2724 0.6 12211 1.4 12529 6.5 13525 5.0
expa 2230 10340 12420

[2b]+

33 2765 1.1 13073 7.9 13771 0.6 14761 1.5
51 2519 1.3 12958 7.1 13842 1.5 14865 3.0
98 836 1.6 12693 5.2 13101 2.7 14570 5.2
127 2256 1.3 13139 7.0 13948 1.7 14877 3.2
150 2779 0.9 13500 8.0 14182 0.5 14961 1.1
174 3375 0.2 13376 8.4 14599 1.1
expa 2590 11140 13190

aApparent peak maxima (literature data for [2a]+ and [2b]+ quoted).16

Organometallics Article

DOI: 10.1021/acs.organomet.8b00099
Organometallics 2018, 37, 1432−1445

1439

http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.8b00099/suppl_file/om8b00099_si_001.pdf
http://dx.doi.org/10.1021/acs.organomet.8b00099


more prevalent in the transitions that give rise to the higher-
energy shoulder. HOMO-1 has a polarization similar to that of
HOMO; therefore, E3 also exhibits significant IVCT character.
The NIR envelope also contains transition E4, which also has
dominant HOMO-1 to SOMO character and occurs at
10 857−13 255 cm−1 ([1a]+) and at 11 013−13 794 cm−1

([1b]+), depending on conformation. It is also worth noting
that the potential energy surface of [1a]+ appears to be very
shallow in the region around Ω = 144°. When adding a
sampling point in that region (Ω = 144°), the additional
transitions result in the computed shoulder on the band around
10 000−12 000 cm−1 becoming more prominent, leading to
better agreement with the experimental spectrum (Figure S11).
While it is therefore likely that not every minimum has been
identified, the consolidated body of results strongly support the
use of the conformational distribution sampling a number of
close lying minima rather than a single point calculation to
achieve greater accuracy in the description of the electronic
absorption spectra. The solvatochromic character of this band

envelope is not dramatic, varying over only ca. 160 cm−1 from
CH2Cl2 to NCMe;3 this may be due to the effective screening
of the Fe2C4 chain from the solvent by the ancillary ligand
sphere and is still significantly greater than that of [2a]+.14

The highest-energy optical absorption bands observed in the
experimental spectra of [1a]+ and [1b]+ at 15 000−17 000
cm−1 arise from E5 and E6 which have dominantly HOMO-2 to
SOMO character in each case across the range of conformers.
HOMO-2 is largely associated with Fe(1); therefore, this
highest-energy band also has a degree of metal-to-metal charge
transfer character. Multiple transitions with IVCT character are
not uncommon for localized d5/d6 dinuclear mixed-valence
complexes,52 and Figure 8 shows the good match of the
computed spectra (obtained when convoluting the stick spectra
of the various conformers at Lh-SsirPW92-D3//BLYP35-D3
level with Gaussian functions of half-width 800 cm−1) with the
spectroelectrochemically determined experimental spectra.
Finally, it is interesting to consider the underlying reasons for

the distinct electronic characters of more localized iron

Figure 6. Reversible spectral changes observed upon spectroelec-
trochemical oxidation of [1a,b] → [1a,b]+ in the 1000−10 000 cm−1

region.

Figure 7. Low-intensity Gaussian-shaped bands observed in the
∼2500 cm−1 region of the spectra of [1a]+ (upper) and [1b]+ (lower).
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complexes [1a]+, [1b]+ and more extensively delocalized
ruthenium complexes [2a]+, [2b]+. The degree of electronic
interaction between the two half-sandwich redox centers;
hence, the degree of (de)localization is a result of the overlap of
the valence orbitals of the metal centers Fe: 3d, Ru: 4d) and the
bridging ligand (C4: π-system). Due to their larger spatial
extension, the 4d orbitals of ruthenium overlap better with the
π-system of the butadiyndiyl-bridge than do the 3d orbitals of
iron which are exceptionally compact due to the lack of a radial
node.53 These differences in atomic orbital structure contribute
to more delocalization of charge in case of the largely Class III
ruthenium systems while the iron complexes exhibit an
appreciably more localized Class II behavior. In addition, the
role that ancillary ligands may play through steric and
dispersion effects on the conformational distribution and
hence underlying electronic properties is also worthy of further
investigation; complex [1c]+ represents a useful target through
which to explore these ancillary ligand effects, which will be the
subject of later studies.

■ CONCLUSIONS
The present organometallic C4-bridged mixed-valence iron and
ruthenium complexes, [1a,b]+ and [2a,b]+, respectively, have
been prototype systems for the study of mixed-valency, electron
transfer, and in general all-carbon bridging ligands for several
decades. The present finding that diiron complexes [1a,b]+ are
on the localized Class II side of the mixed-valence spectrum, at
least on the time scale of the IR experiment (10−13 s), which
puts them into marked contrast to the delocalized Class III
ruthenium complexes [2a,b]+, while thus far much more
similarity between the two types had been assumed. This
interesting electronic-structure counterpoint highlights the
differences in metal−ligand overlap for 3d and 4d systems
and indicates that in the case of “all-carbon” or “carbon-rich”
bridged bimetallic complexes first row metals are more likely to
result in “localized” (Class II) behavior while second row
metals likely give more delocalized structures. Of course, the
question of “localized” or “delocalized” character is intricately
related to the time-scale of observation, and on the longer time
scale of ESR and Mossbauer spectroscopies, [1a]+ appears to be
more fully delocalized. The effective electron transfer rate
between the two iron centers can be estimated as between 10−9

and 10−13 s.
The localized character of the two diiron systems manifests

itself in the observation of symmetric and asymmetric ν(C
CCC) stretches with significant IR intensity. This contrasts
with barely detectable symmetric stretches for the delocalized
ruthenium and closely related rhenium examples, where the
symmetric stretch only gains some intensity due to the larger
symmetry breaking in the most perpendicular conformers. A
comprehensive DFT investigation has identified a range of
structural minima, which differ in the relative orientation of the
half-sandwich fragments across the C4 ligand but have structural
features consistent with oxidation at only one iron center and
localized on the IR time scale. Harmonic vibrational frequency
analyses for these conformers account for the appearance of the
experimental IR spectra. Moreover, the calculations indeed
show [1a,b]+ to be localized Class II and [2a,b]+ to be
delocalized Class III.
Electronic excitation spectra in the NIR (and IR) region also

reflect the rich conformational landscape, and the computations
help explain some intriguing features of the spectra, such as the
identification of a new, low-energy IVCT band in the IR region
(for both the iron and ruthenium systems). Further electronic
absorptions in the NIR region arise from overlapping IVCT-like
transitions in each of the thermally accessible conformers. For
the study of these electronic excitations, we had to extend our
BLYP35-D3-based computational protocol for the treatment of
mixed-valence systems, as while the spectra for the diruthenium
complexes are well-reproduced with BLYP35-D3, this is not the
case for the mixed-valence diiron systems, likely due to the
onset of significant spin contamination. Here the use of a novel
type of exchange-correlation functionals, so-called local hybrids
with position-dependent exact-exchange admixture, provided
the necessary improvements. Thus, whilst the electronic
structure and spectra are essentially unchanged compared to
BLP35-D3 for ruthenium complexes, the calculated electronic
spectra of the iron complexes were decisively improved by the
local hybrid, allowing their detailed interpretation.
The presence of multiple conformers in all but the most

symmetric of “mixed-valence” systems, all of which offer subtly
different electronic transitions, making application of band-

Figure 8. Spectroelectrochemically generated NIR spectra of [1a,b]+

(green, dotted lines) and computed spectra, convoluting a simple
average of the stick spectra of the various conformers (black, solid line,
with stick spectra).
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shape analysis within the framework of Marcus−Hush theory
fraught with difficulty. The apparent band envelope maxima
and molar extinction coefficients of the absorption spectra arise
from these overlapping transitions from different conformers
and cannot necessarily be attributed to any single conformer.
Uncertainties in the precise composition of the equilibrated
conformational mixture mean that accurate deconvolution and
attribution of components of the band envelope to any
individual conformer or electronic transition is not possible.
Detailed computational analyses of spin-density distributions
and of the composition of the frontier molecular orbitals
nevertheless allow the electronic coupling between the redox
centers and the overall electronic structure as well as the
spectroscopy of such systems to be understood, provided
appropriate computational approaches are applied.

■ EXPERIMENTAL DETAILS
FeI(CO)2Cp,

54 FeCl(dppe)Cp,55 and 1a3 were synthesized according
to existing literature 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. NMR spectra were recorded on a Bruker
Avance III HD (500 MHz 1H, 125 MHz 13C{1H}, 202 MHz 31P{1H})
spectrometer and referenced to internal solvent references (1H,
13C{1H})56 or external reference 85% H3PO4 (31P{1H} δ = 0.0).
Infrared spectra (solid state) were obtained on a Nicolet iS5 FT-IR or
an Agilent Technologies Cary 630 spectrometer fitted with an ATR
attachment. Electrospray mass spectra were obtained on a Waters
SQD2 instrument, and MALDI mass spectra were recorded using a
Shimadzu Axima Confidence spectrometer. Microanalyses were
conducted by the staff of the Microanalytical Service of the School
of Chemistry, University of Manchester. Cyclic voltammetry was
carried out as previously reported using the decamethylferrocene/
decamethylferrocinium (FeCp*2/[FeCp*2]+) couple as an internal
reference for potential measurements (as the usual ferrocene reference
couple overlapped with a wave in the CV of 1b) such that the couple
falls at −0.55 V (CH2Cl2/NBu4PF6) relative to external FeCp2/
[FeCp2]

+ at 0.00 V.57 Spectroelectrochemical measurements were
conducted as previously described.16

Fe(CCH)(dppe)Cp. Ethynyltrimethylsilane (443 mg, 4.51
mmol) was added to a solution of FeCl(dppe)Cp (500 mg, 903
μmol) and ammonium hexafluorophosphate (294 mg, 1.81 mmol) in
methanol (10 mL); the reaction mixture was heated at reflux for 1 h
and then allowed to cool to ambient temperature. Subsequently,
sodium (104 mg, 4.51 mmol) was added to the stirred orange
suspension resulting in a mildly exothermic reaction. This mixture was
allowed to stir for a further 1 h at ambient temperature and filtered to
afford Fe(CCH)(dppe)Cp in 73% yield (358 mg, 660 μmol) as an
red/orange powder which was washed with methanol (20 mL) and
dried in air. All analytical data were in agreement with those reported
in the literature.58 1H NMR (500.1 MHz CDCl3): δ = 1.31 (s, 1 H,
CCH), 2.26 (m, 2 H, dppe), 2.72 (m, 2 H, dppe), 4.21 (s, 5 H,
C5H5), 7.15 (m, 4 H, o-C6H5, Fe(dppe)Cp), 7.24 (m, 4 H, m-C6H5,
Fe(dppe)Cp), 7.30 (m, 4 H, m-C6H5, Fe(dppe)Cp), 7.38 (m, 4 H, p-
C6H5, Fe(dppe)Cp), 7.90 (m, 4 H, o-C6H5, Fe(dppe)Cp).

31P NMR
(202.4 MHz, CDCl3): δ = 106.3 (s). FT-IR (CH2Cl2) ν 1917 (CC),
3271 cm−1 (C−H).
[{Fe(dppe)Cp}2(μ-CCH-CHC)][PF6]2. Ferrocenium hexafluor-

ophosphate (1.02 g, 3.09 mmol) was added to a solution of [Fe(C
CH)(dppe)Cp] (1.68 g, 3.09 mmol) in dichloromethane (12 mL) at
−78 °C; the reaction mixture was stirred at this temperature for 3 h.
After warming to −20 °C, diethyl ether was added to be just sufficient
to induce precipitation of the required product as a green-brown solid;
the remaining orange-brown solution contains the more soluble
reaction byproduct, [Fe(CCH2)(dppe)Cp][PF6].

59 Recrystalliza-
tion of the crude product from CH2Cl2/diethyl ether afforded the
product in 83% yield as a green-brown solid (2·CH2Cl2 solvate, 1.98 g,
1.28 mmol). 1H NMR (CD2Cl2): δ 2.56 (br, 4H, CH2, dppe), 2.78

(br, 4H, CH2, dppe), 4.10 (br, 2H, CCH), 4.86 (s, 10H, Cp), 6.91,
7.17, 7.28, 7.38, (m, 40H, Ph, dppe). 13C{1H} NMR (CD2Cl2): 358.1
(t, JC−P 35 Hz), Cα; 135.9, m, 134.3, m, Phi; 132.5, m, 131.1, m, Pho;
131.4, s, 131.2, s, Php; 129.2, m, 129.1, m, Phm; 109.6, s, (CCH);
89.2, s, Cp; 28.5, m, CH2 (dppe).

31P{1H} NMR (CD2Cl2): δ 95.7.
FT-IR (ATR) ν 1636(w), 1603(m) cm−1 (CC). MALDI-MS (m/
z): 1086 [M − 2H]+. for C66H60Fe2P6F12·2CH2Cl2: C, 52.7, H, 4.1.
Found: C, 53.4; H, 4.0.

[{Cp(dppe)Fe}(μ-CCCC){Fe(dppe)Cp}] [1b]. A mixture of
[{Fe(dppe)Cp}2(μ-CCH−CHC)][PF6]2 (0.77 g, 0.56 mmol)
and potassium tert-butoxide (0.13 g, 1.19 mmol) in tetrahydrofuran
(20 mL) was stirred at 0 °C for 15 min to give an orange-brown
solution which was then evaporated to dryness. The reaction residue
was extracted with toluene, and the extract was filtered through celite,
evaporated to dryness, and the residue recrystallized from CH2Cl2/n-
hexane to afford the product as an orange-brown solid in 16% yield
(0.10 g, 0.09 mmol). 1H NMR (CD2Cl2/CoCp2): δ 1.89 (br, 4H,
CH2, dppe), 2.16 (br, 4H, CH2, dppe), 3.99 (s, 10H, Cp), 7.00, 7.11,
7.24, 7.63, (m, 40H, Ph, dppe). 13C{1H} NMR (CD2Cl2/CoCp2):
142.9, m, 139.2, m, Phi; 133.7, m, 131.9, m, Pho; 128.9, s, 128.5, s, Php;
127.8, m, 127.4, m, Phm; 110.2, s, Cβ; 88.9 (t, JC−P 44 Hz), Cα; 78.8, s,
Cp; 28.0, m, CH2 (dppe).

31P{1H} NMR (CD2Cl2/CoCp2): δ 105.0.
FT-IR (CH2Cl2) ν 1955 (ATR) ν 1925 cm

−1 (CC). ES(+) MS (m/
z): 1086 [M]+. Anal. Calcd. (%) for C66H58Fe2P4: C, 72.9, H, 4.3.
Found, C, 72.8, H, 5.6. A single crystal of [1b] suitable for X-ray
diffraction studies was obtained by slow diffusion of n-pentane into a
dichloromethane solution of [1b] at ambient temperature (ca. 22 °C)
giving the bis(CH2Cl2) solvate. C68H62Cl4Fe2P4, M = 1256.56, dark-
cherry prism, 0.36 × 0.26 × 0.20 mm3, orthorhombic, space group
Pbca (No. 61), a = 18.1113(1) Å, b = 20.7731(2) Å, c = 31.5098(3) Å,
V = 11854.86(17) Å3, Z = 8, Dc = 1.408 g/cm3, μ = 0.820 mm−1. F000
= 5200, Mo Kα radiation, λ = 0.71073 Å, T = 100(2) K, 2θmax = 75.1°,
38 8734 reflections collected, 30 686 unique (Rint = 0.0919). Final
GooF = 1.000, R1 = 0.0560, wR2 = 0.1278, R indices based on 21 585
reflections with I > 2σ(I) (refinement on F2), |Δρ|max = 2.1(1) e Å−3,
703 parameters, 0 restraints. Lp and absorption corrections applied.

[{Cp(dppe)Fe}(μ-CCCC){Fe(dppe)Cp}][PF6]2 ([1b][PF6]2).
Ferrocenium hexafluorophosphate (0.28 g, 0.85 mmol) was added to
a solution of 1b (0.50 g, 0.46 mmol) in dichloromethane (20 mL) at 0
°C, and the reaction mixture was stirred at this temperature for 1 h
resulting in a color change from orange to blue-green. The reaction
mixture was filtered through Celite and treated with diethyl ether to
precipitate the product in 70% yield as a deep green solid (2·CH2Cl2
solvate; 0.50 g, 0.32 mmol). FT-IR (ATR) ν 1808 cm−1 (CC).
MALDI-MS (m/z) [M]+ 1086. Anal. Calcd: (%) for C66H58Fe2P6F12·
2CH2Cl2: C, 52.8, H, 4.0. Found: C, 53.4, H, 3.9.

[{Cp(dppe)Fe}(μ-CCCC){Fe(dppe)Cp}][PF6] ([1b]PF6). A
sample of [1b][PF6]2 (0.50 g, 0.36 mmol) was dissolved in
dichloromethane (25 mL) at 0 °C, 1b (0.39 g, 0.36 mmol), and the
reaction mixture was stirred at 0 °C for 1 h. A black-green solution
formed which was filtered through celite. Diethyl ether added to the
filtrate resulting in formation of a precipitate which was isolated by
filtration, washed with diethyl ether, and dried in vacuo affording the
product in 53% yield as a black-green precipitate (CH2Cl2 solvate; 0.50
g, 0.38 mmol). FT-IR (CH2Cl2) ν 1877, 1980 cm

−1 (CC). MALDI-
MS (m/z) [M]+ 1086. Anal. Calcd: (%) for C66H58Fe2P5F6·CH2Cl2:
C, 61.1%; H, 4.6%. Found, C, 61.0% H, 4.3%.

[Fe(CO)(dppe)Cp][BPh4]. A mixture of [FeI(CO)2Cp] (0.43 g,
1.41 mmol), diphenylphosphinoethane (0.56 g, 1.41 mmol) and
sodium tetraphenylborate (0.96 g, 2.81 mmol) in toluene (50 mL) was
heated at reflux with stirring for 18 h, resulting in the formation of a
yellow-brown precipitate. The reaction mixture was cooled, and the
precipitate was collected. Recrystallization from dichloromethane/
diethyl ether gave the product in 61% yield as a yellow solid (0.74 g,
0.85 mmol). 1H NMR (CDCl3): δ 2.04, 2.19 (br, 4H, CH2, dppe),
4.40 (s, 5H, Cp), 6.71, 6.84, 6.95, 7.18, 7.32, 7.43 (m, 40H, Ph, dppe).
31P{1H} NMR (CDCl3): δ 92.9. FT-IR (CH2Cl2) ν 1979 (ATR) ν
1970 cm−1 (CO). MALDI/MS (m/z): 547 [M]+. Anal. Calcd: (%)
for C56H49FeP2OB: C, 77.6%; H, 5.7%. Found, C, 77.2% H, 5.6%.
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■ COMPUTATIONAL DETAILS
All structure optimizations and property calculations used the
TURBOMOLE program (versions 6.460 and 7.1,61 locally modified
by the Berlin group). The COSMO continuum solvent model for
dichloromethane (DCM, ε = 8.93)62 was generally applied, using
nonequilibrium solvation in TDDFT calculations.62,63 Due to the
involvement of the solvent model, vibrational frequency calculations
were done by numerical differentiation of analytical gradients using
TURBOMOLE’s NumForce script (SCF convergence 10−8 Eh). The
resulting harmonic vibrational frequencies were scaled by an empirical
factor of 0.895.43

All structure optimizations and vibrational frequency analyses were
carried out with the BLYP35 functional,41 a global hybrid based on
B88 exchange and LYP correlation (BLYP functional)64,65 using 35%
exact-exchange admixture. BLYP35 has been found to perform well for
mixed-valence (MV) systems near the Class II/III borderline in the
Robin−Day scheme.14,41,42,51,66 Additional structure optimizations and
vibrational frequency calculations were performed with the well-known
global hybrid functional B3LYP,65,67−69 using the full ligand sphere,
solvent model, and dispersion correction to provide comparison with
the results from earlier gas-phase calculations on truncated models of
[1b]+ (substituting phenyl moieties of the dppe ligands with hydrogen
atoms).24

Due to the observation of appreciable spin contamination and poor
reproduction of the excitation energies for the present iron complexes
using BLYP35, additional single-point calculations of ground-state
energies and TDDFT calculations of excitation spectra used the Lh-
SsirPW92 local hybrid functional with position-dependent exact-
exchange admixture and a partially self-interaction-corrected correla-
tion part.44 The local hybrid functional is constructed according to

∫ ∫ε ε= + − +E a a Er r r r r r( ) ( ) d [1 ( )] ( ) dX
Lh

X
exact

X
DFT

C
DFT

where the constant admixture parameter (global hybrid functional, e.g.,
0.35 for BLYP35, 0.2 for B3LYP) has been replaced by a real-space
dependent local mixing function a(r):

τ τ=a r( ) 0.646 /W

where τW and τ are the von Weizsac̈ker and the Kohn−Sham kinetic-
energy densities, respectively.
This and closely related local hybrids have not only been found to

perform extremely well in TDDFT calculations of a wide range of
excitation classes70 but also have interesting properties regarding the
treatment of mixed-valence systems,47 thus extending our general
computational protocol. The calculations used the recent efficient
seminumerical implementation of local hybrids into TURBOMOLE
7.161 for ground-45 and TDDFT excited-state46 calculations (in the
latter case extending the available Turbomole TDDFT implementa-
tion71).
In general, def2-SVP basis sets were used.72 Earlier calculations on

the ruthenium complexes using larger basis sets (def2-TZVP) gave
negligible changes in structure and spectroscopic parameters.16

Numerical integration grids of size m3 (grid 1 for the SCF iterations,
grid 3 for the final energy evaluation) were applied. Semiempirical
dispersion correction terms within Grimme’s DFT-D3 approach have
been added,73 using DFT-D3 parameters rs6 = 1.1225 and s8 = 0.9258
optimized for the BLYP35 functional74 and rs6 = 0.77 and s8 = 1.429
for the Lh-SsirPW92 functional.75

A relaxed scan was performed (BLYP35-D3) for computationally
less demanding compound [1b]+, evaluating the potential-energy
surface along different P−Fe···Fe−P torsional angles (Ω) in steps of
10°. Unconstrained structure optimizations of the minima obtained
during the scan were then done. Similar relaxed scans for [2a,b] have
been taken from our previous work.14,16 Molecular-orbital and spin-
density isosurface plots were obtained with the MOLEKEL software
package.76 For [1a]+, seven starting structures with torsional angles
taken from [2a]+ were used to investigate its potential energy surface
(PES).
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The buta-1,3-diyne synthon 1,4-bis(trimethylsilyl)buta-1,3-diyne (1) is an important building block for the introduction of
butadiyne motifs into organic and organometallic structures. Although 1 is commonly prepared from the Hay homo-
coupling of trimethylsilylacetylene (catalytic CuI/tetramethylethynylenediamine, O2, acetone), the report of a significant
explosion during this preparation, likely arising from a static discharge during addition of the catalyst solution to the
alkyne/acetone/O2 rich atmosphere, prompts consideration of alternative procedures. Here we report the use of the robust
Navale catalyst system (CuI/N,N-dimethylaminopyridine, O2, NCMe) in the multigram-scale preparation of 1 with
minimal manipulation of all-glass apparatus, greatly simplifying the process and minimising risks associated with the
preparation of this useful compound.
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Substituted derivatives of buta-1,3-diyne are an important sub-
class of conjugated organic molecules, offering rod-like physi-
cal structures with extensively delocalised electronic structures
extending along the length of the carbon chain. The parent
compound, HC!CC!CH, is a condensable gas at atmospheric
pressure, which readily polymerises, is extremely flammable
and potentially highly explosive.[1,2] Symmetrically and asym-
metrically di-substituted derivatives exhibit far greater thermal
stability and through the application of suitably large groups,
linearly conjugated oligoynes of remarkable length can be iso-
lated.[3–5] Substituted buta-1,3-diynes and conjugated polyynes
have found application as structural elements and ‘wire-like’
conduits linking various fragments in organic compounds[6–8]

and organometallic complexes,[9–12] and have been debated as
models for the linear carbon allotrope carbyne.[5,13] Conjugated
diynes also serve as useful precursors for hetero- and metalla-
cycles and are found in many natural products and bio-active
compounds[14,15] with potentially useful anti-inflammatory,
anti-fungal, anti-viral and other therapeutic properties.[16] The
rod-like structure of di- and oligo-ynes makes them suitable for
use in the construction of rotaxanes and the host of carbon-rich
architectures.[17–27]

Symmetrically substituted buta-1,3-diynes are commonly
accessed through a variety of Cu-mediated or catalysed oxidative
homo-coupling reactions of terminal alkynes, such as the Glaser,
Hay, or Eglinton coupling reactions (Scheme 1a).[28] Asymmet-
rically substituted buta-1,3-diynes can be prepared through Pd0-
and/or CuI-catalysed cross-coupling reactions of 1-halo-alkynes
with a terminal alkyne, e.g. the Cadiot–Chodkiewicz coupling
(Scheme 1b). However, the synthesis of 1-halo-alkynes can be

challenging or not possible due to the incompatibility of
functional groups with the halogenation conditions. Alternately,
selective mono-deprotection of a symmetrically protected
buta-1,3-diyne and subsequent reactions can be used to access
a variety of 1,3-diyne derivatives.[29–35]

As a stable, solid and non-explosive buta-1,3-diyne synthon,
1,4-bis(trimethylsilyl)buta-1,3-diyne (1) is an important
entry to buta-1,3-diyne-containing organic and organometallic
structures. The most convenient preparation of 1 involves the
Hay-style oxidative coupling of trimethylsilylacetylene
(TMSA) developed and described by Jones, Kendrick and
Holmes (Scheme 2).[36,37] The Hay catalyst is prepared from
copper(I) iodide (CuI) and tetramethylethylenediamine
(TMEDA) in acetone. This catalyst solution is added portion-
wise to a stirred solution of TMSA in acetone under a constant
oxygen purge. As the homo-coupling reaction is exothermic, the
temperature of the reaction mixture increases, necessitating
the use of a dry ice condenser to prevent loss of the highly
volatile TMSA. The literature describes the need to add the
catalyst portion-wise at a rate sufficient to contain the tempera-
ture below 358C, but also at a rate sufficient to maintain the
catalyst in its active state. The active catalyst is rather poorly
characterised,[38,39] but the catalytic cycle is dependent on the
use of oxygen to complete the Cu-based redox cycle that is
associated with alkyne oxidative homo-coupling. If the oxygen
concentration in solution is insufficient, the catalyst is over-
reduced, leading to the precipitation of elemental copper. If the
oxygen concentration is too high over prolonged periods, the
active copper(I) catalyst is subject to over-oxidation leading to
the precipitation of copper(II) oxide. Therefore, the rate of
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oxygen bubbling through the solution has to be adjusted to
maintain the copper(I)-TMEDA catalyst in solution and tune the
reaction rate. This is adjudged by eye from the colour of the
reaction solution and necessitates considerable skill and experi-
ence in the reaction on the part of the experimentalist. The
operator therefore has to constantly monitor the temperature of
the reaction mixture, the rate of condensation of TMSA on the
dry ice condenser and the colour of the reaction mixture, and
accordingly adjust the rate of addition of the catalyst solution,
the oxygen flow and external cooling. Furthermore, the
TMEDA leads to the enolisation of the acetone solvent and
subsequent aldol-style polymerisation of the solvent.

Further to these challenges, there has been a report of an
explosion during the course of the reaction, causing injury.[40] It
was believed that static discharge between a metallic thermom-
eter probe inside the reaction flask and the syringe needle used to
add the catalyst solution caused ignition of the flammable
vapours in the oxygen-rich atmosphere leading to the accident.
Clearly an improved protocol that improves both the practicality
and safety of the reaction is highly desired.

A recent study of copper-catalysed oxidative couplings of
various terminal alkynes by Navale et al. explored different
catalyst systems and solvents for the homo-coupling of various
alkynes, with a 5% CuI–10% 4-dimethylaminopyridine
(DMAP) catalyst system used in a one-pot reaction in acetoni-
trile solution in air determined as most effective.[41] The Navale
method, although only reported on a 100mg scale, appeared to
offer significant potential to address safety concerns present in
the existing Hay-based protocol. Attention was therefore turned
to scale-up and optimisation of the synthesis of 1,4-bis(tri-
methylsilyl)buta-1,3-diyne using the Navale catalyst
(Scheme 3).

The Navale catalyst was prepared in the reaction flask by
stirring CuI and DMAP in acetonitrile, giving a brown-green
coloured solution. The reaction vessel was fitted with a dry ice
condenser to avoid loss of the volatile TMSA during the
reaction, which was carried out under an oxygen atmosphere.
At the beginning of the reaction an external water bath at room
temperature was applied formild cooling. This proved sufficient
to maintain the reaction temperature below 358C (monitored by
a glass thermometer). Once the catalyst solution was prepared
and the atmosphere enriched with oxygen, the alkyne was added
in one single portion through a glass funnel to eliminate the risk
of static discharge. This caused the colour of the reaction

mixture to change to a teal blue within 5min. Over the course
of the reaction the colour of the reaction mixture returned to the
brown-green colour of the initial catalyst solution. Upon com-
pletion of the reaction (,8 h) the reaction mixture was a black
suspension with the catalyst presumably oxidised to copper(II)
oxide. Adjustment of the oxygen flow was unnecessary during
the course of the reaction. During multiple reaction attempts, no
over reduction of the catalyst was observed. In addition,
although a pure oxygen atmosphere was present, no over-
oxidation was observed before the reaction was completed.
Work-up was performed simply by removing the solvent fol-
lowed by extraction of the residue with hexanes and filtration of
the extracts through a silica plug. Removal of the solvent gave
the desire compound 1, the purity of which was determined to be
99.5% by quantitative 1H NMR spectroscopy using 1,3,5-tri
(methoxy)benzene as internal standard.

The yield of 1,4-bis(trimethylsilyl)buta-1,3-diyne (1) from
the Hay-coupling of TMSA is reported to be 68–76% on a 50 g
scale.[36,37] The new procedure described here gave a slightly
lower yield of 58–59% on a 15 g scale and 52% on a 50 g scale.
Despite the lower yields, the new method offers advantages in
terms of experimental expedience, with a simplewater bath used
to maintain the reaction temperature below 358C to reduce the
loss of alkyne; no manipulation of oxygen flow is necessary
during the course of the reaction. The use of an all-glass setup
further eliminates spark hazards. Unfortunately, the use of a
pure oxygen atmosphere proved absolutely necessary. Carrying
out the reaction in air led to the formation of copious amounts of
red-brown precipitate. By analogy with the Hay reaction, this is
assumed due to over-reduction of the catalyst due to insufficient
oxygen concentrations in solution when performed in air.
Although this issue of handling terminal alkynes in an oxygen
rich atmosphere remains due to the chemical nature of the
reaction, the revised procedure reduces and manages risks and
allows access to significant amounts of 1,4-bis(trimethylsilyl)
buta-1,3-diyne at a low cost in a reliable and safe manner.

Experimental

General Comments

Oxygen of industrial grade supplied by BOCwas used. All other
solvents and chemicals were of at least laboratory grade and
used as received. No special precautions to exclude air or
moisture were taken during work-up and isolation.

Preparation of 1,4-Bis(trimethylsilyl)buta-1,3-diyne (1)

A 250mL, three-necked, round bottom flask was equipped with
a dry ice condenser, thermometer, and a 2.5 cm Teflon-coated,
egg-shapedmagnetic stirrer bar. The top of the dry ice condenser
was connected by rubber tube to a glass T-piece which was
connected to an oxygen cylinder and a bubbler. The three-
necked flask was charged with acetonitrile (100mL), copper(I)
iodide (1.44 g, 7.6mmol, 0.05 equiv.), and DMAP (1.86 g,

C CR H R C C R

[Cu]
ox.

C CR X ! C CR" H

[Cu]
ox.

C C

C CR C C R"

X # Br, I

(a)

(b)

Scheme 1. General reaction schemes for the formation of: (a) symmetri-

cally substituted buta-1,3-diynes; (b) asymmetrically substituted buta-

1,3-diynes.

C CMe3Si H C CMe3Si C C SiMe3

O2

[Cu/base]
2

Scheme 2. General reaction scheme of the copper(I)-catalysed oxidative

homo-coupling of TMSA.

C CMe3Si H C CMe3Si C C SiMe3

CuI (5 %)
2

NMe2N (10 %)

MeCN / O2

r.t., 8 h

Scheme 3.

308 S. Bock and P. J. Low



15.3mmol, 0.1 equiv.) giving a green-brown solution (Fig. S1,
Supplementary Material).

After flushing the system with oxygen for 5min while
stirring , the three-necked flaskwas closedwith a rubber septum.
An external water bath at ambient temperature was applied to
cool the three-necked flask, the dry ice condenser was charged
with an acetone–dry ice cooling mixture, and the oxygen flow
regulated to a constant flow of approximately one bubble per
second (Fig. S2, SupplementaryMaterial). During the reaction a
high stirring speed was applied to ensure a good gas intake into
the solution through creation of a vortex.

Trimethylsilylacetylene (15 g, 152.7mmol, 1 equiv.) was
added to the green-brown catalyst solution via a funnel through
the free side neck. The internal temperature slowly rose to a
maximumof 328C and the colour changed to a blue-greenwithin
5min (Fig. S3, Supplementary Material). After 10min, the
internal temperature stabilised at 278C.After 15min themixture
presented as a dark green solution with light-coloured precipi-
tate. After 2 h the colour of the mixture changed back to the
green-brown colour of the initial catalyst solution with a light-
coloured precipitate and the temperature equilibrated at ambient
temperature. For these first two hours the dry ice condenser was
refilled with dry ice every 15min.

The reactionmixture was stirred for another 6 h duringwhich
the mixture darkened to black and the temperature dropped to
ambient temperature indicating the completion of the reaction.
The black thick slurry was poured into a 1 L single-necked,
round bottom flask. The three-necked flask with a thick oily
black residue remaining on the walls of the flask was washed
with CH2Cl2 (2! 50mL) and hexanes (2! 50mL) to help
transfer the remaining black solids to the 1 L, single-necked,
round bottom flask, leaving only a partial copper mirror in the
three necked flask. The solvent of the black mixture was
removed by rotary evaporation. During the removal of the
solvent high temperatures and very low pressures were avoided
as the product sublimes under such conditions. The oily black
residue thus obtained was suspended in hexanes (4! 25mL) by
sonication for 1min and filtered through a silica plug (silica,
approx. 10 cm! 4.5 cm Ø) and eluted with hexanes (900mL).
After removing the solvent on a rotary evaporator, the product
was obtained as a white crystalline solid. The product was dried
under vacuum at ambient temperature (5 mbar for 40min,
1mbar for 1min). Yield: 8.7–8.8 g (58.5–59.3%). Mp 104–
1068C (lit. 106–1088C,[42] 107–1088C[43]). dH (300MHz, CDCl3
(7.26 ppm)) 0.18 (s, 18H). dC (75MHz, CDCl3 (77.16 ppm))
0.26, 86.08, 88.09. vmax (ATR)/cm

"1 2066 (m), 1263(m), 1250
(s). The purity of the sample was determined to be 99.5% by
quantitative NMR in CDCl3 with 1,3,5-trimethoxybenzene as
internal standard and estimated to be 100% by standard GC-MS
analysis.

Supplementary Material

Photographs showing the progress of the reaction, NMR and IR
spectra, GC-MS traces and plots as well as details of the quan-
titative NMR analysis are available on the Journal’s website.
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Towards molecular electronic devices based on
‘all-carbon’ wires†

Andrea Moneo,a Alejandro González-Orive,*‡a,b Sören Bock,c Marta Fenero,a,b

I. Lucía Herrer,a,b David C. Milan,d Matteo Lorenzoni, e Richard J. Nichols, d

Pilar Cea, *a,b Francesc Perez-Murano, e Paul J. Low c and Santiago Martin *a,f

Nascent molecular electronic devices based on linear ‘all-carbon’ wires attached to gold electrodes

through robust and reliable C–Au contacts are prepared via efficient in situ sequential cleavage of tri-

methylsilyl end groups from an oligoyne, Me3Si–(CuC)4–SiMe3 (1). In the first stage of the fabrication

process, removal of one trimethylsilyl (TMS) group in the presence of a gold substrate, which ultimately

serves as the bottom electrode, using a stoichiometric fluoride-driven process gives a highly-ordered

monolayer, Au|CuCCuCCuCCuCSiMe3 (Au|C8SiMe3). In the second stage, treatment of Au|C8SiMe3

with excess fluoride results in removal of the remaining TMS protecting group to give a modified mono-

layer Au|CuCCuCCuCCuCH (Au|C8H). The reactive terminal CuC–H moiety in Au|C8H can be

modified by ‘click’ reactions with (azidomethyl)ferrocene (N3CH2Fc) to introduce a redox probe, to give

Au|C6C2N3HCH2Fc. Alternatively, incubation of the modified gold substrate supported monolayer Au|C8H

in a solution of gold nanoparticles (GNPs), results in covalent attachment of GNPs on top of the film via a

second alkynyl carbon–Au σ-bond, to give structures Au|C8|GNP in which the monolayer of linear, ‘all-

carbon’ C8 chains is sandwiched between two macroscopic gold contacts. The covalent carbon–surface

bond as well as the covalent attachment of the metal particles to the monolayer by cleavage of the alkyne

C–H bond is confirmed by surface-enhanced Raman scattering (SERS). The integrity of the carbon chain

in both Au|C6C2N3HCH2Fc systems and after formation of the gold top-contact electrode in Au|C8|GNP

is demonstrated through electrochemical methods. The electrical properties of these nascent metal–

monolayer–metal devices Au|C8|GNP featuring ‘all-carbon’ molecular wires were characterised by sig-

moidal I–V curves, indicative of well-behaved junctions free of short circuits.

Introduction
The realisation of molecular-scale electronic devices requires
the development of suitable molecular components that can
perform a range of electronic functions, possibly combined

into larger, more highly functional molecular assemblies, and
ultimately connected to a macroscopic support to allow inte-
gration into a solid-state platform.1–3 When considering the
different components needed to form a ‘molecular electronics
kit’ for fabrication of functional devices, molecular wires are
regarded as the most fundamental.4–6 Molecular wires typically
feature a rigid linear molecular backbone, and π-conjugated
electronic structure that can facilitate electron transport.7,8

A host of molecular structures of varying degrees of complexity
that meet these general design criteria have been proposed
to serve as wire-like molecules and investigated using a
wide range of experimental, computational and theoretical
methods.8

Of the various π-conjugated molecules that can be con-
ceived to serve as molecular wires, linear chains of sp-hybri-
dised carbon with cumulated (vCvCvCvCv) or polyynyl
(–CuC–CuC–) structures have attracted considerable
attention,9–18 and in more recent times the challenges and
electronic features that arise when such carbon chains are con-
tacted to two electrode surfaces have been discussed. Such
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bInstituto de Nanociencia de Aragón (INA) and Laboratorio de Microscopías
Avanzadas (LMA), edificio i+d Campus Rio Ebro, Universidad de Zaragoza,
C/Mariano Esquillor, s/n, 50018 Zaragoza, Spain
cSchool of Molecular Sciences, University of Western Australia, 35 Stirling Highway,
Crawley, WA, 6009, Australia
dDepartment of Chemistry, University of Liverpool, Liverpool, L69 7ZD, UK
eInstituto de Microelectrónica de Barcelona (IMB-CNM, CSIC), Campus UAB,
08193 Bellaterra, Spain
fInstituto de Ciencias de Materiales de Aragón (ICMA),
Universidad de Zaragoza-CSIC, 50009 Zaragoza, Spain

14128 | Nanoscale, 2018, 10, 14128–14138 This journal is © The Royal Society of Chemistry 2018

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
7 

Ju
ne

 2
01

8.
 D

ow
nl

oa
de

d 
on

 9
/2

4/
20

18
 7

:3
9:

08
 A

M
. 

 T
hi

s a
rti

cl
e 

is 
lic

en
se

d 
un

de
r a

 C
re

at
iv

e 
Co

m
m

on
s A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

Li
ce

nc
e.

View Article Online
View Journal  | View Issue

www.rsc.li/nanoscale
http://orcid.org/0000-0001-5287-8761
http://orcid.org/0000-0002-1446-8275
http://orcid.org/0000-0002-4729-9578
http://orcid.org/0000-0002-4647-8558
http://orcid.org/0000-0003-1136-2296
http://orcid.org/0000-0001-9193-3874
http://crossmark.crossref.org/dialog/?doi=10.1039/c8nr02347f&domain=pdf&date_stamp=2018-07-19
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c8nr02347f
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR010029


linear arrays of sp-hybridised carbon atoms with alternating
single and triple bonds or cumulated structures offer an
approximately cylindrical distribution of electron density
along a one-dimensional, rigid-rod, length-persistent
backbone.19–21 In contrast, more commonly employed struc-
tures used in the construction of wire-like molecules based on
oligomeric(phenylene ethynylene) (OPE) structures feature
interpolated phenylene rings,22–27 and whilst the barrier to
rotation of the phenylene ring around the long molecular axis
is low28,29 conjugation is interrupted when the phenyl rings
are rotated with respect to each other and the resulting wires
offer only moderate performance with decay constants β ca.
2 nm−1 (G ∝ e−βrG0).30 However, creating experimental plat-
forms to explore these concepts remains a substantial
challenge.31–41 In seeking to introduce analogues of sp-hybri-
dised carbon chains into molecular junctions, attention has
naturally turned to oligoynes capped by suitable surface
binding groups as model systems.16,42–45 These systems have
revealed promisingly high conductance and, under optimal
conditions and solvent environments, low β values (ca.
0.1–1 nm−1), indicating considerable promise as wire-like
components.

Recently it has become possible to directly contact alkyne
moieties to metal surfaces, M, through M|CuCR linkages
either by direct reaction of terminal alkynes, RCuCH, with
gold nanoparticles,46 or surfaces,47–49 or from RCuCSiMe3 or
RCuCSiiPr3 moieties via in situ removal of a trimethylsilyl or
triisopropylsilyl protecting group upon treatment with
fluoride.50–52 Such desilylation chemistry can therefore be
applied in situ to directly attach a carbon chain to gold via a
suitably functionalised oligoyne, Me3Si–(CuC)n–SiMe3. We
report here for the first fabrication of two terminal sandwich-
based devices Au|CuCCuCCuCCuC|Au, with the C8 frag-
ment being introduced through sequential desilylation/metal-
lation of the trimethylsilyl-protected octa-1,3,5,7-tetrayne,
Me3Si–(CuC)4–SiMe3 (1, Fig. 1) with the formation of an
Au–C σ-bond both at the bottom and at the upper electrode.
In this approach, a stable, uniform and highly ordered
Au|CuCCuCCuCCuCSiMe3 (Au|C8SiMe3) monolayer was
initially fabricated by using desilylation chemistry of the oli-
goyne end-capped by SiMe3 groups with the formation of an
Au–C σ-bond. In a subsequent step, treatment of Au|C8SiMe3

with excess fluoride results in removal of the remaining
SiMe3 protecting group to give the modified monolayer
Au|CuCCuCCuCCuCH (Au|C8H). The upper electrode was
finally fabricated by the incubation of the modified surface
in a dispersion of unprotected gold nanoparticles (GNPs),
resulting in chemisorption of GNPs to the monolayer through
Au–C bonds to give robust sandwich-like device structures
Au|CuCCuCCuCCuC|GNP (Au|C8|GNP) in an experimentally
simple fashion. Electrochemical and electrical measurements
on these structures confirm the reproducibility of the fabrica-
tion approach, which is achieved without formation of metallic
filaments through the carbon monolayer or other short circuits.
Thus, the sequential desilylation/metallation strategy allows
the simple fabrication of sandwich-like device structures of

uncapped carbon chains, opening new avenues to their wider
exploration and exploitation in molecular electronics.

Results
Fabrication of an Au|C8H film

A Au(111) surface was modified by the formation of a gold–
carbon (Au–C) covalent bond via in situ desilylation of the bis
(trimethylsilyl)-protected octatetrayne Me3Si–(CuC)4–SiMe3 (1)
using equimolar tetrabutylammonium fluoride (TBAF,
Fig. 1).50,53 In this first stage, a freshly annealed gold electrode
was immersed in a freshly prepared THF solution of 1 (1 mM)
containing equimolar TBAF and incubated for 10 min at room
temperature. The electrode was then rinsed copiously with
THF to remove any physisorbed species, and dried under a
nitrogen flow, to give a monolayer film Au|C8SiMe3. In a
second stage, the modified surface was immersed in a THF
solution of TBAF (0.05 M) at room temperature for 30 min,
before being thoroughly rinsed with THF and dried. Under
this experimental procedure, the distal trimethylsilyl (TMS)
groups on the monolayer modified electrode are cleaved to
give an Au|C8H film (Fig. 1 and S1 in the ESI†). These pro-
cedures gave highly-ordered, chemically well-defined mono-
layers on the well-ordered Au(111) surface, which were charac-
terised by quartz-crystal microbalance (QCM), atomic force

Fig. 1 A schematic representation of the procedure followed to form
two terminal sandwich-based metal–organic monolayer–metal devices
(Au|C8|GNP) by Au–C covalent bonds via sequential in situ desilylation
of a trimethylsilyl-protected octatetrayne, 1, and surface functionalisa-
tion by incubation of the monolayer modified substrate in a dispersion
of unprotected gold nanoparticles (GNPs).
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microscopy (AFM) imaging and depth profiling, and Raman
spectroscopy as described below.

The monolayer thickness in the Au|C8SiMe3 films was
determined by the atomic force microscopy (AFM) scratching
technique, which involves ploughing the organic film with the
AFM tip in contact mode and then imaging across the scratch
to measure the depth profile (Fig. S2†). A film thickness of
1.0 ± 0.2 nm was estimated from this technique which is in
good agreement with the estimated Au⋯Si distance from an
Au–CuCCuCCuCCuCSiMe3 computational model (1.3 nm).
As illustrated in the schematic depicted in Fig. 1, the
maximum surface coverage of the polycarbon chain will be
limited by the size of the SiMe3 protecting group, which deter-
mines the separation between adjacent molecules in the
Au|C8SiMe3 monolayer film. Assuming a close/hexagonal
packing arrangement of molecules within the monolayer,
along with equivalent surface area occupied by the protecting
SiMe3 group (treated as a model disk with a diameter of
0.758 nm),54 a theoretical maximum coverage of C8SiMe3 frag-
ments on an Au(111) surface can be calculated, resulting in a
value of 3.34 × 10−10 mol cm−2.54 To estimate the surface cover-
age experimentally, the variation in the resonator frequency of
a quartz crystal microbalance (QCM) substrate before and after
the formation of Au|C8SiMe3 was recorded as described in
the ESI.† The resulting experimental surface coverage for
the monolayer on gold was determined to be 3.13 × 10−10

mol cm−2, in good agreement with the theoretical maximum
surface coverage. The incubation of a QCM resonator in a
1.0 × 10−3 M solution of 1 in THF without TBAF did not show
any frequency change, which indicates that a desilylation of
the trimethylsilyl-protected oligoyne with TBAF is mandatory
in order to form a robust monolayer of 1 on a gold substrate.
This is in contrast with the more stable monolayer films
formed from long chain hydrocarbon substituted trimethyl-
silylacetylene derivatives.55–58

Several earlier studies also describe the formation of a
covalent Au–C σ-bond upon removal of the trimethylsilyl
(TMS) group attached to an alkynyl moiety,50–52 and here
Raman spectroscopy and surface enhanced Raman spec-
troscopy (SERS) studies were also carried out to further
support the proposed formation of a metal–carbon bond at the
substrate surface. The Raman spectrum of a powder sample of
1 (Fig. 2a) is characterised by intense bands near 2140 cm−1

which can be attributed to the symmetric ν(CuCCuC) band
of the innermost C4 atoms (calculated 2270 cm−1) and the
coupled symmetric stretches of the CuC(SiMe3) moieties (cal-
culated 2210 cm−1). Much weaker CH bend (calculated
1503 cm−1) and ν(Si–CH3) (calculated 586 cm−1) bands are also
observed.

Raman scattering is dramatically enhanced by surface
effects, which are particularly pronounced on rough silver
surfaces,59–61 offering a convenient avenue through which to
assess the surface chemistry following desilylation of 1, albeit
on model silver surfaces rather than Au(111) substrates.
Similar studies of the desilylation/surface-C bond forming
process on Au, Pt, Pd, HOPG51 and Ag46 surfaces using phenyl-

ene ethynylene derivatives have been reported elsewhere by
others. Silver islands of thickness 9.1 nm were deposited on
glass slides by thermal evaporation and these served as SERS
substrates. In a manner entirely analogous to the process
depicted in Fig. 1, these silver mirrored slides were immersed
in a freshly prepared THF solution of 1 (1 mM) containing
equimolar TBAF and incubated for 10 minutes at room tem-
perature, rinsed copiously with THF and dried, to give
Ag|C8SiMe3 modified substrates. The slide was then immersed
in a THF solution containing excess fluoride to give Ag|C8H
modified surfaces. The resulting SERS spectrum of the Ag|C8H
substrates shows strong ν(CuC) bands near 2140 cm−1, albeit
with less resolution than the powder sample, indicating that
the oligoyne chain remains intact after being grafted on the
surface. The disappearance of the vibrational bands associated
with the SiMe3 moieties as well as the appearance of an
additional weak ν(CuCH) band at 2081 cm−1, due to the term-
inal CuCH group confirms desilylation of the silyl-protected
oligoyne. Critically, the appearance of a new band at 397 cm−1,
which is characteristic of a metal–C stretching mode (with the
metal being Au, Ag, or Pd) is the most direct evidence for the
formation of a M–C σ-bond.50,51,62

To further confirm the removal of the trimethylsilyl moi-
eties and formation of a terminal alkyne (–CuCH) functiona-
lised surface through this desilylation/surface coordination/
desilylation sequence from 1, click chemistry reactions were
employed to further develop Au|C8H films.47,54,63–65 An
Au|C8H monolayer film was incubated in a solution of (azido-

Fig. 2 (a) Raman spectrum of a powder sample of 1; (b) SERS spectrum
of an Ag|C8H film; and (c) SERS spectrum of an Ag|C8|GNP film.
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methyl)ferrocene (N3CH2Fc) to incorporate an electroactive
ferrocene head-group to the monolayer via a copper catalyzed
azide–alkyne (CuCAA) click reaction (Fig. 3a).54,66,67 The result-
ing Au|C6C2(H)N3CH2Fc films were studied by cyclic voltam-
metry (Fig. 3b at 200 mV s−1 scan rate) revealing characteristic
ferrocene/ferrocenium couple with a peak-to-peak separation
ΔEp = 110 mV. Although this is a substantial peak separation
for such an immobilised redox species, it is nevertheless in
good agreement with similarly constructed ferrocene-functio-
nalised 1,4-diethynylbenzene monolayers on Au(111).47 The
relatively broad voltammetry wave might arise from disorder of
the ferrocene head-groups across the surface of the oligoyne
film.68,69 The peak current of both the oxidative and the reduc-
tive waves display linear dependence on potential scan rate
(Fig. 3c and S3†) clearly indicating surface-bound ferrocene
molecules. From the relationship Γ = Q/nFA, where Q is the
total charge estimated from integration of the oxidation wave
in the I–V plot, n is the number of electrons transferred per
molecule (1 in the case of ferrocene/ferrocenium couple), F is
the Faraday constant and A is the effective electrode area,
an experimental ferrocene surface coverage of 5.54 × 10−11

mol cm−2 is obtained. This ferrocene surface coverage,
which is approximately an order of magnitude lower than that
estimated for the Au|C8H base layer (see above), is similar to
the estimates obtained by Pla-Vilanova et al. from a
copper catalyzed azide–alkyne click-modified SAM of 1,4-
diethynylbenzene.47

The introduction of a redox-active ferrocene moiety also
allows an estimation of the standard heterogeneous rate con-
stant, kET, between the chemisorbed ferrocene groups and the
underlying Au(111) electrode using the Laviron analysis

(Fig. S3†).70,71 The resulting kET was 3.2 ± 0.1 s−1, which is
similar to values obtained from ferrocene-terminated peptide
nucleic acid (PNA) SAMs of similar thickness (kET ∼3 s−1).72 It
is relevant to note that these peptide nucleic acid (PNA)-based
SAMs are known to exhibit high conductance values,73,74 and
therefore reasonably efficient ET between the underlying elec-
trode surface and the distal ferrocene groups through the
polyyne chain can be inferred.

Fabrication of a top-contact electrode

Modified substrates Au|C8H were incubated in a dispersion of
freshly prepared ligandless gold nanoparticles (GNPs) (Fig. 1).
The hydrodynamic diameter of the as prepared GNPs in solu-
tion was found to be in the 7–28 nm range, as determined by
Dynamic Light Scattering, DLS (see Experimental section).
This rather broad distribution gives some indication of aggre-
gation of the bare GNPs in solution. The deposition time (3 h)
of these particles on the Au|C8H substrate was optimised via
QCM methods by following the resonator frequency (coupled
to increases in mass) until a constant value was obtained
(Fig. S4†). Immediately after the removal of the substrates
from the incubation solution the films were thoroughly rinsed
with Milli-Q water to eliminate physisorbed GNPs from the
film surface, and were allowed to dry, giving Au|C8|GNP
assemblies. Similar methods were used to prepare Ag|C8|GNP
bimetallic structures. The observation of the ν(M–C) band
envelope at ca. 399 cm−1 (Fig. 2c) is consistent with the for-
mation of M–C σ-bonds, although the individual ν(Ag–C) and
ν(Au–C) bands could not be distinguished from each other
within the resolution of the SERS spectrum. The functionalisa-
tion of the terminal ethynyl motif is further supported by the
absence of the ν(CuCH) band, whilst the appearance of a new,
lower frequency ν(CuCAu) band at 2000 cm−1 is consistent
with the functionalisation of the surface by GNPs.46,50,51

Imaging of the surface by AFM was used to obtain infor-
mation about the distribution, shape and size of the GNPs on
the surface of the film. AFM images of Au|C8H show a highly
ordered monomolecular layer (Fig. 4). In contrast, after incu-
bation in the dispersion of GNPs, AFM images of the Au|C8|
GNP film (Fig. 4) show the appearance of raised surface fea-
tures, with average diameter of 24.6 ± 5.2, and average height

Fig. 3 (a) Scheme of the click chemistry reaction (CuCAA) to form an
Au|C6C2(H)N3CH2Fc film. (b) Cyclic voltammogram recorded for an Au|
C6C2(H)N3CH2Fc film in 1-hexyl-3-methylimidazolium hexafluoropho-
sphate (HMIm-PF6) ionic liquid at a scan rate of 200 mV s−1. (c) Scan
rate-dependent peak currents for the anodic Ia and cathodic scans Ic
and their linear fitting.

Fig. 4 AFM images of (left) an Au|C8H film and (right) after incubation
for 3 hours in a dispersion of GNPs to form an Au|C8|GNP film.
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of 6.5 ± 1.5 nm, resulting in an increase in the RMS (root-mean-
square roughness) from 0.41 to 1.43 nm and clearly revealing
the presence of GNPs on-top of the surface film (Fig. 4, S5, and
S6†). Using a statistical analysis of the data extracted from
height profiles across AFM images as depicted in Fig. S6,† indi-
vidual features are in the 10–35 nm range in lateral width and
the 4–12 nm range in height. The size distribution of these
surface features compares with the 7–28 nm range of particle
sizes determined for the initial dispersions and suggests that
there is a small degree of additional aggregation on the film
surface. A bearing analysis of the AFM images (Fig. S7†) was
made, giving an estimated surface coverage of 40%, in good
agreement with the gold nanoparticle surface coverage exhibited
by a SAM of 1,4-diethynylbenzene on Au(111).75

Electrochemical behavior of Au|C8H

These film-modified gold substrates were used as working
electrodes in cyclic voltammetry measurements with the aim
here being to characterise the electrochemical stability exhibi-
ted by the as-prepared Au|C8H films. In these cyclic voltam-
metry measurements both the electrochemical reductive (in
0.1 M NaOH) and oxidative (in 0.1 M HClO4) properties of the
assembled monolayer were assessed, with pH being used to
control the competing water redox chemistry. On the oxidation
sweep in 0.1 M HClO4, an anodic voltammetric peak at 1.40 V
corresponding to an oxidative current peak (Poxi) is observed
(Fig. 5a). The substantial electrochemical current involved in
this process is attributed to both the electrochemical oxidation
of the carbon chain and to the formation of a gold oxide
surface layer. By integrating the relevant peaks, the electro-
chemical charge involved in the oxidative electro-desorption
peak, (Poxi) in Fig. 5a is obtained. By then subtracting the
anodic charge recorded in the second cycle (corresponding to
the gold oxide formation contribution), a surface charge
density of 1400 µC cm−2 is estimated. This is a substantial
charge, consistent with a multi-electron process associated

with oxidation of the carbon chain, but as the stoichiometry of
the oxidation process is unknown, the charge density cannot
be used to quantify the surface coverage. Significant contri-
butions over the last few years have shown that both aliphatic
and aromatic ethynyl-terminated molecules give rise to SAMs
on Au(111) surfaces which can be considered as analogous to
thiol-terminated molecules in terms of surface coverage and
electrochemical behavior.51,75,76 In this regard, the afore-men-
tioned value, i.e. 1400 µC cm−2, is nearly twice as much that
exhibited by SAMs of alkanethiols,77 but analogous to that
shown by dithiols.78

On the other hand, a broad cathodic peak at −0.85 V (Pred)
was observed when a 0.1 M NaOH solution was used (Fig. 5a).
This precedes the hydrogen evolution reaction (HER) and is
associated with the reductive processes of the surface film.
The electrochemical charge involved in this reduction peak for
Au|C8H was estimated as 27 µC cm−2. If the peak is assumed
to be a cathodic electro-desorption of the carbon chain follow-
ing a single electron process then surface coverage can be esti-
mated. With these assumptions and using Γ = Q/nFA, an
experimental surface coverage of 2.84 × 10−10 mol cm−2 is
obtained. This value is in reasonably good agreement with the
experimental surface coverage determined by using a QCM
(3.13 × 10−10 mol cm−2) supporting the notion that the reduc-
tive peak corresponds to a 1 electron process. Taken together,
the oxidation and reduction electrochemical results define a
workable potential window of 2.25 V, which is similar to that
reported for thiol-based organic molecules assembled on gold
surfaces79 as well as for ethynyl-terminated aryl moieties.51

Finally, additional cyclic voltammetry (CV) measurements
involving a bare Au(111), Au|C8H and Au|C8|GNP structures
were carried out in 0.1 M NaOH (Fig. 5b). The electrochemical
behavior of the unmodified Au(111) electrode exhibits the
typical sharp peaks at 0.13 and 0.33 V, associated with the gold
oxide formation, and the subsequent electro-reduction in the
cathodic scan.80,81 After modifying the Au(111) surface with

Fig. 5 (a) Cyclic voltammograms for Au|C8H in aqueous electrolyte of 0.1 M NaOH (blue curve, left half panel) and 0.1 M HClO4 (red curve, right
half panel) at a scan rate of 10 mV s−1. The blue and red curves indicate the first potential cycle and the grey curves represent the subsequent
second cycle. Current peaks corresponding to oxidative and reductive processes of the carbon chain are identified as Poxi and Pred, respectively. (b)
Cyclic voltammograms recorded for a bare Au(111), Au|C8H and Au|C8|GNP in 0.1 M NaOH at 100 mV s−1. The reference electrode was Ag|AgCl,
KCl 3 M.
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Au|C8H, electrochemical formation of the gold oxide mono-
layer is suppressed as shown by the much smaller current.
This suggests a rather effective blocking behaviour of the
hydrophobic carbon chain to the OH− ions and water mole-
cules which are required to form the gold oxide. The small
current flow in this case points to relatively few defects/pin-
holes in the monolayer. Once the GNPs are assembled to give
the Au|C8|GNP sandwich structures, the resulting voltammo-
gram exhibited the formation and reduction of the gold oxide
monolayer, but with the typical non-peaked featureless profile
corresponding to polycrystalline gold nanoparticles.82,83

Consequently, this observation is unlikely to arise from
diffusion of OH− ions and water molecules through defects or
pinholes in the organic layer, but it is associated with the
electrochemical response of the attached GNPs. This further
confirms that GNPs adsorption does not cause significant
damage to the organic layer.

Electrical characteristics of Au|C8|GNP

At this point it is crucial to verify that the metal-contacting
strategy proposed does not result in short-circuits by pene-
tration of GNPs into the monolayer and also to determine the
electrical characteristics of these metal–monolayer–GNP
assemblies. To do so, I–V curves were recorded for these Au|C8|
GNP structures using a conductive atomic force microscope
(c-AFM; Bruker ICON) with the PeakForce tunneling AFM
(PF-TUNA) mode.46,84–87 Under these conditions, the tip makes
intermittent contact with the surface at a frequency of 2 kHz
and a low maximum force (peak-force) to limit damage to the
surface and detrimental lateral forces. Therefore, the peak-
force tapping mode is a valuable method for conductivity
mapping of delicate samples since it avoids lateral forces that
may otherwise damage the tip coating and the soft sample
surface. Nevertheless, before recording the I–V curves, a com-
promise has to be made in order to select the most suitable
contact force to be applied during the measurement taking
into account that the set-point force suffers from 8% uncer-

tainty due to the calibration method (thermal tuning).88 This
compromise involves applying peak forces during the measure-
ments that are not so great as to result in large deformation of
the monolayer underlying the GNPs, but also to avoid applying
too little force which would result in an inadequate contact
between the tip and the surface, leading to ineffective electri-
cal probing. This latter point is illustrated in Fig. 6a, which
shows how an increase in the applied force results in a more
effective contact between the tip and the GNPs. The conduc-
tance value was obtained as the slope of the linear fitting of
the experimental data from −0.5 to 0.5 V, the ohmic region,
from the average I–V curve collected at each set-point force.
When a set-point force below 3 nN was used, no current was
detected, whilst for a set-point force between 3 and 6 nN a low
conductance value was obtained. These data show that when
low set-point forces are applied, the contact between the tip
and the GNP results in practically no measurable electrical
current flow. Meanwhile, when higher set-point forces are
applied (between 9 and 18 nN), a significant conductance
value is obtained, confirming that for these set-point forces
there is a good electrical contact. In addition, a log–log plot of
junction conductance versus the applied set-point force
(Fig. S8†) shows that the increasing conductance with set-
point force follows a single power law dependence (i.e., log
(conductance) ∝ log (set-point force)·n with n = 3.56) for the
set-point force range exhibiting a significant conductance
(between 9 and 18 nN).89 From these observations it is con-
cluded that 9 nN is the minimum set-point force required to
make a reasonable contact between the tip and the GNP.

With the influence of the applied set-point force on the
monolayer established, I–V curves were recorded by locating
the AFM tip on top of GNPs (Fig. 6a). To ensure reproducibility
and reliability of the results, the I–V curves at each set-point
force were averaged from multiple scans which were recorded
by locating the AFM tip on top of different GNPs with approxi-
mately the same size (ca. 20 nm). A set-point force of 9 nN was
chosen, as discussed above it has been shown to be the

Fig. 6 (a) Average conductance values measured by locating the tip of the c-AFM on top of GNPs at the indicated set-point forces. Inset: A scheme
of the Au|C8|GNP structures contacted by the c-AFM tip. (b) Representative I–V curve experimentally obtained by positioning the c-AFM tip on top
of a GNP when a set-point force of 9 nN was applied. Inset: Conductance histogram built by adding all the experimental data from −0.5 to 0.5 V for
each I–V curve obtained (ca. 150 curves).
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minimum force to provide an effective electrical contact, and
then a bias voltage was applied between the underlying gold
electrode and the conductive probe tip. Importantly, no low re-
sistance traces which would be characteristic of metallic short
circuits were observed. Fig. 6b shows a representative I–V trace
of all the curves (ca. 150 curves) recorded as well as the con-
ductance histogram built by summation of all the experi-
mental data in the −0.5 to 0.5 V ohmic region for each of the
150 I–V curves obtained experimentally at this set-point force.
These I–V curves exhibit a linear section only at relatively low
bias voltages and increasing curvature at higher bias, which is
the common behavior observed in metal–molecule–metal junc-
tions. The same behavior has been observed for the set-point
force range which exhibited a significant conductance
(between 12 and 18 nN, Fig. S9†). Additionally, a series of I–V
curves recorded on regions of the Au|C8|GNP film not covered
by GNPs also exhibited the typical shape observed for metal–
molecule–metal junctions (Fig. S10†). This comparability of
results from junctions comprised of Au|C8|GNP with and
without GNPs confirms that the deposition process does not
damage the underlying monolayer, and does not alter or con-
taminate the interfaces. Additionally, when the monolayer was
scratched by ploughing the organic film with the AFM tip in
contact mode, the current image, when a bias voltage of 1 V
was applied to the sample, showed only a large current flow in
the scratched area, demonstrating the uniform surface cover-
age and the consistency of electrical properties of the mono-
layer (Fig. S11†).

In order to reinforce the conclusion that there are no metal-
lic short circuits, a transition voltage spectroscopy (TVS) analysis
has been made (Fig. S12†) by using a Fowler–Nordheim plot.
This plot reveals the behaviour expected for a molecular junc-
tion rather than that of a metallic junction arising from metallic
short circuits. For low-bias (Regime I), the current scales logar-
ithmically with 1/V, indicative of direct tunnelling where the
electronic junction can be modelled as a simple trapezoidal tun-
nelling barrier. Above the transition voltage Vtrans = 0.77
(Regime II), the current scales linearly with 1/V, with a negative
slope characteristic of field emission. This transition point,
Vtrans, is expected to linearly correlated with the energy offset
between the metal Fermi level and the frontier molecular
orbital, which in this case is the highest occupied molecular
orbital (HOMO).90 The obtained Vtrans from the TVS analysis,
0.77 V, is in excellent agreement other similar π-conjugated
molecules with a similar molecular length such as acenes or
phenylenes.91 The behaviour observed in the Fowler Nordheim
plot with a reasonable Vtrans value rules out the presence of
short circuits since the behaviour observed is that of a mole-
cular junction not a metallic junction where ohmic behaviour
and much higher conductance would be expected.

Conclusions
In this contribution, we have prepared metal–monolayer–metal
devices with ‘all-carbon’ C8 molecular bridges. Such structures

are of interest since oligoynes are archetypical conjugated
molecular wires formed from linear carbon chains with alter-
nating single and triple bonds. The formation of robust Au–C
covalent bonds by fluoride-induced desilylation chemistry has
been confirmed by SERS. Additionally, the integrity of the
organic monolayer was demonstrated by cyclic voltammetry
experiments and functionalisation by click chemistry.
Meanwhile, analysis of the I–V curves ruled out the presence of
short circuits. Beyond these results, this work demonstrates a
simple methodology for the fabrication of highly conductive
nanoscale junctions based on oligoynes opening new perspec-
tives for molecular electronics applications such as wires,
switches, or nonlinear optics.

Experimental
General conditions

HPLC grade solvents were purchased and used as received
unless otherwise indicated. The click chemistry reaction was
carried out under an oxygen free environment using Schlenk
techniques, with chloroform (HPLC grade, 99.9%) deoxygen-
ated by freeze pump vacuum cycles before use. The com-
pounds 1,43 (azidomethyl)ferrocene and tris[(1-benzyl-1H-
1,2,3-triazol-4-yl)methyl]amine (TBTA) were synthesized
according to previously reported procedures.92–94 All other
reactants were purchased from Sigma and used as received.
Gold on glass substrates were purchased from Arrandee and
annealed in a butane flame to give large Au(111) terraces prior
to use.95

Preparation of Au|C8SiMe3

A freshly annealed gold electrode was incubated in a solution
of 1 in THF (5 mL, 1.0 × 10−3 M) containing equimolar TBAF
(5 μL, 1 M) at room temperature for 10 min. Afterwards, the
electrode was rinsed copiously with THF to remove any physi-
sorbed species, and then dried under nitrogen flow.

Preparation of Au|C8H

A Au|C8SiMe3 modified electrode was immersed in a THF solu-
tion of TBAF (0.05 M) at room temperature for 30 min.
Afterwards, the substrate was thoroughly rinsed with THF and
dried under nitrogen flow.

Preparation of Au|C6C2(H)N3CH2Fc

(Azidomethyl)ferrocene (N3CH2Fc) was attached to the as-pre-
pared Au|C8H electrode by copper-catalyzed azide–alkyne
cycloaddition (CuAAC) click chemistry. To a reaction flask con-
taining the Au|C8H modified electrode and (azidomethyl)ferro-
cene (1 mM, THF/H2O 1 : 1), copper(II) sulfate pentahydrate
(0.5 mM), sodium ascorbate (1 mM), and TBTA, tris[(1-benzyl-
1H-1,2,3-triazol-4-yl)methyl]amine, (0.5 mM) were added. The
reaction proceeded with stirring for 24 h under argon atmo-
sphere at 30 °C. Afterwards, the electrode was removed from
the reaction flask, and rinsed with deionized water, ethanol,
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EDTA aqueous solution (10 mM), NH4OH aqueous solution
(10 mM) and acetonitrile.

Preparation of Au|C8|GNP

A dispersion of GNPs was prepared by dropwise addition of
0.5 mL of a 1.0 × 10−3 M NaBH4 aqueous solution to 30 mL of
vigorously stirred 1.0 × 10−5 M HAuCl4 aqueous solution at
2 °C using an ice-water bath over 10 min.46 Incubation of the
modified Au|C8H surface in the dispersion of GNPs took place
immediately after completion of the addition. The hydrodyn-
amic diameter of these GNPs was found to be in the 7–28 nm
range, as determined by Dynamic Light Scattering (DLS). DLS
measurements were carried out using a NanoZS ZEN3600
instrument from Malvern.

AFM experiments

AFM images were obtained in Tapping and Peak-Force modes
using a Multimode 8 microscope equipped with a Nanoscope
V control unit from Bruker operating in ambient air conditions
at a scan rate of 0.5–1.2 Hz. To this end, RFESPA-75 (75–100
kHz, and 1.5–6 N m−1, nominal radius of 8 nm) and ScanAsyst-
Air-HR (130–160 kHz, and 0.4–0.6 N m−1, nominal radius of
2 nm) tips, purchased from Bruker, were used for ploughing
the organic film with the AFM tip and for determining the size
of the GNPs, respectively. In order to minimize tip convolution
effects affecting the GNPs width, data obtained from AFM
image profiling have been corrected according to Canet-Ferrer
et al.96

Raman and surface-enhanced Raman scattering (SERS)

Spectra were collected using a Confocal Raman Imager from
Witec, model Alpha300M+, with an excitation wavelength of
633 nm. Silver islands (thickness 9.1 nm) were prepared in an
Edwards model 306 vacuum coater from a resistively heated
tungsten boat. The substrates were Zuzi glass microscope
slides cleaned in piranha solution for 30 min (3 : 1 97%
H2SO4 : 30% H2O2), rinsed with deionized water, and dried in
a stream of nitrogen. Care: piranha solutions are exceptionally
corrosive and highly oxidizing. Contact between piranha solutions
and organic materials is considered extremely hazardous and
must be avoided. During silver deposition, the background
pressure was maintained at 5 × 10−7 Torr, and the deposition
rate (0.02 nm3 s−1) was monitored on an Electron Beam
Evaporator Auto 500 from BOC Edwards. After deposition,
annealing was performed at 200 °C for 60 min. Once the silver
islands were prepared onto a glass substrate, Ag|C8H and Ag|
C8|GNP were formed following the same methodology
described above for Au|C8H and Au|C8|GNP films.

Cyclic voltammetry

Electrochemical measurements were performed with an
Autolab PGSTAT 30 (Eco Chemie, the Netherlands) and a stan-
dard three electrode cell, where the working electrode was a
bare Au(111) electrode, an Au|C8H electrode, or an Au|C8|GNP
electrode. These working electrodes were connected to the
potentiostat by means of a cable terminating in a metallic

tweezer clip that held the electrode. The reference electrode was
Ag/AgCl, KCl (3 M) and the counter electrode was a Pt sheet.

Electrical measurements

Electrical properties of the molecular junctions were recorded
with a conductive-AFM (Bruker ICON) under humidity control
(ca. 40% by dry N2 flux) using the Peak Force Tunnelling AFM
(PF-TUNA™) mode, and employing a PF-TUNA™ cantilever
from Bruker (coated with Pt/Ir 20 nm, ca. 25 nm radius,
0.4 N m−1 spring constant and 70 kHz resonance frequency).
Cantilevers were calibrated by thermal tune method97 before
each experiment.
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ABSTRACT: The complexes FcCHC{1,4-CC−C6H4−
CCM(dppe)Cp*}2 (Fc = ferrocenyl (FeCp(η-C5H4−); M
= Fe (1), Ru (2)) were prepared from FcCHC{1,4-CC−
C6H4−CCSiMe3}2 (3) via a desilylation/metalation proto-
col in good (2; 65%) to excellent (1; 97%) yield. The iron
compound 1 could also be prepared in a stepwise fashion by
desilylation of 3 to give FcCHC{1,4-CC−C6H4−C
CH}2 (4), reaction with FeCl(dppe)Cp* to give the
vinylidene complex FcCHC{1,4-CC−C6H4−CHC
Fe(dppe)Cp*}2](PF6)2 (5(PF6)2; 65%), and deprotonation.
The cyclic voltammograms of 1 and 2 are characterized by an
initial oxidation wave resulting from the overlap of two closely
spaced oxidation processes, the potentials of which are
sensitive to the identity of M, and a subsequent, one-electron-oxidation wave. Thus, while the dications 12+ and 22+ could
be prepared by oxidation with 2 equiv of ferrocenium hexafluorophosphate and isolated as the PF6

− salts 1(PF6)2 and 2(PF6)2
at low temperature, the monocations 1+ and 2+ could only be detected and studied as comproportionated mixtures of 1, 1(PF6),
1(PF6)2 and 2, 2(PF6), 2(PF6)2. A combination of EPR spectroscopy, IR and NIR spectroelectrochemistry, and DFT quantum
chemical calculations reveal subtle distinctions in the electronic structures of 1(PF6)n and 2(PF6)n (n = 0−2). The HOMOs of
1 and 2 are more heavily distributed over the metal−diethynylbenzene arm trans to the ferrocenyl moiety. While one-electron
oxidation of 1 gives 1(PF6), in which the spin density is similarly distributed along the branch of the molecule trans to the
ferrocenyl group, the spin density in 2(PF6) is more extensively, but not fully, delocalized. Further analysis of the ESR, NIR, and
IR spectra reveals that charges are essentially localized in 1(PF6) and 1(PF6)2 on the IR time scale, but ground-state exchange
between the Fe(dppe)Cp* moieties can take place via the ferrocenyl moiety on the slower ESR time scale. For 2(PF6) and
2(PF6)2, optical charge transfer processes between the ferrocenyl moiety and the organometallic branches can also be observed,
consistent with the increased coupling between the Ru(dppe)Cp* and Fc moieties that are linked by a linear conjugation
pathway through the bridging-ligand backbone.

■ INTRODUCTION

In recent years, the search for more highly functional systems
that access unusual electronic structures and permit greater
control and manipulation of intramolecular charge transfer
processes has seen attention turned to systems bearing cross-
conjugated bridging moieties,1−4 including mixed-valence
derivatives.5−8 These studies form part of a larger range of
investigations that address more general questions about the
ability to tune the electrical behavior of cross-conjugated
systems through the manipulation of quantum interference
features.9−13

Quantum interference (QI) arises from the interaction of the
de Broglie waves of electrons traversing a molecular system with
the accessible molecular energy levels.15 The sum of these

interactions can be constructive, giving rise to resonances and
effective electron transport (e.g., through a para-substituted
benzene), or destructive, giving rise to anti-resonances and
heavily restricted electron transport (e.g., through a meta-
substituted benzene).16,17 It has been proposed that the energy
of a QI anti-resonance can not only be influenced by the
structure of the molecular backbone such as linear vs cross-
conjugated scaffolds or introduction of pendant groups9,18−20

but also be tuned through the introduction of electron-donating
or -withdrawing groups to the molecular backbone (Figure 1).21

As QI effects are persistent in even quite large molecular
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systems,14 the opportunity to explore chemical control over QI
effects is an exciting area of contemporary chemistry.22,23

With these concepts in mind, Grozema’s proposal of a
chemically gated QI-based molecular transistor provided a
fascinating structural model through which to explore and
modulate molecule-mediated charge transfer processes between
a donor and an acceptor (Figure 2).24 As noted above, the effects

of QI can be modulated through the introduction of electron-
donating or -withdrawing groups pendant to the electron
transfer channel. The Grozema system proposes the protonation
of a pendant amine or carboxylate group or alkali-metal ion
coordination to a pendant crown to change the electrostatic
potential of the pendant group to chemically “gate” the
interference patterns of the propagating electron waves between
the donor and acceptor sites.
In seeking to extend these concepts, our attention has been

drawn to electrochemically gated systems, with a redox-active
pendant introduced to a general donor−bridge−acceptor
structure. By tuning of the formal redox state of the gate, a
change in the QI patterns between the donor and acceptor
should be introduced (Figure 3). We have chosen to base our

design strategy around mixed-valence compounds in which the
donor and acceptor differ only in their formal oxidation
state.25−28 Indeed, in recent times there has been a resurgence
of interest in mixed-valence models of intramolecular charge-
transfer processes, from the development of theoretical
descriptions and spectroscopic analysis of the charge-transfer
event29 to the development of novel optoelectronic materials
and the design of molecular electronic components.30

Some of the present authors have explored aspects, including
mixed-valence characteristics, of cross-conjugated 1,1-bis-
(alkynyl)-2-ferrocenylethene derivatives (A),31 including 1,1-
bis(ferocenylalkynyl)-2-ferrocenylethene (B)32 and tetrakis-
(ferrocenylethynyl)ethene (C)33 (Chart 1). However, efforts
to incorporate the half-sandwich building blocks M(PP)Cp′,
which have been so successful in exploring other aspects of
organometallic mixed valency when these building blocks are
linked through linearly conjugated all-carbon and carbon-rich
bridging ligands,34−40 within the cross-conjugated 1,1-bis-
(alkynyl)-2-ferrocenylethene framework through desilylation−
metalation reactions of 1,1-bis(trimethylsilylethynyl)-2-ferroce-
nylethene (Chart 1; A, R = SiMe3) or via vinylidenes formed
from 1,1-bis(ethynyl)-2-ferrocenylethene (Chart 1; A, R = H)
have so far proved fruitless.32

Here we now report the development of an extended
derivative of the 1,1-bis(alkynyl)-2-ferrocenylethene building
block A and the successful preparation of bis-M(dppe)Cp* (M
= Fe (1), Ru(2)) complexes (Chart 1). The electronic structures
and intramolecular charge transfer processes through the
branched carbon-rich ligand framework within redox families
generated from these compounds have been explored through a
combination of electrochemical, spectroscopic, and computa-
tional methods, revealing the subtle differences that arise from
the use of the iron and ruthenium end caps.

■ RESULTS AND DISCUSSION
Syntheses and Characterization. Mono- and binuclear

alkynylmetal complexes in theM(dppe)Cp* series (M= Fe, Ru)
are usually prepared by one of two general routes.34,41−43 Most

Figure 1. Cartoon sketch of an anti-resonance arising from QI through
a molecular junction formed from a cross-conjugated gem-diethynyle-
thene, on the basis of the work of Andrews et al.14 The energy of the
anti-resonance is sensitive to the chemical structure of the pendant
group, E.

Figure 2. Chemically gated QI systems proposed by Grozema and
colleagues.24

Figure 3. Electrochemically gated analogue of Grozema’s QI transistor.
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commonly, the readily available MCl(dppe)Cp* precursor44 is
reacted with a terminal alkyne to give the corresponding
vinylidene derivative. In turn, deprotonation of the vinylidene
gives the alkynyl metal complex.43,45−47 Alternatively, MCl-
(dppe)Cp* (M = Fe, Ru) can be reacted with a trimethylsilyl-
protected alkyne in the presence of a fluoride source (such as KF
or NBu4F) to give the metal alkynyl complex via an in situ
desilylation−metalation sequence.48−54

In previous investigations by a number of the current authors
the reaction of FcCHC(CCH)2 with RuCl(PPh3)2Cp gave
the monovinylidene complex [FcCHC(CCH){CH
CRu(PPh3)2Cp}]

+. However, all efforts to prepare trimetallic
FcCHC{CCRu(PPh3)2Cp}2 from either FcCHC(C
CH)2 or the trimethylsilyl-protected analogue FcCHC(C
CSiMe3)2 proved unsuccessful,32 likely due to excessive steric
crowding.
In the current study, Sonogashira cross-coupling of FcCH

C(CCH)2
31 with 4-(trimethylsilylethynyl)bromobenzene

was employed to give the “extended” precursor FcCH
C{1,4-CC−C6H4−CC−SiMe3}2 (3) (Scheme 1). Reac-
tion of 3withMCl(dppe)Cp* (M = Ru, Fe) and KF in a 1/1 (v/
v) mixture of tetrahydrofuran and methanol gave 1 (97%) and 2
(65%) as red and orange powders, respectively (Scheme 2).

Potassium tert-butoxide was used as both a base and a reducing
agent during the workup of the more acidic and oxidatively
sensitive homometallic iron complex 1. Alternatively, 1 could
also be obtained via an intermediate bis(vinylidene) complex
(Scheme 2). Desilylation of 3 (K2CO3/MeOH) gave FcCH
C{1,4-CC−C6H4−CC−H}2 (4), which was briefly char-
acterized and reacted directly with FeCl(dppe)Cp* in the
presence of NH4PF6 to give the intermediate vinylidene
complex [FcCHC{1,4-CC−C6H4−CHCFe(dppe)-
Cp*}2](PF6)2 (5(PF6)2). Subsequent deprotonation of 5(PF6)2
with KOBut gave 1 in quantitative yield.
The new complexes 1 and 2 were obtained and characterized

by mass spectrometry, IR, 1H and 31P NMR, and UV−vis
spectroscopy, and cyclic voltammetry. As previously noted for
the organic derivatives FcCHC(CCR)2,

31 the 1H NMR
spectra of 1 and 2 confirm the free rotation of the ferrocenyl
moiety around the ferrocene−vinyl C−Cbond, with the protons
of the η-C5H4 ring observed as only two signals (δH 4.33, 4.80
(1); δ 4.41, 4.88 (2)). In 1, the vinyl proton resonance is
overlapped by the protons of the C6H4 ring (δH 6.80−6.89) but
is clearly observed in 2 at δH 6.86. The protons of the Cp*
ligands attached to the iron atoms in 1 are observed as a single,
slightly broadened resonance (δH 1.33 ppm), while those in 2

Chart 1

Scheme 1. Synthesis of 3
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are observed as two very closely spaced, but well-resolved,
singlets (δH 1.57 and 1.58 ppm), as the E and Z arms of the
double bonds are not strictly equivalent. However, the electronic
and stereochemical differences are not detected in 31P NMR
spectra, with the phosphorus atoms on the two M(dppe)Cp*
moieties resonating as singlets at δP 99.3 and 80.6 for 1 and 2,
respectively.
The IR spectra of 1 and 2 exhibit strong νM−CC bands at

2046 and 2062 cm−1, respectively. As is generally observed for
iron and ruthenium complexes M(CCR)(dppe)Cp*, the
frequency of the νM−CC stretch is somewhat higher for the
ruthenium complex than for its iron homologue.55,56 Two weak
νCC bands at 2201 (sh) and 2187 cm

−1 (1) and a broad stretch
at 2189 cm−1 (2) arise from the triple bonds which connect the
vinyl ferrocenyl moiety to the phenyl rings. The spectra of 1 and
2 also show an intense band at 1591/1592 cm−1 which can be
assigned to the νCC vibration of the vinyl group. The significant
intensity of this band is likely due to the dipole across the
Cp*(dppe)M−donor ferrocene−acceptor fragment.
Cyclic Voltammetry of 1 and 2. The initial scans in the

cyclic voltammetry of 1 and 2 were recorded between −1.2 and
0.6 V (vs. FeCp2/FeCp2

+ at 0.00 V) in 0.1 MNBu4PF6/CH2Cl2.
In each case, the voltammograms are characterized by two quasi-
reversible and well-separated waves, the separation between the
anodic and cathodic peaks for each redox wave (ΔEp = 0.08 ±
0.01 V) being somewhat larger than the value expected for
electrochemically reversible systems (ΔEp = 0.06 V) (Figure 4
and Table 1). The first wave, which consumes approximately
double the current of the second, corresponds to the near-

simultaneous oxidation of the twoM(CCR)(dppe)Cp* units,
while the second waves can safely be assigned to the ferrocenyl
moiety. The (ip

a/ip
c) current ratios indicate some chemical

irreversibility of the second wave, reflecting chemical instability
of the electrochemically generated trications. In line with these
assignments, the first oxidation process(es) of the Fe(dppe)Cp*

Scheme 2. Synthesis of 1, 2, 4, and 5(PF6)2

Figure 4. Cyclic voltammograms for 1 (0.2 mM) and 2 (0.2 mM)
recorded at ν = 0.100 V s−1 in 0.1 M NBu4PF6/CH2Cl2.
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complex 1 occur(s) some 0.37 V more negative than that of the
ruthenium analogue 2, while oxidation potentials assigned to the
ferrocenyl groups in 1 and 2 differ by only 0.02 V (Figure 4).
In Situ ESR Spectra of 1(PF6)n and 2(PF6)n (n = 1, 2). The

facile oxidation of 1 and 2 revealed by the electrochemical
measurements prompted consideration of the redox-related
products. The complexes 1 and 2were each reacted with 2 equiv
of [Cp2Fe](PF6) in THF at −60 °C for 1 h, and the resulting
solutions of 1(PF6)2 or 2(PF6)2 transferred to an ESR quartz
tube and immediately cooled to liquid nitrogen temperature.
ESR monitoring established that while the iron complex
diradical is stable in a glass at 66 K (−207 °C) or even as a
fluid THF solution below −60 °C, the concentration of ESR-
active iron species decreases above −40 °C and completely
decomposes within 5 min at 20 °C.
The ESR spectra of 1(PF6)2 and 2(PF6)2 recorded at 66 K

(Figure 5) are each characterized by one broad signal (1(PF6)2,

g = 2.1265; 2(PF6)2, g = 2.1034) with a width from peak to peak
of ca. 330 G for 1(PF6)2 and 120 G for 2(PF6)2 (Figure 5). The
ESR spectra of 1(PF6)2 and 2(PF6)2 strongly contrast with the
spectra of the iron and ruthenium radical cations [M(C
CR)(dppe)Cp*]PF6 (M = Fe, Ru), which show one signal with
three features (g1, g2, and g3) characteristic of low-spin d5

complexes with a pseudo-octahedral geometry,45,56,58 while
substituted ferrocenyl cations exhibit one signal with two tensor
components (g|| and g⊥).

59

In the case of the iron complex 1(PF6)2, the presence of
partially resolved features in the rather broad ESR spectrum
suggests that the signal is close to decoalescence, consistent with
a degree of electron exchange between the Fe(dppe)Cp* and Fc
moieties on a rate comparable with the ESR time scale. In the
case of 2(PF6)2, the ESR spectra shown in Figure 5 can be
regarded as averaged signals resulting from a fast intramolecular
electron transfer at the ESR time scale (faster than 10−9 s)
between the M(dppe)Cp*moieties and the ferrocenyl group. A

very similar spectrum was reported by Sato and co-workers for
the highly delocalized mixed-valence complex [Cp(dppe)Fe−
CC−(η-C5H4)FeCp](PF6).

60 Moreover, the smaller g value
and the narrower ESR signal obtained for the ruthenium
derivatives might result from a larger carbon character of the
SOMOs which contains the unpaired electrons.
Given the failure to observe 1(PF6) in spectroelectrochemical

experiments (vide infra), in an additional experiment, complex 1
was reacted with 1 equiv of [Cp2Fe](PF6) under the same
conditions to give a solution containing 1(PF6) comproportio-
nated with 1 and 1(PF6)2. The ESR spectrum collected from this
solution is less intense but otherwise identical with that obtained
from 1(PF6)2. In other words, the mono- and dications give rise
to sufficiently similar ESR spectra that a distinction cannot be
drawn. This is consistent with DFT calculations in which the
spin density in 1+ and 12+ is localized on one or both
Fe(dppe)Cp* fragments.

IR Spectroelectrochemical Studies of 1(PF6)n (n = 0−3)
and 2(PF6)n (n = 0−2). UV−vis−NIR and IR spectroelec-
trochemical investigations of 1(PF6)n (n = 0−3) and 2(PF6)n (n
= 0−2) were undertaken to complement the electrochemical
and ESR studies of the chemically oxidized compounds. In the
IR spectra, the stepwise oxidation of 1 and 2 from the neutral
species to the dication induces a shift to lower wavenumbers of
the νM−CC bands from 2046 to 1991 cm−1 and from 2062 to
1927 cm−1 in the iron and ruthenium series, respectively. As the
oxidation of complexes 1 and 2 proceeds, the νFc−CC band
stretch at 1591/1592 cm−1 corresponding to the vinyl group
decreases while new less intense band envelopes appear at lower
energy, indicating a degree of delocalization along at least one of
the M−CCCHCHFc branches.
In the iron series, the intensity of the band corresponding to

the neutral complex 1 continuously decreases while the band
corresponding to the dication 1(PF6)2 gradually appears. An
intermediate band associated with the transient formation of the
monocation 1(PF6) could not be detected. In contrast, for the
ruthenium analogue, transient features in the IR spectroelec-
trochemical experiment were observed at 2131 (w), 2040 (sh),
1994 (m), 1891 (s), 1572 (m), and 1547 (m) cm−1 during the
oxidation of 2 to 2(PF6)2, corresponding to the presence of
2(PF6) in the comproportionated mixture (Figure 6 and Table
2). Taken together, the IR spectra suggest that the E and Z arms
of the molecule are completely independent in the iron
complexes, while a degree of delocalization leading to enhanced
stability of the mixed-valence form 2(PF6) can be observed in
the case of the ruthenium complexes.
On further oxidation of 2(PF6)2 the sample evinced

significant and rapid decomposition on the time scale of the
spectroelectrochemical experiment, which prevented confident
assignment of the resulting spectra. However, in the case of the
iron complex oxidation to a trication with sufficient chemical
stability to be observed could be achieved, with the assignment
being made with confidence following the recovery of the
spectrum of the dication on back-reduction. Oxidation of
1(PF6)2 to 1(PF6)3, which could be followed by observing the
low-energy edge of the electronic transitions that fall in the
window of the spectrometer (1000−10000 cm−1), had little
effect on the νM−CC and νFc−CC IR bands, consistent with a
ferrocenyl-localized oxidation.

NIR Spectroelectrochemical Studies of 1(PF6)n (n = 0,
2, 3) and 2(PF6)n (n = 0−2).Upon oxidation of 1 to 1(PF6)2 in
the spectroelectrochemical cell (Figures 7 and 8), the character-
istic MLCT absorption band near 20000 cm−1 61 collapses,

Table 1. Electrochemical Dataa for 1 and 2

compd redox site E1/2 (V) ΔEp (V) ip
a/ip

c

1 Fe(dppe)Cp* −0.55b 0.09 0.99
Fc +0.12 0.08 0.77

2 Ru(dppe)Cp* −0.17b 0.08 ∼1c

Fc +0.15 0.09 0.76
aPotentials in 0.1 M CH2Cl2, NBu4(PF6), platinum electrode, sweep
rate 0.100 V s−1, potentials are relative to external FeCp2/FeCp2

+ at
0.00 V (internal reference Cp2Co/[Cp2Co]

+ = −1.30 V).57 bApparent
half-wave potential from two unresolved redox processes. cThe small
separation of the redox processes E(1) and E(2) makes precise
measurement of the current ratio ip

a/ip
c difficult.

Figure 5. X-band ESR spectra of 1(PF6)2 (top) and 2(PF6)2 (bottom)
at 66 K.
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giving way to a lower-intensity LMCT feature near 12000
cm−1.58 To even lower energy (ca. 5000 cm−1), the characteristic
d−d (mixed with CC π character) transition of an Fe(III)
pseudo-octahedral [FeIII(CCR)(dppe)Cp*]+ complex can be
observed growing in concurrently.58 Further oxidation to
1(PF6)3 does not affect the Fe(III) d−d transitions associated
with the [FeIII(CCR)(dppe)Cp*]+ moieties but does cause a
collapse of the LMCT band and the appearance of a weak
absorption band envelope around 8000−10000 cm−1. Absorp-
tion bands at similar energy have been observed on oxidation of
other ferrocenyl ene-diynes and assigned to the ferrocenium-like
d−d transitions and LMCT transitions within the vinyl-
ferrocenium moiety.31 These data are consistent with the
suggestions made from other spectroscopic observations, with
largely independent oxidation of the Fe(dppe)Cp* moieties
being followed by oxidation of the ferrocene fragment. There is
no detectable absorption band that can be confidently assigned
to an intramolecular intervalence charge transfer (or IVCT)
transition.
The stepwise oxidation of the ruthenium-based complex 2

was also carried out in a spectroelectrochemical cell (Figure 9).
As the potential in the cell is increased to more positive values,
the MLCT (or dπ−π*) band near 25000 cm−1, which typifies
Ru(CCR)(PP)Cp′ complexes,62 begins to collapse, giving
way to a complex series of band envelopes in the NIR region.
The band shape evolves with increasing applied potential, with
the presence of an isosbestic point near 20000 cm−1 and the
reversibility of the spectral changes on the reverse potential
sweep consistent with the establishment of the comproportio-
nated equilibrium of 2, 2(PF6), and 2(PF6)2. The definitive
assignment of the transitions responsible for the NIR absorption
features is an extraordinarily difficult task, given the range of
conformations that can be adopted by the rotation of the
sandwich, half-sandwich, and phenylene moieties relative to
each other.38−40 However, the distinct feature near 5500 cm−1 is
similar to the IVCT band observed in weakly coupled mixed-
valence Ru(dppe)Cp* complexes.52,63 This band grows during
the early stages of oxidation at lower (less positive) potentials,
where the equilibrated solution contains 2(PF6) comproportio-
nated with 2 and 2(PF6)2, and collapses at higher (more
positive) potentials, where the solution is expected to be
essentially wholly 2(PF6)2. It is therefore very likely that this
band envelope near 5500 cm−1 can be assigned to an IVCT
transition between the Ru(dppe)Cp* moieties. The NIR bands
nearer 10000−15000 cm−1 likely arise from a combination of Fc
→ {CCRu(dppe)Cp*}+ charge transfer49,64,65 and LMCT
transitions62 in 2(PF6)2, which is the principal species in the
solution at higher potentials. While these spectroscopic changes
were reversible within the cell, as noted for the IR
spectroelectrochemical experiments, attempts to generate
2(PF6)3 by further electrolysis resulted only in extensive
decomposition of the sample.

Computational Studies. Density functional theory (DFT)
calculations were carried out on compounds 1 and 2 and their
cationic species to gain further insight into the structural
arrangements, electronic structures, and bonding properties at
the PBE0/LANL2DZ level of theory (see the Experimental
Section for computational details), which complement earlier
studies of cross-conjugated carbon scaffolds and complexes cited
above and elsewhere.66−68 The optimized molecular structure of
the energetically most stable conformer found in each case and
atom labels are shown in Figure 10, and important bond lengths
and angles are summarized in Table 3.

Figure 6. IR spectra of 1 and 2 collected spectroelectrochemically in 0.1
M CH2Cl2/NBu4PF6. The spectra of the transiently observed
comproportionated mixture between the neutral and dicationic states
is shown as a solid black trace in the lowest panel, the unique features
being attributed to 2+.
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The molecular geometry around the −CC-M(dppe)Cp*
end-cap units in 1 (M = Fe) and 2 (M = Ru) is similar to that of

Table 2. Characteristic IR Data for 1n+ and 2n+ (n = 0−3) (CH2Cl2/0.1 M NBu4PF6)

n 1 (cm−1) calcd (cm−1)a 2 (cm−1) calcd (cm−1)a

0 νCC 2202 (w,sh), 2187 (w) 2182 (129) 2189 (vw) 2184 (138)
νM−CC 2046 (vs) 2047 (1779) 2062 (s) 2057 (2028)
νFc−CC 1591 (s) 1590 (278), 1472 (291) 1592 (s) 1590 (314), 1472 (304)

1 νCC 2191 (1148), 2000 (2580) 2135 (w) 2156 (1036)
νM−CC 2040 (1999) 1994 (m), 1891 (s) 1953 (62580)
νFc−CC/νCC(Ar) 1548 (2130) 1572 (m), 1547 (m)

2 νCC 2206 (w, sh), 2191 (w) 2181 (436) 2191 (w) 2150 (3974)
νM−CC 2045 (vw, sh), 1991 (w) 2025 (458) 1927 (m) 1914 (1729)
νFc−CC/νCC(Ar) 1590 (w), 1574 (w), 1563 (w) 1551 (574) 1629 (w), 1581 (w, br) 1512 (1975)

3 νCC 2205 (w, sh), 2190 (w)
νM−CC 2040 (vw, sh), 1993 (w)
νFc−CC/νCC(Ar) 1591 (w), 1575 (w), 1562 (w)

aValues in parentheses are given in km/mol.

Figure 7. NIR spectra of 1n+ collected spectroelectrochemically
(CH2Cl2/0.1 M NBu4PF6) (top). The expansion of the lower energy
region (bottom) highlights the extremely weak, approximately
Gaussian shaped bands observed for 12+ and 13+. In this lower energy
region, neutral 1 is featureless.

Figure 8. Expanded view of the UV−vis−NIR spectra of 1n+ collected
spectroelectrochemically (CH2Cl2/0.1 M NBu4PF6). At this scale the
difference between the spectra of 12+ and 13+ cannot be discerned and
hence 13+ is omitted.

Figure 9. UV−vis−NIR spectra of 2n+ collected spectroelectrochemi-
cally (CH2Cl2/0.1 M NBu4PF6), including the unique spectroscopic
features of the comproportionated mixture.
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model component monometallic complexes Fe(CCPh)-
(dppe)Cp* and Ru(CCPh)(dppe)Cp*,53,55,56 with bond
lengths and angles in the previously established ranges.34,69 The
two end caps are twisted relative to each other with the torsion
angle (τ) between planes defined by Cp#−M2−M3 and M2−
M3−Cp# (Cp# represents the centroid of the respective Cp*

rings here or Cp in the case of the ferrocenyl moiety described
below) determined as τ = 67 and 46° for 1 and 2, respectively.
To favor π delocalization, the two phenyl rings are nearly
coplanar in both compounds. With regard to the ferrocene
moiety, an average Fe−Cp# distance of 1.65 Å is computed for 1
and 2. This value compares very well with that experimentally
measured in FeCp2.

70

The HOMOs of complexes 1 and 2 are substantially
energetically separated from the LUMO by 3.19 and 3.20 eV,
respectively (Figure 11). The nodal properties of the HOMOs

Figure 10. Plots illustrating the DFT-optimized molecular structures of
complexes 1 (top) and 2 (bottom). Blue, orange, and gray spheres are
metal, phosphorus, and carbon atoms, respectively. Hydrogen atoms
are omitted for clarity.

Table 3. Important DFT-Optimized Bond Lengths (Å) and Angles (deg) for Complexes 1n+ and 2n+ (n = 0−2)

1 1+ 12+ a 2 2+ 22+ a

M2−Cp*# (centroid) 1.741 1.742 1.770 1.909 1.918 1.931
M3−Cp*# (centroid) 1.741 1.768 1.770 1.908 1.920 1.931
Fe1-Cp# (centroid) 1.646/1.645 1.647/1.646 1.649/1.644 1.646/1.645 1.654/1.649 1.652/1.646
M2−C3 1.869 1.846 1.868 1.986 1.952 1.923
M3−C9 1.870 1.855 1.867 1.987 1.944 1.924
C1−C2 1.396 1.373 1.373 1.369 1.384 1.379
C2−C8 1.427 1.424 1.425 1.427 1.417 1.421
C2−C14 1.428 1.425 1.427 1.428 1.418 1.422
C7−C8 1.222 1.222 1.221 1.222 1.225 1.223
C13−C14 1.221 1.222 1.221 1.221 1.225 1.224
C6−C7 1.424 1.423 1.423 1.424 1.415 1.417
C12−C13 1.424 1.418 1.422 1.424 1.412 1.416
C4−C5 1.424 1.421 1.426 1.424 1.410 1.410
C3−C4 1.239 1.240 1.237 1.237 1.246 1.252
C9−C10 1.239 1.238 1.237 1.237 1.248 1.253
M2−P1 2.212 2.212 2.306 2.293 2.309 2.343
M2−P2 2.203 2.204 2.280 2.285 2.300 2.329
M3−P3 2.211 2.295 2.308 2.293 2.313 2.343
M3−P4 2.202 2.274 2.280 2.285 2.304 2.329
M2−C3−C4 176.4 176.1 175.2 175.2 174.5 174.5
M3−C9−C10 176.3 175.7 175.7 175.3 174.6 174.5
C3−C4−C5 179.0 179.6 179.4 179.3 179.4 179.0
C9−C10−C11 179.3 178.7 177.9 179.2 179.1 179.0
C6−C7−C8 179.5 178.4 176.6 179.0 179.0 177.4
C12−C13−C14 179.8 179.5 178.2 179.9 179.7 178.7
C2−C14−C13 179.1 179.3 178.0 179.4 179.9 178.2
C1−C2−C8 124.5 125.0 123.5 124.3 124.1 123.6
C1−C2−C14 119.7 118.7 118.8 119.6 118.6 118.7
τb 67.6 84.6 114.3 46.0 99.0 156.9

aTriplet state configuration. bSee text.

Figure 11. DFT molecular orbital diagram of 1 (left) and 2 (right).
M2/Fe1(Fc)/carbon-backbone/M3 percentage contributions are
given in italics (M = Fe, Ru).
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of 1 (Figure 12) and 2 (Figure 13) are comparable, forming part
of the “t2g” set expected for pseudo-octahedral metal centers, and
are π in character, heavily weighted on the metal centers and on
the carbon backbone with little to no (HOMO-1) or only a weak
(HOMO) contribution of the Fc and ethenyl moieties (Figures
11−13). It is noteworthy that the closely lying HOMO and
HOMO-1 are not equally distributed over the two branches of
the molecules; rather, each largely forms the π system associated
with one “branch” of the cross-conjugated carbon backbone.
These orbitals have significant M2−C3 and M3−C9 antibond-
ing and C3−C4 and C9−C10 bonding character. The LUMOof
1 and 2 is mostly centered on the ethenyl group and shows a
strong π* character. A noticeable participation of the ferrocenyl
moiety in the LUMO of 1 and 2 is observed (Figure 11).
The geometries of the redox-related monocationic 1+ and 2+

and dicationic 12+ and 22+ species were also calculated, the
results of which are summarized in Table 3 (metrical parameters
of only the triplet states are given for the dicationic species, being
largely energetically preferred over the singlet states by more
than 1.8 eV). In the absence of a complete set of spectroscopic
data permitting comparison of 13+ and 23+, these tricationic
species were not calculated. Unsurprisingly given the M−C
antibonding and CC bonding character of the HOMOs,
oxidation of 1 and 2 leads to some shortening of theM2−C3 and
M3-C9 distances and a slight lengthening of the adjacent CC
bonds in the case of 2 (Table 3). The ethenyl C1−C2 bond
length remains almost constant across each series. The Fe−
C(alkynyl) bond length is rather insensitive to changes in the
metal oxidation state in Fe(CCR)(dppe)Cp* complexes,
differences falling within the experimental statistical differences
in the examples that have been crystallographically characterized

to date.58,61 From the data in Table 3 it can be seen that the
Fe2−C3 and Fe3−C9 distances contract by only some 0.02 Å on
oxidation of 1 to 1+, before elongating again in the triplet
dication. The changes in formal metal oxidation state are more
readily observed through the Fe−Cp*(centroid) and Fe−P
distances. Therefore, if we consider the optimized geometries of
1, 1+, and 12+ we see that on oxidation from 1 to 1+ the Fe(3)−
Cp*centroid distance increases from 1.741 to 1.768 Å and the
Fe(3)−P(3)/Fe(3)−P(4) distances elongate from 2.211/2.202
to 2.295/2.274 Å, consistent with oxidation of this metal site,
whereas Fe(2) parameters are largely unchanged (i.e., localized
oxidation at Fe(3)). On oxidation to 12+, the parameters at
Fe(3) remain similar to those of 1+, while Fe(2) exhibits the
expected changes that accompany oxidation. In contrast, the
ruthenium analogues [Ru(CCR)(dppe)Cp*]n+ feature more
Ru−CC character in the HOMO/SOMO and hence
structural changes are more evident in the Ru−C and CC
distances on oxidation (Table 3).
Despite the fact that the energies of the HOMO and LUMO

are rather similar in both 1 and 2 (Figure 11), the computed
adiabatic ionization potentials (IPs) differ; values of 10.53 and
11.39 eV for the dications 12+ and 22+ were found, respectively.
The higher IP of 22+ in comparison with that of 12+ is consistent
with the higher oxidation potential of 2 in comparison to 1
(Table 1). We note that a direct correlation of the gas-phase IPs
and electrochemical potentials should not be expected, given the
sensitivity of the electrochemical data to solvation, ion pairing,
and inner-sphere reorganization energies.
The energies of the key molecular vibrations were computed

for 1n+ and 2n+ (n = 0−2) to provide a point of reference between
the experimental observations and the computational results.

Figure 12. Plots (from left to right) of the HOMO-1 (−4.78 eV), HOMO (−4.63 eV), LUMO (−1.44 eV), and LUMO+1 (−0.85 eV) of complex 1.
Contour values are ±0.03 (e/bohr3)1/2.

Figure 13. Plots (from left to right) of the HOMO-1 (−4.74 eV), HOMO (−4.59 eV), LUMO (−1.39 eV), and LUMO+1 (−0.86 eV) of complex 2.
Contour values are ±0.03 (e/bohr3)1/2.
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For the neutral complexes 1 and 2, the νM−CC and νCC
vibrational frequencies are computed at 2047 cm−1 (1779 km/
mol) and 2183 cm−1 (129 km/mol) (1) and at 2057 cm−1 (2028
km/mol) and 2184 cm−1 (138 km/mol) (2) in excellent
agreement with the experimentally determined values (Table 2).
The vinyl νCC bands are calculated at 1472 cm−1 (291 km/
mol) and 1590 cm−1 (278 km/mol) for 1, and 1472 cm−1 (304
km/mol) and 1590 cm−1 (314 km/mol) for 2. Again, these
values are in excellent agreement with the observed bands at
1591 and 1592 cm−1, the bands calculated to fall below 1500

cm−1 not being clearly resolved in the experimental spectra. For
the monocationic system 1+ for which no experimental values
are observed, strong and moderate νCC bands are calculated at
2000 cm−1 (2580 km/mol) and 2191 cm−1 (1148 km/mol),
whereas a νM−CC band is calculated at 2040 cm−1 (1999 km/
mol). Overall, these values reflect localized oxidation of one
Fe(dppe)Cp* moiety. The vinyl νCC band shifts somewhat to
1548 cm−1 (2130 km/mol) for 1+.
In the case of 2+, a very intense νM−CC band is calculated at

1953 cm−1 (62580 km/mol) and involved a coupled oscillation

Figure 14. Spatial distribution of the computed spin density of 1+ (left) and 2+ (right). Isocontour value: ±0.002 e/bohr3.

Figure 15. Spatial distribution of the computed spin density of the triplet states of 12+ (left) and 22+ (right). Isocontour value: ±0.002 e/bohr3.
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of both Ru−CC fragments. Vibration of the CC bonds
associated with the vinyl moiety are calculated at 2156 cm−1

(1036 km/mol). The very high oscillator strength of the νM−CC
band arising from vibration along the electron-transfer axis in 2+

accounts for the observation of a band from this species in the
experimental spectroelectrochemical experiment, despite the
low equilibrium concentration of this species.
For the dicationic (triplet) system 12+, twomoderately intense

νM−CC and νCC vibrations are calculated at 2025 cm−1 (458
km/mol) and 2181 cm−1 (436 km/mol), respectively, while the
vinyl νCC band at 1551 cm−1 (574 km/mol) would be
experimentally indistiguishable from that in 1+. These values
compare very well with the spectroelectrochemically observed
bands at 2191 (νCC), 1991 (νM−CC), and 1563 (νCC) cm

−1.
The observation of additional bands in the experimental spectra
is not unexpected, given the conformational flexibility of these
complexes with regard to the dihedral angles among the key
Fe(dppe)Cp*, C6H4, and Fc moieties. For the Ru analogue 22+,
νM−CC and νCC vibrations are calculated at 1914 cm

−1 (1729
km/mol) and 2150 cm−1 (3974 km/mol), respectively. The
vinyl νCC vibration is computed at 1512 cm−1 (1975 km/mol).
These values are comparable to those experimentally measured
(Table 2).
With the vibrational data giving confidence in the relevance of

the optimized molecular geometries to the experimental
samples, attention was turned to further exploration of the
electronic structures. Mulliken atomic spin densities of the
monocationic species 1+ and 2+ were computed and compared
to gain insight concerning the (de)localization of the unpaired
electron over the molecule, as well as some indication about the
electronic communication between the metal end groups via the
Fc-carbon backbone. The results reveal a quite asymmetric iron
cation 1+ with the unpaired electron mostly localized on one
branch, especially on the −CC−Fe(dppe)Cp* end-cap unit
(Figure 14, left). The spin density on Fc is very small (0.02 e),
indicating that the oxidation occurs mainly at one iron−ethynyl
unit. For 2+, the situation differs, with the unpaired electron
more extensively delocalized over the whole molecule with
comparable contribution on the Ru atoms and Fc (Ru2, 0.13 e;
Ru3, 0.17 e; Fc, 0.12 e; carbon backbone, 0.88 e) (Figure 14,
right). This indicates that electron density is removed from three
metal centers and the carbon backbone upon oxidation of 2.
Finally, it is worth mentioning that a more substantial spin
density on the β-carbon atom close to the ferrocenyl group is
computed for 2+ (0.20 e) in comparison to 1+ (0.04 e).
Mulliken atomic spin densities of the dicationic species 12+

and 22+ with their triplet electronic configuration were also
computed (Figure 15). Note that the broken-symmetry singlets
(BSs) featuring the antiferromagnetic states are computed to be
almost isoenergetic (less stable by 0.001 eV (ca. 0.2 kcal/mol)).
For the iron species, the spin density is mainly localized on the
iron atoms of the Fe(dppe)Cp* fragments (Fe2, 1.13 e; Fe3,
1.13 e) and to a lesser extent on the carbon bridge (0.67 e),
consistent with the formal assignment of Fe(III) oxidation states
for these fragments. The contribution on the Fe atom of the
ferrocenyl (Fc) moiety is very weak (0.02 e). In the case of the
ruthenium species, the spin density is more evenly distributed
over the whole molecule with 1.69 e on the carbon bridge and
0.47 and 0.46 e on the Ru2 and Ru3 ruthenium centers,
respectively. Note that, while the participation of the ferrocenyl
iron atom Fe1 is small (0.07 e), this is still significantly greater
than in the iron species (0.02 e).

ESR properties of the complexes 1n+ (n = 1, 2) and 2n+ (n = 1,
2) were also computed. The resulting g tensor components are
given in Table 4 for a comparison with experiment. The

agreement is moderately satisfactory, although the computed
values indicate some anisotropy of the rhombic g tensor (Δg = g1
− g3) for both compounds, which is not observed
experimentally. Moreover, the values calculated for 1+ and 12+

differ substantially; this suggests that the concentration of 1+ in
the comproportionated mixture studied experimentally is too
low to be observed. In addition, the small values ofΔg computed
for the mono-oxidized forms 1+ (0.111) and 2+ (0.069) are
consistent with an important degree of delocalization of the odd
electron in these mixed-valence species, especially for the
ruthenium compound.34 However, these results must be taken
with caution, as it is known that the rotational orientation of the
M(dppe)Cp* fragments around the M−CC axis relative to
the conjugated ligand can strongly influence the g-tensor
values.71 Despite these ambiguities, the smaller values of the g-
tensor components for 2+ and 22+ with respect to 1+ and 12+

reflect more delocalization in the ruthenium compounds, as
inferred from the experimental spectroscopic data and electronic
structure calculations.
In order to explore the involvement of the Fc group in the ESR

properties of 1n+ and 2n+ (n = 1, 2), g-tensor computations were
performed on the iron models [FcCHCH2]

+ (6+) and
[CH2C{1,4-CC−C6H4−CC−Fe(dppe)Cp*}2]+ (7+)
for comparison. As expected, an axial g tensor is obtained for
6+ with two different tensor components (g|| = 1.173 and g⊥ =
4.473). Such values are comparable to those expected for Fc+

complexes.72−74 Computations on model 7+ predict a giso value
of 2.079 and a rhombic splitting of the g tensor with gl = 1.994, g2
= 2.105, and g3 = 2.140 which differs very slightly from that
computed for 1+ (Table 4). These results seem to indicate a
relatively minor role of the Fc group on the ESR properties of 1n+

and 2n+.

■ CONCLUSION
The complexes FcCHC{1,4-CC−C6H4−CCM(dppe)-
Cp*}2 (Fc = ferrocenyl (FeCp(η-C5H4-); M = Fe (1), Ru (2))
and their redox-related products have provided further
opportunities to explore the electronic differences and
characteristics of putative mixed-valence complexes derived
from the half-sandwich {M(dppe)Cp*} moieties, through an
“extended” cross-conjugated bridging ligand. Despite the low
(unresolved) separation of the first two oxidation processes, in
the case of the ruthenium species 2 a combination of UV−vis−
NIR and IR spectroelectrochemistry can be used to detect the
presence of mixed-valence 2+ in the comproportionatedmixture.
Electron exchange between the metal complex “branches” of 2+

appears to be fast on the EPR time scale, with significant
contributions from the carbon chain and organic-like singlet in

Table 4. Computed (Experimental) ESR Parameters for 1n+

and 2n+ (n = 1, 2)

compd g1 g2 g3 giso Δg
1+ 2.003 2.083 2.114 2.067 (2.1265) 0.111
12+ 1.980 2.114 2.222 2.106 (2.1265) 0.242
2+ 2.006 2.044 2 0.075 2.042 0.069
22+ 1.880 1.947 2.019 1.949 (2.1034) 0.139
6+ 1.165 1.181 4.473 2.273 3.308
7+ 1.994 2.105 2.140 2.079 0.146
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the EPR spectrum. Quantum chemical analysis supports the
description of 2+ in terms of a polarized, but still rather
extensively delocalized, systemwith substantial spin density over
the bridging ligand framework. In contrast, the iron complex 1
gives rise to much more metal localized redox behavior.
Apparently the more limited delocalization into the carbon-
rich bridging ligand lowers the thermodynamic stability of
mixed-valence 1+, which cannot be detected spectroscopically
using the methods available here. Thus, as has been observed
recently in linearly conjugated systems,37 the limited d−π
mixing associated with 3d metals such as Fe promotes more
localized behavior in mixed-valence complexes featuring carbon-
rich bridging ligands, while heavier 4d metals such as Ru mix
more extensively with the ligand, leading to more bridge-based
redox character.

■ EXPERIMENTAL SECTION
All reactions were carried out using standard Schlenk techniques under
dry, inert atmospheres of argon (reactions involving FeCl(dppe)Cp*)
or nitrogen (all other reactions). Triethylamine was distilled over
potassium hydroxide; hexanes, diethyl ether, and tetrahydrofuran were
dried by passage over an alumina column or distilled from sodium
benzophenone ketyl. Methanol was dried and distilled frommagnesium
methoxide. Dichloromethane was dried either by distillation under
argon from P2O5 and then Na2CO3 or on an Inert Technologies solvent
purification system. Triethylamine and methanol were further
deoxygenated by sparging with N2 or Ar before use. Other solvents
were standard reagent grade and used as received. No special
precautions were taken to exclude air or moisture during workup,
except where otherwise indicated. The compounds FeCl(dppe)Cp*·
CH2Cl2 and RuCl(dppe)Cp*,44 FcCHC{CCH}2,

31 and Pd-
(PPh3)4

75 were prepared according to published procedures. The
compound 4-(trimethylsilylethynyl)bromobenzene was prepared by a
minor variation of the published route,76 as detailed in the Supporting
Information. Other chemicals were purchased from commercial
sources and used without further purification.
Instruments. Solid-state infrared spectra were obtained as KBr

pellets with a Bruker IFS28 FT-IR infrared spectrophotometer (4000−
400 cm−1), and solution spectra on a Cary 660 instrument. Near-IR and
UV−visible spectra were recorded in solution using a 1 cm length
quartz cell on a Cary 5000 spectrophotometer. NMR spectra were
recorded at 25 °C on a Bruker Avance III 600 (1H, 600.1 MHz; 13C,
150.9MHz; 31P, 242.9MHz), a Bruker Avance III 500 (1H, 500.1MHz;
13C, 125.8 MHz; 31P, 202.4 MHz) or a Bruker Avance 400 (1H, 400.1
MHz; 13C, 100.6 MHz) spectrometer using CDCl3 or CD2Cl2 as the
solvent. Chemical shifts (ppm) were determined relative to internal
residual solvent signals (1H, 13C)77 or external 85% H3PO4 (

31P, δ 0.0
ppm). Cyclic voltammetry was carried out in a nitrogen-filled glovebox
using a PalmSens Emstat3+ potentiostat, with platinum working
electrode, a platinum-plated titanium-wire counter electrode, and a
platinum-plated titanium wire pseudoreference electrode, from
solutions of the complex (ca. 0.2 mM) in dichloromethane containing
0.1 M NBu4PF6 as the electrolyte: ν = 100 mVs−1. The cobaltocene/
cobaltocenium couple was used as an internal reference for potential
measurements such that Cp2Co/[Cp2Co]

+ falls at −1.30 V relative to
external Cp2Fe/[Cp2Fe]

+ at 0.00 V.40 Electron spin resonance (ESR)
spectra were recorded on a Bruker EMX-8/2.7 (X-band) spectrometer
at 77 K (liquid nitrogen). Spectroelectrochemistry was conducted in an
OTTLE cell,78 using solutions in dichloromethane containing 0.1 M
nBu4NPF6 as the supporting electrolyte. Spectra were recorded on an
Agilent Technologies Cary 660 FT-IR, an Agilent Technologies Cary
5000 UV−vis−NIR, or an Avantes diode array UV−vis−NIR system
comprising two light sources (UV−vis, AvaLight-DH-S-Bal; vis−NIR,
AvaLight-Hal-S) and two spectrometers (UV−vis, AvaSpec-ULS204−
8L-USB2; NIR, AvaSpec-NIR256-2.5TEC) connected to a custom-
built sample holder by bifurcated fiber optic cables. The Vis−NIR light
source was attenuated with a band-pass filter transparent between∼900
and 4700 nm. Mass spectrometry was carried out employing ASAP

(APCI), ESI, MALDI, or EI ionization techniques. Elemental analyses
were performed at the London Metropolitan University.

FcCHC{1,4-CC−C6H4−CCSiMe3}2 (3). A mixture of
FcCHC{CCH}2 (762 mg, 2.93 mmol), 4-(trimethylsilylethynyl)-
bromobenzene (1.56 g, 6.15 mmol), Pd(PPh3)4 (160 mg, 147 μmol),
CuI (28.0 mg, 147 μmol), and triethylamine (50 mL) was heated at
reflux for 17 h and then cooled to ambient temperature. Following
removal of the solvent, the residue was purified by column
chromatography (eluent: hexanes/ethyl acetate (98/2 (v/v))) to
afford FcCHC{1,4-CC−C6H4−CCSiMe3}2 as a red solid (661
mg, ∼80% purity by 1H NMR). Analytically pure FcCHC{1,4-C
C−C6H4−CCSiMe3}2 was obtained following preparative TLC of
this solid (eluent: hexanes/ethyl acetate (98/2 (v/v))). which was
carried out in small batches immediately prior to its use in further
reactions. For a typical preparative TLC purification, 109 mg of crude 3
gave 53 mg of pure product. 1H NMR (500 MHz, CDCl3): δ 0.26 (s,
9H, Si(CH3)3), 0.27 (s, 9H, Si(CH3)3), 4.22 (5H, s, C5H5), 4.55 (m,
2H, C5H4), 4.88 (m, 2H, C5H4), 6.99 (s, 1H, CCH), 7.41−7.51 (m,
8H, C6H4).

13C NMR (125 MHz, CDCl3): δ 0.07 (Si(CH3)3), 69.9
(C5H5), 70.0 (C−H, C5H4), 70.9 (C−H, C5H4), 79.6 (C−CHC,
C5H4), 87.3 (CC), 89.8 (CC), 91.6 (CC−H), 93.3 (CC),
96.4 (CC−Si), 96.7 (CC−Si), 98.9 (CC), 104.8 (CC), 104.9
(CC), 122.8 (C−CC, C6H4), 123.2 (C−CC, C6H4), 123.5 (C−
CC, C6H4), 123.5 (C−CC, C6H4), 131.3 (C−H, C6H4), 131.4
(C−H, C6H4), 132.0 (C−H, C6H4), 132.2 (C−H, C6H4), 145.6 (C
C−H). FT-IR (CH2Cl2): ν 2209 (CC), 2156 (CC−Si), 1576
cm−1 (CC). ASAP-MS(+): m/z 605.2 [M + H]+. Anal. Calcd for
C38H36Si2Fe: C, 75.48; H, 6.00. Found: C, 75.40; H, 6.12.

FcCHC{1,4-CC−C6H4−CCH}2 (4). A Schlenk tube was
charged with FcCHC{1,4-CC−C6H4−CCSiMe3}2 (218 mg,
0.36 mmol) and an excess of K2CO3 (299 mg, 2.76 mmol, 6 equiv), and
the solids were dissolved in 2/1 MeOH/THF (18 mL). The reaction
was stirred at room temperature for 4 h, after which the solvents were
removed under reduced pressure and the solid residue was extracted
with diethyl ether. The extracts were combined, the solvent was
removed under reduced pressure, and the resulting red powder was
dried in vacuo for 1 h to yield 4, which was briefly characterized before
further use (166 mg, 0.36 mmol, nominally 100%) . 1H NMR (400
MHz, CDCl3): δ 2.98 (s, 1H, CCH), 3.00 (s, 1H, CCH), 4.02 (s,
5H, C5H5), 4.25 (s, 2H, C5H4), 4.69 (s, 2H, C5H4), 6.82 (s, 1H, C
CH), 7.06 (s, 2H, C6H4), 7.26 (s, 2H, C6H4), 7.31 (m, 4H, C6H4).

[FcCHC{1,4-CC−C6H4−CHCFe(dppe)Cp*}2](PF6)2 (5-
(PF6)2). A Schlenk tube was charged with a freshly prepared sample of 4
(149 mg, 0.32 mmol), FeCl(dppe)Cp*·CH2Cl2 (477 mg, 0.67 mmol,
2.1 equiv), and NH4PF6 (109 mg, 0.67 mmol), before addition of 2/1
MeOH/THF (15 mL). The reaction medium was stirred at room
temperature for 48 h, the solvents were removed, and the product was
extracted with dichloromethane (2 × 10 mL). The combined extracts
were concentrated to 5 mL under vacuum, and addition of methanol
(15 mL) caused the precipitation of a red solid that was collected by
filtration, washed with methanol (3 × 10 mL), and dried in vacuo to
afford 5(PF6)2 (401 mg, 0.208 mmol, 65%), as a red powder. 1H NMR
(400 MHz, CDCl3): δ 1.51 (s, 30H, C5(CH3)5), 2.42 (m, 4H, CH2),
2.98 (m, 4H, CH2), 4.15 (s, 5H, C5H5), 4.40 (s, 2H, C5H4), 4.81 (s, 2H,
C5H4), 5.04 (m, 2H, FeCCH), 6.21 (m, 2H, C6H4), 6.51 (m, 2 H,
C6H4), 6.90 (s, 1 H, CCH), 7.02 (m, 2 H, C6H4), 7.10 (m, 10H,
C6H4+m-C6H5/dppe), 7.26 (m, 8H, m-C6H5/dppe), 7.39 (m, 16H, o-
C6H5/dppe), 7.52 (m, 8H, p-C6H5/dppe).

31P NMR (162 MHz, CDCl3):
δ = 86.5 (s, dppe), 86.6 (s, dppe),−144.5 (septet, 1JP−F = 710 Hz, PF6).
FT-IR (KBr): ν 2184 s (CC), 1640 s (FeCC), 831 s (PF6)
cm−1.

FcCHC{1,4-CC−C6H4−CC−Fe(dppe)Cp*}2 (1). Route A.
Potassium fluoride (8.0 mg, 130 μmol) and FeCl(dppe)Cp*·CH2Cl2
(98 mg, 138 μmol) were added to a solution of 3 (42 mg, 69 μmol) in
tetrahydrofuran (4 mL) and methanol (4 mL), and the mixture was
heated at reflux for 20 h. Following cooling to ambient temperature, a
solution of potassium tert-butoxide in methanol (10 mL, 0.1 M) was
added, affording a deep red precipitate. The precipitate was filtered
under Schlenk conditions, washed with a solution of potassium tert-
butoxide in methanol (10 mL, 0.1 M) and hexanes (10 mL), and dried
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under vacuum to afford 1 as a red powder (109mg, 67 μmol, 97%). The
product was transferred directly to a nitrogen-filled glovebox, and all
further manipulations were carried out therein.
Route B. A Schlenk tube was charged with the bis-vinylidene

complex 5(PF6)2 (400 mg, 0.208 mmol), KOBut (58.0 mg, 0.52 mmol,
2.5 equiv), and THF (20mL). The reactionmixture was stirred at room
temperature for 2 h. The solvent was evaporated to dryness under
vacuum, and the crude residue was extracted with dichloromethane (2
× 10 mL). After removal of the solvent from the combined extracts
under reduced pressure, the solidmaterial was washed with pentane (10
mL) and dried in vacuo to give 1 as a red powder (340mg, 0.208 mmol,
100% yield). 1H NMR (500 MHz, CD2Cl2): δ 1.42 (br s, 30H,
C5(CH3)5), 2.00 (br s, 4H, CH2), 2.63 (br s, 4H, CH2), 4.21 (br s, 5H,
C5H5), 4.41 (br s, 2H, C5H4), 4.90 (br s, 2H, C5H4), 6.80−6.89 (m, 5H,
C6H4 and CCH), 7.17−7.45 (m, 36H, C6H4 and C6H5), 7.85 (br s,
8H, C6H5).

31P NMR (202 MHz, CD2Cl2): δ 99.3. FT-IR (CH2Cl2): ν
2201 w,sh, 2187 w (CC), 2046 s,br (CC−Fe), 1591 s cm−1 (C
C). Anal. Calcd for C104H96P4Fe3: C, 76.29; H, 5.91. Found: C, 76.67;
H, 5.51. HRMS (ESI+): m/z calculated for C104H96P4

56Fe3,
1635.43877; calculated for C104H97P4

56Fe3 ([M + H]+), 1636.4466;
found, 1636.4508 (0 ppm) ([M + H]+).
FcCHC{1,4-CC−C6H4−CC−Ru(dppe)Cp*}2 (2). Potassi-

um fluoride (10 mg, 175 μmol) and RuCl(dppe)Cp* (117 mg, 175
μmol) were added to a solution of 3 (53.0 mg, 88.0 μmol) in
tetrahydrofuran (5 mL) and methanol (5 mL), and the mixture was
heated at reflux for 16 h. After the mixture was cooled to ambient
temperature, methanol (15 mL) was added, affording an orange
precipitate. The precipitate was collected by filtration, washed with
methanol (2 × 15 mL) and hexanes (2 × 15 mL), and dried under
vacuum to afford 2 as an orange powder (99 mg, 57 μmol, 65%). 1H
NMR (600 MHz, CD2Cl2): δ 1.57 (s, 15H, C5(CH3)5), 1.58 (s, 15H,
C5(CH3)5), 2.11 (m, 4H, CH2), 2.69 (m, 4H, CH2), 4.20 (s, 5H, C5H5),
4.41 (m, 2H, C5H4), 4.88 (m, 2H, C5H4), 6.71 (m, 2H, C6H4), 6.76 (m,
2H, C6H4), 6.86 (s, 1H, CCH), 7.15 (m, 2H, C6H4), 7.21−7.24 (m,
10H, C6H4 and C6H5), 7.37−7.39 (m, 24H, C6H5), 7.77 (m, 8H,
C6H5).

31P NMR (242 MHz, CD2Cl2): δ 80.6. FT-IR (CH2Cl2/cm
−1):

ν(CC) 2189 w, ν(RuCC) 2062 s,br, ν(CC) 1592 s. MALDI-
MS(+): m/z 1729.3 [M + H]+. Anal. Calcd for C104H96P4FeRu2: C,
72.30; H, 5.60. Found: C, 72.15; H, 5.63.
In Situ Preparation of [FcCHC{1,4-CC−C6H4−CC−

Fe(dppe)Cp*}2](PF6)n (1(PF6)n, n = 0−2). A Schlenk tube was
charged with 1 (0.030 g, 0.018 mmol) and THF (7 mL). The solution
was cooled to −60 °C prior to adding ferrocenium hexafluorophos-
phate (0.0050 g, 0.018 mmol, 1 equiv) in a single portion. The reaction
mixture was warmed to room temperature overnight before adding 10
mL of pentane with vigorous stirring. The resulting precipitate was
collected by filtration, washed with pentane (2 × 5 mL), and dried in
vaccuo to yield 0.014 g of a comproportionated mixture of 1, 1(PF6),
and 1(PF6)2 as a red powder (0.0078 mmol, 40%). For ESR
measurements, the low-temperature-generated red solution was
directly transferred via cannula into an ESR tube conserved at liquid
nitrogen temperature.
In Situ Generation of [FcCHC{1,4-CC−C6H4−CC−Fe-

(dppe)Cp*}2](PF6)2 (1(PF6)2). The dioxidized product 1(PF6)2 was
synthesized in a manner similar to that described above, from 1 (0.050
g, 0.030 mmol) and ferrocenium hexafluorophosphate (0.020 g, 0.060
mmol, 2.0 equiv). Yield: 0.03 g (0.015 mmol, 52%) of a red powder.
The same procedure as above was carried out to prepare the ESR
samples.
Computational Details. Density functional theory (DFT)

calculations were performed using the Gaussian09 program package.79

Full geometry optimizations were carried out without any symmetry
constraint using the PBE0 functional80 within the LANL2DZECP basis
set,81−84 augmented by a polarization function for all atoms except H.
Vibrational frequency calculations were computed for all optimized
geometries to ensure they were true minima on the potential energy
surface (PES). A scaling factor of 0.95 was applied on computed
vibrational frequencies discussed in the text.85 Molecular structures,
orbitals, and spin densities were plotted using the GaussView

program.86 Orbital compositions were obtained using the AOMix
program.87,88

The Amsterdam Density Functional (ADF) program89−91 was
employed to compute the EPR properties of the cationic species using
geometries optimized via Gaussian09. Electron correlation was treated
within the local density approximation (LDA) in the Vosko−Wilk−
Nusair parametrization.92 Nonlocal corrections were added to the
exchange and correlation energies using the PBE0 functional.80

Calculations were performed using the standard ADF triple-ζ quality
basis set. The ESR procedure developed by van Lenthe and co-workers
was used.93−95 The g-tensor components were obtained using self-
consistent spin-unrestricted DFT calculations after incorporating the
relativistic spin−orbit coupling by first-order perturbation theory from
a ZORA Hamiltonian.89,90

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.organo-
met.8b00740.

Plots of the UV−vis spectra of 1 and 2, plots of the
intermediate NIR spectra collected during the spectroe-
lectrochemical oxidation of 1, revised synthetic procedure
for the synthesis of 4-(trimethylsilylethynyl)-
bromobenzene, and plots of NMR spectra (PDF)
Cartesian coordinates for all calculated geometries
(MOL)

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail for J.-F.H.: jean-francois.halet@univ-rennes1.fr.
*E-mail for P.J.L.: paul.low@uwa.edu.au.
*E-mail for C.L.: claude.lapinte@univ-rennes1.fr.
ORCID
Paul J. Low: 0000-0003-1136-2296
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank Dr. F. Gendron and Prof. Abdou Boucekkine
(Rennes) for helpful discussions. Part of this work was
conducted within the scope of the CNRS International
Associated Laboratories “Molecular Materials and Catalysis
(MMC)” (University of Durham-University of Rennes) and
“Assemblages organomet́alliques redox-actifs et multipolaires
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4. DIMETHYL SULFOXIDE AND ORGANOPHOSPHINE
COMPLEXES OF RUTHENIUM(II) HALIDES
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Ruthenium complexes containing trans-disposed bidentate diphosphines have
attracted considerable attention.1 The chelate effect affords a robust coordination
environment in which the axial halide ligands can be exchanged in a stepwise fash-
ion, affording access to a diverse array of interesting derivatives and in some cases
supporting the construction of macromolecular architectures.2 Entry into this chem-
istry from commercially available RuCl3 3H2O is usually via the synthesis of
RuCl2{(CH3)2SO}4, followed by displacement of the dmso ligands by, for exam-
ple, dppm or dppe (dppm = bis(diphenylphosphino)methane; dppe = 1,2-bis(diphe-
nylphosphino)ethane) and then sequential replacement of the chloride ligands by
organic and other ligands. For some of these subsequent reactions, it has proved
beneficial to use the pentacoordinate cation {RuCl(dppe)2}

+ as an immediate pre-
cursor to organometallic derivatives because of its greater reactivity. We present
herein an improved synthesis of the key dmso-ligated precursor RuCl2(dmso)4,
together with syntheses of the cis and trans isomers of RuCl2(dppe)2 and the syn-
thesis of {RuCl(dppe)2}

+ as its hexafluorophosphate salt.
The complex cis,fac-[RuCl2{(CH3)2SO-S}3{(CH3)2SO-O}] has been studied

extensively3–6 and is particularly important as an entry point into a wide range
of coordination and organometallic ruthenium chemistry. The original preparation
by James4 was improved by Wilkinson5 and again very recently by Alessio.6 The
synthetic method presented herein is considerably faster and more convenient than
these existing procedures. It utilizes ascorbic acid as an important dual-role rea-
gent; the electron transfer properties of ascorbic acid facilitate the reduction of
ruthenium, allowing the formation of a Ru(II) species at low temperature in
dimethyl sulfoxide, while ascorbic acid also serves as an antioxidant, ensuring
the reaction can be carried out in air and with high yields which represents a major
advantage over previously reported methods.

The original preparation of complexes of general formula cis-{MCl2(L2)2} (M =
Ru, Os; L2 = chelating diphosphine) by heating {Ru(μ-Cl)3(PEt2Ph)6}Cl with the
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diphosphine at 145 C in the absence of solvent was reported to be successful for all
diphosphines examined except dppe.7 The dppe-containing complex has been
synthesized as a 3 : 1 mixture of the cis and trans isomers by stirring RuCl2(dmso)4
with dppe in CH2Cl2; following successive recrystallizations, the pure cis isomer is
obtained in 60% yield,8 but the purification steps render this a less than satisfactory
procedure. More recently, we prepared this complex in high yield from
RuCl2{(CH3)2SO}4 and 1,2-bis(diphenylphosphino)ethane in refluxing toluene,9

by a procedure that is analogous to the synthesis of its dppm analogue10; a modi-
fication of this procedure is described herein.

Morris has reported that abstraction of one chloride from cis-{RuCl2(dppe)2}
by NaPF6 proceeds at room temperature in thf/ethanol to afford a precipitate
thought to be {RuCl(thf )(dppe)2}PF6, which after recrystallization from dichlor-
omethane/ether gives the five-coordinate species {RuCl(dppe)2}PF6 in high
yields.11 We report herein the direct abstraction of chloride from cis-
{RuCl2(dppe)2} by NaPF6 in dichloromethane to afford {RuCl(dppe)2}PF6 in
excellent yield.

trans-{RuCl2(dppe)2} has been obtained from the reaction of {Ru
(μ-Cl)3(PEt2Ph)6}Cl with dppe at 145 C in the absence of solvent7 and, as men-
tioned above, as a mixture with its cis isomer from stirring RuCl2(dmso)4 with
dppe in dichloromethane.8 More recently, its synthesis in 75% yield by the
solid-state reaction of RuCl3∙3H2O with NBun4Cl using an agate mortar and pestle
combination to form (NBun4){RuCl4(OH2)2}, and a subsequent solid–liquid
phase-transfer catalysis reaction with dppe in dichloromethane, was described.12

It can be prepared in high yields from the reaction of RuCl2(PPh3)3 with dppe
in acetone at room temperature13 or in refluxing methanol, the latter procedure
being described below. The chloride ligands can be displaced in a similar way
to that described for the cis isomer.13 A chloride-abstraction reaction to afford
{RuCl(dppe)2}PF6, analogous to that described for the cis isomer, can also be per-
formed using trans-{RuCl2(dppe)2}; although longer reaction times are needed, it
is reported that Ag(I) salts can accelerate this reaction.13.

A. cis-TETRAKIS(DIMETHYLSULFOXIDE)RUTHENIUM(II)
DICHLORIDE

RuCl3 3H2O+ CH3 2SO

1 30 min
2 ascorbic acid
room temperature
3 150 C,2 min

RuCl2 CH3 2SO 4

To stirring dimethyl sulfoxide (15 mL) in a 100 mL round-bottomed flask
equipped with a large rugby-ball-shaped stir bar, RuCl3 xH2O (2.00 g, 7.65 mmol)
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is added in portionsa (a heavy stir bar is needed to grind and dissolve the RuCl3),
and the brown mixture is stirred for 30 min until all RuCl3 is dissolved.

b Ascorbic
acid (5.39 g, 30.60 mmol) is added to the solution, which is then stirred for 1 h. The
resultant orange-brown mixture is added to acetone (300 mL) in a 500 mL round-
bottomed flask. The mixture thus obtained is stirred for a further 2 h (or until no
further precipitate appears: to ensure that this is the case, the flask can be trans-
ferred to a freezer for 2 h). The mixture of cis- and trans-[RuCl2{(CH3)2SO}4]
is collected by filtration (3.47 g, 7.16 mmol). (Care should be taken that no residual
black RuCl3 is taken up in the next step.)

c The mixture of isomers is then added to
dimethyl sulfoxide (10 mL) in a 250 mL round-bottomed flask, which is placed
into an oil bath that has been preheated to 150 C and heated and stirred until
the yellow-orange precipitate dissolves (this requires ~2 min: this step is necessary
to convert the trans product to the desired cis product. Note that the cis isomer is
much less soluble in dimethyl sulfoxide than the trans isomer, so not all the com-
pound remains dissolved). Acetone (100 mL) is added to the hot yellow-orange
mixture (∎ Caution. very strong boiling of the acetone), and the resultant mixture
is stirred until the mixture returns to room temperature (ca. 30 min) to afford a yel-
low precipitate that is collected by filtration and washed with diethyl ether (2 × 10
mL). The filtrate is placed in the fridge to permit formation of a second crop of
crystals.d These yellow crystals are collected and washed as before. Yield is
2.98 g (80%).e

Anal. Calcd. for C8H24Cl2O4RuS4: C, 19.83; H, 4.99. Found: C, 19.94; H, 5.12.

Properties

The compound is air stable and can be kept for long periods of time. It is readily
soluble in organic solvents such as dichloromethane, methanol, and ethanol. The
1H NMR spectrum (in CDCl3) contains singlets that correspond to the methyl
groups of the dimethyl sulfoxide ligands (δ 2.70, 3.32–3.52). In d-chloroform,
one dimethyl sulfoxide ligand dissociates, thereby giving rise to a signal at
2.62 ppm in the 1H NMR spectrum, an observation that has been reported pre-
viously.3, 6

a Over 30 min.
b The checker’s reaction required 90 min for complete dissolution.
c The checkers washed the precipitate with acetone (3 × 20 mL) until washings were colorless.
d No second crop was obtained in the checker’s preparations.
e The checkers obtained yields of 67–69%.
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B. cis-BIS{1,2-BIS(DIPHENYLPHOSPHINO)ETHANE}
RUTHENIUM(II) DICHLORIDE

RuCl2 CH3 2SO 4 + PPh2 CH2CH2 PPh2
Toluene

reflux,1 5 h

cis-RuCl2 PPh2 CH2CH2 PPh2 2

A mixture of 1,2-bis(diphenylphosphino)ethane (5.45 g, 13.69 mmol) and cis-
RuCl2{(CH3)2SO}4 (3.01 g, 6.22mmol) in toluene (60mL)f is heated in a 250 mL
Schlenk flask at reflux under nitrogen for 1.5 h. The reaction mixture is rapidly
hot filtered, and the precipitate washed with boiling toluene (3 × 5mL) and
diethyl ether (3 × 10mL) and air-dried to afford a yellow powder. Yield is
5.40 g (90%).g

Anal. Calcd. for C52H48Cl2P4Ru: C, 64.47; H, 4.99. Found: C, 64.67; H, 4.58.

Properties

The compound is air stable and can be kept for years. It is soluble in chlorinated
organic solvents such as dichloromethane and chloroform.h The 1H NMR spec-
trum (d-chloroform) shows two broad singlets that correspond to the methylene
groups on the dppe ligand (δ 2.62 and 2.96) and signals corresponding to the
phenyl rings on the ligand (δ 6.85–8.27). The 31P NMR spectrum shows two tri-
plets that correspond to the two different phosphorus environments in the ligand
(δ 52.4 and 37.7).

C. BIS{1,2-BIS(DIPHENYLPHOSPHINO)ETHANE}
CHLORORUTHENIUM(II) HEXAFLUOROPHOSPHATE

cis-RuCl2 PPh2 CH2CH2 PPh2 2 +NaPF6
CH2Cl2

RT,16 h

RuCl2 PPh2 CH2CH2 PPh2 2 PF6

f The checker used toluene that was purified and dried on an Innovative Technologies SPS system and
degassed prior to use.
g The checker’s sample contained approximately 10% of the trans isomer.
h The checkers observed that solutions of cis-RuCl2(dppe)2 in chlorinated solvents rapidly isomerize
under normal laboratory lighting to the trans isomer.13
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A mixture of cis-{RuCl2(dppe)2} (1.38 g, 1.42 mmol)i and NaPF6
j (0.72 g, 4.27

mmol) in deoxygenated dichloromethane (20 mL) is stirred at room temperature
overnight (16 h).k The mixture is filtered to remove the NaCl and excess NaPF6
salts. The filtrate is taken to dryness and then dichloromethane is added (3 mL),
and the solution filtered through a small pad of Celite.l Removal of solvent from
the filtrate affords a red solid that is dried under vacuum. Yield is 1.46 g (95%).
Analytically pure crystals can be grown by vapor diffusion of hexane into a
solution of the complex in chloroform. The five-coordinate complex can also
be prepared from trans-{RuCl2(dppe)2} under similar conditions and in similar
yield.m

Anal. Calcd. for C52H48ClF6P5Ru: C, 57.92; H, 4.49; N. Found: C, 57.62; H, 4.38.

Properties

The compound is air stable for a few months. It is known to etch glassware and
cause vials to become very brittle. It is readily soluble in chlorinated organic sol-
vents such as dichloromethane and chloroform. The 1H NMR spectrum (CDCl3)
shows two broad singlets that correspond to the methylene groups on the dppe
ligand (δ 2.42 and 2.64) and signals corresponding to the phenyl rings on the ligand
(δ 6.72–7.91). The 31P NMR spectrum shows two triplets that correspond to the
two different phosphorus environments in the ligand (δ 55.9 and 83.7) and a septet
associated with the PF6

− anion (δ −147.1).

i The checker’s sample contained 10% of the trans isomer.
j NaPF6 is sensitive to hydrolysis. The checker’s used a freshly received batch of NaPF6 that was sub-
sequently stored under nitrogen in Teflon-sealed Schlenkware.
k The initially yellow-colored solution turns red-brown immediately on addition of NaPF6.
l The Celite filter pad was washed with a further 3 mL of dichloromethane and the washings combined
with the original filtrate.
mA solution of trans-RuCl2(dppe)2 (0.147 g, 0.15 mmol) in deoxygenated dichloromethane (5 mL) was
treated with NaPF6 (0.078 g, 0.47 mmol) to give a yellow suspension. The reaction mixture was allowed
to stir overnight under nitrogen during which time the solution color had changed to red-brown. The
solution was filtered, the filtrate concentrated to dryness, and the residue extracted with dichloro-
methane (1 mL). The extract was refiltered through a small pad of Celite, washing the pad with further
aliquots of dichloromethane (5 mL in total). The solvent was removed from the combined filtrates were
dried to give a red-brown solid (85%) identical to that obtained from cis-RuCl2(dppe)2.
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D. trans-BIS{1,2-BIS(DIPHENYLPHOSPHINO)ETHANE}
RUTHENIUM(II) DICHLORIDE

RuCl2 PPh3 3 + PPh2 CH2CH2 PPh2
Methanol

reflux,2 h

trans-RuCl2 PPh2 CH2CH2 PPh2 2

A mixture of 1,2-bis(diphenylphosphino)ethane (1.23 g, 3.08 mmol) and
RuCl2(PPh3)3

14 (1.20 g, 1.25 mmol) in methanol (150 mL) is heated under reflux
for 2 h. The resulting solid is filtered and washed with diethyl ether (2 × 10 mL) to
afford a yellow powder. The yield is 1.16 g (96%).

Anal. Calcd. For C52H48Cl2P4Ru: C, 64.47; H, 4.99. Found: C, 64.61; H, 5.00.

Properties

The compound is readily soluble in chlorinated organic solvents such as dichlor-
omethane and chloroform. The 1H NMR spectrum (CDCl3) shows one broad sin-
glet that corresponds to the methylene groups on the dppe ligand (δ 2.76) and
signals corresponding to the phenyl rings on the ligand (δ 7.01–7.31). The 31P
NMR spectrum shows one singlet that corresponds to the single phosphorus envi-
ronment in the ligand (δ 45.6).
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5. SYNTHESIS OF {CrIII(NCMe)6}(BF4)3 AND
{CrIII(NCMe)5F}(BF4)2•MeCN

Submitted by KENDRIC J. NELSON∗ and JOEL S. MILLER†

Checked by TOBY J. WOODS‡ and KIM R. DUNBAR‡

Nonaqueous sources of metal ions are required for the development of many
areas of inorganic and materials chemistry.1 While numerous examples of diva-
lent metal ions exist and possess well-documented synthetic procedures,2 exam-
ples of trivalent metal ions are relatively rare, with the exception of
{REIII(NCMe)9}

3+ (RE = rare earth).3 Herein, we provide the synthesis of
{CrIII(NCMe)6}(BF4)3

4 and {CrIIIF(NCMe)5}(BF4)2.
5 The latter is a nonaqueous

source of “CrIIIF2+”.6

General Procedure

All manipulations were performed under nitrogen or argon using standard Schlenk
techniques or in a Vacuum Atmospheres inert atmosphere DriLab. Diethyl ether
was dried and distilled under N2 from sodium benzophenone ketyl radical. Ace-
tonitrile was distilled under N2 first from CaH2 and then from P2O5.
{CrII(NCMe)4}(BF4)2

2b, 7 and thianthrinium tetrafluoroborate8 were prepared
by literature methods.

A. HEXAKIS(ACETONITRILE)CHROMIUM(III)
TETRAFLUOROBORATE, {CrIII(NCMe)6}(BF4)3

CrII NCMe 4 BF4 2 + C12H8S2 BF4 + 2MeCN

CrIII NCMe 6 BF4 3 +C12H8S2
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†Department of Chemistry, University of Utah, Lake City, UT, 84112
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