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NUMBERING OF COMPLEXES

The numbering of complexes applies only to the chapter being discussed in the text as each

chapter is self-contained.
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SUMMARY

During the past decade a geat deal of research has been directed towards understanding the

reactivity of alkynes when coordinated to transition metals. This interest is due, ir p*t, to the

use of transition metal catalysts in industrial processes and also to the variety of reaction mech-

anisms which may occur on metal substrates. Organic chemistry now makes use of a wide

variety of transition metal reagents and catalysts to alter product distributions and/or change

reaction pathways. Elucidation of the chemistry operating in these systems, or models of

them, is therefore of much importance. This thesis deals with various aspects of the acetylene

chemistry of mono- or multi-nuclear complexes.

The first chapter discusses the cycloaddition reactions of 1,1-dicyano-2,2- bis(trifluoro-

methyl)ethene with transition metal o-acetylides. Initially, cyclobutenyl complexes are formed.

Thermolysis of these compounds results in ring cleavage to form the isomeric butadienyl

derivatives which may react further (thermally or photochemically) to form allyl complexes, if

the metal possesses a labile ligand. Structural studies have been ca:ried out on a number of

cyclobutenyl adducts [M] (C=CPhC(CF3)2C(CN)z] where [M] = Fe(CO)z(q-CsHs),

W(CO):(n-CsHs), Mn(CO)3(dppe), and the first complete series of cyclobutenyl, butadienyl

and allyl complexes derived from Ru(CzPhXCOXPPh¡Xtl-CsHs) has been crystallographically

characterized. In conjunction with these structural studies, spectroscopic comparisons have

been made that now allow the assignment of structural types from FAB mass spectrometry,

l9F NMR and infrared data. Reaction of the tungsten cyclobutenyl complex with Me3NO gave

a five-membered metallacycle W { NH=C(OH) )(Co)z(q-CsHs)

instead of the expected allyl complex. The cycloaddition reaction of Ru(CzPh)(PPh3)2(q-

CsHs)with(CN)2C=C(CF¡)zinacetonitrileproceededtogivenut@(CN)z}-

(NCCH¡XPPh3)(I'¡-C5H5). This compound reacted with the fluoro-olefin to give the

diamagnetic deep blue complex { Ru[C=CffrClCnffi (CN)z] (PPhEXq-CsHs) ] z-

Ip-(NC)zC=C(CF¡)z]. Extending this synthetic strategy has allowed the isolation of a

number of nitrile-substituted mononuclear and dinitrile-bridged binuclear complexes.

Elecrochemical and l9F NMR studies have been used to chatactenze these rather unstable
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compounds, which exist in a number of isomeric forms. The intense colour of several of these

complexes, initially attributed to the presence of bridging groups, has been shown to be due to

charge transfer absorptions associated with the electron-def,rcient, unsaturated dinitrile ligands,

whether or not they are bridging.

Chapter Two investigates the direction of the ring-opening process in the cyclobutenyl

complexes, using the olefin trars-I,2-bis(carbomethoxy)-1-cyano-ethene. Addition of this

olefin to Ru(CzPhXCO)(PPh¡Xn-CsHs) gave two isomeric cyclobutenyl derivatives. Thermal

ring-opening of each of these isomers gave the same butadienyl product, which was formed by

a conrotatory ring-opening, as predicted by the Woodward-Hoffmann rules. Under these

conditions an allyl complex was also formed by loss of the triphenylphosphine ligand rather

than CO. A solid-state (supported on silica) transformation of the cyclobutenyl isomers to a

third cyclobutenyl complex was studied by NMR. Further investigation of the reaction of

retracyanoethene with Fe(C2Ph)(CO)z(q-CsHs) has shown that this reaction also proceeds

through a cyclobutenyl complex to the structurally-characterized butadienyl complex. Attempts

toisomerizethecompt"*E"1@F,(Co)z(q-CsHs)wereunsuccessful,onlyCo-

substitution products being cha¡acterized.

Recent developments in the chemisUy of pentaruthenium clusters are summarized at the

beginning of the third chapter, as an introduction to the chemistry of Ru5(p5-r12, P-CzPPhz)([r-

PPht(COh3 [Complex (A)]. The synthesis of this complex has been investigated in detail.

At temperatures slightly higher than those used in the original synthesis, P-C a¡rd C-H bond

cleavage reactions gave initially Ru5(¡ra-PPh){p¡-rì2, P-CCPh(PPht}(CO)12* and then

Ru5(p-H)(pa-PPh){¡ra-q4-CCPh(CoFI¿)}Q3-PPh)(CO)ro*. The latter reacted at room

remperarure with merhanol to form Ru5(¡ra-PPh)[p¿-n4-CCPh(CoH+)]{p-PPh(OMe)}(CO)11,

this reaction proceeding through several intermediates. Ligand substitution of complex (A)

favoured a hinge site under thermal conditions, whereas wing-tip sites were favoured under

* molecular structure determined by other workers
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Me3NO promotion. Cleavage of P-C bonds and phenyl migration occurred during mild

pyrolysis of Ru5(p5-CzPPhzXp-PPh2XCO)rz(PPh¡) to give Ru5(pa-PPhXp¡-n2-phC2Ph)(p-

PPh2)2(CO)1s*.

The cluster core geometry of complex (A) remained basically the same upon reduction.

This was inferred from the formation of Au2Ru5(1t"5-P-C2PPhzXp-PPhzXCOh2ePh3)2 when

a reduced solution of (A) was treated with AuCl(PPh3). This Au2Ru5 cluster was also formed

in high yield by reacting the parent cluster with [(AuPPh:)¡O]BFy'[ppn][Co(CO)¿]. Ligand

substitution with P(OEt)3 gave Au2Ru5(p5-P-C2PPh2Xtt-PPhzXCO)rz(PPh¡){P(OEI)¡},

Au2Ru5(¡r5 -r12, P-CzPPh2)(¡r-PPhzXCO)rr(PPhs)z{P(OEt)s}* and Au2Rus(Lrs-P-CzPPhz)-

(p-PPh2)(COhlePh3){P(OEI)¡}2, illustrating the tability of the gold-bound phosphines as

well as substitution on the Ru5 cluster.

Oxidative addition of halo-acids to complex (A) gave clusters with a 'scorpion' geometry.

Examples are Ru5(¡r-Ð(ps-n2,P-C2PPh2) (p-PPhz)Gr-BTXCO) r g* (from FIBr) and Rus(p-

HXlrs-n2, P-CzPPhù(p3-Ð(p-PPhÐ(CO)rz* (from HI). The reaction with allyl bromide gave

a cluster with a'spiked square' geometry Rus(p¿-rla, O-CzC(O)C¡Hs)Gt-PPhz)z(þt-Br)-

(CO)rr*. Reaction with HgCl2 gave two isomers of Ru6(C2PPhzXp-PPhzXCO)rr.

The thermal reaction of ethene or l-butene with complex (A) gave as primary products two

isomers of Ru5(pa-PPh)(p3-q3-CC(C,.,Uzn-ù(ÇHz"-r))(p-PPhzXCO)rz* [n =2 (ethene);

n = 4 (l-butene)] under 5-20 atmospheres of the olef,rn. These isomers interconverted under

nitrogen, ethene or butene (no exchange of olefins wírs observed). From the ethene reaction

Ru¿{p¿-q2, P,O-C5HaO(PPhz)}(p-PPhzXCO)11* was also formed. Ambient pressure

reaction of ethene with (A) gave a much greater number of products, from which Rus(tU-

PPh)(p-PPh2)(p-CO)(CO)ro{qs-CsH¡(CzH¡)Me}* was isolated. This product was also

fomred in the reaction of Ru5(¡.ra-PPh){p3-q3-CC(CzgzXCzH¡))(p-PPhzXCO)rz with ethene

at atmospheric pressure.

X-ray crystallo$aphy has been essential to this investigation. The molecular structures of

all cluster complexes marked with an asterisk have been determined by others and that of
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Ru5(p4-PPh){p¿-rta-CCPh(C6II4)} {p-PPh(OMe)}(CO)rr by the author. Finally, the many

structural types of phosphorus ligands found in this and previous work have been correlated

with 31P NMR data, allowing more orless ready identification of some of the non-

crystallographically characterized products.
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1.1. Introduction

Molecular orbital studies of transition-metal o-acetylide complexes have indicated that the

HOMO is localized (L0 - 3OVo) on the p-carbon atom.l As expected, the addition of

electrophilic reagents such as H+, Cl+ and N2Ar+ to this carbon results in the formation of

vinylidene complexes.2 The addition of other electrophilic reagents, such as electron-deficient

olefins and alkynes, has been shown to give cycloaddition and insertion complexes, both of

which have been isolated from platinum and palladium acetylide systems.3 For example, the

reactions between tetracyanoethene (tcne) and trans-Pt(CzÐz@Me2Ph)2 or tans-Pt(C2Me)2-

(AsMe3 ) 2 afforded the comple xes tr an s -Pt I C(CN)zC(CN)zCzH ] (C2Ð eM e2Ph) 2 and t r ans -

Pt{C(CN)zC(Cl'Ð2C2Me}(CzMeXAsMe3)2, respectively. Similarly, the addition of dimethyl

acetylenedicarboxylate to trans-PdCl(C2PhXPE4)2 gave an insertion product trans-

PdCl{C(CozMe)=ç1ço2Me)C2Ph}(PEt3)2 (1).4 Ttre reaction of trans-Pt(C2Me{PMe3)2

with tetracyanoquinodimethane has also been described, and the butadienyl product (2)

subsequently identified by X-ray structural analysis.s

P Ets COoMe

I

PMe3

I

Me CN

CNMe-CEC-pr
Ict-Pd

PEt3

(1)

a\
v-

PMe3
CO2Me

c

c
Ph

CN

(2)
CN

The addition of tetracyanoethene to various transition-metal o-acetylide substrates has been

thoroughly investigated.6-10 fsuacyanoethene is a well known (2 + 2) cycloaddition reagent in

organic reactions with olefins,ll but not with alþnes. Therefore, the transition-metal-assisted

reactions are of considerable interest. The established reactivity patterns of tcne with o-

acetylide complexes a¡e shown in Scheme 1.
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Scheme 1. Reactions of tcne with transition-metal acetylides

R

[MLn]-g:çg
+

(NC)2C:C(CN)2

.+/
lMlnl-C:Ca

(NC)2C

-*
R

IML"]

c(cN)2
(cN)z

)z

[MLn]
lMLn-rl R

*
(N (cN)z

(CN)z

[MLn] = Ru@Ph3)2(r¡-CSHS); Ru(COXPPh¡Xq-CSHS), Ru(PPh¡)[P(OMe)¡](l-CSHS)'

RutP(OMe)¡lz(q-CsHs), Ru(dppexq-C5H5), Ru(CNBufçerh3¡1n-CsHS)' Ru(CNBut)2(q-CSHs)'

'W(CO)¡(rt-C5H5), Fe(CO)Z(n-CSHS), Ni@Ph3)(r¡-CSHS); tMl-n-tl = Ru(PPh3Xq-CSHS)' V/(CO)Z(1-CSHS);

R = Ph, Me (Not all combinations).

The tcne cycloaddition reactions were found to proceed through highly-coloued ESR-

active intermediates to give, initially, o-cyclobutenyl complexes, which isomerized in solution

to form the related o-buta-1,3-dien-2-yl derivatives. Where the metal centre possessed a labile

Iigand, the butadienyl derivatives transformed readily into n3-allylic complexes; treaunent of

these allylic compounds with other ligands (e.g. CO, CNBut) resulted in the reformation of the

butadienyl ligand. The nature of the fnst-formed radical species has not been fully established,

but it appears to be the dipolar biradical species shown in Scheme 1. The cycloaddition

reactions of polar electron-deficient olefins with electron-rich olefins, which have been shown

to proceed through tetramethylene zwitterionic intermediates,l2 support this view. An example

is the reaction between tcne with ethoxyethene:

OC2H5
oc2Hs

CN

CN

CN ¡lc I'lC

R

OC2H5

cfl

CN
É,

cÌ{

..'.*
l.lO

+
l.lC
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With radical-stabilizing substituents on the olef,rns, biradical tetramethylenes have been

proposed as intermediates in these organic reactions.l3 The related reactions of tcne with

metal propargyl (2-alþnyl) complexes proceeded via the initial formation of a non-radical

dipolar intermediate to give formal (3 + 2) cycloaddition products.l4

Examples of each of the th¡ee o-acetylide/tcne derivatives (cyclobutenyl, butadienyl, allyl)

have been crystallographically characterized.6'7'15 The structural results, in conjunction with

13C NMR studies, have shown that the cr-carbon of the butadienyl and allyl derivatives is

highty electron-deficieng and indicate a significant M:C contribution in the bonding of these

systems. Recently, many examples of M=C(sp2) multiple bonds between second and third

row transition-metals have been reported and examples containing q213e¡-vinyl,16-ta nfl+e)-

allylidene,lg n4(5e)-butadienyl,20 and butenediyl ligands2r,22 areknown. Some examples are

complexes (3¡,t0 (4¡,ts (5¡zo rto (6¡.zt tn" butenediyl complexes may be regarded as

metallacyclopentatriene systems, the degree of planarity of which depends critically on the d

electron count.2zØ A related nitrogen-containing metallacycle has also been described.u

Ph

Mo
Re- ct

(Meo) cr

P(OMe)3
Ph

Me

(4)

Ph
Me

Me

Br
Me3P

Me

Me
Ph

(s) (6)

cr

(3)

uRRu

The reaction of CuC2Ph with tcne gave an organic product, phenylethynyltricyanoethene,

implying that a cycloaddition reaction had not occurred.ã Oxidative adducts Rh(CzR)-

[qz-Cz(Cw)a]L(PPh3) z (L = MeCN, CO; R = Me, Et, Ph) were formed from the reacrions of
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Rh(C2R)L(PPh3)2 with tcne:26'27 ¡ffis seems to indicate that attack by rcne at the vacant metal

coordination site is preferred over cycloaddition. Davison and Solar2s suggested that the

reactions of tcne and the acetylide complex Fe(CzPhXCO)2(q-C5H5) (7) led to the formation

of the zwitterionic intermediate Fe[C+=CPhC(Cl9zC-(CN)z](CO)z(n-CsH5) and the
t-l

cycloadduct Fe{C=CPh(CÌ.Ð2C(CN)z}(CO)z(n-CsHs) (N.B: this reaction has been re-

investigated in Section 2.2.4). The same workers also reported a Q, + 2) cycloaddition product
f-l

Fe{C=CPhC(CF3)2O}(CO)e(q-CsHs) (S) from the reaction of (7) with hexafluoroacetone.28

Reaction of diphenylketene with (7) gave a cyclobut-1-en-3-onyl derivative
l-t

Fe{ C=CPhC(O)CPh2} (CO)z(q-CsHs) (9).28

Me

Ph
Ph

c
o

(CFs)z oo

(8) (e) (11)

A related (2 + 2) cycloadduct was obtained using Ni(CzÐGPh¡Xq-CsHs) (10¡.zr t

contrast, the reaction of (10) with aryl isocyanates gave linear adducts Ni(C2CCONHR)-

(PPhsXn-CsHs) ß = Ph, p-tolyl), formed by the insertion of isocyanates into the acetylenic

CH bond.3o These reactions may be compared with those observed for the propargyl-metal

complexes [MLn]CHzCzR ([MLn] = Fe(CO)z(tl-CsHs), Mo(CO)¡(n-CsHs), W(CO)¡(n-

CsHs), Mn(CO)s; R = H, CH3, Ph) ), where cycloaddition reactions with p-CH3C6HaS-

(O)zNCO gave a series of (3 + 2) cycloadducts.3l In the presence of AlBr3, totally

regioselective cycloaddition took place between Fe(CzMeXCO)z(n-CsH5) and cyclohexanone

to give (11), a reaction that has much potential for useful development.32

Cycloaddition reactions have also been found to occur with vinylidene complexes. In

contrast to the acetylide reactions, these procepd by addition to the cr-carbon . For instance,

e

oc
c
oc

o

oc
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(7) reacted with [Fe(C=CF{PhXCO)z(n -CsHs)] * to give [Fe { C=CPhC [Fe(CO)z(n -

C5H5)ICHPh](CO)z(n-C5H5)1+.:3 The rhodium complex [Rh(C=CFIPhXPPTi¡Xq-CsHs)]

reacted readily with the arylazide N3C6FIa-o-NO2 to form the aziridinyl-metal derivative

Rh{C[=CFtr'h]N(C.6FI4-o-NOz](PPrbXn-CsHs),34 and with benzoyl azide to form

Q-qnt {C[=CFptr]N=C-(Ph)O](PPrb), the latter containing a five-membered ring.3s Addition of

oxygen to the olefinic bond of [Ru(C:CHPhXPPhg)z(q-CsHs)]+ is thought to proceed via a

(2 +2) cycloaddition, followed by ring cleavage, to give [Ru(CO)(PPh3)2(r¡-C5H5)]+ and

benzaldehyde.36

Ttrc Q + 2) cycloaddition reactions of olefi¡s with o-acetylide complexes are limited, at

present, to those involving the more elecuophilic olefins. For example, the reactions of

Ru(C2Ph)@Phg)z(n-CsH5) with 4-XC6FI+CH=C(CN)z gave rhe respective Ru(q3-allyt)-

(PPhgXn-C5H5) complexes in yields of 78Vo (X = Ph) and 74Vo CX = Ð, bur when X =

NMe2, no reaction was observed.3T A recent review by Schore,38 describing the transition-

metal-mediated cycloaddition reactions of alkynes in organic synthesis, illustrates the

importance of obtaining further information on the nature of the o-acetylide-based

cycloaddition reactions.

This chapter deals with an extension of transition metal o-acetylide (2 + 2) cycloaddition

chemisry using the olefin 1,1-dicyano-2,2-bis(trifluoromethyl)ethene [C(CN)2=C(CF¡)2,

dcfel. The first cycloaddition work with this olehn by Green et a1.39 demonstrated that 1,3-

addition of the olefin to (r14-triene)irontricarbonyl complexes gave only one isomeric product

type, with the CF3-substituted carbon being added to Cl of the triene. The olef,rn dcfe has also

been found to be an exceedingly active reagent for 1,4-insertion reactions with various silane,

gerrnane and borane reagents.4 Swincer et al.4L have crystallographically characterized a

butadienyl complex Ru{C[=Q1CN)2]CMe=C(CF¡)z](CoXPPh3)(q-CsHs) (12), which was

obtained by carbonylating the product formed by reacting dcfe with Ru(CzMeXPPh¡)z(n-

csHs). The complex { Ru[C=CPhC(CFl)zC(CN)z] (PPh¡Xn -CsHs) ] z { p-(NC)2C=C(CF3)2 }

was obtained by Swincer from the reaction of Ru(C2PhXPPh¡)z(n-CsHs) with dcfe.a2 This

complex had a signif,rcant unpaired electron density (0.04 electrons per molecule) which did not
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accord with the structure determined by X-ray analysis. 'We have therefore reinvestigaæd the

synthesis and properties of the binuclear compound in more detail.

NC

CN

PhsP

Ru
/\

co
Me

Fsc

cFs

(L2)
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1.2. Results and Discussion

L.2.1. Cyclobutenyl complexes

The reactions between dcfe and various o-acetylide complexes have given a series of

cyclobutenyl complexes [(13) - (19)] (Table 1). Generally, the reaction conditions were

chosen to give the cyclobutenyl complexes rather than the butadienyl or allyl derivatives. The

cyclobutenyl compounds were formed in good yield by performing the reactions at ambient

temperature. Choice of solvent was also important; for complexes (14), (17) and (18), the

products precipitated directly from solution [benzene (14); acetonitrile (17), (18)]. Short

reaction times were used in the syntheses of (13) (CHZClz) and (15) (diethyl ether), to avoid

side reactions. The products obtained were crystalline solids, the stability of individual

complexes being dependent on the oxidative stability of the metal centre rather than that of the

ring. Ligand substitution was observed in the reaction of Ru(C2Ph)(PPh3än-CsHs) with dcfe

under a CO annosphere, where the monoca¡bonyl (19) was formed as the major product. A

range of nitrile-substituted cyclobutenyl derivatives is discussed in Sections L.2.5 and 7.2.6.

The IR spectra of the cyclobutenyl complexes cha¡acteristically show very weak v(CN)

bands be¡ween 2230 and2250 cm-L and very weak to weak v(C=C) bands between 1550 and

1620 cm-1. Strong v(CF) bands ,were generally found between 1300 and 1100 cm-I. A

tricarbonyl group was conf,rmed for (13) by the three-band v(CO) pattern, while for (14), the

pattern observed was characteristic of afac-M(CO)3 group and was similar to that of the

phenylethynyl precursor. In the case of (15), a two-band v(CO) pattern conf,rmed the

dicarbonyl formulation, while the single v(CO) band observed for (19) indicated a

monocarbonyl complex.

The lH NMR spectra of the cycloadducts contained resonances for the cyclopentadienyl

ligands lõ 5.72 (13),4.95 (15),4.71(16),4.64 (18),5.02 (19)l and the phenyl [ô 7.5 - 7.3

(I3),7 .32 (15)l or methyl substituents [ô 0.53 (18)] on the ring, as well as the usual

resonances for the phosphine ligands [complexes (14), (16), (18) and (19)].
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Table 1. Cyclobutenyl, butadienyl and allyl complexes derived from dcfe

R
lMLnl

(cFg)z

Cmod f-Ml-nl R Cmod l-Ml-nl R

(13)

(14)

(1s)

(16)

(r7)

(18)

(1e)

(20)

w(CO)¡(q-CsHs) Ph

Mn(CO)¡(dppe) Ph

Fe(CO)z(n-CsHs) Ph

Ru(dppe)(q-CsHs) Ph

Ru(PPh3)2(n-CsHs) Ph

Ru(PPh3)2(n-CsHs) N{e

Ru(COXPPh3)(q-C5H5) Ph

Ru(NCMe)(PPh:Xn-CsHs) Ph

IMLn-r]

(CN)z

Ru(CoXPPh3)(q-C5H5)

w(CO):(n-CsHs)

Ni(PPh¡Xq-CsHs)

Ru(CO)(PPh3)(q-C5H5)

,Ru(dppe)(rì-CsHs)

(12)

(20)

(2t)

(22)

(23)

Met

Ph

Ph

Ph

Ph

R

Cmnri fMT.nl R

(24)

(2s)

(26)

'W(CO)z(n-CsHs)

Ru(PPh¡Xn-CsÈs)

Ru(PPh¡Xî-CsHs)

Ph

Ph

lvle

TReference 41
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In the cases of (14) and (16), one of the phenyl groups appeared at considerably higher

field than is usually observed (viz. õ7.5 - 6.7), as two triplets and one doublet [ô 7.00, 6.61,

5.22 GÐ 6.95,6.72,5.27 (L6); f 
^u 

=7 Hzl. The butadienyl derivative Ru{C[=C(CN)2]-

CPh=C(CFs)z] (dppexrl-CsHs) (see Section 1.2.2), does not show this pattern of tesonances,

and this suggesrs that the dppe ligand is restricting the orientation of the phenyl substituent on

the cyclobutenyl ring. This restricting effect of the dppe ligand is also seen in the crystal

strucrure of (14). The phenyl substituent on the ring is presumably deshielded by ring crurent

interactions with the phenyl groups of the phosphine ligand. Molecula¡ modelling of both

compounds has shown that the phenyl group on the ring is constrained in a gap between the

CH2 and PPh2 goups, and that it is possible for phenyl groups on the dppe ligand and the ring

to become approximately coplanar.

Characteristic 19F NMR resonances were observed for the cyclobutenyl products between

õ -65.5 and. ô -66.5, which is about 4 ppm upfield from that of the free olefin ( õ -61.8). For

most of the complexes examined, a single resonance (singlet) was observed [ô -66.3 (13);

-65.2 (16); -66.3 (18)l indicating that the CF3 groups are equivalent. For complex (19), two

quartets were found at ô -66.0 and -66.4, showing that the CF3 groups are inequivalent. The

inequivalence of the CF3 groups is due to the chirality at the metal centre and is also observed

in the nitrile-substituted cyclobutenyl compounds (see Section L.2.5). l3C NMR studies were

performed on (16) and (19) only. Resonances were observed for C" [õ L78.6 (multiplet),

L72.7 (doublet), resp.l, phenyl gfoups Íõ L47 .2 - 128.4, 136.2 - L26.7, resp.l, CN [ô 115.6,

114.8 (doublet),113.4 (doublet), resp.l and cyclopentadienyl groups [ô 85.4,87.3, resp.]. A

carbonyl resonance was observed at ô 219.6 for (19) and the CH2 resonance for (16) was a

triplet (,Ip-c = 22g¿) atõ29.2.

Fast atom bomba¡dment (FAB) mass spectrometry has proven valuable in the

characterization of thermally-sensitive, involatile or ionic organometallic complexes.43 The

fragmentation processes observed are generally the same as those obtained by electron impact

ionization. For the cycloadducts, the softer ionization of FAB does permit the observation of

processes which are not apparent in their EI mas5 spectra. Thus, in the case of the
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cyclobutenyl complexes, the loss of dcfe from the parent ion (or a carbonyl-free ion) is a

characteristic fragmentation, which is essentially the reverse of the synthetic procedure. This

route is not found in the isomeric butadienyl complexes, since the C=C double bond originally

present in the olefin has been cleaved in these derivatives. As the conversion from the

cyclobutenyl to butadienyl isomers occurs upon thermal activation, the EI method of ionization

is clearly not suitable for distinguishing between the two structural types.

The mass spectra of (13) - (19) show that these complexes lose CF3, F (from CF3) and

CN groups. In the case of (14), transfer of F and CN to the metal centre occurred. Major ions

for the carbonyl complexes were [M - nCOl+ (n = 1-3). For the phosphine-containing

complexes, loss of phenyl groups and phenyl transfer to the metal was observed in all cases.

Throughout this work, complexes containing Ru(PPh3Xn-CsHs) have shown the ion

[Ru(PPh:XCsHs)]* as the base peak in their spectra. For the bis-triphenylphosphine

complexes (17) and (18), [M - PPh3]+was a major ion. This parallels the solution chemistry

of bis-triphenylphosphine complexes, where loss of triphenylphosphine is a facile process. A

marked effect was observed when the substituent on the ring was changed from phenyl to

methyl. The latter appears to give the ring greater stability against fragmentation and, as a

result, loss of dcfe was not observed for (18), fragmentation and loss of the phosphine ligands

being the only processes noted.

Single-crystal X-ray diffraction studies of (13), (14), (15) and (19) have been carried out

to determine whether cyclobutenyl or butadienyl ligands were presenl Plots of the four

molecules a¡e shown in Figures I - 4 and Table 2 collects and compares significant structural

data using a coûrmon numbering scheme (which differs from the X-ray numbering schemes).

The W(CO)¡(q-CsHs), Mn(CO)s(dppe), Fe(CO)z(q-CsHs) and Ru(COXPPh¡Xn-CsHs)

$oupsaresimi1artothosefoundinrelatedcomplexes,suchu,w1ffi(CN)z}-
(CO)¡(n-CsHs),r5 Mn(C2ButXCO)¡(dppe),44 Fe[C=CPhC(C]Ð { Fe(CO)z(tt-CsHs) } l

(CO)z(î - CsHs),33 and Ru { C(OPri)=CFIPh } (COXPPh3)(r'¡ -C5H5).45



Figure 1. PLUTo ptot of wtc=cPhcæ(cN)z)(co)¡(n-c5u5) (13)

(by M.R. Snow and E.R.T. Tiekink )
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Figure 2. PLUTO plot of Mn{C=CPhC(CF¡)zC(CN)z}(CO)3(dppe) (1a)

(by M.R. Snow and E.R.T. Tiekink )
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Figure 3. PLUTO plot of Fe{C=CPhC(CF3)2C(CN)z}(CO)z(n-CsHs) (15)

(by M.R. Snow and E.R.T. Tiekink )
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Figure 4. PLUTO plot of Ru{ C(CFg)z ) (CoXPPh3)(q-C5H5) (19)

(by M.R. Snow and E.R.T. Tiekink )
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Table 2 Selected bond distances (Å) and angles (o) forthe cyclobutenyl complexes

(13), (14), (15), (19) and (29)

lMLnl

(CFs)z

R

Comoound

Pa¡ameter

M-C(1)

c(1)-c(2)

c(2)-c(3)

c(3)-c(4)

c(1)-c(4)

M-c(1)-c(2)

M-c(1)-c(4)

c(2)-c(1)-c(4)

c(1)-c(2)-c(3)

c(2)-c(3)-c(4)

c(r)-c(4)-c(3)

(13)

2.24(2)

1.30(3)

1.s6(3)

1.ss(3)

1.s2(3)

134(2)

132(2)

e4(2)

es(2)

84(2)

87(2)

(14)

2.O99(7)

t.337 (9)

r.sz(L)

1.s8(1)

1.610(e)

147.2(s)

122.4(4)

8e.6(s)

ee.0(s)

84.7(s)

86.3(s)

(ls)

r.949(4)

1.342(s)

1.s34(s)

1.s96(6)

r.s77(s)

137.6(3)

rze.6(3)

e2.8(3)

e6.6(3)

8s.2(3)

8s.4(3)

(1e)

2.054(8)

1.3s(1)

1.s3(1)

1.s7(1)

1.s7(1)

140.9(6)

126.1(6)

91.0(6)

e7.3(6)

84.8(6)

86.8(6)

(2e)

2.034(7)

1.3s9(9)

1.s3(1)

1.s8(1)

1.s8(1)

r3e.7(s)

126.7(s)

e0.8(6)

e7.s(s)

84.7(s)

86.e(5)
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For (13), the tungsten is in a seven-coordinate environment, the CSHS group occupies three

sites [W-C(cp) 2.29 Ä. av.] and the remaining four sites are occupied by three carbonyls [W-

CO 2.03(3), 1.98(2), 1.96(4) Å1 and the cyclobutenyl ligand. The manganese atom in (1a) is

six-coordinate, being bonded to three carbonyl ligands tMn-CO 1.82O,1.811, 1.812(8) Ä.1, a

dppe ligand tMn-P 2.334(2),2.338(2),Ä.1 and the cyclobutenyl ligand. Coordination about

i¡on in (15) and ruthenium in (19) is distorted octahedral. The cyclopentadienyl ligand

occupies three sites [Fe-C(cp) 2.103 Å av. (15); Ru-C(cp) 2.258 Ä a.,. (19)], and the

remaining sites are occupied by carbonyl [Fe-CO 1.780(5), 1.771(5) Å (fS); Ru-CO 1.843(9)

Å, (fg)1, phosphine [Ru-P 2.309(2),Ä. (fg)] and cyclobutenyl ligands.

The M-C(sp2¡ distance s lW, 2.24(2) Å (ß); Fe, 7.949(4) Å (rs); Ru, 2.054(8) Å (19)l

compare well with those found in the related complexes mentioned above IW,2.202(9) Å; Fe,

2.09 Å, av.; Ru, 2.103(6) Ä.1. fne crystal structure for (14) includes the first determination of

a Mn-C(sp2) distance. The value of 2.099(7) Å is consistent with the value calculated (2.07 Å)

on the basis of the observed Mn-C(sp) sepa¡ation in Mn(C2But)(CO)¡ (dppe) t1.996(6) Ä.1 anO

the difference between C(qp) and C(sp2) radii (0.07 Å¡. fne molecule of (19) is chi¡al at Ru,

and as the unit cell contains only one enantiomer, the compound has spontaneously resolved

during the crystallization process.

Within the cyclobutenyl rings, the double bonds C(1)=ç12¡ are normal t1.30(3) -

1.35(1) Ål as is C(2)-C(3) t1.52(1) - 1.53(1) Å1. me ungsten complex has considerably

higher esd's than the other structures and tends to show anomalous results: in this case C(2)-

C(3) is longer t1.56(3) Å1. fne two C-C bonds, opposite the double bond C(3)-C(4) t1.57(1)

- 1.596(6) Å1, and from the metal-bonded carbon C(l)-C(4) 1I.577(5) - 1.610(9) Å.1, show a

degree of lengthening that is also seen in the related tcne cyclobutenyl complex
t-r

W{C=CPhC(CN)zC (CN)z}(Co)¡(n-C5H5) tC(3)-C(4) 1.60(1); C(1)-C(4) 1.ss(1).Ä.1.

I-engthening of C(3)-C(4) is consistent with the isomerization process giving the butadienyls,

but the long C-C bond adjacent to the metal may reflect some separation of charge, not fully

shared on ring closure of the proposed zwitterionic intermediate (see Scheme 2). T\e apparent

electron deficiency (as revealed by bond lengthening) in the C(1)-C(4) bond would preclude
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Scheme 2. Reactions of dcfe with transition-metal o-acetylides
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the electron transfer which occurs during the ring-opening process. This helps to explain why

it is easier to isomerize the tcne complexes than the dcfe-derived cyclobutenyls.

The four-membered rings are all essentially planar, with deviations from the least-squares

plane through C(1)C(2)C(3)C(4) being < 0.04 Å. Angles within the Ca rings are in the ranges

S9.6(s) - 99.0(5)" [at C(sp2)] and 84.8(6) - 86.8(6f [at C(sp3)].

As revealed by the structural studies, dcfe reacts with the phenylethynyl complexes in a

preferred direction so that the C(CN)z goup becomes attached to the cr-carbon of the acetylide.

No evidence for the formation of the isomer that would be produced by addition in the reverse

direction has been obtained. V/hile these findings may be the result of the bulk of the CF3

groups directing the addition in this way, it seems more likely that an intermediate may be

stabilized by delocalization of charge on the dicyanomethylene group, rather than on the

C(CF3)2 group. Such a proposal is consistent with the known stability of cyanocarbon anions

and was first suggested in regard to the tcne/Fe(CzPhXCO)z(q-CsHs) reaction by Davison and

Solar.28

Unlike tetracyanoethene cycloaddition reactions, there are no long-lasting deep-coloured

intermediates involved in the cycloaddition; only a very slight blue colouration was observed

on larger scale reactions and this very quickly dispersed. According to lH NMR studies, the
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reaction of Ru(C2PhXCOXPPhsXn-CsH¡) with dcfe in d6-benzene was complete within three

minutes, which illustrates the rapid transformation from the presumed dipolar intermediate to

the cyclobutenyl complex. This is consistent with the organic chemistry of dcfe, where the

olefin was found to be a more active enophile than tcne in cycloaddition reactions with

styrenes.6 The olef,rn dcfe is more polarizable than rcne and can form polar (charge-sepamted)

intermediates or transition states more readily than can tcne.

1.2.2. Butadienyl complexes

A feature of the chemistry of the o-cyclobutenyl complexes derived from tcne is their

isomerization to the corresponding butadienyl complexes (Scheme 1), which is often so rapid

as to preclude isolation of the cyclobutenyl derivaúves. The analogous butadienyl complexes

derived from dcfe t(20) - (23), see Table 1l isomerize much less readily. In this study,

considerable thermal activation (reflux in benzene, toluene or xylene) was required to bring

about the ring-opening. Under these forcing conditions, the ligands on the metal centres are

also prone to dissociate, which allows the formation of the related allyl complexes. Thus,

mixtures of the related butadienyl and allyl complexes were obtained upon ring-opening of

(13) or (18). Swincer obtained complex (12) as a minor product from the carbonylation of

complex (18), which he had obtained by a different route.4l

The IR bands of the butadienyl complexes t(20) - (23)l that are cha¡acteristically different

from those of the cyclobutenyl complexes are the v(CN) bands (2190 - 2220 cm-l), which are

of weak to medium intensity [relative to the strong bands observed (1140 - 1340 cm-l) for the

CF3 groupsl. Generally, the v(C=C) bands (1570 - 1630 cm-l) are slightly stronger than

those of the cyclobutenyls, but they are still of weak to medium intensity. Characteristic v(CO)

absorptions for monoca¡bonyl and tricarbonyl complexes were observed for compounds (22)

and (20), respectively.

Proton NMR spectra for the complexes (20) - (23) showed the presence of phenyl groups

(ô 7.6 - 6.8) and cyclopentadienyl ligands (ô 5.80, 5.30, 4.61 and 4.30, respectively). In the

case of (23), a minor isomer (20Eo) with a C5H5 resonance.at õ 4.61 was detected. This
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prduct could not be separated by chromatography or crystallization. A similar isomerization

has been noted for the complex Ru{C[=Q1CN)2]CPh=C(C¡Ð2](dppe)(q-C5H5).7 In that

case, the difference between the two isomers was attributed to different rotational

conformations in solution. A molecula¡ model of (23) showed that the -CPh=C(CF3)2 arm of

the butadienyl was prone to interactions (Ph:Ph; CF¡:Ph) with the phenyl groups on the dppe

ligand. The isomerization appears to arise from the phenyl goup of the butadienyl being

locked on different sides of the PPh3 group. A reinvestigation of the structure of (L2) using

molecular modelling suggests that even in this case, where only triphenylphosphine is present,

it is possible to have the butadienyl ligand in different configurations. The major (non-

crystallographically characterized) isomer in this system may be related to the minor isomer

(12) by rotation of the butadienyl ligand so that the trifluoromethyl groups are in a sterically

less demanding position. Such a rotation would be restricted by the triphenylphosphine ligand.

Fluorine NMR results have been obtained for (21), (22) a¡d (23). They show CF3
fr"rrrt

signals (between ô -53 and õ -57) in a region different te those of the cyclobutenyl ligands. In

all cases, the two CF3 groups are inequivalent. This is to be expected from the

X-ray structural results for (22) and (12), which indicate that the CF3 groups should be in

different environments. For (22), the higher f,reld multiplet (ô -56.6) is considerably broader

than the quartet observed at ô -53.2 for the other CF3 group. Examination of the structure

using molecular modelling suggests that the CF3 goup closest to the phosphine may interact

with the phenyl protons on the phosphine. This could give rise to small through-space

couplings, which would appeil as a broadening of the signal (selective decoupling was not

available when these spectra were recorded). The spectrum of (23) shows that the two

isomers present have simila¡ CF environments [ô -53.1, -55.9 (isomer i); -53.2, -55.7 (isomer

ii)1, suggesting that the CPh=C(CF¡)z groups are in closely related positions in each of the

isomers.

Mass spectral results for the butadienyl derivatives were similar to those for the

cyclobutenyls, except that the loss of dcfe was not apparent in any of the spectra obtained.

The FAB MS result for the Ni complex (21), where loss of dcfe was not observed, was in
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accordance with the IR and 19F NMR results and has allowed a butadienyl structure to be

ascribed to this complex. The intermediate cyclobutenyl isomer was not detected in the

synthesis of (21) (refluxing benzene) and no reaction was found to occur between the acetylide

and dcfe at room temperature . Similarly, an intermediate which was isolated during the

synthesis of the allyl complex Ru{13-g(CF¡)zCMeC=C(CN)z}(PPh3)(q-CsHs) (see Section

L.2.3), is presumed to be the butadienyl Ru{C[=Q(CN)z]CMe=C(CF¡)z](NCMeXPPh:Xn-

CsHs), on the basis of spectroscopic data. This compound is presumably formed via an

acetonitrile-cyclobutenyl complex, which would be related to the strucnrally-characterized

complex Ru { C=CPhC(CF¡)zC(CN)z } NCMeXPPhg)(q-CsHs) (see Section 1.2.5).

A plot of a molecule of (22) is shown in Figure 5, and relevant interatomic parameters are

listed in Table 3. As with (19), the molecule is chiral at the ruthenium, but in this case both

enantiomers are present in equal amounts in the unit cell. The coordination about the ruthenium

is again distorted octahedral, the r¡-C5H5 group being somewhat asymmetrically attached to the

metal [Ru-C(cp) 2.235-2.283(6), av. 2.256 Å]. fne other th¡ee positions are occupied by CO

tRu-C(6) 1.352(16) Ä1, een3 tRu-P(l) 2.332(l) Ål a"¿ the substituted buta-l,3-dien-2-yl

group tRu-C(7) 2.100(5) Å1. fne süght asymmetry found in the Ru-C(cp) bond distances can

be ascribed to the steric interaction between the {(CN)z group of the organic ligand and the

cyclopentadienyl ring. In order to minimize this interaction, the cyclopentadienyl ring is shifted

slightly from the ideal octahedral face. This effect is also found in the related complex (12).

The butadienyl tigand is non-planar [torsion angle C(10)C(7)C(S)C(9) 73.1"] and as á result"

the C-C single and C=C double bonds are localized tC(7)-C(8) 1.480(7) Ä; C(7)-C(10)

1.367(7) Å; C(8)-C(9) 1.356(7) Å1. fnis structural feature has been noted previously,T and

arises because the bulk of the substituents on C(9) and C(10) precludes the adoption of a planar

Ca skeleton. There are no major differences between the ligand in (22) and that of the Me

derivative (12).



Figure 5. PLUTO plot of Ru{C[=Q1CN)2]CPh=C(CF3)2](COXPPh3)(tt-CsHs) (22)

(by M.R. Snow and E.R.T. Tiekink )
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Table 3. Selected bond distances (^Â.) and angles (") for complexes (LZ)t v¡r¿ ç22,

Compound

Parameter

Ru-P(1)

Ru-C(7)

c(7)-c(8)

c(7)-c(10)

c(8)-c(e)

Ru-C(7)-C(8)

Ru-C(7)-C(10)

c(8)-c(7)-c(10)

c(7)-c(8)-c(e)

Ru-C(7)-C(8)-c(11)

Ru-C(7)-C(8)-c(e)

c(10)-c(7)-c(8)-c(e)

c( 10)-c(7)-c(8)-c( 1 1)

(L2)

2.347(L)

2.106(5)

1.4e3(8)

1.362(8)

1.328(8)

rt6.7 (4)

r28.3(4)

t13.2(s)

126.s(s)

70.5

tt3.2

80.8

95.5

(22)

2.332(L)

2.100(5)

1.480(7)

1.367(7)

1.356(7)

120.0(3)

r23.e(3)

113.s(4)

L2s.L(4)

s8.3

124.4

73.r

ro4.3

tReference 41; complex (12) renumbered according to complex (22).
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1.2.3. Allyl complexes

The formation of q3-¿11y1complexes from the corresponding butadienyl complexes comes

about as a result of the loss of a two-electron donor ligand from the metal core. This process

has been shown to be reversible for the tcne derivative Ru{qr-ç1çN)zCPhC=C(CN)z}-

(PPh¡Xn-C5H5), where substitution of CO or CNBut gave the related butadienyl derivatives.T

In the present study, three allyl complexes t(24) - (26), see Table 1l have been isolated by

different routes. Synthesis of (24) was achieved by heating the cyclobutenyl precursor (13) in

refluxing xylene for 2 hours 45 minutes; this gave the butadienyl product (20) and a267o yield

of orange crystalline (24). The formation of the allyl comptex (25) by the irradiation of (22)

has completed the first series of transformations: o-cyclobutenyl + o-butadienyl + q3-allyl

derived from the same metal-ligand combinations. Attempted conversion of (18) to the

corresponding butadienyl by heating in acetonitrile for several hours gave instead yellow

crystalline Ru {q:-ç1çN)zCMeC=C(Cl.Ð2} (PPh¡Xn-CsHs) Q6) in 66Vo yield. Confirmation

of the allyl structures for these complexes was obtained by an X-ray structural determination

for (25).

Infrared spectra of the allyl complexes contain medium - strong intensity bands for the

v(C|Ð absorptions at a¡ound 2220 cm-r and for v(C=C) at 1560 - 1590 cm-l. Strong v(CF)

bands were observed between 1080 and 1310 cm-l, and for (24) there were two v(CO)

absorptions which confirmed the dicarbonyl configuration.

In the lH NMR spectra of the three complexes, cyclopentadienyl resonances were found at

ô 5.79 (24),4.72 (25) and 4.49 (26). Phenyl resonances were also observed in all cases and,

for Q,6), the methyl resonance was found at ô 2.06. The 19F NMR spectra for all three

compounds showed two quartets [at ô -51.9, -52.5 QÐ; -48.6, -56.0 (25); -53.0, -56.4

(26)1, indicating, as did the molecular structure of (25), that the CF3 groups are inequivalent.

The chemical shift range is wider than that of the other cycloadducts and reflects the greater

effect on the CF environment of the metal-ligand combination. This is not surprising, as the

C(CF3)2 group in these allyl complexes is now also bonded to a metal.
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The FAB mass spectra for all three compounds show molecular ions, but less information

was obtained from their fragmentation patterns than from those of the cyclobutenyl or

butadienyl derivatives . For the ruthenium complexes, transfer of CN was again seen to form

the ion [Ru(CNXPPh3)(C5H5)]+. Weak aggregate ions (< 5Vo R.I.), of nominal formulation

[M2]* and [Mz - PPh3]+, were found in the spectrum of (26).

Figure 6 is a plot of a molecule of (25); selected parameters are given in Table 4. In (25),

the metal is coordinated to the r1-C5H5 group [Ru-C(cp) 2.2L8 - 2.273(8), av.2,236 Lf, a

PPh3ligand tRu-P(1) 2.4II(2),4.1 ana the allylic ligand tRu-C(6) L.977(7),Ru-C(10)

2.L38(7), Ru-C(l l) 2.202(7) Ål formed by chelation of the butadienyl via the C(S)=ç19¡

double bond [cf. (22)] with loss of CO.

The mode of attachment of the C3 ligand, one terminal carbon of which is involved in an

exo-al|ylic double bond, is interesting. In addition to complexes such as [Fe(CO)¡{q3-

C(COzMe)2CHC=O)l-, whose structure was infered from spectroscopic data,41 several other

examples have been characterized by X-ray analyses, including Mo{OC(O)CsFz}Opy){n3-

CH2C(CONHMe)C=CH2 ) 
48 and MI- { I13-C(CN)zCPhC=C(CN)2 } tMLn = W(CO)z(tl-

CsHs),6 Ru(PPh¡Xrl-CsHs)1.8 These ligands are distinguished from classical q3-allylic

ligands by the pattem of their M-C and C-C bond lengths. They have t'wo longer M-C bonds,

consistent with an M-r12-ç:ç interaction, and a short M-C bond involving C(6). This short

separation indicates a degree of multiple-bond character between the ruthenium and C(6). In

addition, the two C-C bonds in the C3 unit are similar. While that for C(10)-C(11) t1.46(1) Ål

is also consistent with a strong olefin-metal interaction, C(6)-C(10) tL.42(l) Ål is considerably

shorter than expected for a C-C single bond.



Figure 6. PLUTO plot of Ru{qr-ç1çF¡)zCPhC=C(CN)2}@Ph¡Xn-CsHs).

O.SCIIzCIz.H¿O (25) (by M.R. Snow and E.R.T. Tiekink )
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Table 4. Selected bond distances (Å) and angles (o) for complex (25)

Ru-P(1)

Ru-C(2)

Ru-C(4)

Ru-C(6)

Ru-C(l1)

c(6)-c(10)

Ru-C(6)-C(7)

Ru-C(10)-C(6)

Ru-C(11)-C(10)

c(6)-c(10)-c(11)

2.411(2)

2.229(8)

2.273(8)

r.917(7)

2.202(7)

1.42(r)

149.9(6)

63.8(4)

68.0(4)

113.s(6)

Ru-C(1)

Ru-C(3)

Ru-C(5)

Ru-C(10)

c(6)-c(7)

c(10)-c(11)

Ru-C(6)-C(10)

Ru-C(10)-C(11)

Ru-C(10)-c(14)

c(7)-c(6)-c(10)

2.218(8)

2.237(8)

2.226(8)

2.138(7)

1.37(1)

1.46(1)

76.0(5)

68.0(4)

119.3(6)

r31,.4(7)
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L.2.4. Hydrolysis of (13)

In an anempt to convert (13) to an allylic derivative, the complex was treated with

trimethylamine oxide (Me¡NO.2HzO) in acetone to give an orange crystalline product

W{NH=C(OFÐC(CN)=CCPh=C(CF3)2}(CO)z(n-CsHs) (27) in24Vo yield. The IR spectrum

contåins two v(CO) bands and a strong v(CN) absorption. A group of bands between 3380

and2730 cm-l were assigned to v(OH), v(NH) and v(CH) absorptions. No resonances

attributable to the OH or NH groups were found in the lH NMR spectra, probably because of

the broad signals found for this type of goup and the relative instability of this complex in

solution. The FAB mass spectrum had a molecular ion at mlz 638, which suggested that (27)

was related to (13) by loss of a CO ligand and addition of H2O.

The molecular structure of (27) was determined by X-ray methods and is illustrated in

Figure 7. Table 5 lists the bond distances and angles. The tungsten atom is coordinated to two

CO groups [W-CO 2.00(2),1.98(2) .Â.1 att¿ a C5H5 ligand tw-C(cp) 2.27(L) - 2.39(2), av.

234 
^l,together 

with carbon and nitrogen atoms of a chelating 1-hydroxy-1-imido-2-cyano-4-

phenyl-S,5-bis(trifluoromethyl)penta-2,4-dien-3-yl ligand tW-N(1) 2.145(8); W-C(8)

2.15(l).Ä,1. fne V/-C(8) bond is 0.1 A. shorter than that found in the precursor (13). The

Iigand is related to the cyclobutenyl ligand originally present in (13) by ring-opening [cleavage

of C(l1)-C(12) cf. (13)l and the addition of a molecule of water across one of the CN groups.

The resulting imido-function displaces a CO group to grve a five-membered #N=Gõf

chelate ring. This transformation is represented in Scheme 3. Although we cannot establish at

which stage the cyclobutenyl ring is cleaved to form the butadienyl group, it would appear,

from the observed failure of (20) to form (27) when treated with Me3NO.2H20, that it is after

the removal of the CO group.



Figure 7. PLUTO plot of W{NH=C(OÐC(

(by M.R. Snow and E.R.T. Tiekink )
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Table 5. Selected bond distances (Ä.) and angles (o) for complex (27)

vr-c(1)

w-c(3)

w-c(s)

w-c(7)

v/-N(1)

c(e)-c(10)

c(10)-o(3)

c(11)-N(2)

c(12)-C(13)

v/-c(8)-c(e)

w-c(8)-c(12)

c(8)-c(e)-c(10)

c(8)-c(12)-C(13)

N(1)-c(10)-o(3)

c(1o)-c(e)-c(11)

c(e)-c(8)-c(12)

c(13)-c(12)-C(22)

2.27(r)

2.39(2)

2.33(r)

L.e8(2)

2.14s(8)

1.44(2)

1.3s(2)

1.13(1)

1.34(2)

114.4(8)

126.s(8)

1ls.s(e)

12s(1)

r22(L)

118.7(9)

118.4(9)

t24(r)

w-c(2)

w-c(4)

v/-c(6)

w-c(8)

c(8)-c(e)

c(10)-N(1)

c(e)-c(11)

c(8)-c(12)

w-N(1)-C(10)

N(1)-w-C(8)

N(1)-c(1O)-c(e)

c(14)-C(13)-C(1s)

c(e)-c(10-o(3)

c(8)-c(e)-c(11)

c(8)-c(12)-c(22)

2.32(r)

2.37(L)

2.00(2)

2.15(1)

1.38(2)

r.26(L)

r.44(2)

1.47(2)

trg.4(7)

73.9(4)

116(1)

116(1)

123.0(9)

t26(t)

111.6(9)
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Scheme 3. Formation of (27) from (13)

(cpXco)

(13)

H-OH

Ph

(CFs)z

CN+
N

(cp)(Co)2W (cp)(CO)3W

HN

Ph
Ph

-co

(27) (CFs)z
(cFg)z

CN
CN

The reaction is not consistent with the usual behaviour of polycyano-olefins towards water.

The olefin dcfe, for example, reacts with water to give hydroxybis(trifluoromethyl)methyl-

malononitrile (at low pÐ or bis(rifluoromethyl)methylenemalonamide (at high pFÐ.46

However, our reaction has precedent in the observations of King and Saran,49 who described

the formation of M{NH=C(OÐC(CÌ'Ð=CH}(CO)z(q-CsHs) (lVI = Mo or W) (28) when the

1-chloro-2,2-dicyanovinyl complexes M[CCI=C(CN)z](CO)¡(q-C5H5) were treated with

alumina containing adsorbed water. CarrysO has synthesized the compound Ru¿([r¿-rl2-

CCHPTi)(p¡-OÐ(p-PPhÐ(CO)ro, in which the vinylidene hydrogen atom and the hydroxy-

ligand were assumed to come from a water molecule of Me3NO .2IJ2O employed in the

synthesis.

I
CN

' (28)

HN

HO HO



36

1.2.5. Nitrile-substituted cyclobutenyl complexes

An acetonitrile-substituted cyclobutenyl complex Ru{C=CPhC(CF3)zC(CN)z}NCMe)-

(PPh3)(n-CsHs) (29) was prepared by treating Ru(CzPhXPPh¡)z(q-C5H5) (30) with dcfe in

acetonitrile at room temperature. The lability of the acetonitrile ligand in (29) permitted the

synthesis of a number of other mononuclear [(31) - (36)] and binuclear [(37) - (40)] nitrile

complexes (see Table 6). One of the binuclear complexes, (40a), had previously been isolated

by Swincera2 from the reaction of dcfe and (30) in benzene, and was characterized by means

of an X-ray study (see below). The magnetic properties of the complex gave rise to a broad

ESR signal corresponding to 0.04 unpaired electrons per molecule and could not be resolved in

terms of the molecular structure. We have therefore re-examined the synthesis and properties

of (40a). In the early stages of this work, it was supposed that the polynitrile ligands were

behaving as bridging goups in all cases. This was later shown to be inconect, as both

mononuclear and binuclear complexes were formed in several of these reactions.

As noted above, the synthesis of (29) involved treating (30) with dcfe in acetonitrile.

Initially, complex (17) (see Section I.2.I) formed as a precipitate; this was then collected and

suspended in acetonitrile for 1.5 days, forming a pale yellow solution from which yellow

crystalline (29) was isolated in 43Vo yield. Complex (29) was characterized by analysis and

spectroscopic data. In the FAB mass spectrum a molecular ion was found atrnlz 785, which

fragmented by loss of MeCN, CN, CF3 and phenyl groups. A weak ion was found atmlz 530

corresponding to [M - MeCN - dcfe]+, allowing the identification of (29) as a cyclobutenyl

complex. The IR spectrum of (29) shows v(CN) bands at2267 and2235 cm-l of medium and

weak intensities respectively, and v(C=C) bands at 1613, 1590 and 1576 cm-l. Other bands

attributable to v(CF) absorptions were found between 1099 and 1310 cm-I. In the lg lUvtR

spectrum a doublet signal at ô 1.95 ("Ip-u = I.2IHrz) was found for the CH3 group, and at ô

4.41 for the q-C5H5 group, while a series of resonances between ô 7.4 - 6.5 were attributable

to the phenyl goups. The 19F resonances at ô -66.2 and -66.4 showed that the two CF3

groups were inequivalent in solution. An X-ray structure determination of (29) has been

performed which confirms the mononuclear structure expected from spectroscopic data.
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Table 6. Nitrile-substituted cyclobutenyl complexes

Mononuclear complexes [Ru]ÎL

Cmnrl T

(2e)

(31)

(s2)

(33)

(34)

(3s)

(36)

Binuclear complexes [Ru]zL

NCMe

NCCH=CHz

(NC)CoHz(CN)¿- 1,2,4,5

(NC)CoF{¿(CN)-o

(NC)CoF¿(CN)-o

(NC)CoF+(CN)-p

rrans-(NC)CH=CH(CN)

Cmnd T

(37)

(38)

(3e)

(40)

(NC)CoF¿(CN)-o

rrans-(NC)CH=CH(CN)

(NC)zC=C(CN)z

(NC)zC=C(CF¡)z

Ph
Ph3P\

Ru Ph

(cFs)z

(a0a)

I
Ru

/ PPhs

llC CN

cFs

t[Ru] = Ru{c=cphc(cFs)zc(cN)z} GPh:Xn-csHs)
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Figure 8 shows a plot of the molecula¡ structure of (29), and signif,rcant bond distances

were listed in Table 2 (Section I.2.I). Complex (29) is chiral at the ruthenium, with both

enantiomers being found in the unit cell, as for (22). The ruthenium atom is coordinated to

MeCN [Ru-N(l), 2.033(6) Å1, eeh3 [Ru-P 2.297(2) Å1 ana C5H5 ligands [Ru-C(cp)

2.L9I(7) - 2.243(8), av.2.224 Å1, all distances being within the ranges normally found for

complexes containing these ligands.27,s1 The observed C(sp2)-Ru distance t2.034(7).4.1 is

simila¡ to the examples noted in Section I.2.1., as are the differences in the ring C-C bond

lengths (see Table 2).

The room temperature reaction of a benzene solution of (29) with dcfe gave us a new route

tothesynthesisofpure,diamagneti"{nutffi(C}Ð2](PPh¡Xq-CsHs)}z-

{p-(1.{C)zC=C(CF¡)z} (a0a). Unit cell parameters for (40a) were in good agreement with the

crystallographically-characterized complex.a2 Another isomer, (40b), was isolated using

chromatographic procedures different from Swincer's.42 Isomers (40a) and (40b) do not

appear to interconvert in solution, since no extra peaks were observed in the lH NMR spectra

of (40a) after seven days in a d'-benzene solution.

The dcfe derivatives a¡e soluble in hydrocarbon solvents, their IR spectra showing only

two bands in the v(Cl.Ð region, while in Nujol mullscomplex four-band v(CN) patterns were

found. The presence of four bands instead of two is probably due to solid-state and/or solution

effects.52

In the lH NMR spectrum of (40a), one l-C5H5 resonance was found at õ 5.03,

demonstrating the equivalence of the two cyclopentadienyl ligands in solution. This is

confirmed by the solid-state structure of (40a), which shows the cyclopentadienyl groups in

similar environments. Only two CF3 signals (õ -66.0, -66.4) attributable to the cyclobutenyl

rings were found in the 19F NtrrtR spectrum of (40a). This is consistent with the chiral nature

of the complex showing that the two cyclobutenyl rings are equivalent in solution and the two

CF3 groups within each cyclobutenyl ring are inequivalent.



Figure 8. PLUTO plot of Ru(C=CPhC(CF¡)zC(CN)zl(NCMeXPPh3)(q-C5H5) (29)

(by M.R. Snow and E.R.T. Tiekink )
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The CF3 groups on the bridging nitrile had a signal at ô -61.5. Similarly, two CF3 signals

were found for the cyclobutenyl CF3 groups in (a0b) at ô -65.8 and -66.3, and the bridging

ligand at õ -59.8. Molecular ions were found in the FAB mass spectra at mlz 1703 for both

(aQa) and (aQb). Oxidation processes were observed for the compounds (40a) and (40b),

where [M + O]+ ions were formed atmlz 1720. The relative abundance of these ions is initially

comparable to that of [M]+, but increases with time.

The X-ray srrucrure of (40a) is shown in Figure 9 and bond distances are shown in Table

7. The ruthenium aroms again have pseudo-octahedral geometry and the cyclopentadienyl and

triphenylphosphine ligands a¡e within normal bonding distances [(Ru(1)-P(1) 2.3L4(6), Ru(2)-

p(Z) 2.3L6(O Ä; Ru-C(cp) 2.20(l) - 2.27(2), av.2.23 Å1. fne observed Ru-C(sp2) distances

tRu(l)-C(2Ð2.07(2);Ru(2)-C(61)2.01(2)Ål aresimilartothosefortheexamplesnotedin

Section 1.2.1. Each ruthenium centre is chiral; both enantiomers of the molecule shown a¡e

present in the unit cell. Within the cyclobutenyl groups, the same trends as found in Section

1.2.L are apparenr. The differences in CC distances between the cyclobutenyl rings a¡e within

3o, the esd s being rather high. The most notable feature of the structure is the presence of the

bridging dcfe group. The Ru-N d.istances tRu(1)-N(5) 1.98(1); Ru(2)-N(6) 1.98(2) Ä,1 a¡e

slightly shorter than that observed for (29) tRu-N(l) 2.033(6) Å1. fnis suggests stronger

bonding, but because of the large esd's, the differences are not signifrcant.

The reaction of the nitriles acrylonitrile, L,2,4,5-C6FIz(CN)¿, qFI4(Cl'Ð2-o and

COF¿(CN)Z-p with (29) in benzene at room temperature gave the mononuclear complexes

(31), (32), (33) and (35), respectively. Partially characterized binuclear complexes were also

obtained from the tetrafluoroterephthalonitrile and tetracyanobenzene reactions, spectroscopic

data for these being reported in Sections 1.4.17 and 1.4.20. Both mononuclear and binuclear

complexes were isolated from the reactions of (29) with the dinitriles trans-CH(CN):CH(CN)

and p-C-6Fa(CN)z in benzene. Two isomeric binuclear products, (38a) and (38b), and a

mononuclear product, (36), were obtained from the fuma¡onitrile system. The tetrafluoro-

phthalonitrile reaction gave a mononuclear complex (34) and a binuclear complex (37).
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Figure 9. PLUTO plot of {Ru[C=CPhC(CF3 CN)2lGPh¡Xq-CsHs))z-

{p-(NC)2C=C(CF¡)z} (a0a) (by T.V/. Hambley, f.R. Rodgers,

and M.R. Snow)
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Table 7. Selected bond distances (Å) and angles (") for complex (40a)

Ru(1)-P(1)

Ru(1)-C(24)

c(24)-C(zs)

c(zs)-c(26)

c(26)-C(ze)

c(ze)-c(24)

Ru(1)-N(s)

N(s)-c(7s)

c(7s)-c(77)

c(77)-c(78)

c(78)-c(80)

c(2s)-c(24)-c(2e)

c(24)-C(2s)-C(26)

c(24)-C(2e)-C(26)

Ru(1)-C(24)-C(2s)

Ru(1)-N(5)-c(7s)

c(7s)-c(77)-c(76)

N(s)-c(7s)-c(77)

c(7s)-c(77 )-c(78)

2.3r4(6)

2.07(2)

1.30(3)

1.53(3)

1.53(3)

r.60(3)

1.98(1)

t.r7(2)

r.42(3)

1.37(3)

r.s7(4)

er(2)

e7(2)

86(1)

86(1)

143(1)

176(2)

110(2)

177(2)

t27(2)

2.316(6)

2.Or(2)

r.3e(3)

1.5s(4)

r.67(4)

r.67(3)

1.e8(2)

1.1s(3)

1.41(3)

1.61(4)

eL(2)

ee(2)

85(2)

ee(2)

r4L(2)

172(2)

11s(2)

t7r(3)

t23(2)

Ru(2)-P(2)

Ru(2)-C(61)

c(61)-C(62)

c(62)-C(63)

c(63)-c(66)

c(66)-C(61)

Ru(2)-N(6)

N(6)-C(76)

c(76)-c(77)

c(78)-C(79)

c(62)-c(61)-C(66)

c(61)-c(62)-C(63)

c(62)-c(63)-c(66)

c(61)-c(66)-c(63)

Ru(2)-C(61)-C(62)

Ru(2)-N(6)-c(76)

c(7e)-c(78)-c(80)

N(6)-c(76)-c(77)

c(76)-c(77)-c(78)
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Only binuclear complexes were isolated from the reaction of tcne with (29), th¡ee isomers

[(39a), (39b), (39c)] being obtained. The mononuclear and binuclear complexes from these

reactions were characterized by microanalysis, FAB mass spectrometry, electrochemisEy (see

Section I.2.6) and, where appropriate, by lH and 19F NMR. The spectral properties of

complexes (31) - (36) (see Tables 9 -I2, Section I.4) are similar to those of (29), and suggest

that related structures are likely for these complexes, with a n1, N-bound nitrile ligand attached

to rhe Ru{C=CPhC(CF¡)zC(CN)z}GPh¡Xn-CsHs) core. Similarly, the spectral data for the

binuclear complexes (37) - (39) (see Tables 9 - 12, Section 1.4) show that they have

structures related to (40a). The altemative isomeric possibilities for the tcne structures are

illustrated in Figure 10.

Figure 10. Alternative isomeric possibilities for complexes (39a), (39b) and (39c)
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In the case of the fumaronitrile and dcfe ligands it is probably not the olehn itself which is

responsible for the isomerism, but altemative orientations of the ruthenium centres arising from

interactions between the phosphine and cyclobutenyl ligands. For tcne the possibility of cis,

trans and gemisomers also exists, as well as for orientational isomerism.
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The IR data for the mononuclear complexes (31) - (36) was similar to that of (29). Very

weak v(CN) bands were observed between 2220 and225} cm-r for the ring CN groups and

medium to strong intensity bands for the nitrile ligands (2I7O - 2270 cm-l), the more electron-

deficient ligands having the lower v(C|Ð stretching frequencies. The v(C=C) bands va¡ied in

intensity from very weak to strong, with contributions from the double bonds of the nitrile

ligands evident in several of the spectra [e.g. 1574s (31), 1590m (36) cm-l]. Strong v(CF)

bands were found for all complexes in the range 1088 - 1310 cm-l. The IR spectra of the

binuclear complexes have slightly less intense v(C=C) bands than their mononuclear

counterparts, but are otherwise very similar. The v(CN) bands were shifted to higher

frequency (by 2 to 40 cm-l) and were fewer in number and/or had smaller line widths

(indicative of fewer overlapping bands) than the mononuclea¡ derivatives.

An examination of the stronger v(CN) bands Q2æ - 2O7O cm-l) for the binuclear

complexes has suggested a correlation between the number of bands observed and the

symmetry of the products. For the isomers of (38), the one-band pattern suggests a highty

symmetrical orientation of the two Ru { C=CPhC(CF3)zC(CN)z } @Ph3) (q-C5H5) groups. In

the case of the tcne derivatives, two of the isomers t(39a) and (39b)l have a two-band pattern,

while the third isomer (39c) has a one-band pattern. It seems likely that the third isomer has a

trans syrímetry similar to the isomers of (38).

Cyclopentadienyl resonances were observed in the lH NMR spectra of complexes (31) -

(36) (see Table 11, Section 1.4). As expected, the effect of increasing the elecron deficiency

of the nitrile ligands was to shift the cyclopentadienyl resonance downfreld [e.g. ô 4.82

(NC)C6H2(CN)¡ and ô 4.82 (NC)C6Fa(CN)-o, versus ô 4.41 NCMel. Also observed for all

the complexes were phenyl resonances in the range ô 7.6 - 6.4. A mononuclear formulation

was assigned to (36) on the basis of the lH NMR spectrum: signals were found for the two

CH groups in the fuma¡onitrile ligand and for the cyclopentadienyl $oup at ô 6.03, 5.49 and

4.56, respectively (relative intensities 1:1:5). This formulation was supported by

microanalytical results. Complex (31) had lH ¡ttrrfR signals assigned to the CH(CN) (õ 5.74)

and CH2= (ô 5.55) protons of the acrylonitrile ligand, and the rl-CsHs group (ô 4.50); these
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signals had intensities in the ratio 1: 1 : 5. The lH NMR spectra of the binuclear compounds

were similar to that of (40a), and show that the two cyclopentadienyl ligands in each complex

are equivalent in solution. Integration of the CH:C5H5 signals (2:10) for the each of the

isomers of (38) confirmed their binuclear formulations.

The fluorine NMR specüa showed that the CF3 groups in all the complexes are

inequivalent, with two quartets for each complex found between õ -65.7 and -66.5. As noted

above, this is indicative of a chi¡al metal centre which creates different CF envi¡onments on

either side of the cyclobutenyl ring. Complex (35) was shown to have a mononuclear

formulation by comparison of the two CF3 euartets (õ -66.1 and -66.4), with the signals

observed at higher freld for the C6Fa(CN)2 ligand (intensities 3:3:4). Comparison of the

signals for the fluorines in the coordinated nitrile and in the free tigand (ô -130.6),53 showed

that F2 and F6 are inequivalent (õ -130.5, -131.4) and are shifted upfield slightly, while F3 and

F6 are deshielded (ô -128.7). The spectrum of (34) showed signals for the CF3 groups in the

normal region (ô -66.1, -66.4) while the nitrile ligand displayed signals for F3 and F6

(õ -127 .3, -128.3) and for F4 and Fs (ô -142.0, -144.5). The signals observed for the

fluoronitrile ligands in (34) and (35) result from fluorine-fluorine (including cross-ring)

coupling and from coupling to phosphorus: the expected AA'XX'Y slstems54 were not fully

resolved. Ttre 19F spectra of complexes (37) - (39) were similar to those of (a0) (see Table

11, Section 1.4). The tetrafluorophthalonitrile derivative (37) was given a binuclear

formulation by comparison of the CF3 and C6Fa integrals (6:6:4). Two doublets were

observed for the CeF¿(CN)z group at õ -128.7 and -145.5 (J",, = 13 Hz). These have been

assigned to F3, F6 and F¿, F5 respectively. The binuclear complex formed from the reaction of

tetrafluoroterephthalonitrile with (29) showed the integrals 6:6:4 for the CF3 to C6Fa groups.

The signal for the C6Fa group was a doublet atõ -1323 (J = 14 Hz), which is again upfield

from the free ligand (ô 130.6) and demonstrates that all fluorines are equivalent. A sma[

difference in chemical shifts between the mononuclea¡ and binuclear complexes of a given

series was noted, the shifts for the mononuclear fluoronitrile ligands being at a lower field (1 -

2 ppm) than those of the binuclear complexes.

F6 F3

CN

F4

F

CN NC

F2

F5

CN
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The fast atom bombardment spectra for the mononitrile complexes are somewhat

confusing, as ion/molecule aggregates are formed at higher mass. The principal aggregate

[M2 - nitrile]+ appears to be formed by intermolecular association. This illustrates the

problems that are faced in assigning molecular ions in complexes containing relatively labile

ligands. The FAB mass spectra of the binuclear complexes showed weak molecular ions and

fragmentation patterns similar to ttre mononuclea¡ derivatives. An ion [M - C:CPhC(CF¡)z-

C(Cl$zl*was found only in the binuclear complexes. The ion [M - nitrile - dcfe]+ (mlz 530),

characteristic of the presence of a dcfe-cyclobutenyl ring (see Section I.2.1), was found in the

spectra of all the mononuclea¡ and binuclear complexes.

In all spectra, ions were also found atmlz 1488 and m/2744. The high mass ion was

assigned to [{Ru[C=CPhC(CF3)2C(CN)2](PPh3)(C5H5)]zl*, which shows a significant

fragmentation, with loss of PPh3 and C=CPhC(CF3)2C(CÌ'Ð2. The ion at mlz744was

assigned to [Ru{C=CPhC(CF3)zC(CN)z} GPh:XCsHs)]+, which has the same formulation as

the molecula¡ ion of the allyl complex (25). Fragments from the rnlz 744 peak result from the

loss of CN and CF¡. The remaining peaks in the spectra result from the usual fragmentation of

Ru@Ph¡Xn-C5H5),ss with breakdown and loss of the phosphine groups and the

cyclopentadienyl li gand.

In solution, the nitrile compounds show intense colours which range from red (35)

through yellow (29) to dark blue (32). The electronic absorption spectra for (29) - (40) and

complexes (30) and RuCl(PPh3)z(q-CsHs) (41) have contmon features. Strong peaks are

present at around 234 nm (with shoulders at 286 and 336 nm, not resolved in all cases), which

have been ascribed to intraligand transitions associated with the Ru(PPhsXtt-CsHs) core and,

where appropriate, with the nitrile groups. For complexes with electron-deficient nitrile

ligands containing unsaturated substituents, two charge-transfer absorptions were observed in

the range 400 - 1000 nm. These are presumabty MLCT transitions, Ru(tr) -+ nitrile (d" ->

pn*).56 The two CT bands observed for each binuclear complex were found at lower energy

(30 - 80 nm) than those of the related mononuclear complexes. This is in accordance with

results obtained by Peterson et al. for the lumi¡escent complexes {[Ruþ].(dpp)]
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[L = phen, bpy; - : I - 2;dpp = 2,3-bisQ-p,yridyl)pyrazînef.56 They found the Ru(If¡ + dpp

transition was shifted to lower energy (71 nm) when the ligand was bridging, as a result of

stabilization of the r*-acceptor orbital on dpp.

l-ower energy shifts in the CT bands were found for the most electron-deficient nitriles

[546,644 (32); 470,510 (34); 484,534 nm (35)]. The position of the CT bands for the

binuclear compounds also reflected the nature of the ligand lrcne 646, (> 900) nm (39a) > dcfe

560,770 nm (40a) > tetrafluoroterephthalonitrile 562,586 nm (see Section I.4.2O) >

retrafluorophthalonitrile 506, 552 nm (37) = fuma¡onitrile 492,548 nm (38b)1. This pattern

could not be related directly to donor strengths but the observed lowering in the energy of the

nitrile æ*-acceptor orbitals (hence lower energy absorption) with the more electron-

withdrawing goups is as expected. The maxima of the first CT absorption for the isomers of

(39) was found between 634 and 646 nm, while the second absorption had maxima greater

than 900 nm.

All the reactions of the nitriles with (29) were performed with = 1:1 stoichiometry. In

cases where binuclear complexes were formed, the same products were obtained when an

excess of reactant (29) was used, but the reactions did not go to completion. The nitriles used

were chosen to evaluate the effects of (a) increasing the number of the nitrile sites available, (b)

changing the steric requirements at the sites and (c) varying the electronic properties of the

nitrile. Examples of structurally characterized RuX(PPh3)2(q-C5H5) complexes [X = C(Clg¡,

C(CN)zC(CN)C(CN)gI, containing N-bound tricyanomethanide and pentacyanopropenide

anions have been described.5T'58 ftsl¿¡sd manganese complexes {Mn(CO)Z(n-CSH¿Me)}nX

(X = tco€, terephthalonitrile, tetrafluoroterephthalonitrile, n = 1 - 4) which contain bridging or

terminal nitrile ligands have been synthesized by Kaim and Gross.59 A binuclear complex was

formed from tetrafluoroterephthalonitrile, whereas the product obtained using terephthalonitrile

was a mononuclear derivative. The difference in reactivity was related to tetrafluoro-

terephthalonitrile being a stronger 7r-acceptor ligand. Previous work by Wallis et a|.53 had led

to the synthesis of several cationic mononuclea¡ derivatives of [Ru(PPh¡)z(n-CsHs)L]+

[L = MeCN, CH2=çHçN, CeF{¿(CN)z-o, CoF¿(CN)z-o] as well as to the bridged binuclear
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compounds [{Ru(PPhr)z(q-CsH¡)lzL]2* [L = C6Fa(CN)z-p, CoH¿(Cl$z-n, NC(CH2)CN]

The formation of the binuclear complexes was favoured when the nitrile groups were in a near-

linear arrangement, which minimized interactions between the bulþ PPh3 groups on the two

metal centres.

The synthesis of (29) works successfully because the small acetonitrile ligand readily

replaces one of the bulky triphenylphosphine ligands. Molecular modelling of complex (17)

has shown that there are mutual interactions between the two niphenylphosphine ligands, as

well as with the cyclobutenyl phenyl substiruent and the CF3 groups. [-oss of phosphorus

ligands is not a feature of the chemistry of the related complexes RuX(PR3)2(n-CsHs)

[R=Me,oMe;X=Cl,C2Ph,æ(CN¡,1.oo,orThisistobeexpected,aSthe
cone angles of these P-donor ligands [PMe3 118 o, P(OMe)¡ 107 I are considerably smaller

than that of PPh3 (145 ').

Two green complexes were also discovered in the reactions of (29) [or (30)] with dcfe;

these were found to be isomers of the oxygen adduct [Ru

CsHs))z[p-(NC)2CC(CF¡)zO] (42a) and (42b), formed by oxidation of (40a) and (40b)

respectively. The analytical and FAB mass spectrometric results confirm the dimeric structure

of (42b); (42a) has properties similar to (42b), but reliable analyses were not obtained. In the

IR spectra of (42a) and (42b), the v(CN) region contained a two-band pattern. The upper

band is at higher frequency than the corresponding bands in either (40a) or (40b). As these

strong v(Cl.Ð bands are assigned to the N-bound nitrile it is clear that the oxidation has taken

place at the bridging group. No absorptions assignable to v(OÐ were found in the IR spectra

of the two isomers of (42). These compounds had fingerprint regions simila¡ to (40a) and

(40b), but the v(C=C) bands were less intense. Molecular ions were found in the FAB mass

spectra at mlz 1720 for (2a) and (42b), the fragmentation patterns being similar to the other

binuclear complexes mentioned previously. The proton NMR spectra of (42a) and (42b)

were nearly featureless, with only very weak, broad resonances being found in the phenyl

region. The reduction process observed for the dcfe ligand (see Section I.2.6) in complexes

(40a) and (40b) was completely absent from (42b). It seems likely that this reduction

t-t
[C=CPhC(CF3)2C(C]Ðd (PPh¡Xq -
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process is associated with the LUMO localized on the ligand, which in turn suggests that the

LUMO on the bridging group has either been raised in energy or changed in character

altogether in the transformation from (40) to (42). From these resuls it appears that addition

of 'O' to the bridging group in (a0) has removed the r-system and a radical cation has been

formed, this having an oxidation potential outside the solvent window. A structure involving

an epoxide diradical group is consistent with these observations. Ready oxidation of free

cyanolefins e.g. tcne, by H2O2has been described and proceeds to give epoxides.62

(41)

c

(NC)z

c
N PPh3

Rr

The ESR spectra of (40a), (40b) and both isomers of (42) all show the same broad signal

(31G peak to peak linewidth) at g 2.038. This was investigated further a¡rd found to be the

result of small amounts of the isomers of (2) being present in solutions of (40a) or (40b),

even after chromatography. Partial conversion of (40a) to (42a) and of (40b) to (42b) took

place over four days in benzene solutions under 02. The conversion of (40a) to (42a) (major

amount) and (42b) (minor amount) was also facilitated by supporting the complex on silica. A

possibility that a catalytic route may be involved in the syntheses of (42a) and (42b) is

supported by the increased conversion of (40a) to (42a) and (42b) on silica. These results

suggest that the paramagnetic species a¡e the two isomers of (42). Small amounts of these

isomers are always present in solutions of (40a), explaining the anomalously low value of

unpaired electrons observed by Swincer for (40a).az

PPh3

PhRr

N

Fg)z

Ph
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1.2.6. Electrochemistry

It was decided to undertake an electrochemical study of the nitrile complexes to see if the

number of couples observed and their E1p values could be used to determine whether the

complexes formed were mononuclear or binuclear. Recent investigations63-65 have shown that

the redox chemisury of Ru(RXL)z(t'ì-CsR's) compounds (where R = CzPh, C2But, Me,

CH2Ph, Cl; L: CO, PPh3; L¿ = dppe; R'= H, Me) is characterized by the one-electron

oxidation process Ru(tr) + Ru(IID. For the C5H5 complexes, this process is quasi-reversible

and occurs at around 0.5 V. Our results for Ru(C2PhXPPh¡)z(n-CsHs) (30) agree well with

those reported by Bitcon and Whiteley,63 which are for a quasi-reversible process occurring at

Evz= 0.60 V (0.56V corected for FeCp2/FeCp2+ couple), (Lit.63 0.56 V). We also looked at

the oxidation process observed for RuCl(PPh:)20-CsH5) (a1) which had an Et2=O.74Y,

and found that this was near-reversible but was not diffusion-controlled.

The cyclobutenyl and nitrile ligands shift the Ru(II) + Ru(Itr) couple to 0.89 V for (29)

and 0.87 V for (31). Higher oxidation potentials were observed when the more dehcient

nitrile ligands were present: E 1¡2 l.O7 (32),0.95 (33), 1.07 (34), 1.05 (35) and 0.97 V (36)

(see Table 13, Section 1.4). The chemical reversibility of the processes in (29) and (34)

suggests that it might be possible to modify the envi¡onment of the ruthenium with substituents

other than C5Me5,63 to obtain relatively stable l7-electron Ru(trt) radical cations. Related 17-

electron Fe(m) cations have been cha¡acterized for several FeRL2(q-C5H5) complexes G -
CO, PPh3; I¿= dppe; R = Cl, Br, H, Me),66'ez but not for the ruthenium analogues

investigated.6a The oxidation processes observed for the other mononuclear compounds were

either quasi- or near-reversible and, in some instances, were diffusion-controlled [(32), (33)

and (34)1.*

* The criterion for diffusion cont¡ol was
iP

= constant, with variation of u between 50 and 500 mV s-I.fi
Criteria for reversibility in CV (given for an oxidation process): 4= 1.0 reversible: 4 . ,., n"*-

ipc 'ipc

reversible; ipa > ipc quasi-reversible; no apparent cathodic peak irreversible.
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Figure 11. Cyclic voltammogram of complex (a0a) (200 mV s-1) in CIJ2CL2.

+o.Boo +o,5 +o.o erJ -o.Boo

EIUOLTì

The elecrochemistry of complexes (37) - (42b) is summarizedinTable 13 (Section 1.4).

Using square wave voltammebry, two oxidation processes were measured in each complex,

confirming that they are all binuclear. As an example, the CV spectrum of complex (40a) is

shown in Figure 11. The cyclic voltammetry results for (37) did not resolve the two

processes, which appeared as one two-electron process. Most of these processes were quasi-

reversible, although those of (40a), (40b) and (42b) were fully reversible. The oxidation

potentials for (42b) [E1p 0.10, 0.66 V)] were in good agreement with those found for the

isomers of (a0) [E1p 0.13, 0.67 V (40a); 0.10, 0.67 V (40b)], confrming a related binuclear

structure for (42b).

ï'r
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Reduction processes associated with the nitrile ligand were found for (32) - (36). In

general, the reduction of the coordinated ligand took place at more negative potential than that

observed for the free ligand (see Tables 13 and 14, Section 1.4). For (32) and (35), the

reduction processes were chemically reversible. In contrast, those of the free ligands were

quasi-reversible. It appears that the metal stabilizes the radical anion associated with the nitrile

ligand by charge delocalization. The other mononuclear complexes show irreversible

behaviour for the reduction process. A comparison of CV and S'W voltammetric currents for

the fîrst reducúon of (32) with those of the oxidation of ferocene under stirred conditions64'6s

suggested that this was a one-electron process. The diffusion coeff,rcient for (32) appears to be

only slightly smaller than that of ferrocene (io * DUz), which is somewhat unexpected.

Comparison of the Ru(tr) + Ru(trI) oxidation65 with the first reduction process helps to

confrrm that the reduction involves a one-electron transfer.

For the binuclea¡ compounds other than (37), the ratio of the number of electrons involved

in the reduction to those involved in the two oxidation processes was 1:1:1. For (37), the ratio

was 1:2. The reduction processes observed for (37) - (40) were either quasi-reversible or

irreversible and took place at the same or at slightly more negative potentials than those of the

free ligands. Little difference was found between the oxidation and reduction potentials of

related mononuclear and binuclear complexes, the variaúons being within the scale of

experimental eror.
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1.3. Conclusions

The (2 + 2) cycloaddition reactions between dcfe and transition-metal o-acetylides gave

cyclobutenyl, butadienyl and allylic complexes. In all cases, the dicyanomethylene goup

became attached to the cr-carbon of the acetylide. This direction of addition appears to be

favoured because of charge delocalization on the dicyano groups stabilizing the proposed

dipolar intermediate. Addition of dcfe in the opposite direction would result in significant

CF3/PPh3 interactions. Hydrolysis of the cyclobutenyl derivative (13) in the presence of

Me3NO.2H2O was found to give (27), which contains the unusual W-N(Ð=C(OÐ-C=C

chelate ring.

An acetonitrile-cyclobutenyl complex (29) was formed by treating the bis-triphenyl-

phosphine complex (17) with acetonitrile. This reaction was probably driven by the

replacement of the bulky PPh3 with the smaller MeCN ligand. Displacement of the acetonitrile

ligand in (29) by other nitriles has allowed a number of mononuclear and binuclear nitrile-

substituted cyclobutenyl complexes to be synthesized. The reaction of Q\ with dcfe gave the

binuclear complex (40a), which had been synthesized earlier by Swincer.a2 Complex (40a)

was then thought to be paramagnetic, even though an X-ray structure determination suggested

otherwise. We have found that small amounts of the proposed epoxy radical species (42a) and

(42b), formed by the oxidation of (40a), were invariably present in solutions of (40a).

Electrochemical studies were carried out on each of the nitrile complexes to determine

whether they were mononuclea¡ or binuclear. The presence of two metal-centred oxidation

processes confrrmed the formulation as a binuclea¡ complex, while the presence of only one

indicated that it was mononuclear. For the complexes containing the nitriles MeCN, dcfe and

ortln-C6Ea(CN)2, the oxidation processes were reversible, which implies that it should be

possible to isolate stable l7-electron species by modifying the ligands attached to the

ruthenium.
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1.4. Experimental

General conditions. All reactions were performed under nitrogen using dried, degassed

solvents; no special precautions were taken to exclude air during workup since most complexes

proved to be stable in ah as solids and for short times in solution. The nitrogen used was high

purity grade (Commonwealth Industrial Gases). Solvents used for chromatography were LR

grade; spectroscopic grade solvents were used for spectroscopy; all other solvents used were

AR grade and/or were dried and distilled under a nitrogen annosphere.6s The petroleum spirit

used was a fraction of b.p. 62-66 oC. In the text, 'removal of solvent under reduced pressure'

or'evaporated to dryness' refer to the use of a Buchi rotary evaporator and'removal of solvent

under vacuum' refers to the use of a rotary pump and a trap cooled to -196 oC.

Melting poi¿rs .' Melting points were measured in sealed capillaries using a Gallenkamp

melting point apparatus and a¡e uncorrected.

Chromatography: Flash chromatography was performed under N2, using a water-jacketed

15 x 350 mm column with silica (200-325 Mesh, AJAX) or florisil (60-100 Mesh, BDFI) as

adsorbents. Thin layer chromatography (TLC) was performed on 20 x 20 cm glass plates

using a 0.5 mm thick silica adsorbent (60 GFzs¿, Merck).

Photochemisrry; Photochemical reactions were ca:ried out using the following UV

sources: Applied Photophysics 16V/ LP,400V/ MP or Phillips 100W HP Hg lamps in quartz

immersion wells.

Pressurized Reactions; A large autoclave (1L, Baskerville & Lindsay) was used for

reactions up to 250 am. For reactions at less than 80 atm, a small autoclave (Roth, 100 mL)

equipped with Teflon gaskets and a glass liner was used. l,ow-pressure syntheses were

performed in thick-walled Carius tubes fitted with Rotaflow high-vacuum taps. The Carius

tubes were heated in a Gallenkamp tube oven.
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Analyses: Microanalyses were performed by the Canadian Microanalytical Service, New

Westninster, British Columbia, Canada. Electron microprobe analyses were by the Electron

Optical Service, University of Adelaide.

Molecular modelling: Molecularmodelling was performed using the CFIEM-3D program

for Apple Macintosh computers, Cambridge Scientific Computing (1987). The covalentrariii,

bond distances and angles were those found in the CFIEM-3D parameters set. They \ilere

modified where necessary to values obtained from crystallographic data.

Instrumentation.

IR; Perkin-Elmer 683 double-beam and Perkin-Elmer l72OX FT spectrometers, NaCl

optics, calibrated using polystyrene absorption at 1601.4 cm-l.

NMR: Bruker CXP 300 (lH NMR at 300.13 MHz, leF NMR at282.35 MHz, 3tP l..¡¡t4R

at L21.49 MHz, 13C NMR at7 5.47 MHz) and Bruker WP 80 (lH NMR at 80 MHz, l3C

NMR at2O.I MHz) spectrometers. Chemical shifts (300 K) to low freld are denoted positive;

the intemal references were SiMe4 (l3C and lH NMR) and CFCI3 (19F); the extemal reference

for 31P NMR was 0.1M HCV0.01M H3POa in D2O (õ +0.8 ppm). The shifts quoted for the

31p NVR spectra are relative to 85Vo H3POa. With spectra recorded in non-deuterated

solvents D2O in a concentric tube was used for the field lock.

ESR: Varian E.P.R. E-9 spectrometer operating in the X-band; dpph was used as a

'g-marker'.

Electronic spectra: Electronic spectra were recorded on a Hewlett-Packard 8452A diode

array spectrometer, using a lcm quartz cell.

Mass spectrø.' FAB mass spectra were obtained on a VG ZAB 2Íß instrument equipped

with a FAB source. Argon or xenon were used as FAB gases, with source pressures typically

10-6 bar; the FAB gun voltage was 7.5 kV, current 1 mA. The ion-accelerating potential was

7 kV. The complexes were made up as = 0.5 M solutions in CHzClz; a drop was addgd to a
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drop of matrix (3-nitrobenzyl alcohol), and the mixture was applied to the FAB probe tip.

Spectra are reported below in the form: m/2, assignment, relative intensity; multi-isotopic

species a¡e normalized on the most abundant metal isotope (56Fe, 58Ni, 102Ru, 184W). All

meral-containing ions with relative intensities greater than lOVo of the base peak a¡e listed as

well as assigned minor ions. Peaks marked with an asterisk are the strongest of multiplets

related to the assigned formulation by addition or loss of one or two H atoms. Most of the

spectra were recorded within two minutes of sample introduction to avoid decomposition

anüor side reactions. EI MS were obtained on a GEC-Kratos MS3074 mass spectrometer

(70 eV ionizing energy, 4 kV accelerating potential).

Electroclrcmistry: Electrochemical analyses were performed using a BAS-100

electrochemical analyser with a cell containing Pt-disc @ioanalytical Systems) working, Pt-

wire counter and SCE reference electrodes. The reference electrode was sep¿ìrated from the cell

by a bridge containing electrolyte, which was fitted with a fine glass frir A 0.1M solution of

[NBu¿][BF¿] in CH2CI2 wâs used as the supporting electrolyte and the concentration of

compounds was approximately 2x L}a M. Spectra were recorded at25 oC and all potentials

a¡e in V relative to SCE, at which Eoox for Fe(cp)z was at 0.60 V (differential pulse).

The CV peaks listed were recorded at a scan rate of 200 mV s-1. The criterion for diffusion

control *u, å = conStânt, with va¡iation of u between 50 and 500 mV s-1. Criteria for
{"

reversibility (given for an oxidation process): *= 1.0 reversible; Ë . t.Z nea¡ reversible;
ipc 'iPc

iPa > ipc quasi-reversible; no apparent cathodic peak irreversible. For a multi-process CV scan,

the ratio of the peak current for the process being measured to that of the process with the

smallest peak current, was expressed as an integer value, n¡s1. The number of electronS, rt¡¡s¿s,

involved in a SW process was determined by comparison with Fe(cp)z/Fe(cp)z+ under stirred

voltammetry conditions. Square wave parameters: sweep width amplitude 25 mV, frequency

15 Hz, step E 4 mV; sweeps were performed in a negative direction +1.50 + -1.50 V.

Differential pulse parameters: pulse amplitude 50 mV, pulse width 60 ms, pulse period

1000 ms; sweeps were performed in a negative direction at 4 mV s-1.
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Starting Materials. Literature methods were used to prepare W(C2Ph)(CO[(I1-C5H5),6e

Fe(CzPh)(CO)z(rl-CsH5),6e Ni(C2PhXPPhg)(I-C5H5),6e Mn(C2Ph)(CO)3(dppe),70

Ru(CzPh)(COXPPh3)(n-CsHs),71 Ru(C2Ph)(dppeXn-CsHs),71 Ru(CzPhXPPh:)z(n-

CsHs),7l Ru(CzMe)(PPh:)z(n-CsHs)71 and C(CN)z=C(CF¡)z (dcfç¡+6. The other nitriles

and Me3NO.zIlzO (Aldrich) were commercial samples and were used as received.

Syntheses

Syntheses of cyclobutenyl complexes

1.4.1. W{ - CPhC (CF3)2C (CN)2)(CO)¡(q'CsHs) (13)

A solution of W(CzPhXCO)¡(q-CsHs) (250 mg,0.57 mmol) and dcfe (160 mg,

0.75 mmol) in CH2Clz (30 mL) was stirred in the da¡k for 45 min. The volume was then

reduced (to 5 mL, FIV) and a mixture of EIOH (2 mL) and petroleum spirit (5 mL) added.

Further reduction in volume and cooling resulted in the formation of a yellow precipitate. The

solution was syringed off and the precipitate washed with petroleum spirit and dried under

vacuum. Chromatography of the product (TLC: peroleum spiriVacetone 5:2) separated a

major yellow band @¡0.55) from four yellow-orange bands. CYystallization of the major

product(CH2C|2/petroleumspirit)yieldedyellowcrystalsorwtffi(CN)z}-

(CO):(n-CsHs) (13) (330 mg, 0.49 mmol,86Vo), m.p. 157-158 oC. Anal. Calcd for

C22H1oF6N2O3W: C,40.77; H, 1.56; N,4.32; Mr648. Found: C,40.67; H, 1.59; N,4.33;

Mt648 (mass spectrometry). IR (CHzClz): v(CÐ 2244vw; v(CO) 2039s,1960s,

1946s cm-l. IR (Nujol): v(CC) 1612w,1579w; v(CF) 1294(sh), L277s,1252(sh), 1232(sh),

1222(sh), 1205s; other bands at 1490w, 1430w, 7L52w, 111lm, 1098w, 1077w, 1062w,

1015w, 950m, 940(sh), 844m, 819w, 770w, 723m, 710w, 700w, 630w cm-l. lH NMR

(CDCI¡): ô 7.5 -7.3 (m, 5H, Ph); 5.72 (s,5H, CsHs). leF NMR (CDCI¡): õ -66.3 (s, CF¡).

FAB MS: 648, [M]+, 74;620*, [M - CO]+, 8;592, [M - 2CO]+, 100; 579*, [M - CF3]+, 9;

564, [M - 3CO1+, 68; 495, tM - 3CO - CF¡]*, 3I; 406, [WC2PhCC(CNXCF3)f*, 14;368*,

[Wz?]*, 22;350, tM - 3CO - dcfelr,29 305, tW(CO)2(CsHs)l+, 40;287*, [WCzPh]+' 67.
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Aggregate ions above mlz 648 were observedatm/z (7o) 688 (6),702 (14),717 (18), 732 (8),

1128 (8), Ir42(2) and 1156 (2).

1.4.2. Mn{ C= CPhC (CFs)z (CN)z)(CO)¡(dppe) (t4)

The olefin (80 mg,0.37 mmol) was added to a solution of Mn(C2Ph)(CO)3(dppe)

(200 mg, 0.31 mmol) in benzene (20 mL). After the solution was stired for 18 h, the white

precipitate was filtered off and washed with benzene and petroleum spirit. Crystallization

(CHzCI2llEtOH) gave white crystals of Mn{C=CPhC(CF¡)2C(CN)2}(CO):(dppe) (14)

(200 mg,0.23 mmol,75Vo), m.p. 193-195'C. Anal. Calcd îor Ca3H2sF6MnN2OzPz; C,

60.57; H,3.43; N,3.28; Mt852. Found: C,60.39; H,3.45; N,3.30; Mr852 (mass

spectrometry). IR (CH2CI): v(CN)2241vw; v(CO) 2109s, 1943s cm-l. IR (Nujol): v(CC)

1610vw, 1590vw, 1578vw, 1555vw; v(CF) 1290(sh), L272s,1250w, 1218w, 1197s,

118l(sh); other bands atI482w,1440m, 1308w, 1109m, 941w,74Ow,722w,707m,688m,

6'76w, 662w,630w cm-1. lH NMR (CDC1¡): ô 8.0 - 7 .3 (m,20H, PhP); 7.00 (t, ,Is-u =

7 IJz,lH, Ph); 6.61 (t,,IH-H = 7 Hz,2H, Ph); 5.22 (j,,IH-H = 8 Hz, 2H, Ph); 2.8 - 1.6 (m,

4H, CH2). FAB MS: 853, [M * ÉI]*, 4;852, [M]*, 4:797*, [M - 2CO]+, 2; 768, [M -

3COl+, 50; 742,[M - 3CO - Cl'ü*, 4; 69L, [M - 3CO - Ph1+, 5; 554, [M - 3CO - dcfe]+, 8;

537, [Mn(CO)¡(dppe)]+,5;479, tMn(CN)(dppe)l+, 8;472, [MnF(dppe)]+, 100; 453,

[Mn(dppe)]*, 15; 259, [MnF@Ph2)]r, 16.

1.4.3. Fe{ =CPhC(CF¡)z (CN)z)(CO)z(n-CsHs) (15)

Addition of dcfe (260 mg, 1.20 mmol) to a solution of Fe(CzPhXCO)(q-C5H5) (200 mg,

0.72 mmol) in diethyl ether (30 mL) followed by stining in the da¡k for 40 min resulted in a

yellow solution. Reduction of the volume (to 5 mL) followed by f,rlration removed a small

amount of an unidentihed precipitate which was washed wittì petroleum spirit (10 mL). The

volume of the combined filtrates was then reduced until a yellow precipitate formed. After

cooling (-20 oC), the pale solution was syringed off and the precipitate washed with petroleum

spirit. Crystallization (CH2Cl2lperoleum spirit) gave pale yellow crystals of p"{Eilõ

(CF¡)zC(CN)z)(CO)z(n-CsHs) (15) (350 mg,0.71 mmol,98Vo),m.p.96-97 oC. Anal.
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Calcd for C21H16F6FeN2O2: C, 5L.25; H, 2.05; N, 5.69; Mr 492. Found: C, 5O.47; H,

2.08; N, 5.97; Mr 492 (mass spectrometry). Rapid decomposition of the solid sample

precluded more accurate analytical figures being obtained. IR (CHzClÐ: v(CN) 22A.3vw;

v(CO) 2044s,1995s cm-l. IR (Nujol): v(CC) 1615w, 1590w, 1580w; v(CF) 1275s,

L222(sh), 72L2(sh), 1200s, 1190(sh), 1155m, 1110s; other bands at I440m, 7425m, 1370w,

L320w,1300w, 1160w, 1079m, 1060m, 1035m, 1020m, 1010m, 970(sh),950s,934s,

885w,858s,843m,840m,817s,800(sh),772s,710m,696s,675w,658(sh),640m,620w

cm-l. lH NMR (CDCI¡): õ 7 .32 (m, 5H, Ph); 4.95 (s, 5H, CsHs). FAB MS: 493, [M +

Fil*, 18; 492,1M)+,tI;466, [M- CNI+,7i436, [M-2CO]*, IOO;417, [M-2CO -F]+,21;

410, [M -2CO - CNI*, 23;398, [M - 2 CO - 2F)+,7:367, [M - zCO - CFs]*, 8;277*,l¡n1-

dcfel+, 37;222, IM - 2 CO - dcfe]r, 6; 186, [Fe(CsHs)z]*,27i 177, [Fe(CO)z(CsHs)f*, 17.

The spectrum also contained many ions betwe en ml z 500 and rnt z 1420 with relative intensities

<27o, as well as those atmlz 557,613,872 and 918, which had relative intensities l0-157o.

r.4.4. Ru{C-CPhC(CF¡)zC(CN)z}(dppe)(n-CsHs) (16)

A mixture of Ru(CzPhXdppeXq-C5H5) (100 m9,0.15 mmol) and dcfe (60 mg,

0.28 mmol) in benzene (10 mL) was stirred for24 h. To the filtered solution was added octane

(5 mL) and the volume then reduced to 5 mL. The resulting pale yellow precipitate was

washed with petroleum spirit and dried under vacuum. Crystallization (benzene/petroleum

spirit) gave yellow microcrystalline Ru(C=CPhC(CF¡)zC(CN)z)(dppeXn-CsHs) (16)

(105 mg, 0.12 mmol,80Vo), m.p.230-231 oC. Anal. Calcd for Ca5H3aFeNzPzRu: C, 61.43;

H, 3.89; N, 3.18; Mr 880. Found: C, 61.63; H, 4.00; N, 3.14; M,880 (mass spectrometry).

IR (Nujol): v(CN) 2233vw; v(CC) 1606w, 1586w, I573w; v(CF) 1292(sh),1274s,

1250(sh), 1230s, 1220(sh), 1208s, 1199s, 1165s, 1110s; other bands at 1546w, 1310(sh),

1105(sh), 1077w,1068w, 1030w, 1002w, 969m, 942m,910w, 855w, 817m,788w,770w,

751m,739m,722s,708(sh),700s, 675s, 630w cm-I. lH NMR (CDCls): ô 8.0 - 6.6 (m,

20H, PPh); 6.95 (t, overlaps with other phenyl resonances);6.72 (t,,Is-H =7H2,3H, Ph);

5.27 (d,,[s-u = 8Hz,2H, Ph);4.71(s,5H, C5H5);2.52 (m,4H, CHz). 13C{lH} NMR

(CDCI3): ô 178.6 (m, Co); 147.2 - 128.4 (m, Ph); 115.6 (m, CN); 85.4 (s, Cs}J:);29.2
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(t,,Ip-c = 22H2, CHz); other minor peaks at ô 71.6(s), 70.0(s), 58.7(s), 8.a(s). leF NMR

(CDCI¡): ô -65.2 (s, CF3). FAB MS: 880, [M]+,61; 803, [M - Ph]+, 14;734, [M - Ph -

CFsl*, 5;666, [M - dcfe]+, 91; 601*, [M - dcfe - (CsHs)]*,'l;589*, [M - dcfe - Ph]+,7;

581*, [565 +0]*,5;565, [Ru(dppeXCsHs)]+, 100; 499*, [Ru(dppe)]',12i 459*,

[Ru(P2Ph3XCsHs)]*, L3:' 393*, [RuP2Ph3]+ , 13; 378*, [Ru(PPhzCzXCsHs)]*, 26; 363* ,

[Ru(PPh:)]', 12; 35 1 
*, 

tRu(PPhÐ(csHs)l*, 47 ; 317 *, [RuP2Ph2]+, 17 ; 299*,

lRuCz€Ph)(CsHs)l*, L4; 2M*, [RuPh(CsHs)]+, 14; 167, [Ru(CsHs)]+, 13.

1.4.5. Ru{C-CPhC(CF¡)zC(CN)z}(PPhg)z(n-CsHs) (17)

The olefin (76 mg,0.36 mmol) was added to a suspension of Ru(CzPhXPPhg)z(n-CsHs)

(200 mg,0.25 mmol) in MeCN (50 mL). After I min all the solid had dissolved and the

reaction mixture was cooled to 0 oC. The resulting precipitate was collected after 5 min and

washed with MeCN, petroleum spirit and dried under vacuum to give a yellow powder

Ru { C=CPhC (CF3)2C(CN) z } GPhg)z(q - CsHs) (L7 ) (r92 me, 0.19 mmol,76Vo), m.p. 145-

L46 oC (dec.). Anal. Calcd for CssFI¿oF6N2P2Ru: C,65.67; H, 4.01; N, 2.78; Mr 1006-

Found: C, 65.36; H,4.02; N, 3.05; Mr L006 (mass spectrometry). IR (Nujol): v(CN)

2239vw;v(CC) 1587w, ll7}vw;v(CF) 1287(sh), 1269vs, I2l9m,1199vs; otherpeaks at

1520w, 1435s, I244w,L238w,1160w, 1138w, 1115(sh), 1106m, 1088m, 1077(sh)'

1063w, L027w,1002w, 947m,848w, 831m, 817m, 754m,745m,740m,720m,704s,698s,

681w cm-l. FAB MS: 1006, [M]*, 14;929, [M - Ph]+, I;792, [M - dcfe]+,Il;744,]vf -

PPh3l+, 34;69L, [Ru(PPh¡)z(CsHs)]*, 38; 530, [M - dcfe - PPh3]+, 7;453*, [M - dcfe - Ph -

PPh3l+, l0;444*,Í429 + Ol*,9; 429, [Ru(PPh3)(C5H5)]*, 100; 350*, [Ru(PPhzXCsHs)]*,

2l 244, [RuPh(C5H5)]* 19. As this complex is unstable in solution no NMR data could be

obtained.

1.4.6. Ru { C = C MeC (C F¡)zC (CN) z} (PPh¡)z(rì - CsHs) (18)

To a suspension of Ru(C2Me)(PPh3)2(t'¡-CsHs) (200 mg, 0.27 mmol) in MeCN (35 mL)

was added dcfe (74 mg, 0.35 mmol). The solid quickly ,went into solution and after stirring

for 24 h the resulting yellow precipitate was f,rltered off, washed with MeCN, petroleum spirit
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and d¡ied under vacuum. I-ow temperature crystallization (CHzCl2lpetroleum spirit) gave

yellow microcrystalline Ru{ CF3)2C(CN)z ) GPh¡)z(tl -CsHs).0.25 CH2CI2 (18)

(210 mg, O.22 mmo]l SlVo), m.p. 179-180 oC (dec.). Anal. Calcd for C56H3gF6N2P2Ru.

O.2SCHzCI2: C, 62.84; H, 4.00; N, 2.90; Mr944 (unsolvated) . Found: C,62.84:,H,4.02;

N,2.93; Mr944 (mass spectrometry). IR (Nujol): v(CN) 2238vw;v(CC) 1572m;v(CF)

1282(sh), L270vs,1255(sh), 1236(sh), L220s,1197vs, 1185(sh); other peaks at 1488s,

1311w, 1158w, 1140m, LlL2w,1087s, 1078(sh), 1036w, 1014w, 1000m, 933m' 873m,

838m,825(sh),810m, 752s,750(sh),747(sh),739m,713(sh),700vs,680(sh) cm-l. lH

NMR (CDCI¡): õ7.2 - 6.9 (m, 30H, Ph); 5.30 (s, 0.5H, C}lzCIù; 4.64 (s,5H, CsHs); 0.53

(s, 3H, Me). tep NMR (CDCI¡): ô -66.3 (s, CF¡). FAB MS: 944, [M]+, 25: 867, [M - Ph]+,

3; 691*, [Ru(PPh¡)z(CsHs)]*,7; 682*, [M - PPh¡]*, 55; 625*, [Ru(PPhg)z]+,6;613*,1691

- Phl*, 6;427*, tRu(PPh¡)(CsHs)l*, 100; 363*, [Ru(PPh3)]*, 13; 350*,

lRu(PPhÐ(CsHs)l*, 20; 244*, [RuPh(CsH5)]+, 19.

L.4.7 . Ru{ C =CPh C (CF3)2C (CN) 2} (C O ) (PPh3)(q - csHs) (19)

(a) A mixture of dcfe (80 mg,0.37 mmol) and Ru(C2PhXCOXPPh¡)(q-CsHs) (100 mg,

0.18 mmol) in benzene (10 mL) was stirred for 20 h. The volume was reduced to 5 mL and

n-octane (5 mL) was added. Further volume reduction resulted in a white precipitate. This

was collected, washed with petroleum spirit, dried under vacuum and crystallized(CHzCIz/

petroleum spirit) yielding colourless crystals of Ru(C=CPhC( (CoXPPhg)(n-

csHs) (19) (117 mg, 0.15 mmol ,84Vo), mp. 206-207 oC. Anal. calcd for c3sH25FeoNzP-

Ru: C,59.15; H,3.27; N,3.63; Mr772. Found: C,59.13; H,3.27; N,3.65; Mt772 (mass

spectrometry). IR (CHzClz): v(CN)2240vw:v(CO) 1960s cm-l. IR (Nujot): v(CC) 161lw,

I572w; v(CF) 1295(sh), 1278s,1250(sh), 1222m,1210s; other peaks at 1487m,1150w,

1114w, 1100m, 1095m, 1077w,1065w, 1030w, 1002w,948m,900w, 840m, 821s,760m,

748w, 722m,708m, 697s, 680w, 638w cm-I. lH NMR (CDCI¡): õ 7 .4 - 7 .2 (m, 15H' PPh);

7.0 - 6.8 (m,5H, Ph);5.02 (s,5H, CsHs). 13C{lH} NMR (CDCI¡): EZI9.6 [s(br), CO];

172.7 (d, /p-c = 35H2, Cò; 136.2 - 126.7 (m, Ph); 114.8(d, J = llH:z, CN); 113.4 (d'

J = 8}Jz, CN); 87.¡ (s, CsHs); other minor peaks at ô 154.0 (s),42.5 (s), 35.3 (s). trp NMR
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(CDCI¡): ô -66.0 (q, ,In-r = 10 Hz, CF¡); -66.4 (q, /F-F : I0}lz, CFe). FAB MS: 772, fMf+,

84;744*, [M - CO]+, 15;667, [M - CO - Ph1+, 15; 558, [M - dcfe]+,II;529*, [M - dcfe -

COI*,7;482, [M-PPh¡-CO]*, L2;456*, [M-PPh¡-CO-Cl'I]*,2O;453*, [M-dcfe-Ph-

COI*, 28;429*, [Ru(PPh¡)(CsHs)]*, 100; 363*, [Ru(PPh3)]*,22;350*, [Ru(PPhÐ-

(CsHs)l*, 32:;285*, tRu(PPhz)l*, 18; 244, [RuPh(CsHs)]*, 23;167*, [Ru(CsHs)]*'24.

(b) rø NMR stu.dy of the formation of (L9): Ru(CzPhXCOXPPh3)(n-CsHs) (15 mg,

O.O27 mmot) dissolved in C6D6 (0.5 mL) was added to dcfe (6 mg, 0.03 mmol) and then

placed in an NMR tube. After three min the formation of (19) was complete.

(c) A sotution of Ru(C2PhXPPh¡)z(n-CsHS) (290 mg,0.37 mmot) in benzene (50 mL)

was saturated with CO and dcfe (167 mg, 0.78 mmol) was added. The reaction was left under

positive CO pressure for 5 d. After this time, the volume was reduced (to 10 mL) and n-octane

(10 mL) was added. Further evaporation resulted in precipitation of an off-white solid. This

was purif,red by TLC (petroleum spi¡iy'acetone2:l) to give a white band ß.r0.60) of (19)

(180 mg, 0.23 mmol,63Vo), identified by FAB MS, lH NMR and IR.

Syntheses of butadienyl and allyl complexes

1.4.8. Synthesis of W{C[=C(CN)2]CPh=C(CF3)2](CO)s(n-CsHs) (20) and

W{q3-C (CF¡)zCPh C= C (CN)z}(C O)z(n'CsHs) (2a)

A solution of (13) (130 mg, 0.20 mmol) in xylene (50 mL) was refluxed for 2 h 45 min.

After cooling, the solvent was removed under vacuum and the residue purified by TLC

(petroleum spirilacetone 2:1) which eluted two major yellow bands and three minor bands (the

latter uncha¡acterized). The first yellow band (R¡0.60) was crystallized (CHzClzlpetroleum

spiriÐ to give yellow crystalline W{C[=C(CN)z]CPh=C(CF¡)z](CO)¡(q-CsHs) (20) (11 mg,

0.017 mmol, \Vo), m.p. 184-185 oC. Anal. Calcd for C22HlsFoNzOgW: C, 40.77; H, 1.56;

N, 4.32; Mr 648. Found: C, 40.56; H, 1.53; N, 4.29; Mr 648 (mass specftometry). IR

(CHzClz): v(Cl.Ð 2219w; v(CO) 2044s,1972s,1950s cm-l. IR (Nujol): v(CC) L626w,

1622vt,1616w; v(CF) 1254s,1255m, 1210m, 1161s; other bands at 1448w, 1336m, 1138w,
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lI2Lw,1080w, 1063m, 1015w, 1002w,966m, 883w, 868w, 860(sh), 846m, 824w,'173w,

J56w, ?30w,721(sh),710w,700m cm-l. lH NMR (CDC1¡): õ 7.44 (m,5H, Ph);5.80 (s,

5H, CsHs). FAB MS: 648, [M]+, 58; 62O, [M - CO]+,75i 593*, WI - 2COl*, 33; 564, [M -

3 COI+, 100; 545*, [M - 3 CO - F]+, 38; 517*, [W2F(C5H5)z]*,l7;497*, [M - 3CO - CF¡]*,

9; 452*, [W2F(C5Hs)]+, 8; 3 14, [W(C5Ij)2]+, 24.

The second yellow band (Rr0.50) was crystallized (CHzClzMeOH) to give orange

crystalline W{q3-C(CF3)2CPhC=C(CN)2)(CO)z(n-CsHs) Q4) (32mg,0.05 mmol,267o),

m.p.230-234 "C. Anal. Calcd for C21H19F6N2 OzV/: C, 40.67; H, 1.63; N, 4.52; M.-620.

Found: C,40.57; H, 1.63; N, 4.50; M.620 (mass spectrometry). IR (CHzClz): v(ClÐ

22L9m; v(CO) 2052s,2004s cm-l. IR (Nujol): v(CC) 1579w,1575m, 1567w; v(CF)

L295m,!266w,L234m,1210w, 1195s, 1186m, 1140s; otherbands at 1439(sh), 1190w,

1 145(sh), 1110w, 1094m, 1060m, 1022w, 1003w, 967m, 920w, 862w, 840m, 830w,

816m, 803m,780w, 749m,727w,717w,702s,648w cm-l. lH NMR (CDClg): ô 7.33 (m,

5H, Ph); 5.79 (s, 5H, C5H5). leF NMR (CDCI¡): ô -51.9 (q, ,Ip-r = 10 Hz, CF¡); -52.5 (q,

,[F-F = 10 Hz, CF3). FAB MS: 620*, [M*, 100; 564*, WI - 2 CO]*, 7 7; 545*, [M - 2CO -

Fl+, 57.

r.4.9. Ni {C [=C (CN) z] C Ph = C (CFs)z] (PPh¡)(n'CsHs) (2r)

A mixture of Ni(C2PhXPPh¡Xtt-CsHs) (200 mg, 0.41 mmol) and dcfe (140 mg,

0.65 mmol) was refluxed in benzene (50 mL) for 24 h. The solution was cooled, filtered and

evaporated to dryness. Two crystallizations (CIJ2CL/|EIOFI) followed by slow recrystallization

(CEzClz/petroleum spirit) gave yellow-green crystalline Ni(C[=C(CN)z]CPh=C(CF¡)z]-

(PPh3)(q-C5H5).0.25CH2C12 (21) (80 mg, 0.1 mmol, 28Vo), m.p. 156-157 oC. Anal. Calcd

for C37H25F6N2NiP.0.25 CH.2CLz- C,61.92: H, 3.63; N, 3.88; M. (unsolvated) 700.

Found: C,61.66; H,3.52; N,3.85; M,700 (mass spectrometry). IR (Nujol):v(CN) 2220m:

v(CC) 1620m, 1600w; v(CF) L332s, I252s, 1215s, ll67m, 1157s; other bands at 1439(sh),

1190w, 1145(sh), 1110w, 1094m, 1060m, 1022w,1003w, 967m,920w,862w, 840m,

830w, 816m, 803m,780m, 749m,727w,7I|w,702s,648w cm-I. lH NMR (CDCI¡):

õ 7.6 - 6.8 (m, 20H, Ph); 5.30 (s, 5.5H, CsHs + 0.5 CHzCl2). te¡ NMR (CDCI¡): ô -54.1
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(q, "In-n 
:8H:2, CF¡); -56.4 (q,,IF-F = 9}lz, CFs). FAB MS: 700, [M]+, 31; 635, [M -

(CsHs)l*, 5; 582*, [M - CzFs]+, L7i 385, [Ni(PPh¡)(CsHs)]+, 100; 320, [NiePh)]+,77;

241*, [Ni(PPh2)]*, 67.

1.4.10. Ru{C [=C (CN)2] C Ph-C (CF¡)z] (C O) (PPh3)(n - CsH s) (22)

A solution of (19) (100 mg, 0.13 mmol) in xylene (30 mL) was refluxed vigorously for

2 d. After cooling the solvent was removed under reduced pressure and the residue purifred by

TLC (petroleum spirilacetone/CH2Clz 4:1:1). The major yellow band (Rf 0.46) was

crystallized (CFzClzlpetroleum spirit) to give yellow crystals of Ru{C[=C(CN)z]CPh=C-

(CF¡)z)(COXPPh3Xn-CsHs) Q2) (20 mg,0.026 mmol,20Vo),m.p.25O-251 oC (dec.).

Anal. Calcd for C3gH25F6N2OPRu: C, 59.15; H,3.27; N, 3.63; Mr772. Found: C, 59.06;

H,3.29: N, 3.65; MJ72 (mass spectrometry). IR (CH2Clz): v(CN) 2210m,2205m; v(CO)

L974s,1957(sh) cm-l. IR (Nujol): v(CC) 1609m, L597w,1577w; v(CF) 1245s, L2L7m,

1206s, 1152vs; otherpeaks at 1482m,1436m,7329m,1318m, 1130m, 1110(sh), 1098(sh),

1090m, 1072(sh), 1061(sh), 1057m, 1019w, 1000m,961s, 864m, 802w, 840s, 829(sh),

820s, 777m,754s,750(sh), 738s, '129w,712(sh), '1O2s,691s, 682(sh), 647m,636m cm-I.

lH NMR (CDCI¡): 87.4 -'7.2(m,20H, Ph);4.61 (s,5H, C5H5). leF NMR (CDCI¡):

õ -53.2 (q,,Ir-r =9 Ilz, CF:); -56.6 [m(br), CF:]. FAB MS: 772,f]0l{)+, L4:7M, M - COI*,

Ll; 667,[M - CO - Ph]*, 4; 482,[M - PPh: - CO]*, 10; 456*, [M - PPhg - CO - CNI+, 37;

453*, [RuCz(PPh¡Xq-CsHs)]*,28;429, [Ru(PPh¡)(CsHs)]+, 100; 363*, [Ru(PPh¡)]*, 11;

350*, [Ru(PPh2)(CsHs)]*, 16;244, [RuPh(C5Hs)]*, l0; 167, [Ru(C5Hs)]*, 12. Other

minor/trace bands (8) were observed but not characterized.

1.4.11. Ru{C[=C(CN)z]CPh=C(CF3)2](dppe)(n-CsHs) (23)

A solution of (16) (50 mg, 0.057 mmol) in xylene (20 mL) was refluxed for 5 h, cooled,

and the solvent removed under reduced pressure. The residue was purif,red by TLC (petroleum

spiritÆtOFlÆtzO 4:1:1) to give a major yellow band (R¡0.18) which was collected and

crystallized (CW2Cl2/petroleum spirit) giving yellow crystalline Ru{C[=Q16N)z]CPh=C-

(CFs)z)(dppe)(q-CsHs).O.25CH2C12(23) (15mg, 0.017 mmol, 3O7o), m.p.223-224 "C.
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Anal. Catcd for Ca5H3aF6N2P2Ru .O.25CId2CL2I. C,60.32; H, 3.86; N, 3.11; M. 880

(unsolvated). Found: C, 60.54; H, 3.90; N, 3.12; Mr 880 (mass spectrometry). IR (Nujol):

v(CN) 22O5m,2L90m;v(CC) 1590m, 1570m; v(CF) L243s,1218s, 1199s, 1140s; other

peaks at 1489w, 1438s, 1427s,1329s,1319s, L092w,1046m, 1029w, 1000w, 952m,

872w,850m, 840m, 819m, 712w,750m, 723m,697s,627m,645w cm-l. lH NMR

(CDCli): õ7.4 - 7.2 (m,25H, Ph); 5.30 (s, 0.5H, CH,2CI); 4.67 (s,lH, C5H5); 4.30 (s,

4H, C5H5); 3.5 - 2.5 (m, 4H, CH). leF NMR (CDCI3): ô -53.1* (q, 
"Ir-n = 10 Hz, CF¡);

-53.2 (q,,IF-F = 10 Hz, CF¡); -55.9* (q, ,Ir-r = 10 Hz, CF¡); -55.7 (q' /F-F = 10 Hz, CF¡) -

mixture of isomers, peaks ma¡ked with * have approx. four times the intensity of the other

isomer. FAB MS: 880, [M]+, 38; 803, [M - Ph]+, 8; 565, [Ru(dppe)(CsHs)]*, 100; 499*,

tRu(dppe)l +, 6; 3'78* , [RuCz(PPhzXCsHs)]* , L3i 349* , tRu(PPhzXCsHs)l', 21: 3!7 * ,

lRuPzPhzl+,8;299*, [RuCz(PPhXCsHs)]*, 8;244*, [RuPh(CsHs)]+,9; 167, [Ru(C5Hs)]lS.

I.4.I2. Photochemical synthesis of the allyl complex

Ru{qr-ç lCF¡)zCPh C= C (C N)z} (PPh¡)(n -CsHs) (25)

A solution of (22) (30 mg, 0.039 mmol) in dme (15 mL) was iradiated for 24hat24"C.

The solvent was then removed and the residue purifred by TLC (petroleum spiriVacetone/

CH2CL23:1:1). Of the eight bands observed only an orange band (Rr0.67) was isolated. This

crystallized (CWzClzlpetroleum spirit) as orange crystalline Ru(ql-g1gF¡)zCPhC=C(CDÐz)-

(PPh3)(q-C5H5).0.5CH2C12.H2O (25) (7 mg, 0.009 mmol, 237o), m.p. 211-2L2 oC. Anal.

Calcd for C37H25F6N2PRu.0.5CH2CI2.H2O: C,56.01; H,3.25: N, 3.48; Mt744

(unsolvated). Found: C, 55.92; H,3.28; N, 3.52; Mr744 (mass spectrometry). IR (Nujol):

v(CN) 222Os, 22L7 (sh); v(CC) 1567vs; v(CF) L29Ls, L279m, I243s, 1195vs, 1182(sh),

1161m, l130vs, 1092s; otherpeaks at2060w, 1499(sh), 1492(sh), 1484m, 1450m, 1442s,

141'7m, 1347s,1320w, 1308m, L221w,1087(sh), 1075(sh), 1033m, 1000w, 954s, 886m,

857m, 842s, 820m, 805s, 777m,764(sh), 752s,740s, 727w,711(sh), 7O2s,690m, 669(sh),

640w, 629w cm-l. lH NMR (CDCI¡): õ 8.0 - 7.3 (m,20H, Ph); 5.29 (s, lH, CHzCIù; 4.72

(s, 5H, CsHs). leF NMR (CDCI¡): ô -48.6 (q, 
"I¡-r = 9 }lz, CF¡); -56.0 (q, /F-F = '7 }lz,

CF¡). FAB MS : 7 44, UvÍf+, 40; 456*, [Ru(CN)(PPhsXCsHs)]*, 21, 429x,



66

[Ru(PPhg)(CsHs)]*, 100; 350*, tRu(PPhzXC5H5)l+, 13.

L.4.13. Thermal synthesis of the allyl complex

Ru{qr- g 1C F¡)zC MeC = C (CN) z} (PPh¡) (q - CsH s) (26)

A suspension of (1S) (200 mg, 0.21 mmol) in MeCN (30 mL) was refluxed for 4 h and

then cooled to r.t. Un¡eacted starting material was then filtered off and the solvent removed

under reduced pressure. The residue was chromatographed (column: florisil), eluting with

petroleum spirit to remove PPh3. A yellow band removed with CH2CI2 was crystallized

(CHzCl2l petroleum spidÐ to give yellow crysta[ine Ru{r1r-61çF3)2CMeC=C(C}Ðz}-

(PPh3)(q-CsHs).0.5CHzCIz Q6) (100 mg, 0.14 mmol, 667o), m.p- L92-L94 oC- Anal.

Calcd for C32HpF6N2PRu.0.5CH2CI2: C, 53.84; H, 3.33; N, 3.86; Mr 682(unsolvated).

Found: C, 53.64; H, 3.33; N, 3.83; Mr 682 (mass spectrometry). IR (Nujol): v(CN) 2222s;

v(CC) 1587s; v(CF) 1303s, 7276m,1240s, 1230s, 1207(sh), 1201s, 1188m, 1167m,1144s,

1122s,1095s, 1086s; other peaks at 1482m, I442s, I417m,1368s, 1358s, 1314m, 1060m,

1029s, LO22s,1002w, 992w,967s, 933s, 850m, 843s, 824m,801s,760m, 752m'739s,

723m,7LZs,706s, 693s, 681w, 662w cm-I. lH NMR (CDCls): ô 7.9 - '7.4 (m,15H' Ph);

5.29 (s, 1H, CH2CI);4.49 (s, 5H, CsHs); 2.06 (s, 3H, Me). leF NMR (CDCls): õ -53.0

(q, ,/¡-r = 10 Hz, CF¡); -56.4 (q, .,Ip-p = ll Ilz, CFs). FAB MS: 682, [M]+, 51; 605*, [M -

Phl+,3; 593*, [M - Cptr]+,5;456*, [Ru(CNXPPhg)(CsHs)]*, 15; 429*, [Ru(PPh¡)-

(CsHs)l*, 100; 350*, [Ru(PPhÐ(CsHs)]*, 14; weak ions (<57o) observed at mlz 1100 and

r363.

Shortening the duration of the reaction of Ru I C=CMeC(CF¡)zC(CN)z] (PPh¡)z(n -CsHs)

in MeCN to 10 min (until all the starting material had dissolved) allowed the isolation of

Ru { C [=Ç1CN)z] CMe=C(CF¡)z ) (NCMeXPPh¡) (q -CsHs) which was purified by TLC

(Rf 0.38; petroleum spiriy'acteoneffeCN L2:4:I) and precipitated from cyclohexane. This

complex could not be effectively prepared as a crystalline or free-flowing solid for analysis, but

the spectroscopic properties are as follows: IR (Nujol): v(CN) 2268w,2238w: v(CC)

1690w(br), 1659w(br), 7592w; v(CF) 1288(sh), 122lvs,125l(sh), 1216m,1196s,

1182(sh); otherpeaks at 1483m, 1439(sh), 1435m, 1377m,1160w, 1145w, 1L37w,1095m,
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!O29w, 998m, 936m, 87 4w, 847 w, 832w, 801w, 7 47m, 7 L9m, 7 1 l(sh), 700(sh), 693m,

688(sh) cm-l. lH NMR (CDCI¡): 87.4 - 7.3 (m,30 H, Ph); 4.54 (s, 5H, CsHs); 1.81 (s,

3H, MeCN); 1.11 (s,3H, Me). FAB MS:723, [M]+, 5;682, [M - MeCNf+,23;6L2*,1682

- cF3l+, 4; 605, 1682 - Phl+, 5: 429*, [Ru(PPh¡XCsHs)]*, 100; 363*, [Ru(PPh¡)]t, 11;

350*, [Ru(PPhzXCsHs)]*, 2L;285*, [Ru(PPhz)]*, 10; 244, [RuPh(CsHs)]*, 18; 167,

[Ru(CsHs)f*,14.

1.4.L4. Synthesis of W{NH=C(OH)C(CN)= CPh=C(CF¡)z) (CO )z(tt - CsH s)

(27)

To a solution of (13) (150 mg,0.23 mmol) in acetone (20 mL) was added Me3NO.2H2O

(8.5 mg, 0.84 mmol). After 1.5 h of stirring in the dark, the solvent rwas temoved under

vacuum. The orange residue was purified by TLC (petroleum spiriy'acetone/CF2Cl22:I:l)

when the product separated as a major orange band (R¡ 0.50) from six trace bands.

Crystallization of the orange band (CH2Cl2lpetroleum spirit) gave orange crystalline

W{NH=C(OÐC( CFs)z ) (CO)z(n -CsHs).0.25CH2C12 (27 ) (35 ms,

0.055 mmol, 24Vo), m.p.222 oC (dec.). Anal. Calcd for C21H12F6NzO¡W.0.25CHzCI2: C,

38.71; H, 1.91; N, 4.25; Mr 638 (unsolvated). Found: C, 38.34; H, 1.91; N, 4.31; Mt 638

(mass spectrometry). IR (Fluorolube A):v(OH, NH, CÐ 3379s, 3335s, 3240s,3199(sh),

2962m,2938m,2880m, 2730w cm-I. IR (CHzClz): v(CN) 2199w, L622s; v(CO) 1971s,

1895s cm-l. IR (Nujol): v(CC, CN) 1546s, 1619w, L6I4w; v(CF) 1334s, 1250s, 123l(sh),

1215m,1158s, 1150s; other bands at 1133w, 1064m,982s, 867w, 842m,831m,739w,

714w,703s cm-l. lH NMR (CDCls): õ 7.39 (m,5H, Ph); 5.30 (s,0.5H, CHzClz); 4.91 (s'

5H, C5H5). FAB MS: 638, [M]*, 100; 613*, [M - CQ1t, 7; 598*, [M - 2Fl*, 14; 583*, [M -

zCOl+,37;562*, [M - Ph]+, 93;517, tM - 2CO - (CsHs)l*,83;284*, [W(C2Ph)]*,49.

Peaks at higher mass were found at mlz (Vo) 661 (14),719 (10), 724 (5), and748 (4).
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Syntheses of nitrile-substituted cyclobutenyl complexes

(see Tables 8-13 after Section L.4.24 for analytical and spectroscopic data for these complexes)

1.4.15. Ru{ -CPh C (CF¡)zC (CN)z) (NCMe) (PPh¡ )(n-CsHs) Qe)

(a) To a suspension of Ru(czPh)(PPh3)2(n-csHs) (400 mg, 0.51 mmol) in MeCN

(50 mL) was added dcfe (140 mg,0.65 mmol). With vigorous stirring the suspension quickly

dissolved. and, after cooling (to 0 oC), a yellow precipitate of Ru{C=CPhC( )-

(pph¡)z(n-CsHs) (17) formed. This was collected and washed with MeCN (3 x 5 mL). The

precipitate was suspended in MeCN (80 mL) and stirred at r.t. for 1.5 d giving a clear pale

yellow solution. The solution was filtered and the volume reduced GfV) until a yellow

microcrystalline product formed. This was washed with EIOH and petroleum spirit, and d¡ied

undervacuum,givingnutffi(CN)z}NCMe)(PPhrXn-CsHs)QÐ(170mg,

0.22 mmol,43Vo). ffhe analytical sample was prepared by crystallization (CF2Cl2/petroleum

spirit) ar -15 .C.l Addirion of EIOH to the combined filtrates followed by volume reduction

gave a further yellow precipitate of (29) (162mg,0.21 mmol,4L7o) which, after washing

with EIOH, petroleum spirit and drying, was suitable for further preparative chemistry but was

not analytically pure.

(b)Asolutionortnutffi(CN)2](PPh¡)(n-CsHs)}z{p-(NC)2C=C(CF3)2}

(aga) (96 mg, 0.056 mmol) in MeCN (50 mL) was refluxed for 4 h by which time the solution

had changed from blue to yellow. The solvent was removed from the filtered solution under

vacuum and the product crystallized twice (CH2Cl2lpetroleum spirit) to give large dark yellow

t-l
C=CPhC(CF3)2Ö(CN)zlNCMe)(PPh3)(q-CsHs) (29) (35 mg, 0.044 mmol,

1.4.L6. Ru{C=CPhC(CF¡)z (CN)z) (NC C H-CHz) (PPh¡)(n -CsHs) (31)

Acrylonitrile (24 mg,0.46 mmol) was added to a solution of (29) (100 mg,0.13 mmol) in

benzene (20 mL). After stirring for 15 h the solvent was removed from the yellow solution

crystals of Ru{

40Vo).
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under reduced pressure. The residue was chromatographed (lLC: CE2Cl2/pecroleum spirit

1:1), and a major yellow band (Rr0.53) was collected and crystalhze.d(CIJ2Cl2/lVleOf! to give

yellow crystauine no t ffiqcrrÉ(cN)z ) (NCCH=cHzXPPh¡xn -csHs) (3 1) (68 mg,

0.087 mmol, 68Vo). The other three minor/tace bands were not characterized.

1.4.17. Ru{ -cPhc(cF¡)z (CN)z){(NC)CeHz(CN)s}(PPhs)(n'CsHs) (32)

L,2,4,5-Tetacyanobenzene (L9 mg, 0.11 mmol) was added to (29) (100 mg,0.13 mmol)

in benzene (20 mL). Stiring for 15 h resulted in a da¡k blue solution. The solvent was

removed under reduced pressure and the residue separated by TLC (petroleum spiriVCH2Cl2/

acetone 6:2:I). A major blue band (Rf 0.57) was collected, and this product crystallized

(CFzcl2/hexane) as dark blue plates of Ru{ cF3)2c(cl\Ð2) { (NC)C6Hz(CN)¡ } -

(PPh3)(n-CsHs) (32) (31 mg, 0.034 mmol, 26Vo). A further major green band (R¡ 0.7) was

collected and tentatively charact enzed as I Ru [C=CPhC(CF¡ )zC (Cl9 z] (PPh¡ Xn -CsHs)]:{tt-

(NC)zCoHz(CN)z) (37 mg,0.22 mmol,357o). However, another compound (probably an

isomer) ran with precisely the same R¡ and could not be separated from the geen compound,

the proportions of the two compounds varying with the duration of the reaction. Spectroscopic

data for the impure green complex is as follows: IR (Nujol): v(Cl'Ð 2238vw,2I7Ls; v(CC)

1610w, 1573w; v(CF) 1290(sh), L270s,1220(sh), 1201s; other peaks at 1480m, 1436m

1109m, 1094m, 107lw, L027w,942w,832w, 814(sh), 807w, 769w,747m,719m,704(sh),

694m,630w cm-I. lH NMR (CeDo): õ 7 .2 - 6.6 [m, Ph + C6H2(CN)¿]; 5.01 (d, J = 3.0 Hz,

4H, C5H5);4.51 (s, lH, CsHs, impurity). FAB MS (selected ions): 24L0*, [M]*, l;2096*,

[M - C=CPhC(CF¡)zC(CN)z]*,0.1; 1666, t1488 + C6H2(CN)¿I*,0.5; 1488*, t{nutffi-
C(CF¡)zC(CN)zl(PPh¡Xtt-CsHs) )zl*, 0.7; 1350, [1488 - C(CF:)zC(CN)zl+, 0.5;

1226*, [1488 - PPh3]+, 0.3; 1173*, [1488 - C(CF¡)zC(CN)zl*, 0.5; 911*, [1 173 -

PPh3l+, O.8; 7 44, [Ru ( C=CPhC(CF:)z CN)z) (PPh¡Xn-CsHs)l*, 16; 429*, [Ru(PPh¡Xn-

CsHs)l*, 100. The green fraction and (32) appeared to interconvert in solution (after further

TLC). Three minor blue-purple bands were also collected. These were examined by FAB MS;

two appeared to be isomers of {Ru[ c(cF3) CN)zl (PPh:) (n-CsHs) ) z-

{p-(NC)zCoHz(CN)z} (tMl+ 1666, ratio of ions [M]+ /[RuPPh¡(CsHs))+ >l%o) and the third
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a hydration product Ru{C2PhC(CN)2C(CFùz!{CaHz(CN)¿.HzO}(PPhEXq-CsHs) ([M]+

940).

1.4.18. Ru{ -cPhc(cF3)2c (CN)z){ (NC)CeH¿(CN)'o}(PPh¡)(n - CsHs) (33)

Phthalonitrile (22 mg, 0.17 mmol) was added to a solution of (29) (100 mg, 0.13 mmot)

in benzene (10 mL). The solution became orange over 16 h , after which time the solvent was

removed under reduced pressure and the residue chromatographed (fLC: petroleum spiril

acetone 2:l). Amajor orange band S.¡0.73) was quickly removed and precipitatd(CþClz/

pentane) as an orange powder of Ru{C=CPhC(CF¡)zC(CN)z} { (NC)CcFI¿(CN)-o } (PPh¡Xn-

CsHs) (33) (35 mg,0.04 mmol, 32Vo). This complex was somewhat unstable in solution and

slow crystallization was unsuccessful.

l. 4. L9. Ru{ C - CPh C (CFs)zC (C N)2}{ (NC)CcF+(CN)'o} (PPh¡ )(n-CsHs) (34)

and {Rul =cPhc(cFs)zc (C N) zl (PPh¡) (q -CsHs))z{p-(NC)zC eF¿-o}

(37)

Terrafluorophthalonitrile (33 mg,0.17 mmol) was added to a solution of (29) (100 mg,

0.13 mmol) in benzene (10 mL). The resulting deep red solution was evaporated to dryness

after 48 h and the products separated by TLC þetroleum spirilCH2Cl2 1:1). A magenta band

(Rr 0.63) was collected and crystallized (CIj,.zCLzhexane) to give dark purple crystals of
l-l

{Ru[Ö=CPhC(CF3)2C(CN)2]ePh¡Xq-CsHs)]z{p-(NC)2C6Fa-oJ (37) (18me,0.011 mmol,

l77o). The next major red band (Rf 0.35) was removed quickly and precipitated

(CF2Cl2/pentane) as a dark red powder of Ru{C=CPhC(CF¡)zC(CN)z}{(NC)CoF¿(CI'Ð-

o)(PPh3)(q-CsHs) Q4) (73 mg, 0.077 mmol, 617o). Two other trace green bands were not

collected. The two compounds (34) and (37) appeared to interconvert in solution; in the case

of (34) this precluded slow crystallization.

I.4.20. Ru{ -CPh C (CF¡)zC (CN¡111 (NC)C6F+(CN)-p) (PPh¡)(q -CsHs) (35)

A mixture of terafluoroterephthalonitrile (40 mg, 0.20 mmol) and (29) (100 mg,

0.13 mmol) in benzene (20 mL) was stired for 16 h resulting in a deep red solution. The
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solvent was removed and the residue purified by TLC (cyclohexane/EþO/CF2CI26:2:l). A

major burgundy-coloured band (Rr 0.5) was quickly removed and precipitated

(CWzCLzlpetroleum spfuiÐ as a dark red powder of Ru{ CF¡)zC(CN)zì-

{(NC)C6F4(CN)-p}(PPh3)(r¡-C5H5) (35) (68 mg, O.O72 mmol, 57Vo)- This product was

separated from a minor purple band (Rr 0.6) which had a tendency to crystallize on TLC plates.

Apparent interconversion in solution was observed between (35) and this purple complex.

The purple compound, which appea-rs to be {Ru[C=CPhC(CF¡)2C(CN)21(PPh¡Xq-

CsHs))z[p-(NC)zCeF¿-p), could not be purified effectively for analysis. Spectroscopic data

for this complex is as follows : IR (Nujol): v(Cl.Ð 2242vw,2792s; v(CC) 1692w(br),

1650w(br), 161lw, 1572w;v(CF) 1288(sh), 1273s,1201s; otherpeaks atI497m,l439m,

1400w, 1322w, L2I9w, 1165w, 1109(sh), 1098m, 987w, 943w, 869w, 836w, 807w,

748w, 7L9w,705(sh), 697m,64Lw cm-r. lH NMR (CDCI¡): ô 7.3 - 6.4 (m, 40H, Ph); 4.66

(d, /p-n = 3.1 Hz, C5H5, 10H). 19F liür'tR (CDCI¡): ô -66.1 (q, "Ir-r -- 9 tlz,6F, CF3); -

66.4 (q,JF-F = 9 IHlz,6F, CF3); -132.7 (d,,fr-r = 14}lz,4F, Fo). FAB MS (selected ions):

1688, [M]*, 1; 1488, [(Ru[C=CPhC( CN)zlGPhsXn-CsHs))zl*, 0.8; 1 173, [1488 -

C=CPhC(CF3)2C(CN)zf', O.9; 91 1, [1 173 - PPh3f+, 2; 7 44, Bu { C=CPhC(CF¡)zC(CN)z } -

(PPh3)(q-CsHs)l+, 3l 667*,Í744 - Phl+, 6; 429*, [Ru(PPh¡X1-CsHs)]*, 100; 362*,

lRu(PPh¡)l+, 15; 352*, tRuGPhzXrì-CsHs)l*,25i244*, [RuPh(q-CsHs)]+, 17. UV/Visible

(CHzClz): 586 (2.2.); 562 (2.I.);256 (4.8 *);232 (7.6-) nm; * e are relative values.

L.4.21. Ru{ = C P h C ( C F3)2C ( C N ) z) {frazs- (N C ) C H = C H ( C N) } ( PP h 3) -

(q-CsHs) (36) and trvo isomers of {Ru =CPhC(CF¡)z (CN)zl-

(PPh¡Xn-CsHs))z{¡t-trans-(NC)HC=CH(NC)} (38a) and (38b)

Fumaronitrile (11 mg, 0.14 mmol) was added to a solution of (29) (100 mg, 0.13 mmol)

in benzene (15 mL). A ruby-red solution developed over 16 h, after which time the solvent

was removed and the residue separated by TLC (penoleum spiriVCH2Cl2 1:1). Three major

bands were collected and crystallized (CF2Cl2/petroleum spirit): the flrst purple band (Rr0.78)

wasidentifiedas{Ru[ffi(CN)z]GPh¡Xrl-CsH5)|2|t-trans-(NC)HC=CH-

(NC)) (3Sa) (20 mg,0.013 mmol, ZYVo),the next purple band (R¡ 0.72) as {RutFÞ
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C(CF3)2C(CN)21(PPh¡Xq-CsHs)12{¡t"-tans-(NC)HC=CH(NC)} (38b) (25 mg,0.016

mmol, 25Vo) and the third orange band (Rr 0.3a) as Ru{C=CPhC(CF¡)zC(CN)z} (trans-

(NC)CH=CH(CN))(PPh3)(n-C5Hs) (36) (41 mg, 0.050 mmol, 39Vo).

1.4.22. Three isomers of {Ru[ cPhc(cF3)2 (CN)zl (PPh¡)(q - CsHs))z-

{p-(NC)zC=C(CN)z} (39a), (39b) and (39c)

A solution of (29) (100 mg, 0.13 mmol) and tcne (7 mg, 0.055 mmol) in benzene (15 mL)

was stired for 16 h. Removal of the solvent from the blue solution followed by TLC

(petroleum spirilacetone/CH2Cl26:2;L) of the residue separated two blue bands and a green

band from a complex mixture of products which remained near the base line. The first blue

band (R¡0.70) cryst alhzed,(ClzClzlcyclohexane) as light blue needle, of {nulffiã
(CF3)2C(CN)2lePh3)(q-CsHs))z(p-(NC)2C=C(CN)z) (39a) (10 mg,0.0062 mmol, LOVo),

the next band (R¡0.67) crystallized (CH2Cl2lpentane) as light blue plates of {nutð=Cph-O-

(CF3)2C(CN)zIGPh¡)(q-CsHs))z{p-(NC)zC=C(CN)z} (39b) (13 mg, 0.0080 mmoLI3Vo)

and the green band (Rr0.63) crystallized (C%zClz/pentane) as green plates or {nutffi
(CF¡)zC(CN)zl€Ph¡)(tt-CsHs))z{p-(NC)2C=C(CN)z} (39c) (25 mg,0.015 mmol, 24Vo).

To avoid interconversion recrystallizations of all th¡ee compounds were performed quickly.

1.4.23. Two isomers of {Ru[ =CPhC(CF¡)zC (C N) 2l (PPh3) (tt - CsH s) )z-

{p-(NC)zC=C(CF¡)z} (40a), (40b) and two isomers of

{Ru I =CPhC(CF¡)z ( C N) zl (PPhg) (q - CsH s))z-

{p-(NC)zC=C(CF¡)zO} Gza) and (42b)

(a) The olefin dcfe (75 mg,0.35 mmol) was added to a benzene (10 mL) solution of

Ru(CzPhXPPh3)2(q-C5H) (225 mg, 0.28 mmol). The colour changed from yellow to blue

over a period of 4 h; after 15 h more Ru(CzPh)(PPh¡)z(q-C5H5) (20 mg, 0.025 mmol) was

added and the solution stirred for t h before removal of the solvent (fÐ. The residue was

separated by TLC (CK2Cl2/petroleum spirit 2:3). The first white band (R¡0.85) was identified

as PPh3 (FAB MS, spot TLC). A second, purple, band (R¡ 0.70) was crystallized
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(CH2Cl2lpetroleum spirit - analysis; benzene/octane - unit cell) as dark purple crystalline
l-I

{ Ru[C=CPhC(CFg)zC(CN)2] ePh:Xr1 -CsHs) ] z { p-(NC)2C=C(CFs)z } (40a) (45 mg,

0.026 mmol, LgVo); the unit cell dimensions compared well with those reported

previously .42,72 7¡¿ next blue band (R¡ 0.65) crystallized (CFzClzlpetroleum spirit) as blue

microcrystallinetnutffiF(CN)z]GPh¡Xq-CsHs)}z{p-(NC)2C=C(CF3)2}

(40b) (24 mg,0.014 mmol, L\Vo) and a minor green band (R¡0.35) crystallized (CÍJ2CI2

/octane) as dark green crystals of {Ru[ (PPh¡Xq-CsHs))z{p-

l-l
(NC)2C=C(CFg)zO) (42b) (13 mg, 0.0075 mmol, 5Vo). Another minor green band (Rr 0.27)

was also collected (42a) and identified spectroscopically as an isomer of (42b): IR (Nujol):

v(Cl.Ð 2I65s,2}47vs; v(CC) 1613w, 1577m; v(CF) 129l(sh), I276vs,1237(sh), 1216(sh),

1 198s; other peaks at I482w, 1437m, 1358m, 1320m, 1 158w, 1 128w, 1 I 13m, 1097m,

L072w,1054w, 1037w, 1000w, 987w, 946m,926m,878w, 831m, 818w, '745m,7I9m,

702(sh), 693m, 633m cm-l; lH NMR (CDCI¡): No signals detected; FAB MS (selected ions):

1720, [M]*, 9:1404*, [M - C=CPhC(CF:)z , L; 812, [1405 - PPh3 - CF¡]+, 3;

CF¡)z ì (PPhgXq - CsHs)l *, 17 ; 429*, [Ru(PPh¡Xî -CsHs)] *,

100; 352*, [Ru(PPhzXî-CsHs)]*, 16; 244*, [RuPh(q-CsHs)]+, 13.

As noted below, complex (40a) converts into (42a), and (a0b) into (42b), when placed

in solution. Pure solutions of (40a) or (40b), when subjected to TLC, invariably show minor

amounts of the corresponding isomers of (42). The ESR spectra of all four complexes show a

common broad absorption (g = 2.038, AHpp 31G). None of the other 7 bands present in the

initial TLC separation was identified. A reaction ca:ried out in CH2Cl2gave none of the

complexes (40) or (42), andof the 16 products only PPh3 was characterized (IR, lH NMR).

(b) Complexes (40a), (40b) and (42b) were isolated from the reaction of (29) (130 gm,

0.16 mmot) with dcfe (35 mg, 0.16 mmol) in benzene (20 mL). After 7 h ttre solvent was

removed from the blue solution and the residue purif,red by preparative TLC (petroleum

spiriVCH2Cl23;2). Three bands were collected and identif,red (IR, lH NMR, and FAB MS)

as: (40a) (R¡ 0.8, purple), (40b) (R¡ 0.7, blue) and (42b) (R¡ 0.3, green).

744*, [Ru{



t4

L.4.24. Reaction of complexes (40) with Oz

(a) A solution of @0a) (2 mg,0.001 mmol) in benzene (5 mL) was degassed with 02 and

left under normal lighting conditions for 4 days. At this stage spot TLC indicated a significant

proportion of (42a) present in solution. ESR conf,rmed the presence of a paramagnetic

complex with a broad signal at g 2.038.

(b) Similarly a solution of (40b) (4 mg, 0.002 mmol) was left for 4 days under 02. Spot

TLC analysis of the solution indicated a significant amount of (42b) (an ESR signal was

observed at g 2.038) and a trace amount of (40a).

(c) A solution of (40a) (1 mg, 0.0005 mmol) in CH2CI2 was supported on silica (287 mg,

200 mesh) and left in the dark for 4 d. At this stage the silica had a green colouration and the

adsorbed complex was removed (CHzCI2MeOFI) and evaporated to dryness under reduced

pressnre. The residue was separated by TLC (petroleum spirilCFzClzlacetone 4:2:L) to give a

g¡een band (R¡0.7) identified (spot TLC, FAB MS) as (42b) and a blue-green band (Rr0.65)

identified (spot TLC, FAB MS) as (42a).
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Table 8. Analytical data for the nitrile complexes

CHN

56.33

59.73

59.76

62.38

s6.93

s6.67

59.&

56.95

57.50

56.62

60.09

58.61

59.60

55.24

56.98

56.78

3.84

3.52

3.33

3.47

2.66

2.67

3.38

3.30

3.30

3.39

3.45

3.26

3.22

3.09

3.5s

3.4t

4.88

5.23

8.52

6.31

6.29

6.12

6.70

4.û
5.09

4.95

6.72

6.69

6.83

4.72

4.69

4.74

56.27

60.30

59.17

62.M

57.27

57.27

s9.93

57.84

57.62

56.40

59.48

58.32

59.48

56.48

56.48

55.95

3.50

3.54

2.93

3.35

2.67

2.67

3.31

3.44

3.39

3.33

3.L2

3.10

3.t2

2.96

2.96

2.93

4.95

5.28

8:72

6.43

5.94

5.94

6.82

4.67

5.08

4.96

6.94

6.76

6.94

4.94

4.94

4.89

C39 H2gF6N3PRu. 0. 75 CH2Cl2

C4gH2gF6N3PRu

Ca7H27F6N6PRu.0. 5CH2Cl2

Ca5H29F6N4PRu

Ca5H25F1gN4PRu

C45H25F16N4PRu

Ca1H27F6N4PRu

C62H5¡F16N6P2Ru2

C7 gH52F 1 2N6P2Ru2. CH2Cl2

C7 sH 52F nN6P2Ru2. l.5CH2Cl 2
CggH5gF12NgP2Ru2

C3gH56F1 2N gP2Ru2.0.5CH2Cl2

CggH5gF12NgP2Ru2

CggH56F1gN6P2Ru2

CggH5gF1gN6P2Ru2

CggH5gF1gN60P2Ru2

154-r55

769-t72

265(d.ec.)

t56-t57
L46-r48
185-187

t7 4-t7 6

r54-L55

178-179

187-189

300(dec.)

260(dec.)

265(ð.ec.)

179-r82

110-112

r 50(dec.)

(2e)

(3 1)

(3 2)

(33)

(34)

(3s)
(36)

(37)

(38a)
(38b)
(39a)
(3eb)
(39c)
(a0a)
(40b)
(42b)

CHN(Empirical)(oc)
Found (7o)Calculated (Vo\Formul am.DCmpd
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Table 9. FAB MS data for the nitrile complexes

I

0.4

0.8

1

40

J

J

6

J

5

6

8

I
100

9

t3

7

r2

10

0.4

0.3

0.s

0.6

24

2

2

4

1

2

5

6

5

100

8

t2
6

9

8

0.5

0.2

1

0.7

25

3

3

6

2

2

6

9

8

100

11

t7

7

l3

0.7

0.4

0.4

0.7

49

3

6

2

3

6

8

7

100

10

l5
7

1

10

0.5

0.5

0.6

1

t7
I
2

6

3

7

6

7

6

100

t2

50

l7
20

22

0.1

0.2

0.4

I
l8

2

3

5

3

3

10

7

9

8

0

r0

18

8

t4
l1

1

0.6

1

I
29

2

2

5

3

3

6

l0
6

100

9

t6

7

t2
11

I
0.3

)
I

36

3

3

6

3

3

6

9

6

100

10

77

7

l3
t67

[Mz-L]+ mlz
(Vo)

IM-ring]+ m/z
(7o)

[M-dcfe]+ m/z
(vo)

lMOl+ mlz
(7o)

lM-ringl+ m/z
( o/^\

mlz
1488

t226
t173

91r

744

7t8
675

667

s96

530

482

453

445

429

362

351

285

244

r67

7o

Í
li

il

I

tl

f

Í

il

ll

tl

(

ll

il

1313

(2)

1 566

(0.7)

1 688

(0.6)

168 8

(0.4)

1616

(0.4)

t666

(0.6)

t54t
(2)

L529

(0.9)

Common Fraementt or Aggregate lons

(37 )

1688

(2)
822
(2)

944
(2\

944
(5)

872

(5)
922

(2\
791

(6)
785

(8)

Molecular Ion

lMl+ mlz
(Vo)

(3 6)(3s)(3 4)(33)(32)(31)(2e)
Compounds
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Table 9. FAB MS data for the nitrile complexeS (continued)

1403

0.2

0.8

l4

2

2

2

5

7

9

100

8

15

5

13

l0

148 8

(0.6)

1720

(3 )

t387
(0.5)

0.6

0.5

0.6

23

4

J

10

15

8

r00

16

1488

(0.4)

1720

(1)

1387

(0.4)

0.4

0.6

20

4

3

7

9

13

100

13

18

9

l8
74

130 1

0.1

o.2

0.5

8

I

2

2

2

3

6

7

6

100

10

22

l3
t7
t6

1301

o.2

0.2

0.3

1

13

2

J

4

3

3

8

7

8

100

l2
28

72

l8
18

130 1

l1)

0.2

0.3

o.4

I
20

3

5

6

4

5

t1

13

10

100

10

22

9

l4
t2

r25r
(0.61

1

0.5

I
2

31

4

5

7

4

5

9

t5

l1
100

19

36

t7
25

22

r25r
(0.61

I

0.3

0.8

0.9

25

J

3

5

3

7

9

t2
100

t5
26

74

18

2l

lMz-Ll+ m/z
(vo)

IM-ring]+ m/z
(vo)

[M-dcfe]+ m/z
(vo)

[MO]+ m lz
(7o)

[M-ring]+ m/z

mlz
1488

1226

r173

911

744

718

675

667

s96

530

482

453

445

429

362

351

28s

244

167

lr

Í

Common Fragmentt or Aggregate Ions

(42b)

t720
( 10)

L703

(2\
L703

(l)
1616

(1)
1616

(3)
1616

t6)
1566

(1)
t566
(2\

Molecular lon:

lMl+ mlz
( 7o\

(40b)(40a)(39c)(3eb)(39a)(38b)(38a)
Compounds
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T Assignments for the tisted ions in the FAB Mass Spectra:

l-1
1488*, [{Ru(C=CPhC(CF¡)zC(CN)t(PPhsXq-CsHs)}z]+; 1226*, [1488 - PPh3]+; IL73*,

[1488 - C=CPhC(CR)2C(CN)zl*; 911*, UL73 - PPh3l+; 744, [Ru[C=CPhC(CF¡)z-
I
C(CN)z)(PPh3)(q-CsHs)l+; 718*, 1744 - CNI*; 6'75*,Î744 - CF¡l*; 667*,1744 - Phl+; 596*,

[(Ru(n-CsHs)]z€Ph¡)lr;530*, [Ru(CzPh)(PPh¡)(n-CsHs)]+; 482*, [Ru{C=CPhC(CF:)z-
I
C(CN)2 ) I 

+ ; 453*, [RuCzGPh¡Xn - CsHs)f* i 44 5*, [Ru GPh: Xî -CsHs) Of+; 429*,

[Ru(PPh¡Xq-CsHs)]*; 362*, [Ru@Ph¡)]+; 352*, [Ru(PPhz)(1-CsHs)]*; 283*, [Ru(PPh2)]+;

244, [RuPh(q-CsHs)]*; 167, [Ru(q-CsHs)]+.

f-l
[M-ring]+ = [M - C=CPhC(CF¡)zC(CN)z]+;

[Mz-L]* =f2x [M] - nitrile ligandl+.
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Table 10. Infrared datat for the nitrile complexes

1968w, 1900w, 1825w, 1670w, 1491m, 1482s,

1445(sh), 1439s, 1436s, 116lm, 1148m,

1090s, tj72m, 1060m, 1050w, 1030w, 1028w,

1016w, 1000w, 989m, 942s, 921w, 855m,

1110s, 840m, 817m, 808m, 771m, 750s,

740(sh), 70ls, 698s, 633s, 600m.

L964w, 1908w, 1825w, 1772w, 1672w,

1488(sh), 1479s, 1442(sh), 1435s, 1408w,

1377m, 1366w, 1361w, 1341w, 1159m,

IL42m, 1071m, 1058m, 1048m, I024m,

1012m, 997m, 985m, 95ls, 938s, 920(sh),

898w, 895s, 850(sh), 837s, 814(sh), 804s,

770m, 752(sh), 747s.

1527m, 148lm, 1435m, 1158w, 1139w,

1107m, 1071w, 1057w, 1025w, 1008(sh),

998w, 990(sh), 941m, 918m, 876w, 832m,

810(sh), 808m, 768w, 749m, 737(sh), 719m,

703(sh), 694s, 631w.

l47lm, 1448m. 1146w. lllOm, 1099m,

1073w, 1060w. 103lw, 101lw, 990w,

988(sh), 943s, 885(sh), 870s, 849m, 835s,

818s, 810s, 769s,757(sh), 748s, 722s,700vs,

649(sh), 634s.

15l3s, 1490m, 1483(sh), 1438m, 1154w,

1110m. 1099m. 1092(sh), 1076w, 1062w,

1030w, 9'76w, 944m, 838w, 81lm, 772w,

749m, 727m, 705(sh), 698s, 633w.

13 1O(sh),

1293(sh),

128 1s(br),

1246(sh), L222s,

1200s, 1190(sh),

1099s.

1269s, 1200s,

1183(sh),1107s,

1096s, 1089(sh).

1290(sh), 1266s,

1237m, 1193s,

1097(sh),

108I (sh).

I 3 I 0(sh),

1295(sh), 7272s,

1223s,1197s,

1 20 8 (sh).

1290(sh), 1272s,

I 250(sh),

l24l(sh),1202s.

1613 m,

1590w.

L576m.

1614m,

1 60 1 (sh),

1587w,

1574s.

1611w,

I 696(sh),

1587m,

1 5 72(sh).

l6l2w,
1593m,

1571m.

l6l2w,
1577w.

2267m,

2235w.

22a0ßh),

2223s.

2242w,

2l 80s.

2244(sh),

2240m,

22lls.

2239vw,

2 193s.

(2e)

(31)

(32¡

(3r¡

(34)

Other bandsv(CF)v(CC)v(CN)

IR (cm-1. nuiol)Cmod

t AU spectra were recorded as Nujol mulls.
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Table 10. Infrared data (continued)

149'7s, 1480w, 1437m, 1324m, 1161w, 1145w,

1108m, 1098(sh), 1090(sh), 1075w, 1058w,

1028w, 990m, 941m, 868w, 834w, 809w,

750m, 720m, 705(sh), 695m, 629w.

1481w, 1436m, 1139w. 1108m, 1097w,

1088m, 1071w, 1059w, 1027w, 999w,

989w, 949w, 937m,865m, 854m, 814w,

800m, 769w, 74'1m,719m, 695s, 630w.

1515m, 148lm, 1439m, l22lw, 1188w,

111lm, 1100(sh), 1092w, 979w, 945w,

838w, 819w, 773w,750m, 721m, 708s, 699s.

1489(sh), 1480m, 1436m, 1156w, ll42w,
1095m, 1107m, 1080(sh), 1072w, 1059w,

1028w, 997w, 987w, 941m, 909w, 866w,

835m, 812m, 770m, 749s, 719m, 696s,

684(sh), 648w.

1489(sh), 1482m, 1436m, 1158w, 1107m,

1095m, 1070w, 1058w, 1026w, 1008w,

998w, 987w, 941m, 908w, 864w, 835m,

816(sh), 805m, 769w, 74'lm, 718m, 700s,

694s, 630w.

1481m, 1436m(br), 1358m, 1157w, ll46w,
1109m, 1097m, 1071w, 1059w, 1037w,

1008(sh), 999w, 987w, 920w, 887w, 850(sh),

835m, 816m, 769w, 747s, 719m, 702(sh).

1290(sh), 1269s,

1219s, 1200s,

1 1 82(sh).

1270s, 121,9m,

1 198 s.

1293(sh), r273s,

1204s.

1268s, 1220m

1198s, ll84(sh)

l29l(sh),1268s,

1219m, 1198s,

ll81(sh).

1298(sh), 1270s,

1220(sh), 1200s,

I 197(sh).

1644m,

1610w,

1569w.

161 lw,
1597(sh),

1590m,

1570w.

1612vw,

1577vw.

16 10w,

1580w,

1564w.

1610w,

1575w,

1612m,

I 5 85(sh),

7572m.

2249w,

2 1 99(sh),
2179s.

2236vw,

2226vw,

21 8 6s,

2779s.

2242vw,

2204(sh).

2 195s.

2240w,

2200s.

2239w,

2202s.

2289vw,

2206w,

2159s,

2095s,

20 I 8(sh).

(3s)

(36)

(3 7)

(38a)

(38b)

(39a)

Other bandsv(CF)v(CC)v(CN)

IR (cm-1. nuiol)Cmpd
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Table 10. Infrared data (continued)

1481m, 1437m, 1359w, 1158w, ll4'7w,

1108m, 1097m, 1070w, 1068w, 1028w,

1008(sh), 999w, 987w, 942m, 88lw, 83lw,

812m, 769w, 746m, 719m, 702(sh), 693m,

631w.

1482w, 1436m, 1358w, 1109m, 1097w,

1082w, 1058w, 942w, 886w, 832w, 815w,

769w, 745m, 779m, 703(sh), 692m, 631w.

1532m, 148lw, 1437m, 141lw, 1346s,

1167m, 1158m, ll44w, 1109m, 1097m,

1092(sh), 1071w, 999w, 971w, 945m, 878w,

854w, 837m, 816m, 770w, 755m, 749(sh),

744m,719m, 705m, 697(sh), 63lw.

1511w, 1a82(sh), 1438m, 1357m, 1157m,

1110m, 1099m, 944w,836w, 816w, 771w,

749m, 721m, 707s, 696s, 633w.

1435m, 1355m, l3l6m, ll85(sh), ll57w,

1128w, ll07m, 1098m, 1070w, 1059w, 1028w,

1000w, 986w, 945w,922w,831w, 817w, 769w.

749m,710m, 700m, 692m, 630w.

1290(sh), 1270s,

1219(sh), 1200s,

1186(sh).

1290(sh), 1270s,

1218(sh),1201s,

I 1 87(sh).

1308(sh),

1291(sh), 1270s,

1238s, 1219m,

1198s,1187(sh)

1272s, 1244s,

I 205s.

1262s, 1250s,

I 200s.

1610m,

1 5 87(sh),

1572m.

l6l2w,
1572w.

1613w,

1576w.

1622w,

1574w.

1608m,

1588vw,

1570m.

2283vw,

2209w,

215 8s,

2093s.

2280vw,

2220vw,

2l 16vs.

2239vw,

2178(sh),

2151(sh),

2ll2s,
2018m.

224lvw,

2175(sh),

2150(sh),

2ll7s,
2020s-

2l6lm,
200 8 s(b r)

(3eb)

(39c)

(40a)

(40b)

(42b)

Other bandsv(CF)vlCC)v(CN)

IR (cm-1, nuiol)Cmpd
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Table 11. lH and leF NMR data for the nitrile complexes

-61.8 (s, CF3)

(CDCI:): -66.2 (q, "IF-F = 10 Hz, CF¡):

-66.a @,,IF-F = 10 Hz, CF3).

Not recorded

(CDCI¡): -66.1 (q, "IF-F = 10 Hz' CF3);

-66.5 (q, ,IF-F = 10 Hz' CF3).

(CDCt¡): -66.1 (m, unresolved, CF3);

-66.4 (m, unresolved, CF¡).

(CDCI¡): -66.1 (q,,IF-F = 9 Hz, 3F' CF3);

-66.4 (q,.IF-F.= 11 Hz, 3F, CF¡); '127.3

(m, lF, F¡,e); -L28.3 (m, lF, F¡,e);

-142.0 (m, lF, F¿,s); -144.5 (m, lF,Fa5).

(CDCI¡): -66.1 (q, JF-F = l0 Hz, 3F

CF¡); -60.+ (q, Jr-P = 9 Ha3F' CF3);

-128.7 (d, Jr-r = 14 Hz,2F, F¡,S); -130.5

(dd, .If-f = 23,8, lF, FZ,O); -131.4

(dd, J¡-p = 23, ll Hz, 1F, F2,6)'

(CDCI:): -66.2 (q,,IF-F = l0 Hz' CF¡);

-66.a (q,.IF-F = 1l Hz, CF3).

(CDCI¡): 7.4 - 6.5 (m, 20H, Ph):5.21

(s, 1.5H, C}]2CI);4.41 (s,5H, C5H5);

1.95 (d, JP-H = 1.2 Hz,3H, MeCN).

(CDCI¡): 7.4 - 6.5 (m, 20H, Ph);

5.74 (m, lH, CH); 5.55 (m, 2H, CHù;
4.50 (s, 5H, CsHs).

(C6D6): 7.2 - 6.5 (m,22H, Ph + C6H2);

4.82(s, 5H, C5H5); 4.30 (s, 1H, CHzClz)

(CDCI3): 7.6 - 6.5 (m,24H, Ph + COH¿);

4.67 (s,5H, C5H5).

(CODO): 7.1 - 6.5 (m, 20H, Ph); 4.82

(s, 5H, CSHS).

(CDCI¡): 7.4 - 6.4 (m, 20H, Ph);

4.70 (s, 5H, C5H5).

(CDCI3): 7.4 - 6.5 (m, 20H, Ph):

6.03 (d',IH-H = l]Hz, lH, CH); 5.+g

(d,,rg-n = l7Hz, tH, CH); 4.56

(s, 5H, CSHS).

dcfe

(2e)

(31)

(32)

(33)

(3¿) *

(3s) *

(36) *

19f XlVm. (ô)lu Nlum. (¡)Cmpd

* For numbering of fluoroaromatic rings (Fr-Fo) see Section 1.2.5.
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Tabte 11. 1H and leF NMR data (continued)

(CDClg): -66.1 (q, "IF-F = ll Hz, 6F,

CF¡); -66.4 (q,,fr'-r = 10 Hz, 6F, CF3);

-128.7 (d, ,ff-n = 74 Hz,2F F3,6);

-145.5 (d, J'f-f = 7l Hz,2F, F4,5).

(CDClg): -66.1 (q,,[F-F = 10 Hz, CF¡);

-66.4 (q, ,IF-F = 10 Hz' CF3).

(CDCI¡): -66.1 (q,,tF-F = l0 Hz, CF3);

-66.4 (q,,tF-F = 10 Hz' CF3).

(CDCI3): -65.8 (q,,IF-F = 10 Hz, CF3);

-66.a @, JF-F = 10 Hz, CF3).

(CDCI¡): -65.7 (m, unresolved, CF3);

-66.4 (m, unresolved, CF¡).

(CDCI¡): -66.0 (q, ,[F-F = 12 Hz, CFZ)t

-66.4 (q, ,IF-F = 11 Hz' CF3).

(CDCI¡): -61.5 (s, 6F, dcfe);

-66.0 (qJr-F = 10 Hz, 6F, CF3);

-66.4 (q, ul'F-F = 10 Hz, 6F, CF3)

(CDCI¡): -59.8 (s, 6F, dcfe);

-65.8 (q, ,[F-F = l0 Hz, 6F, CF3);

-66.3 (q, JF-F = 10 Hz, 6F, CF3).

Not recorded.

(C6D6): 7.L - 6.5 (m, 40H, Ph);

5.01 (s, 10H, C5H5).

(CDClg): 7.4 - 6.4 (m, 40H, Ph);

5.30 (s, 2H, C}{2CI2); 5.1¿ (s, 2H, CH);

4.56 (s, 10H, C5H5).

(CDCI3): 7.3 - 6.5 (m, 40H, Ph);

5.30 (s, 3H, CH2CI2);5.29

(s, 2H, CH);4.57 (s, 10H, CsHs)

(C6D6): 7.4 - 6.4 (m, 40H, Ph);

4.94 (s, 10H, C5H5).

(CODc): 7.2 - 6.5 (m, 40H, Ph); 4.99

(s, 10H, CSHS); 4.50 (s, 1H, CH2CI2)

(C6DO): 7.1 - 6.4 (m, 40H, Ph);

4.78 (d,.IP-H= lHz, lQH, CSHS).

(COD6): 7.2 - 6.4 (m, 40H, Ph);

5.03 (s, 10H, C5H5).

(COD6): 7.4 - 6.4 (m, 40H, Ph);

4.81 (s, 10H, C5H5).

(CDCI¡): No Signals

(37 )

(38a)

(38b)

(39a)

(3eb)

(39c)

(a0a)

(40b)

(42b)

len Nvm. (¡)tn Ntlvm. (ô)Cmpd
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Table l2.UVNísible data for the nitrile complexesf

234 (4.4)

2s8 (2.8)

282 (2.1)

344 (0.s)

470 (1.0)

510 (l.2)

234 (s.t)

266 (1.9)

400 (0.8)

448 (0.7)

232 (4.7)

266 (2.6)

306 (1.3)

s46 (0.9)

644 (t.O\

234 (4.0)

334 (1.1)

234 (4.3)

3r2 (2.r)

234 (4.3)

286 (0.7)

336 (0.3)

UV bands

CT bands

(34)(33)(32)(3 1)(30)(2e)
ComÞounds

232 (7.0)

288 (3.4)

328 (1.s)

646 (r.e)

> 900

234 (8.0)

2s6 (4.s)

2e0 (2.6)

492 (2.4)

548 (2.7\

234 (6.9)

2s6 (2.3)

s02 (2.r)

564 (2.4\

234 (7.7)

276 (4.t)

342 (r.r)

s06 (2.1)

552 0.9\

234 (3.9)

2s6 (2.3)

292 (1.0)

444 (r.D
498 (0.8)

238 (4.4)

2s6 (3.4)

290 (r.4)

484 (r.2)

534 (1.3)

UV bands

CT bands

(39a)(38b)(38a)(37 )(36)(3s)
Compounds

234 (8.t)

274 (4.4)

3s0 (0.2)

594 (0.s)

234 (3.s)

284 (0.6)

232 (7.4)+

240 (s.s)

324 (r.4)

s72 (0.9)

814 (l.6)

232 (7.4)

294 (2.9)

326 (1.0)

s60 (1.2)

770 (1.7\

234 (8.0)

308 (2.4)

634 (2.0)

> 900

232 (7.0).

292 (3.0)

640 (1.6)

> 900

UV bands

CT bands

(42b)(4r)(40b)(a0a)(39c)(3eb)
Compounds

T Àrnu*, nm (104 t, M-lcm-l); CHzClz solutions; the ma¡k * indicates e are relative values
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Table 13. Electrochemical data for the nitrile complexes

pounds

(2e) (31) (32¡ (33) (34)

$quare Wave Voltammetry

lst Oxid.

2nd Oxid.
lst Red.

2nd Red.

0.81 0.84

Cyclic Voltammetry

(3s) (3 6) (37)

%
%
Iä
Ep

1.04

1.10

-1.24

First Oxidation
Euz

Ep"

Ep"

. trrel

Reversib ility
Diffusion control

First Reduction
Ev2

Epu

foc
*n-""s nrel

Reversib ility
Diffusion control

Proces
0.89

r.26

0.51

Rev.

No

Proc

0.87

0.96

0.78

Q-Rev.

No

Second Reduction Process
Ettz
Eppa

ELpc

nrel

Reversibi I ity

Diffusion control

-0.93-0.56 - 1.08

1.07

1.31

0.83

I

Rev.

Yes

- 1.56

2

I rrev .

No

0.95

r.02

0.89

1

Q-Rev.

Yes

- r.66
o!

lrrev.
Yes

1.07

1.13

1.01

I

N-Rev.

Yes

-0.55

-0.49

-0.60

l*
Rev.

Yes

-1.64

=2
Irrev.

1.08

1.18

0.97

2

Q-Rev.

No

-1.50

2

I rre v.

No

0.97

1.07

0.88

1

Q-Rev.

No

-1.28

I

I rrcV.
No

1.05

1.16

0.93

I

Q-Rev.
No

-0.97

-0.8s

-r.09
1

Rev.

No

-0.97

1.03

-1.34

1.00

- 1.59

0.95

-0.s8

- l.6l

1.06

-r.20

0.96

Rest E - 1.03
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Table 13. Electrochemical data (continued)

Square Wave VoltammetrY

lst Oxid.

Znd. OxÍd.

lst Red.

2nd Red.

Cyclic Voltammetry

First Oxidation
Euz

fo"
Epc

flrel

Reversibility
Diffusion control

First Red uction
Evz

fou
E
"pc

nrel

Rcversib ility
Diffusion control

Second Oxidation Process

Ettz

fo"
fo"

nrel

Reversib il ity
Diffusion control

Ep

Ep

Ep

Ep

o.92

1.06

-r.20

Proc
0.95

1.04

0.86

1

Q-Rev.
Yes

0.94

L.07

-1.20

0.93

0.99

0.88

1

Q-Rev.

Yes

1.09

t.t2
1.05

I

Q-Rev.

Yes

- 1.19

- 1.08

- 1.30

1.07

r.09

1.05

1

Q-Rev.

Yes

Process

I

Rcv.

No

-t.27

I

Irrev.
No

- 1.08 -0.04 -0. 18

-0.09

-0.0 1

-0.r7
1

Q-Rev.

No

r.16

r.24

1.09

1

Rev.

No

- 1.00

-0.80

- 1.19

1

Q-Rev.

No

-0.08

-0.02

-0.14

I

Q-Rev.

No

t.l2
t.t7
1.07

I

Rev.

No

-0.8 5

-0.60

-r.r0
1

Q-Rcv.

No

0.10

0.19

-0.01

1

Rev.

No

0.66

0.76

0.56

1

Rev.

No

0.10

0.17

0.02

1

Rev.

No

0.67

0.74

0.59

1

Rev.

No

-0.46

-0.37

-0.55

1

Q-Rcv.
No

0.13

0.17

0.10

1

Rev.

No

0.67

0.72

0.6r

1

Rev.

No

-0.45

-0.40

-0.50

1

Q-Rev.

No

-0.06

0.03

-0.09

1

N-Rev.

No

t.o2

1.07

0.97

I

Q-Rev
No

-0.8I

-0.58

-1.r7

I

Q-Rev.

No

(a0a)(39c)(39a)(38a) (42b)(40b)(3eb)(38b)

0.07

0.63

Rest E 0.03
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Table 14. Electrochemical and UV|/isible data for the nitrile ligandsf

UV/Visiblet
tions

230,

258,

3M,
238,

282,

240.

290,

240,

302,

234.

234,

276.

232.

250,

266,

316.

242,

292.

246,

298.

250,

312.

266.

Quasi-Rev.
I rre v.

Irrev

Quasi-Rev.

Quasi-Rev.

Irrev.
Quasi-Rev.

Quasi-Rev.

Quasi-Rev.

No processes observed

No processes observed

Epredl -O-52

F'pred2 -1.7 |

c redl
"p -1.68

p redl
"p - 1.13

ç redl
"p -1.04

r redl
"p
ç oxl
"p
c redl
"p
c redl
"p

-r.28

o.37

-0.7r

-0.23

Nitrile

CH3O{

CH2=g¡¡g¡{

COHZ(CN)+ -1,2,4,5

CoH¿(CN)z-o

CoF¿(CN)z-o

CeF+(CN)z-p

trans-(NC)HC=CH(CN)

(NC)zC=C(CN)z

(CF¡)zC=C(CN)z

Reversibility
tcv)

Differential Pulse

Voltammetrv

T Lnu* nm; CH2CI2 solutions.
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2.1. Introduction

The stereochemical studies by CYiegee et al.r on the thermal ring-opening of cis- andtrans-

L,2,3,4-tetamethylcyclobutenes were the first to show unambiguously the con¡otatory nature

of the cyclobutene-butadiene electrocyclic interconversion. The 185-nm photolysis of (1)

yields cis,cis-L,3-cyclooctadiene consistent with a d.isrotatory ring-opening mechanism.2 In

1965, Woodwa¡d and Hoffmann3 proposed a theory to rationalize such electrocyclic reactions.

Since then, Brauman and Golden4 have estimated that the thermally-allowed comotatory

process for cyclobutenes is more favoured (by 15.0 kcaVmol) than the disrotatory process.

This experimental estimate accords with values obtained recently by Breulet and Schaefer5

ftom ab initio calculations.

(1)

The concerted ring-opening reaction of cyclobutene is seen as a classic example of the use

of the Woodward-Hoffmann rules and the correlation procedures introduced by l.onguet-

Higgin5.o,z The Woodwa¡d-Hoffmann theory8 has as its basis the proposition that the

symmetry of the highest energy occupied molecular orbital (HOMO) in a compound determines

which mode of rotation (conrotatory or disrotatory) will be preferred in cyclization andring-

opening reactions. During the course of the concerted ring-opening of cyclobutene, a twofold

axis of symme!ry is maintained in the conrotatory reaction, while a plane of symmetry is

maintained in the disrotatory mode.

Figure 1. Conrotatory and disrotatory opening of cyclobutene
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Four orbitals of the cyclobutene are involved in these transformations: o, o* between C(1) and

C(4), and fi, 7r* brween C(2) and C(3). The symmetry of each orbital is classified as either

symmetric (S) or antisymmetric (A) in relation to the symmetry elements mentioned above.

Figure 2. Correlation of orbitals
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Figure 3. State correlation diagrams
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In the course of the reaction, these symmetry properties are maintained to give a correlation

between the cyclobutene and the butadiene orbitals (Vr - V¿), as is shown in the correlation

diagrams above. This avoids a change in sign of the electronic wave functions during the

course of the reaction, a procedure which is disallowed. Thus, in the conrotatory reaction, the

o-electrons of cyclobutene are correlated with the y2 and ly4 orbitals in the butadiene product.

The lower energy of Vz means that the æ-elecrons in this orbital a¡e formally derived from the

o-electrons of the cyclobutene. For any given state of the molecule, a symmetry classification
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may be derived, which is the product of the symmetries of the orbitals occupied by each

electron (e.g. ozæn* = S.S.A.S = A). By building up a state diagram for all of the states in

cyclobutene and then relating these to the corresponding orbiøls in butadiene, it is possible to

predict which mode of reaction witl be preferred. From these state diagrams it can be seen that

conrotatory ring-opening from the ground-state of cyclobutene leads to the ground state of

butadiene, a thermally-favoured process, while the disrotatory mode leads to an excited state of

butadiene. The latter mode of ring-opening is thus favoured under photochemical conditions.

Given the principle of microscopic reversibility, the reverse reactions are expected to proceed

along pathways similar to those of the forward reactions (i.e. cyclization vs. ring-opening). In

instances where steric limitations do not allow the electrocyclic process to follow the favoured

pathway, then the disfavoured pathway may be accessed via diradical or dipolar intennediates

(i.e. non-concerted mechanisms). Examples of these latter reactions are to be found in the

literature.l(b) '9 Seemingly disrotatory thermal ring-opening reactions have also been shown to

arise from E/Z isomeization of initially-formed conrotatory products.lo

The torsional motion that is required to attain the transition state in electrocyclic reactions

also plays a part in determining the direction of these reactions. Such motion has been found to

be particularly crucial in cyclobutene complexes, where the products obtained from the ring-

opening reactions are frequently contrary to those expected from steric considerations. Rondan

and Houkll have explained the results obtained in the electrocyclic reactions of

perfluorocyclobutenesl2 and c¡s- and trans-3,4 dichloro-, dimethoxy-, diethoxy- and

diacetoxy-substituted cyclobutenesl3 as arising from the electronic effecs of the cyclobutene

substituents. Using ab initio calculations to determine transition-state structures, they

established a preference for outward rotation in ring-substituents with strong electron-donor

capabilities, while 7r-acceptors such as ester and keto groups were shown to have little

stereochemical preference.
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Figure 4. 'Outwa¡d' and'inwa¡d' transition structures for conrotatory ring-opening of

t an s -3,4 - dthydroxycyclobutene 13

Outward structure Inward structure

Only one organometallic electrocyclic reaction has been described that allows the

stereochemistry of the reaction to be discussed. This was the thermal conversion of the

cyclobutenyl diiron complex Fe{ lFe(CO)z(n-CsHs)l CHPh ] (CO)z(q-C5H5) (2)

to the butadienyl complex Fe{C[=Q¡¡ph]CPh=C(Cl'Ð[Fe(CO)z(q-CsHs)]](CO)z(q-CsHs) (3)

by Kolobova et al.r4 Although not mentioned in their report, their structural studies showed

that the reaction had proceeded via the expected conrotatory process. As the frontier orbitals of

transition-metal vinyl complexes (of which these cyclobutenyl and butadienyl complexes are

examples) are likely to be involved in ring bonding,l5 the dimetal-substituted complexes might

have electronic properties different to those of monometal-substituted complexes. We have

therefore carried out further studies on the type of elecnocyclic reactions discussed in Chapter

One, using substrates that have permitted the stereochemistry of the reactions to be determined.
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Because the structurally-characfenzeÅ, cyclobutenyl and butadienyl complexes derived from

dcfe and tcne are symmetrical in nature, we were unable to determine the direction of the ring-

opening process. However, the availability of the olefin tans-bis(carbomethoxy)-l-cyano-

erhene ltrans-C(COzMeXCN)=CH(COzMe), rjoll6 has allowed us to perform similarreactions

with Ru(C2PhXCOXPPh¡Xn-CsHs) (4). These reactions have meant that the direction of the

ring-opening process could be determined and have also made possible direct stn-rctural

comparisons with the cycloadducts obtained using dcfe (see Sections L.2.I,1.2.2, L.2.3).

Although cycloadd.ition reactions of fluoroolefins are well documented,l? there are few

fluorinated cyclobutenyl complexes described in the literature. One that is readily available is

l-l
Fe(C=CFCFzCFzXCO)z(rl-CsHs), obtained from the salt-elimination reaction between

tFe(CO)Z(n-CSHS)l- and perfluorocyclobutene.18 We have, therefore, examined the ring-

opening tendencies of this complex in order to gain more information concerning the

substituent effect on the course of the expected electrocyclic reaction. We have also ca:ried out

some further srudies on the reaction of tcne with Fe(CzPhXCO)z(n-C5H5),t9 in light of the

recent work;20'21 related reactions were ca¡ried out using alkynylmanganese precursors.
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2.2. Results and Discussion

2.2.1. Three isomers of Ru{C=CPhCH(COzMe)C(COzMe)(CN)}'

(CO )(PPh¡)(n -CsHs)

The treatrnent of Ru(CzPhXCOXPPh3)(n-CsHs) with rjo ltrans-C(CO2Me)(CN)=Ç-

H(COzMe)l in benzene resulted in the formation of two isomers of Ru[C=CPhCH(COzMe)-
I

ö(COztvte)(CN)](COXPPh:Xq-CsHs) (5a) and (5b). The major isomer (59Vo) formed was

(5a), which was sepalated readily from the minor isomer (277o) (5b) by thin-layer

chromatography. Proton NMR investigations of similar reactions performed in CDCI3 and

CÐO showed that the reaction in CDCI3 was complete within ten minutes, whereas that

performed in benzene took t hour 25 minutes. The ratio of isomers (5a):(5b) [2:1 CDCIr;

1.5:1 QD6l was only slightly altered by the differences in solvent polarity. No coloured

intermediates were detected in these reactions and the ratio of isomers did not change after

seven days in solution (CDCI3).

It was noted that both isomers slowly changed colour, from the pale yellow observed for

(5b) and white for (5a), to a bright yellow when supported on the silica TLC medium. A

lH NMR snrdy of these reactions, performed on ó-acetone extracts of the supported samples,

showed that when either of these complexes was adsorbed on silica, conversion to a third

cyclobutenyl isomer (5c) occurred. The NMR results indicated that the conversion occurred

only with adsorbed complexes in the solid state (dry), and control experiments with the NMR

solvent and silica present did not reveal any formation of (5c). Maximum conversion of (5a)

to (5c) was 587o after fifty hours, while (5b) was 25Vo converted after fourteen days. Several

side reactions were also noted, but of these only the conversions (5a) + (5b) and (5b) -r
(5a) could be correlated with the various CsHs and OMe resonances observed. A preparative

scale isomerization of (5a) supported on silica allowed the isolation of (5c) in34Vo yield after

three days. Suitable crystals of this complex could not be obtained for X-ray analysis, and it

was characterized by microanalysis and spectroscopy alone.
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The infrared data for all three cyclobutenyl complexes are similar. Very weak bands were

observed between 2207 and2236 cm-L for the CN groups, and between 1566 and 1616 cm-1

for the v(C=C) absorptions. Single strong v(CO) bands were found at = 1950 cm-r for the

ruthenium-bound carbonyl and at = L738 cm-l fo¡ the COzMe groups. The fingerprint region

of (5c) was more similar to (5a) than to (5b).

In their proton NMR spectra, CsHs, CÉ1, and two OMe resonances were observed for each

complex at õ 5.14, 4.52,3.74,3,66 (5a); ô 4.91, 4.52,3.85,3.73 (5b) and õ 4.88,4.18,

3.85, 3.51 (5c), respectively. Phenyl resonances were observed between ô 7.4 and 6.5 for

the triphenylphosphine ligand and the phenyl ring substituent. The only unusual feature of

these spectra was the apparent doublet atE 4.52 (J = 1.6 Hz) for the CIl proton in the

spectrum of (5b). At this stage, it is not clear how this arises, since the phosphorus is

considerably removed from the proton ( > 3 Å) and there is no reason why s"I coupling should

be observed. One proposition, however, is for the existence of two CO2Me environments at

the carbon to which the Cfl goup is attached. This is possible if slightly different orientations

of the CO2Me groups a¡e ascribed to the compound when it is in solution (as shown below).

The second conformation [structure (B)] which differs from the solid state structure [stn¡cture

(A)l is not umeasonable, as the CO2Me group and the phenyl groups on the phosphine and the

ring interact quite strongly. This interaction provides an effective barrier to rotation and wo

envi¡onments for the CÉ1proton. In addition, a low-temperature (240K) spectrum of (5b)

showed different intensities for the two peaks in the doublet (4:3), in conEast to the 1:1

intensities observed in the room-temperature spectrum.

The FAB mass spectra of all three cyclobutenyl complexes were identical. A strong

molecula¡ ion which fragmented by loss of Me, CO, CO2Me and C(COzMe)(CN)=CH-

(COzMe) groups, was observed. The latter is the major ion [M - rjo]* which is characteristic

of the cyclobutenyl complexes and is absent from the spectrum of the related butadienyl

complex Ru{G[=QICOzMoXCN)]CPh=CH(COzMe) ] (COXPPh¡Xn-CsHs) (6). The other

fragment ions present were associated with the loss of OMe, O2Me and CO groups
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Structure (A) Sm¡cture (B)

from the ions already mentioned or with the usual breakdown patterns observed for the

Ru(PPh¡)(tt-CsHs) group (see Section 1.2.5).

Plos of the ¡wo structurally-cha¡acterized cyclobutenyl complexes (5a) and (5b) are

shown in Figures 5 and 6, while Table I collects significant bond distances and angles. Both

structgres a¡e chiral at the ruthenium. Compound (5a) crystallized in a centrosymmetric space

group, whereas (5b) crystallized in the non-centrosymmetric space goup Pna7¡, implying

spontaneous resolution upon crystallization. About each ruthenium, the coordination is

distorted octahedral with one face occupied by the r¡-C5H5 group and the other face deftned by

the carbonyl, triphenylphosphine and o-cyclobutenyl tigands. The ligand-ruthenium bond

d.istances in complexes (5a) and (5b) Ru-C(21) [1.831(5), 1.81(1) Ä. , resp.], Ru-P(l)

l2.2gg(r),2.300(2) Å, resp.l and Ru-C(cp) t2.255Ø) - 2.267(4),2.233(9) - 2-246$) A',

resp.l a¡e similar to those found for other Ru(CO)(PPh¡Xrl-CsHs) compounds (see Section

1.2.I), the differences between the two structures being within the range of experimental error.

The Ru-C(qp2¡ distan ces 12.062(5) (5a) and 2.09(1) Ä (Sn)l are similar to that observed for

Ru { ò=CPhC(CF¡)zÖ(CN)zJ (COXPPh¡Xq-CsHs) t2.054(8) Å, see Section r.2.ll.
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Figure 5. PLUTO ptot of Ru{C:CPhCH(CO2Me)C(COzMeXCN)}(COXPPh3)-

(n-CsHs) (5a) (by D N. Duffy and E.R.T. Tiekink)
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IFigure 6. PLUTO plotof Ru{C=CPhCH(CO2Me)

(n-CsHs) (5b) (by D.N. Duffy and E.R.T. Tiekink)
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Table l. Selected bond distances (Ä.) and angles (o) for complexes (5a), (5b), (6) and (7)

Cornnonnd

Parameter

Ru-P(1)

Ru-C(6)

Ru-C(21)

Ru-cp

c(6)-c(7)

c(6)-c(17)

c(7)-c(8)

c(7)-c(14)

c(14)-C(1s)

c(14)-C(17)

c(17)-c(18)

c(17)-c(20)

c(20)-N(1)

c(21)-O(5)

Ru-C(6)-C(7)

Ru-C(6)-C(17)

c(7)-c(6)-c(17)

c(6)-c(7)-c(14)

c(7)-c(14)-c(1s)

c(7)-c(14)-C(17)

(5a)

2.29e(r)

2.062(s)

1.831(s)

2.255-

2.261(4)

r.3s7(7)

1.s6s(7)

r.471(6)

r.s29(7)

1.s11(7)

1.s66(4)

L.sze(7)

1.477(8)

r.r37(7)

1.160(6)

r42.1(4)

126.s(3)

e0.e(4)

e6.e(4)

111.8(4)

84.8(4)

(sb)

2.300(2)

2.0e(1)

1.81( 1)

2.233(e)-

2.246(8)

r.34(2)

1.ss(1)

1.49(1)

1.s 1(1)

r.4e(2)

r.s7(2)

r.st(z)

r.48(2)

1.12(1)

1.19(1)

140.s(8)

t26.6(7)

9 1.1(8)

e7.3(e)

r24.3(9)

84.7(8)

(6)

2.318(2)

2.r}e(6)

1.833(7)

2.24t-

2.273(s)

1.469(8)

1.363(8)

1.490(7)

1.346(9)

1.43(1)

Q)T

2.047(4)

1.87s(4)

2.227-

2.24s(3)

1.422(s)

r.344(s)

r.4e3(4)

1.431(s)

1.467(s)

1.483(s)

r.M3(s)

1.137(s)

1.14s(s)

74.6(2)

r47.s(3)

136.s(4)

tt4.2(3)

r2r.4(3)

1.479(e)

r.44(L)

1.140(8)

1.168(7)

113.9(4)

12;6.4(7)

118.8(6)

t27.s(6)

127.8(7)

t Ru-c(7) 2.160Ø); Ru-C(14) 2.218(4) Å; Ru-C(7)-c(6) 66.0(2); Ru-C(14)-C(7) 68.7(2)'.
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Table 1. (continued.)

Parameter

c(1s)-c(14)-c(17)

c(6)-c(17)-c(14)

c(6)-c(17)-c(18)

c(6)-c(17)-c(20)

c(14)-C(17)-c(18)

c(14)-C(17)-c(20)

c(18)-c(17)-c(20)

Fù-C:C-Ph
oc

*Qc\

*l

Ph3P RJ

'+ oc

Cnmnonnrl

Scheme 1. Interconversion of isomers (5a), (5b) and (5c)

(sa)

rt7 .7 (4)

87.4(3)

115.0(4)

11s.3(4)

11s.6(4)

tr7.2(4)

106.1(4)

(sb)

116.2(9)

86.e(7)

r12.6(e)

1 ls.1(8)

1rz(L)

114.9(9)

1r3.2(e)

(6)

t22.3(6)

124.s(2)

113.1(6)

Ph3P Rr

(7)

r25.s(4)

r2t.7(4)

112.s(3)

CqMe

(5c)

+
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NC

Ph

\-*
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H
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H
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c
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Within the Ca ring the pattern of bond lengths for (5a) and (5b) C(6)-C(7) lL.357Q),1.34(2)

Å,, resp.l; C(7)-C(14) lL.s2g(7),1.51(1) Å, resp.l; C(14)-C(17) tl.566(4) ,1.57(2) Å, resp.l;

C(17)-C(6) [1.565(7), 1.55(1) Å, resp.] is as found for the dcfe complex, the only significant

difference being the slight contraction of the single bond closest to the ruthenium C(17)-C(6)

[dcfe complex, 1.57(1) Å]. fne angles subtended at the sp2 carbon atoms range from 90.9(4)

to 97.3(9)' and at the sp3 ca¡bon atoms, from 84.7(8) to 87.4(3)o. All of these fall within the

normal range for the cyclobutenyl structures examined so far. The cyclobutenyl rings in the

two structures are essentially planar, the ruthenium atom Lyng0.222 Å beto* the least-squares

plane through the ring in (5a) and 0.364 Å below the same plane in (5b).

The difference between the isomers is most clearly seen when one examines the disposition

of the CN group. In (5a), the CN group attached to C(17) is on the same side of the ring as

the ruthenium. In srructure (5b), the CN group is on the other side of the ring. This suggests

that the preferred direction of addition of the =C(CNXCO2Me) goup of the olefin is towa¡ds

the cr-ca¡bon of the acetylide, with the COzMe in the least sterically demanding position.

Clearly, the CN group is directing the initial attack of the olefin on the acetylide, as neither of

the other isomers formed by the reverse addition of the olefin was observed. The previous

work with dcfe and the ortlto-styrenes (see Section 1.1) had already led us to expect this. The

similarity to the results obtained with tcne 20' 21 proints again to the involvement of a dipolar

intermediate, which converts quickly to the cyclobutenyl complexes on account of the high

degree of polarizability inherent in the rjo olefin.

The structure of the third cyclobutenyl isomer was investigated by means of molecular

modelling (CHEM 3D). It appea$ that no minor orientational forms due to restricted rotation

are available, as the only appreciable interactions a¡e intra-phenyl and these are most likely to

affect crystal packing. On the basis of similarities in the phenyl region of the lH NMR and

the f,rngerprint region of the IR spectra, !ù/e suggest a structure related to isomer (5a), but

different in ttrat the CO2Me on C(14) has rotated onto the opposite side of the ring to the

ruthenium. This places both CO2Me groups on the same side of the ring, as is shown in

Scheme 1.
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Maximum interaction of the oxygen atoms (COzMe groups and the carbonyl group) with

the surface siloxy goups of the silica, and minimum contact between the phenyl and

cyclopentadienyl groups and the surface, is achieved for (5c) when the base of the ring is in

contact with the surface region. As (5c) is recovered from the surface by extraction with

methanoVCE2Cl2mixtures, only adsorption seems to be involved. The transformation from

(5a) to (5b) and vice-versa on silica indicates that significant rearrangements of the

substituents on the ring are possible. The intermediate involved in these transformations would

be (5c), as illusrrated in Scheme 1. The formation of (5c) shows that bond-breaking

processes have occurred. At present we are inclined to favour the breaking of C(6)-C(17),

followed by rotation about C(14)-C(17) and then ring-closure rather than formation of a

butadiene followed by recyclization.

2.2.2. Conrotatory ring-opening

Pyrolysis of both of the isomers (5a) and (5b) resulted in the formation of the same

complex, rhe butadienyl compound (6). A preparative route to (6) that did not involve the

unnecessary separation of the cyclobutenyl isomers was therefore developed. This involved

reacring (a) with rjo and then heating the cnrde reaction product [a mixture of (5a) and (5b)]

for sixteen hours in benzene (80 "C), which gave yellow crystalline (6) in 60Vo yield.

In the IR spectnrm of (6), a weak v(Cl.Ð band was observed at2207 cm-l and strong

v(CO) absorptions were found at 1951 and 1725 cm-l for the ruthenium-bound carbonyl and

the ester carbonyls, respectively. The v(C=C) absorptions at L597 .- 1501 cm-l had intensities

varying from very weak to strong. The proton NMR spectrum contained resonances for the

Cl1, C5H5 and two COzMe gtoups at õ 5.41, 4.74,3.58 and 3.14, respectively. A collection

of multiplets between ô 7.6 and 7.1 was observed for the phenyl goups. In the FAB mass

spectrum of (6), a strong molecular ion, which fragmented by loss of Me, CO and C5H5

groups, was observed. An interesting difference between (6) and the isomers of (5) was the

loss of CsHs. This process may indicate the formation of a qal5e¡-butadienyl ion such as

Structure (A), which has a precedent in solution chemistry.22 No loss of the olef,rn from the
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molecular ion occurred; this confirmed the butadienyl structure.

CO2Me

l,lC Ph

Structure (A)

CO2Me

A plot of one molecule of (6) is shown in Figure 7 and signifrcant bond distances and

angles were collected in Table 1. The ruthenium is coordinated to the carbonyl,

triphenylphosphine and n-CsHs ligands in a fashion similar to that found in (5a) and (5b).

The d.istances Ru-C(21) t1.833(7) ,Å.1, Ru-p 12)18(2) Å1, Ru-C(cp) t2.2al - 2.273(5) Å1, are

also comparable. The orientation of the butadienyl ligand is very similar to that observed in

Ru{C[=Q(CÌ.Ð2]CPh=C(CF¡)z] (COXPPhgXq-CsHs) (see Section L.2.2) as are the

Ru-C(sp2) t2.109(6) Å1, C=C [1.346(9), 1.363(8) Å] an¿ C-C t1.469(8) Al bond distances

[cf. dcfe complex 2.100(5); 1.356(7), L.367(7); 1.480(7) Å, resp.].

The use of modelling has shown that the cyclobutenyl rings in both isomers open in a

conrotatory fashion, which is as predicted by the principles of conservation of orbital

symmetry developed by Woodward and Hoffmann.3 Scheme 2 depics the two

transformations and, for completeness sake, the disrotatory processes which would result in

the observed butadienyl complex [complex (6) could not be obtained in a disrotatory fashion

from either (5a) or (5b)1. Isomer (5c) is one of the cyclobutenyl complexes which should

form (6) by a disrotatory mechanism. This isomer does not appear to be involved in the

formation of (6) from (5a) and (5b), since no interconversion was found beween (5a), (5b)

and (5c) in solution. It is interesting to note that in these electro"y"ii" reactions the CO2Me

substituents on C(14) and C(17) both rotate inwa¡ds in the course of the ring-opening. This

result accords with recent transition-state calculations for organic cyclobutenes; these indicated

that ester groups show little preference for rotation while cyano goups show a preference for

outwa¡d rotation.ll

Ph"P

æ/
Ru
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Figure 7. PLUTO plot of Ru{C[=QlCOzMeXCl'Ð]CPh:CH(COzMe)](CO)ePh3)-

(n-CsHs) (6) (bv D.N. Duffy and E.R.T. Tiekink)
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Scheme 2. Ring-opening transformations involving (5a) and (5b)

(sb)
(5a)

Conrotatory

Disrotatory

(6)

(5c)
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In the course of the ring-opening, the butadiene rotates about the Ru-C(6) bond and

internally about the C(6)-C(7) bond to achieve the structure that is obsewed in the solid state.

The coplanar diene structure is not favoured because of the overlap between the CO2Me

groups, rotation about C(6)-C(7) being necessary to relieve these interactions. This in tum

creates phenyl-phenyl interactions that are minimizedby rotation about the Ru-C(6) bond. The

torsion angle C(14)C(6)C(7)C(17) is 82.81o, reflecting these effects.

2.2.3. Allyl complex Ru{n3-CH(COzMe)CPhC=C(COzMe)(CN)XCO)-

(n-CsHs)

A minor product from the pyrolyses of (5a) and (5b) was the allyl complex Ru{r'¡3-

CH(CO2Me)CPhC=C(COzMeXCNI)(COXn-CsHs) (7). Higher yields of this complex were

obtained by increasing the duration or temperature of the pyrolyses. A 57Vo yield of (7) was

obtained after heating (5a) in refluxing xylene f.or ?A hours 30 minutes, and a 387o yield from

(5b) after heating in refluxing toluene for 29 hours.

The IR spectrum of (7) has a weak v(CN) absorption at2220 cm-l. This is the f,ust

instance where the intensity of this band has fallen below medium - strong, and shows the

difficulties inherent in assigning allyl stn:ctures on the basis of the strength of this absorption.

The v(C=C) band at I&7 cm-l was of medium intensity. An increase in the energy of the

v(CO) band for the ruthenium-bound carbonyl to 2014 cm-l was found and suggests that the

metal has a lower electron density than in (5a), (5b) and (6). The ester carbonyl abso¡ptions

were found at1736,1715 and 1665 cm-l.

Comparison of the relative intensities of the phenyl (ô 7.3 - 7 .2) and cyclopentadienyl

(õ 5.04) resonances in the proton NMR spectrum pointed to the loss of triphenylphosphine.

Three other resonances were found at ô 5.09, 3.66 and 3.55 for the CÉl and the two CO2Me

groups, respectively. In the FAB mass spectrum, a strong molecular ion was found but higher

mass aggregates were also observed at mlz 930,902, 630 and 602; these correspond to [M2]+,

[Mz - CO]+, [M + Ru(C5H5)]+ and [M - CO + Ru(CsHs)]+. The relative intensities of these

aggregate ions were less than 5Vo, and closer examination of the spectra of the dcfe-derived
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allyl complexes (see Section L.2.3) revealed similar weak dimeric ions. The other fragment

ions correspond to loss of CO and Me groups, followed by the loss of both CO2Me groups.

A plot of the structure of (7) determined by X-ray crystallography is shown in Figure 8 and

significant bond distances and angles were collected in Table 1. The tl-CsHs and CO ligands

are arranged about the ruthenium in a fashion similar to ttrat observed for the dcfe-derived allyl

complex Ru{q:-916F¡)zCPhC=C(CN)2}(PPh:Xtt-CsH5) (see Section L.2.3), except that the

CO group occupies the PPh3 site. The bond distances for Ru-C(21) t1.875(4) Å1, Ru-Clcp¡

Í2.227 - 2.245(3), av.2.236 Å1 are within their normal ranges (see Section2.2.2). The Ru-

C(21) distance is stightly greater (= 0.04 Å¡ than those observed for (5a), (5b) and (6)

[1.831(5), 1.81(1), 1.S33(7) Å resp.].

The allyl group is attached to the ruthenium in the same manner as observed for the dcfe

complex mentioned above. The shortest bond is Ru-C(6) 12.047(4) Å; cf. dcfe complex

1.977(7) Ål; nu-C(Z) and Ru-C(14) are longer t2.l6}(4),2.218(4) Å, resp.; cf. dcfe complex

2.138(7),2.202(7) Ä., resp.l. The distances within the allyt tigand C(6)-C(7), C(7)-C(14)

1L.422(5),1.431(5) Å, resp.; cf. dcfe complex L.42(L),1.46(1) Ä, resp.l are normal allyl C-C

separations indicative of multiple-bond order, while C(6)-C(17) Í1.344(5) Å; cf. dcfe complex

1.37(1) Ä.1 is a typical C=C double bond length. The reduction in Ru-C multiple bonding in

the rjo-derived allyl compared with the other structurally-characterized allyl complexes, may

arise from the absence of the PPh3 (a good o-donor) from the ruthenium.

It is clear from the reaction conditions that the allyl complex (7) is formed from the

butadienyl compound (6). Modelling the interconversion has shown that the phenyl and

=C(CNXCO2Me) groups interact srongly with the riphenylphosphine when the butadienyl is

rotated about the Ru-C(6) bond. It is probably this interaction that is responsible for the loss of

the larger triphenylphosphine ligand rather than the CO group. The orientation of the allyl

group is related to that of the butadienyl precursor by a rotation about Ru-C(6) (see Scheme 3).

Torsion angles about RuC(6)C(7)C(14) and RuC(7)C(6)C(17) in (6) and (7) a¡e -107.22, -

169.97" and -56.91,168.77" , respectively.
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Figure 8. PLUTO plot of Ru{q3-6¡1(COzMe)CPhC:C(COzMeXCN)}(CoXq-CsHs) (7)

(by B.K. Nicholson )
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Scheme 3. Conversion of (6) to (7)
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2.2.4. Cycloaddition of tetracyanoethene to manganese and iron

o-acetylide complexes

The first report of the cycloaddition of tetracyanoethene to o-acetylide complexes of iron

appeared in 1979,19 and was followed by the initial communication by Bruce et al. conceming

a ruthenium system.23 All these reactions proceed via deep-coloured intermediates which

lighten to give o-cyclobutenyl complexes (see Scheme 4). These were not isolable in all cases,

as the cycloadduct rapidly undergoes a ring-opening reaction to give the isomeric o-butadienyl

complexes. The studies reported here on the manganese and iron complexes were carried out

to complement the extended accounts reported for the tungsten and ruthenium reactions.2o'2l

Scheme 4. Summary of cycloaddition reactions involving tcne
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The reaction between Mn(CzPhXCO)¡(dppe) and tcne in benzene afforded a short-lived

(minutes) pale green intermediate, which on standing converted to the white cyclobutenyl

complex Mn{C=CPhC(CN)2C(CN)z)(CO)3(dppe) (8). This material is cha¡acterized by very

weak, single v(Cl.l) and v(C=C) bands at 2234 and 1573 cm-l, respectively. The v(CO)

abso¡ptions at20l7 and 1942 cm-l a¡e characteristic of thefac-(CO)¡ goup. A similar

reaction, between Fe(CzPhXCO)z(rl-CsH5) and tcne in diethyl ether, initially gave a dark green

intermediate, which then changed to pale yellow over 15 minutes, and deposited a yellow

+

R
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precipirare of the cyclobutenyl derivative Fe{C:CPhC(Cl'Ð2C(C}Ð2}(CO)z(q-CsHs) (9). The

IR spectrum of (9) had a very weak v(Cl.Ð band at 2239 cm-r and weakv(C=C) bands at

L599,1582 and 1555 cm-l. The strong v(CO) bands at2045 and 2001 cm-l confirmed the

dicarbonyl formulation. In the proton NMR spectra, resonances at õ 3.30 for (8) and õ 5.18

for (9) confirmed the presence of dppe and r¡-C5H5 groups, respectively. The phenyl groups

had resonances between ô 7.7 and ô 7.4. A 13C NMR spectrum of (9) had signals for the

CO, Ph, 2 x CN and r¡-C5H5 groups 
^tE 

212.5, 130.0, 1L2.3, 1t7.4 and 87.0, respectively.

The FAB mass spectra of (8) and (9) show stepwise loss of CO groups from the molecula¡ ion

followed by loss of CN or phenyl goups. The base peak for (8) is [Mn(CNXdppe)]+, formed

by CN transfer to the metal, and is similar to F-atom transfer reactions found for fluoroca¡bon

complexes (see Section2.2.5). Loss of the olefin from [M]+ or [M - 3CO1+ confirmed the

cyclobutenyl structures. With the i¡on complex, the ion [M - tcne]+ forms the base peak in the

specrrum. For complex (8) the ion [Mn(CO)s(dppe)]+is found at mlz 537, which apparently

loses three CO groups simultaneously to give [Mn(dppe)]*.

When the reaction of Mn(C2Ph)(CO)¡(dppe) with tcne was performed in dichloromethane,

a yellow crystalline material resulted. This was shown by spectroscopy to be the butadienyl

complex Mn{C[=Q(CN)dCPh=C(CN)2](CO)¡(dppe) (10). The IR spectrum contained two

weak v(CN) bands at2?22 and2208 cm-l. In the previous chapter, it was shown ttrat the

v(CltÐ bands of the butadienyl isomer are commonly stronger than those for the cyclobutenyl

isomer. The intensities of the two v(C=C) bands found at 1573 and 1533 cm-l are also

consistent with the butadienyl formulation. The spectrum contained three strong v(CO) bands

between 1944 and 2018 cm-l. Solutions of (8) in more polar media rapidly deepen in colour to

yellow, and afford complex (10) upon evaporation. This example of isomerization provides

additional evidence for the identities of (8) and (10), and supports the IR v(CN) and v(C=C)

correlations with structures that were mentioned previously (see Section 1.2).

Similarly, the reaction of Fe(C2PhXCO)z(T1-C5H5) with tcne in dichloromethane gave a

yellow-green solution, from which yellow crystals of the butadienyl Fe{C[=Ç(ç]ÐtCPh-

=C(CN)z)(CO)z(rl-CsHs) (11) were isolated. In the IR spectrum of (11), the weak v(CN)
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and v(C=C) bands (2226,1540 cm-1, resp.) were found at slightly lower frequencies than

those of complex (9), while the v(CO) absorptions were found at higher wavenumbers (2050,

2005 cm-l). The major changes found in the lH NMR spectra of the butadienyls were the

resonances for the dppe ligand (õ 3.16) for (10) and the rl-CsHs ligand (ô 4.95) in (11), both

of which are at higher freld than their cyclobutenyl analogues. A close comparison be¡¡¿een the

13C NMR spectra of (9) and (11) ìwas not possible, since different solvent combinations and

temperatures were employed for the measurements. Two carbonyl resonances were observed

for (11) at õ 211.0 and 209, and signals for the other groups were found at ô 130.7 (Ph),

115.6, 112.3,110.5 (Cl.Ð and 86.9 (CsHs). The FAB mass spectra of the butadienyls were

similar to the cyclobutenyl analogues, except that loss of tcne was not observed for (10). For

(11), an ion at mlz 219 corresponding to the loss of tcne was observed. At this stage, it is not

clear whether this is an incorrect assignment or an indication that the dicyanomethylene

fragmens in (11) a¡e less stable under FAB beam conditions than the other compounds

examined so far.

In the original report of the reaction of Fe(C2PhXCO)Z(n-CsHs) with tcne, the same colour

changes as above \¡/ere noted.l9 The deep green intermediate was assumed to be a charge-

transfer complex, the derived yellow compound a dipolar adduct formulated as Structu¡e (A)

(see Scheme 4), and the yellow-brown compound was assigned the cyclobutenyl structure of

(9). The spectroscopic results discussed above, combined with a single-crystal X-ray study of

(11), show that these assignments must be modihed. Swincer,24 in an ESR study of this

reaction, found ttrat the deep green intermediate had a signal at gL.997, which, in conjunction

with the results obtained for the ruthenium and tungsten systems, suggests that the intermediate

is a diradical species with a geometry similar to that of the proposed dipolar complex.

The molecular structure of the iron complex is shown in Figure 9 and confirms the

butad.ienyl formulation, while Table 2 summa¡izes the pertinent bond parameters of the metal-

substituted butadienyl moiety in (11) and the related ruthenium and nickel complexes

M(C[=C(CN)z]CPh=C(CN)z]GnXn-CsHs) (M = Ni, Ln = PPhsi M = Ru, L¡r =

(CNButXPPh3) or dppe).



Figure 9. PLUTO plot of Fe{C[=Q16N2)]CPh:C(CNz)](CO)z(n-CsHs) (11)

(by M.R.Snow and E.R.T. Tiekink)
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Table 2. Structural parameters for tetracyanobutadienyl ligands in four metal complexes

tMl-I

9

81

R

13
(cN)z

f-MLnl

Fe(Co)2 (11)

(n-csHs)

tRu(CNBut) tRu(dppe)

(PPh¡Xn -CsHs)23 (n-C5U5¡zt

tNi(PPh:)

(q-csHs)32

Bond distances (Ã)

M-C(8)

c(8)-c(e)

c(8)-c(12)

c(12)-C(13)

c(12)-Ph

C-CN(av.)

C-N(av.)

Bond angles (")

M-c(8)-C(e)

M-C(8)-C(12)

c(e)-c(8)-c(12)

c(8)-c(12)-c(13)

c(8)-c(e)-cN

c(12)-C(13)-CN

r.972(2)

r.347(4)

t.476(3)

1.356(3)

1.48s(3)

1.441

1.13 1

t26.8(2)

rt4.8(2)

l r8.4(2)

120.2(2)

122.8(2),

r23.3(2)

r2r.2(2),

r22.s(2)

122.s(3)

124.7(2)

t22.8(3)

tr7.9(3)

123.7(4),

r24.2(4)

r2r.4(3),

126.3(4)

2.074(3)

1.382(5)

r.478(4)

1.362(4)

r.479(s)

1.439

t.t42

2.068(4)

1.370(6)

1.484(6)

r.346(6)

r.497(6)

1.433

t.134

1.89s(6)

1.338(8)

1.483(6)

1.3s6(6)

r.474(8)

1.439

t.t4t

t24.4(3)

119.s(3)

rr4.4(4)

r24.3(4)

r22.3(4),

t22.7(4)

122.7(4),

t24.3(4)

125.0(6)

114.8(6)

120.0(8)

120.1(8)

t22.3(8),

t24.4(8)

121.1(8),

12s.2(8)

I renumbered according to (11)
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Table 2. (continued)

lMInl

Fe(Co)z (11)

(n-csHs)

Ru(CNBut)

(PPh:Xn-CsHs)

Ru(dppe)

(n-csHs)

Ni(PPh3)

(n-csHs)

Bond angles (")

NC-C(9)-CN

NC-C(13)-CN

Torsion angles (")

M-C(8)-c(12)-Ph

M-c(8)-c(12)-C(13)

c(e)-c(8)-c(12)-c( 1 3)

c(e)-c(8)-c(12)-Ph

Lr3.9(2\

116.s(2)

76.6

99-2

81.7

1O2.6

r12.0(4)

112.1(3)

70.0

Itl.7

81.5

106.4

114.8(4)

tr2.7(4)

70.2

ttz.9

80.6

95.4

113.2(8)

113.7(8)

70.3

108.7

67.2

113.9
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In (11), the i¡on atom is coordinated to the q-cyclopentadienyl group [Fe-C(cp) 2.O75 -

2.Og3(3), av. 2.086 Å1, two CO groups [Fe-CO L.775(3),1.785(3) Å] and the cyanocarbon

ligand tFe-C(8) I.972(2) Ä1. ns is usually found, the angles subtended at the iron by the CO

groups and c(8) tc(1)-Fe-c(2) 93.8(1), C(1)-Fe-C(8) 94.9(1), C(2)-Fe-C(8) 90.3(1)"1 are all

close to 90", further substantiating the assignment of distorted octahed¡at stereochemistry to the

iron coordination.25

The Fe-C(sp2¡ distance is considerably shorter than those in Fe{CMæC(Ph)Me}(CO)-

{ P(OPh)3 } (rì-CsHs) t2.03 1 (8) Å1ze -U Fe { C(COzEt¡=ç¡4"r} (COXPPh¡Xn-CsHs)

12.030(2) Å1,22 
"*ough 

it is close to the Fe-C(O) distances in (R,S)-Fo{(A-C(O)CMe=C-

(Ph)Me](Co){P(OPh):)(n-CsHs) 11.962(6).Â.12s uttd Fe{(Z)-C(O)CMe=C(Ph)Me}(CO)-

{P(OPh)¡}(q-CsHs) t1.966(3) Ä.12e. tn this respect, it would appeil that the dicyano-

methylene group has a similar structural effect to oxygen. The chemical similarities have been

noted earlier, both in organometallic complexes30 and in organic chemistry.3l The short

Fe-C(sp2¡ distance found here, indicating a degree of multiple bond order, probably results

from a contribution from the polar form (B):

c:c c-
.cN,rc\-
CN

RCN

+
Fe CN

(A) (B)

Within the butadienyl ligand, the mutual dispositions of the four groups in the two

dicyanomethylene fragments are such as to prevent the cisoid diene from achieving planarity.

The torsion angle C(9)C(8)C(12)C(13) for (11) is 81.7o. This orientation results in the

presence of localized C-C single tC(8)-(12) 1.476(3) Ä.1 and C=C double bonds tC(8)-C(9)

L347Ø); C(12)-C(13) 1.356(3) Ål in these ligands. Comparison of the four structures shows

that the degree of twisting about the central C-C bond of the diene is essentially independent of

the size of the MLn fragment, and is a reflection of the interaction between the overlapping CN

groups. In other complexes containing non-polar cisoid 1,3-dienes, the torsion angles range
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from 80.6o [in Ru(C[=(CN)2]CMe=C(CF¡)z] (CO)(PPh¡Xn-CsHs¡:zl to 82.4" lin

Ru { C[=Q1CN)2CPh=CH(C6I{4N Oz-4)} (PPh¡)z(n -C5H5)::1. It is also of interest that no

examples of reactions affording transoid dienes have yet been found in these systems.

Modelling suggests that where the ring substituent is a phenyl group, as is the case with (11),

interaction between the CN and phenyl goups would prevent the transoid confrguration being

assumed.

The transformation by UV irradiation from the butadienyl complex W{C[=C(CÌ.[)z]C-

Ph=C(CN)z)(CO)¡(n-CsHs) to the allylic complex W[q3-C(CN)2CPhC =C(CN)zJ(CO)z(q-

CsHs) was demonstrated previously.20 We have attempted to achieve ring-opening and the

allyl transformation by removing the CO using nimethylamine oxide. A rapid change in colour

to orange was observed when W(C=CPhC(Cl.Ð2C(Cl[)z](CO)¡(n-CsHs) was treated with

Me3NO.2H2O, and a70Vo yield of a new dicarbonyl complex W{NH=C(OÐC(CÌ'Ð=CCPh-

=C(CN)z)(CO)z(tt-CsH5) (12) was obtained. Microanalytical and spectroscopic data were

consistent with the loss of one CO ligand and addition of one H2O to the cyanoca¡bon. The IR

v(CO) spectrum contained only two equal-intensity strong bands, and absorptions assigned to

v(OÐ and v(NFI) were found between 2800 and 3350 cm-l. A similar chelate complex
t-l

derived from W{C=CPhC(CF¡)zC(CN)z}(CO):(n-C5H5) and MegNO.2HzO (see Section

l-l
L.2.4), contains a W-N=C-C=C ring. In the present case, we suggest that addition of water to

one of the CN groups has again occurred to give the chelating 1,1,4-tricyano-2-phenyl-5-

hydroxy-5-imidopenta- 1, 3-dien-3-yl ligand.
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z.z.s. Reactions or r.(ffiFz)(co)z(n-csHs)

Thesimitaritybetweenr."c@FzXCo)z(n-CsHs)(ß¡raandthecyciobutenyl

compounds obtained from the reactions of transition-metal o-acetylide complexes with

electron-deficient olefins (see Sections 1.2.1, 2.2.L,2.2.4) prompted us to examine the

tendency of the fluorinated compounds to participate in similar ring-opening reactions.

The perfluorocyclobutenyl complex (13) does not undergo ring-opening under thermal or

photochemical conditions. The only reactions that we have been able to carry out successfully

are simple CO-substitution reactions by ligands such as acetonitrile or tertiary phosphines.

Irradiationofasolutionof(13)inacetonitrilegavethemonocarbonylr"1@p,,-

(COXNCMeXn-CsHs) (14) as an orange oil in a yield greater than95%o. This complex is

quite sensitive to oxidation, both in the pure state and in solution. Ready replacement of the

acetonitrile by CO or terciary phosphines, such as PPh3, afforded complexes (13) or

Fe(C=CFCF2CF (CO)(PPh¡Xn-CsHs) (15) in 6O to 65Vo yields.

The new orange complexes (14) and (15) are soluble in hydrocarbon solvents. They were

cha¡acterized by elemental analysis and from their spectra. Whereas complex (13) has two

v(CO) bands at2052 and 2007 cm-1, the substituted complexes have only one, at 1966 (14) or

1964 cm-l (15). These bands show the expected lowering in frequency which results from the

replacement of a CO ligand by a poorer fi-acceptor ligand. In addition, the acetonitrile complex

has a v(CN) absorption at2290 cm-r.

The lH NMR spectra contained resonances for the CsHs protons at õ 5.09 (13), 4.68 (14)

and 4.58 (15), the latter as a doublet (/p-H = I IJz); the Me resonance of the coordinated MeCN

ligand (14) was found at ô 2.13. In the l3C NMR spectra, the C5H5 signals were at õ 85.2

and ô 83.9 for (13) and (15), respectively, while the CO carbons appeared at ô 212.1 and

ô 219.9. For complex (13), the four cyclobutenyl ring ca¡bons gave the complex series of

resonances shown in Figure 10. The fluorine-carbon couplings have permitted, for the first

time, an assignment of these resonances.



122

Figure 10. 13C NMR spectrum of (13), cyclobutenyl ring carbon resonances, showing

various "I¡-ç couplings (Hz)
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The doublet of multiplets centred on õ 170.8 is assigned to C(2), each multiplet being

overlapping triplets of triplets. The complex multiplet atõ 147.2 (13 peaks resolved) is

assigned to C(1). Two further overlapping multiples centred at õ 122.8 and õ 1 16.9 are

assigned to C(3) and C(4), respectively. The 31P NMR spectrum of (15) contains a singlet at

õ 75.3 , no coupling to l9¡i being observed.

The 19F NMR spectra were obtained under conditions of higher resolution than was

possible in 1965,18 and slight changes in chemical shift values probably reflect the increased

accuracy and variations in temperature. For (13) in CS2, three signals at ô -114.9, -114.1 and

- I I 1.0 are assigned to F(4) and F(5), F(l), and F(2) and F(3), respectively, on the basis of

their mutual coupling and relative intensities (see Section2.4.10). A ma¡ked solvent effect is

observed in CH2CI2, with the two high-field multiplets collapsing to a pseudo-triplet at

ô -116.0 and the low held signal shifting to ô -111.9. The PPh3 complex (15) also exhibits a

three-resonance pattern, but in ttris case two weakly interacting systems are present. In

CH2C!2, F(4) and F(5) form an AB system centred on ô -116.7, while F(1) (ô -116.5) and

F(2), F(3) (ô -109.9) form an A2X system. Pronounced solvent effects on these spectra were

again observed. In CSz, the AB signals overlap with the A2X triplet at ô -114.5, while in

benzene, the AB and X multiplets coalesce to a broad triplet (ô -115.8). The instability of (14)
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meant that a detaited l9F NMR spectrum could not be obtained. The three broad resonances, at

ô -110.8, -115.1, -I19.7, are assigned to F(2,3), F(4,5), and F(1) respectively.

The EI mass spectrum of (13) has been described previously.3a We have obtained FAB

mass spectra of (14) and (15), both of which contained molecular ions and strong M - COl*

ions as base peaks. Common fragmentation patterns include loss of F or C5H5 and transfer of

F or CF2 to the iron atom (by elimination of neutral CaF4 or C3F3 fragments, respectively).

Thus in (14), major ions a¡e [Fe(CFÐ(CsHs)]+, [FeF(C5H5)]+ and [Fe(CsHs)]+, while for

(15), the PPh3 ligand is retained, giving [Fe(CFÐ(PPha)]*, [FeF(PPh¡)]r and [Fe(PPh¡)]+.

We have determined the molecula¡ structures of (13) and (15) by single-crystal X-ray

diffraction methods in order to establish which of the structural factors give these molecules

their stability. A plot of a molecule of (13) is shown in Figure 11, and Figure 12 shows the

two independent molecules, labelled A and B, comprising the asymmetric unit in (15).

Selected bond parameters for these complexes a¡e given in Table 3. In (15), the iron atoms are

chiral centres, and the two molecules A and B have enantiomers generated by a centre of

inversion in the centrosynìmetric space group Pi, so that, in all, there are four molecules of

(15) in the unit cell. Close examination of Figure 12 shows that there are major differences

beween A and the enantiomer of B, although to a first approximation, B has the opposite

chiratity to A. The relative orientations of the fluorocarbon ring and the phosphorus-bound

phenyl rings differ in A and B, as is clearly shown by the torsion angles C(10)-Fe-C(1)-C(2)

(136.5" for A, '7 .7" for B). In A, the cyclobutenyl ring is oriented away from the PPh3 group

about the Fe-P bond. Alternatively, the C(4)=C(1)-Fe-CO(10) moieties may be regarded as

transoid in molecule A , and cisoid in molecule B.



Figure 11. PLUTO plot of

(by M.R. Snow and E.R.T. Tiekink)
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Figure 12. PLUTO plot of the two independent molecules of Fe(C=CFCF2

(PPh¡Xq-C5H5) (15) (by M.R. Snow and E.R.T. Tiekink)
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Table 3. Selected bond distances (Ä,) and angles (o) for complexes (13) and (15)

F

F2

Stnrefirre.

Parameter (13) (1sA)t (lsB)t

Fe-cp

Fe-CO

Fe-P

Fe-C(1)

c(1)-c(4)

c(1)-c(2)

c(2)-c(3)

c(3)-c(4)

c(4)-c(1)-c(2)

c(1)-c(2)-c(3)

c(2)-c(3)-c(4)

c(3)-c(4)-c(1)

2.06(1)-2.09(1)

r.774(9)

1.e36(e)

1.s1(1)

r.32(r)

1.48(1)

1.53(1)

88.8(8)

ee.4(8)

82.6(7)

89.1(7)

2.06(2)-2.r3(2)

t.72(2)

2.2r0(4)

1.96(1)

r.46(2)

L.3s(2)

L.4s(2)

r.s4(2)

2.r0(r)-2.12(2)

r.73(2)

2.22s(4)

1.89(1)

1.49(2)

r.4r(2)

r.42(2)

1.s0(2)

84(1)

100(1)

83(r)

e3(1)

8e(1)

ee(1)

82(1)

e0(1)

t common numbering scheme used which differs from the crystallographic numbering scheme

discussed in the text.
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The iron atom in (13) has distorted octahedral geometry, with one octahedral face being

occupied by the C5H5 group tFe-C(cp) av.2.07 Ål and the other by the two CO groups [Fe-

C(5) 1.74(1), Fe-C(6) 1.t74(g) Ä,1 and the cyclobutenyl carbon [Fe-C(l) 1.936(9) Ä.]. fne

angles subtended at the iron by the three latter atoms [C(1)-Fe-C(5) 90.7(4), C(1)-Fe-C(6)

91.4(4), C(5)-Fe-C(6) 94.8(4)"1 a¡e all close to the expected octahedral angle. In the two

molecules (A and B) of (15), the iron atoms have similar geometries. The cyclopentadienyl

$oups are slightly further away from the metal [Fe-C(cp) av.2.09 Å for molecule A, 2.11 Å

for molecute Bl. The other three sites are occupied by the CO tFe-C( rc) L.72Q),1.73(2) Ã1,

PPh¡ [Fe-P 2.210(4),2.225(4) Å1 and cyclobutenyl groups tFe-C(1) 1.96(1), 1.89(1) Å].

The angles subtended at the iron by the donor atoms of these ligands [C(1)-Fe-C(lO) 92.4(6),

92.0(7); C(1)-Fe-P 96.4(5), 92.2Ø); C(1O)-Fe-P 94.2(5). 89.2(5)I are also close to

octahedral. The Fe-C(spz¡ bond lengths tl.936(9) Ä, in 113¡, 1.93(1) Å (av.)l in (15) are

similar to that found in Fe{C=CPhC(CF3) )(CO)z(n-CsHs) [1.949(4) Å (see Section

1.2.1) l, but all a¡e shorter than that found in the butadienyl complex Fe[C[=Q1çN)z]CPh=C-

(cN)z) (Co)z(q-CsHs) (11) tI.e72Q) Ll.

Of note in the context of the present investigation are the dimensions of the cyclobutenyl

ring. Table 3 contains pertinent data for complexes (13) and (15). The tendency toward ring-

openingincyclobutenylcomplexessofarstudiedi,ffi}(CN)z>ð=PhCH-

(COzMe
¡-l l-l

COzMeXCN) > C=CPhC(CF)3C(CN)z>> C=CFCFzCF2. This tendency can be

related to the interatomic parameters, particularly the length, and thus the strength, of the bond

opposite the C=C double bond in the cyclobutene ring, i.e. the bond that is broken during the

isomerization process.

kradiation of (13) in non-coordinating solvents (CH2CI2, petroleum spirit) using different

UV sources (medium pressure 400W, low pressure 16W) caused gradual decomposition.

Similarly, both (13) and (14) decomposed under pyrolysis when forcing conditions (120 -

140 "C) were used. This is not entirely surprising, recent results having indicated that the

activation energies for the thermal electrocyclic interconversion between perfluoro-substituted

cyclobutenes and butadienes a¡e around 37 - 40 k"aV-ol.tz'35 Dolbier et al. t2 noted a marked
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increase in activation if fluorine substituents were not able to rotate ou¡vards in the course of

the ring-opening reaction. In the case of (13), the presence of fluorine substituents on both of

the carbons involved in the rotation means that neither comotatory (thermal) or disrotatory

(photochemical) processes are favoured. The related cyanocyclobutenyl complexes transform

to the corresponding butadienes at room temperature. These results suggest that a paramount

role is played by ring substituents in the cyclobutene-butadiene isomerization reaction.
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23. Conclusions

The (2 + 2) cyctoaddition of the unsymmetrical olefin rjo to Ru(C2Ph)(COXPPh3)-

(q-CsHs) gave two isomers of a cyclobutenyl complex (5a) and (5b), which differ in the

position of the trars-CO2Me groups with respect to the metal core. When they rwere supported

on silica, complexes (5a) and (5b) isomerizeÅ.to a third cyclobutenyl complex (5c). The

thermal ring-opening reactions of both (5a) and (5b) proceeded in the conrotatory direction

predicted by V/oodward-Hoffmann rules to give the same butadienyl complex (6). Further

pyrolysis gave an allyl complex (7), which was formed from (6) by the rather unexpected loss

of a PPh3 ligand.

The reactions of tcne with iron and manganese alkynyl complexes have been investigated.

The present results complement those reported earlier for the tungsten- and ruthenium-

containing systems, and confirm that the tcne reactions proceed via an initial paramagnetic

adduct. These adducts were formed by nucleophilic anack of the acetylide ligands on the

olefin, and converted quickly to the cyclobutenyl complexes. The cyclobutenyls could be

isolated from the reactions of the numganese and iron compounds because of their limited

solubilities. In more polar solvents, the final (and often only) product isolated was one of the

butadienyl complexes, of which examples containing tungsten, iron, ruthenium and nickel have

now been fully characterized by X-ray studies.

Finally, we investigated the electrocyclic reactivitv orp"(ÆGFzXCO)z(n-CsHs)

and found that under the thermal and photolytic conditions employed, no ring-opening

reactions took place. This was related stnrcturally to the length and hence strength of the C-C

bond opposite the double bond in the cyclobutenyl ring. In the photochemical reactions,

simple ligand-substituted derivatives were formed by the displacement of a CO ligand.
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2.4. Experimental

General conditions. General conditions and instrumentation were as outlined in Section

7.4.

Starting Materials. Literature methods were used to prepare Ru(CzPhXCOXPPh¡Xn-

CsHs),36 Fe(C2Ph)(CO)z(n-CsHs),37 Mn(CzPh)(CO)¡(dppe),38 WIC=CPhC(CN)2-

C(CN)2)(CO)¡(q-CsHs),20 trans-CH(CO2Me):Q(C|Ð(COzMe) was provided by Professor

W.R. Jackson (Monash University). Perfluorocyclobutene (Pfalz and Bauer),

{(n-CsHs)Fe(CO)z}z (Strem Chemicals), Cz(CN)+ (Fluka) and Me3NO.ZH2O were used as

received.

Syntheses

2.4.1. Synthesis of trvo isomers of Ru{ CPhCH(COzMe)C(COzMe)

(CN))(CO)(PPh¡)(n-CsHs) (5a), (5b)

(a) The olefin C(COzMe)(CN¡=ç¡llCOzMe) (69 mg, 0.41 mmol) was added to a solution

of Ru(C2PhXCOXPPh3)(q-C5H5) (200 mg,0.36 mmol) in CH2CI2 (10 mL). After 17 h the

solvent was removed under reduced pressure. Preparative TLC of the residue (petroleum

spirilacetone/CF2Cl27:3:l) isolated two major bands. The first off-white band (Rr0.69) was

collectedandcrystaltized(CH2Cl2MeoH)togivewhitecrystalsornu{@
-l
C(COzMe)(CN))(COXPPh3Xtt-CsHs).0.25CHzClz (5a) (160 mg, 0.21 mmol,597o),m.p.

181-182 "C. Anal. Calcd for C3eH32NO5PRu.0.Z5CHzClz: C, 63.04; H, 4.35; N. 1.87; M'

727 (unsolvated). Found: C,63.08; H,4.37; N, 1.87; Mr727 (mass spectrometry). IR

(CHzClz): v(Cl.Ð 2236vw;v(CO) 1950vs, 1738s cm-l. IR (Nujol): v(CC) 1616w, 1585vw,

l572vw; other bands at 1481w , 1439m, 1437(sh), 1330m, I260m, 1200m, ll79w, 1160m,

1097w, 1090w, 1074w, 1008w, 101lw, 998(sh), 947(sh), 936w,912(sh), 839w, 808m,

759m, 747w,'140m,700s, 691s cm-l. lH NMR (CDClg): õ7.4 - 6.5 (m, 20H, Ph); 5.30 (s,

0.5H, CH2CI2); 5.14 (s, 5H, C5H5): 4.52 (s, lH, CH);3.1q (s, 3H, COzMe); 3.66 (s, 3H,
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CO2Me). FAB MS: 72'7*, [M]*, 24;7I2*, [M - Me]+, 1; 698*, [M - CO]+, 5; 668*, [M -

CO2Melr, 3i 637*, [668 - OMe]t, 2;621*, t668 - O2Mel+, 4; 558, tM - C(CO2Me)(CN¡=-

CH(CO2Me)I+, 85; 529*, [558 - CO]*, 9;457*, [Ru(COXPPh¡)(CsHs)]*, 30; 429*,

[Ru (PPh3)(CsHs)]*, 100; 378*, [Ru(COXPPhd(CsHs)]*, 9; 362*, [Ru(PPh¡)]+, L3; 352*,

lRu(PPhÐ(CsHs)l*, 20;285*, [Ru(PPhÐ]+,9;244, [RuPh(CsHs)]*, 13; 167, [Ru(CsHs)]*,

13.

The second pale yellow band (R¡ 0.61) crystallized (CH2CI2MeOþ as yellow crystals of

-

Ru{C=CPhCH(COzMe)C(COzMe)(CÌ.Ð } (COXPPh¡Xn-CsHs) (5b) (83 mg, 0. 1 1 mmol,

277o), m.p. 181-182 oC. Anal. Calcd for C3eH32NO5PRu: C,64.46;H,4.44; N, 1.91;

Mt727. Found: C,63.96;H,4.59; N, 1.93; Mr727 (mass spectrometry). IR (CHzClz):

v(Cl.Ð 2236vw; v(CO) 1958vs, 1738s cm-I. IR (Nujol): v(CC) 1607vw, 1.572vw: other

bands at 1483m, 1437m,1277(sh),I242s(br), 1176w, 1157(sh), 1098m, 1089w, 1075w,

1026(sh), 1012m, 997(sh), 941m, 83?w, 810m, 771(sh), 760(sh), 748m,698s cm-l. lH

NMR (CDCI¡): õ7.4 - 6.8 (m,20H, Ph);4.91 (s,5H, CsHs):4.52 (d,,Ip-u = 1.6 Hz, 1H,

CtI); 3.85 (s, 3H, COzMe); 3.73 (s, 3H, CO2Me). FAB MS: identical in observed peaks and

intensities to (5a). A number of trace white bands (6) and a trace red band were observed but

not identified.

þ) tn NMR Study of the formation of (5a) and (5b): Ru(C2PhXCOXPPh:Xq-CsHs)

(15mg, 0.027 mmol) dissolved in CDCI3 (0.5 mL) was added to C(COzMeXCN)=CH-

(COzMe) (5 mg, 0.03 mmol) and then placed in an NMR tube. After 4 min only a trace of

acetylide was found to be present and within 10 min the formation of (5a) and (5b) was

complete. The equilibrium ratio of isomers (5a):(5b), (2.0:1) was the same after 7 d in

solution. When a simila¡ experiment was performed using QD6, the total reaction time was th

25 min and the equilibrium ratio was (1.5:l).
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2.4.2. Solid state conversion of (5a) and (5b) to a thÍrd isomer of

Ru { C=C Ph CH (C OzMe) C (C OzMe) (CN)} (CO ) (PPh¡)(q -CSH5) (sc)

(a) Conversion of (5a) to (5c)

Isomer (5a) (65 mg, 0.09 mmol) was dissolved in CH2CI2 (10 mL), silica (TLC grade;

800 mg) was added and the solvent removed. After 3 d in the dark, exposed to air, the silica

had become yellow. Following solvent extraction (CHzCIzMeOÐ the residue was separated

by TLC þetroleum spirilCH2Cl2/acetone 4:2:l). Two bands were collected: the fust white

band (R¡0.53) was identified (lH NMR, spot TLC) as unreacted (5a) (16 mg,24Vo); the next

yellow band (Rr0.44) crystallized (CW2Cl2/petroleum spirit) as pale yellow crystals of

Ru { C=CPh CH(COzMe) C(COzMe) (CN) } (CO) (PPh3) (q -CsHs) 6 c) (22 mg, 0. 03 mmol,

347o), m.p. 177 -179 "C. Anal. Calcd for C3eH32NOsPRu.O.1CH2C12: C, 63.88; H, 4.41;

N, 1.91; M,727 (unsolvated). Found: C,63.83; H,4.4O: N, 1.92; Mr727 (mass

spectrometry). IR (CH2CI): v(Cl.Ð 2235vw,2207vw; v(CO) 1953vs, L737s cm-l. IR

(Nujol): v(CC) 1607w, I577vw,1566vw; other bands at 1483m, 1439s, 1428w,1378m,

1356w, L323w,1311w, 1275m,1253s, 1198m, 1179m, 1165s, 1157(sh), 1106w, 1098m,

1078m, I027w,1010(sh), 1004(sh), 998m, 960m, 93lm, 907w, 87lw, 837w, 831(sh),

816m, 807(sh), 780m, 777(sh), 750m, 748(sh), 740(sh), 696s cm-l. lH NMR (CDCI¡): õ

7.4 - 6.6 (m,20H, Ph); 5.30 (s,0.2H, CH2CI2);4.88 (s,5H, C5H5);4.18 (s, lH, CH); 3.85

(s, 3H, COzMe); 3.51 (s, 3H, CO2Me). lH NMR (d-acetone): ô 7.4 - 6.6 (m, 20H, Ph);

5.60 (s, 0.2Il, CHzCtz); 5.00 (s, 5H, C5H5); 4.79 (s, lH, CÐ; 3.8¡ (s, 3H, COzMe); 3.45

(s, 3H, CO2Me). FAB MS: identical in observed peaks and intensities to (5a). Instability of

(5c) in solution prevented the isolation of crystals suitable for an X-ray study.

(b) lH NMR study of the conversion of (5a) to (5c)

(i) Isomer (5a) in ó-acetone showed no appreciable change after 20 h in solution.

(ii) Isomer (5a) (30 mg, 0.041 mmol) in d6-acetone (3 mL), in the presence of silica

(28-280 mesh; 225mg), showed no appreciable change after 26 h in solution.

(iil) Isomer (5a) (10 mg, 0.014 mmol) was dissolved in CH2CI2 (10 mL), silica (TLC

grade; 150 mg) was added and the solvent removed under reduced pressure. The sample was
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left in contact with air under fluorescent light. NMR samples were prepa.red by removing 15

mg of the silica sample and extracting with ó-aceto¡e (0.5 mL). After 7 h approximately 50Vo

conversion to (5c) was apparent; 30 h - 567o;50 h - 587o. Side reactions became prominent

from 50 h onwards. The only side reaction which could be conelated with the observed peaks

was the conversion of (5a) to (5b).

(c) tU NMR Study of the conversion of (5b) to (5c)

(i) Isomer (5b) in d-acetone showed no appreciable change after 20 h in solution

(ii) Isomer (5b) (10 mg, 0.014 mmol) was supported on silica (lLC grade; 125 mg) and

sampled as above. After 48 h approximately 20Vo conversion to (5c) was indicated; at 14 d

this had increased to 25Vo but with much side reaction (38Vo) and only 37Vo o1(5b) remaining.

Of the side reactions only the conversion of (5b) to (5a) could be correlated with some of the

observed peaks.

2.4.3. Thermal isomerisation of cyclobutenes (5a) and (5b) to the butadienyl

complex Ru{C [=C(COzMe) (CN)] CPh= C H (COzMe)] (CO) (PPh3)'

(q-CsHs) (6)

(a) Conversion of (5a) to (6)

Isomer (5a) (62mg, 0.085 mmol) was dissolved in benzene (15 mL) and heated (oil bath,

94 'C) for 33 h. After cooling the solvent was removed under reduced pressure and the

residue purified by TLC (petroleum spirilacetone/CW2Cl27:3:1). The major yellow band

(Rr0.42) crystallized (CHzClzlEtOH) as yellow crystals of Ru{C[=C(COzMe)(Cl'Ð]-

CPh=CH(COzMe))(COXPPh3Xn-CsHs) (6) (45 mg,0.062 mmol, 73Vo), m.p. 158-160 oC.

Anal. Calcd for C3eH32NO5PRu: C,64.46; H,4.44; N, 1.91; M1727. Found: C, 63.86; H,

4.51; N, 2.29: Mr 727 (mass spectrometry). IR (CHzClz): v(Cl.Ð 2207w; v(CO) 1951s,

1725s,1697(sh) cm-I. IR (Nujol): v(CC) 1597s, 1585vw, 1575m, 1501m; other bands at

1477(sh), 1448m, 1440m, L437m,14I7w,I349m,1317w, 1269m,1227s,1190m, 1163s,

1118m, 1104w, 1091w, 1082w, 1057m, L029w,1015w, 1001m,989m, 892w,848s, 837s,
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826m, 777m,767m,748m,737w,724m,697s, 684(sh), 659w cm-l. lH NMR (CDCI¡):

ô 7.6 - 7.1 (m, 20H, Ph); 5.41 (s, lH, CH); 4.74 (s,5H, C5H5); 3.58 (s, 3H, COzMe); 3.14

(s, 3H, COzMe). FAB MS: 727*, [M]*, 25;712*, [M - Ms1+,2;698*, [M - CO]+,9i 662*,

lM - (CsHs)l*, 15; 634*, M- CO - (CsHs)l*,7;457*, [Ru(COXPPh3)(C5H5)f*,47;429*,

[Ru(PPh:XCsHs)]*, 100;378*, [Ru(COXPPh2)(C5H5)]*, 1l;362*, [Ru(PPh¡)]*, 16;350*,

tRu(PPhzXCsHs)l*,21;244, [RuPh(CsHs)]+, 15; 167, [Ru(CsHs)]+,25. Of fiveminor/trace

bands, two were identified: the first white band (R¡0.89) as PPh¡ (by FAB MS and

comparative spot TLC), and a second white band as unreacted (5a) (a mg,6Vo) (by lH NMR

and comparative spot TLC).

(b) Conversion of (5b) to (6)

Isomer (5b) (45 mg,0.062 mmol) was dissolved in benzene (20 mL) and refluxed for

17 h. After cooling and removal of solvent under reduced pressure, the residue was purified

by TLC þetroleum spirilCH2Cl2/acetone 4:2:l). A major yellow band (R¡ 0.53) was collected

and crystallized (CH2cl2lperoleum spirit); this was identifîed by (FAB MS and tH NMR) as

(6) (13 mg, 0.018 mmol, 297o). Four white minor/trace bands were not characterized.

(c) Direct synthesis of (6)

A di¡ect preparation of the butadienyl isomer that avoids unnecessary separation of the

cyclobutenyl isomers is as follows: The crude reaction mixture obtained from the reaction

between Ru(CzPh)(COXPPh3)(n-CsHs) (220 mg,0.39 mmol) and rjo (92 mg,0.54 mmol)

was evaporated to dryness. This residue was then precipitated from CH2CI2MeOH to give an

off-white powder (200 mg, 0.28 mmol ,70Vo) consisting of a mixture of (5a) and (5b)

(200 mg, 0.28 mmol). The powder was dissolved in benzene (30 mL) and refluxed for 16 h.

After cooling the solvent was removed under reduced pressure and the residue purifred by TLC

(petroleum spirilCH2Cl2/acetone 4:2:7). A major yellow band (R¡0.53) was crystallized

(CH1CL/IEIOH) to give yellow crystalline (6) (I22 mg, 0.17 mmol, 60Vo). Two other bands

were collected: a white band (R¡0.63) identified as (5a) (by lH NMR and FAB MS), and a

yellow band (R¡ 0.42) identified as (7) (by FAB MS and 1H NMR, see Section 2.4.4) .



135

2.4.4. Thermal conversion of the cyclobutenes (5a) and (5b) to the allyl

complex Ru{r1r-6¡¡(COzMe)CPhC=C(COzMe)(CN)}(CO)(q-CsHs) (7)

(a) Conversion of (5a) to (7)

Isomer (5a) (83 mg, 0.11 mmol) was heated in refluxing xylene (40 mL) for24 h 30 min.

After cooling and removal of solvent (HV, 30 "C) the residue was purified by TLC þetroleum

spirilCH2Clvlacetone 8:5:2). A major yellow band S.¡ 0.35) crystatlized (CH2Cl2lpetroleum

spirit) as large yellow crystals of Ru{q:-çH(COzMe)CPhC=C(COzMeXCltÐ}(COXn-

CsHs).CHzCLz Q) (29 m&0.06 mmol, 57Vo), m.p. 1lI-lLZ "C. Anal. Calcd for

C21H17NO5Ru.CH2CI2: C, 48.09; H, 3.48; N, 2.55; Mr 465 (unsolvated). Found: C, 48.18;

H,3.46; N, 2.64; Mr 465 (mass spectromebry). IR (CHzClz): D (Cl.Ð 2220w; v(CO) 2014vs

1736(sh), 1715s, 1665w cm-1. IR (Nujol): v(CC) L64'lm: other bands at 1450m, 1444(sh),

1408w, 1295(sh), 1286m, 1275m,1260m,1248m,1200w, 1190w, 1175m, 1124w,1107w,

1067w, 1021w, 1009w, 830m, 772w,757w,722w,691w, 608w cm-I. lH NMR (CDCI¡):

õ 7.3 - 7.2 (m,5H, Ph); 5.30 (s, 2Il, CH2Clz); 5.09 (s, 1H, CH); 5.0¿ (s, 5H, CsHs); 3.66

(s, 3H, COzMe); 3.55 (s, 3H, CO2Me). FAB MS: 465, [M]*, 25;437*, [M - CO]+, 100;

422,ÍM- CO - Mel*,38;378*, [M - CO - CO2Me]+,52;320, M - CO -2COz]Ñlel*, 13;

167*, [Ru(CsHs)Jr,27; higher mass ions are also formed with relative abundance <57o:930*,

lMzl.; 902*, [M2 - CO]+; 630*, [M + Ru(CsHs)]*; 602*, t630 - COI*. Of the remaining four

minor/trace bands only two were identified: a white band (R¡ 0.73) as PPh3 @AB MS, spot

TLC) and a yellow band (R¡0.46) as (6) (tH NMR, FAB MS).

(b) Conversion of (5b) to (7)

Isomer (5b) (58 mg, 0.08 mmol) was dissolved in toluene (10 mL) and heated at reflux

point for 29 h. After cooling the solvent was removed under reduced pressure and the residue

purified by TLC þetroleum spirilacetonelCFzClzT:3:l). A major yellow band (Rr0.44) was

identified (by IR, rH NMR and FAB MS) as (7) (14 mg,0.03 mmol, 38Vo). Of the five

minor/trace bands only one was identified, a white band (R¡ 0.86) as PPh3 @y FAB MS and

comparative spot TLC).
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Cycloaddition reactions using tetracyanoethene

2.4.5. Synthesis of Mn{C=CPhC(CN)2 (CN¡r¡(CO)¡(dPPe) (8)

Mn(C2PhXCO)3(dppe) (200 mg, 0.31 mmol) was dissolved in benzene (5 mL) and a

solution of tcne (48 mg, 0.37 mmol) in benzene (15 mL) was added. After an initial green

colou¡ formed the solution became progressively paler and a white precipitate was deposited.

After 4 h this was filtered off, washed with petroleum spirit (10 mL), dried, and then

recrysta1lizedquickly(CH2CI2]|Etzo)at-30oCtogiver',a"tffi(ClÐz}(Co)s-

(dppe).0.5cE2c12(s) (160 mg, 0.21 mmol, 677o), m.p. 120-125 oC. Anal. Calcd for

Ca3H2eMnNaO3P2.0.5CH2Cl2: C,64.58; H,3.73; N,6.92; Mr766 (unsolvated). Found: C,

64.26 H,3.73; N,6.92; Mt766 (mass spectrometry). IR (CHzClz): v(Cl'Ð 2234vw; v(CO)

20L7s,1942s(br) cm-I. IR (Nujol): v(CC) 1573vw; other bands at 148lw, I440m,1098w,

1000w,795w,710m, 698(sh), 690m, 688w, 667w,650w, 628w cm-I. lH NMR (CD2CI):

87.7 -7.4 (m,25H, Ph); 3.30 (m,4H, CH2). FAB MS: 767*, Ml*, 8;737*, M - COI+' 1;

7lL*, [M - 2CO]+,2i 682*, [M - 3CO]+, 30; 656, [M - 3CO - Cl',ll*, 5; 630, [M - 3CO -

2cllll*, 1;605*, tM - 3CO - Ph1+,3;581, tM - 3CO - C2Phl+,9;554, Mn(CzPh)(dppe)l*,

L9; 537, tMn(Co)3(dppe)l*, 74; 47 9, tMn(CNXdppe)l+, 100; 453*, [Mn(dppe)]+, 28; 425,

lMn(PPhÐ2f+,9.

2.4.6. Synthesis of Fe{ cPhc(cN)2 (CN)z)(CO)z(n -CsHs) (e)

Fe(CzPhXCO)z(n-CsHs) (150 mg, 0.54 mmol) was dissolved in diethyl ether (10 mL) and

tcne (77 mg, 0.60 mmol) was added. The solution immediately went dark green then lightened

to pale yellow over 15 min with a yellow precipitate forming. This was filtered off, washed

with Et2O (10 mL), dried, and shown (by IR and FAB MS) to be Fe{C=CPhC(CN)z-
't
C(CN)2)(CO)z(q-CsH5) (9) (110 mg, 0.27 mmol , 50Vo), m.p.78-79 oC. Anal. Calcd for

C21H1eFeN4O2:C,62.10;H,2.48;N, 13.79; Mr406. Found: C,61.22;H,2.65; N, 13.68;

Mr 406 (mass spectrometry). The complex is unstable in the solid state, even under nitrogen.

IR (CHzClz):v(CN) 2239vw; v(CO) 2045s, 2001s cm-l. IR (Nujol): v(CC) 1599w, 1582w,

1555w; other bands at I447w, 1435w, L422w,1340w, 1257m, 1187w, 1160w, 1075w,
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1018m, 1005w, 915m, 885m, 861m, 840w, 78lw, '172s,721w,692s cm-l (Lit.ts v(CO)

2040,1990 cm-r). 1H NMR (CDCI¡): ô 7.55 (m, 5H, Ph); 5.18 (s, 5H, CsHs). 13C{lH}

NMR (d6-acetone/acetone 1:3, 230K): õ212.5 (s, CO); 130.0 (m, Ph); 112.3, LtL.4 (s, CIÐ;

87.0 (s, CsHs). FAB MS: 407, [M + FI]*, 18; 406, [M]*, 20; 380, [M - C¡1+, 9; 350*, [M -

zCO)+,66;324, [M - 2CO - CN]*, 46;279, [M - C2(CN)4]+, 100; 274*, [M - 2CO - Ph1+,

26: 268, [?]+, 17; 259, lFeC2PhCz(CN):l*, 1 1.

2.4.7. Synthesis of Mn{C[=C(CN¡r¡CPh=C(CN)2](CO)¡(dppe) (10)

Mn(CzPhXCO):Xdppe) (140 mg,0.22 mmol) was dissolved in dichloromethane (30 mL)

and tcne (31 mg, 0.24 mmol) was added. After 24 h stirring, with monitoring by IR, the

mixture had become deeper yellow in colour. The solvent was then removed and the residue

column chromatographed (florisil). A yellow band was eluted (petroleum spirilacetone3:2),

and after solventremoval and recrystallization (CHzCLz/EIOFI) gave yellow plates of

Mn{C[=Q(C]ÐzlCPh=C(CN)z](CO)¡(dppe).0.25CH2C12 (10) (I2I mg,0.16 mmol,72Vo),

m.p. 140-145 oC (dec.). Anal. Calcd for Ca3H2sMnNaO3Pz.O.25CHzCl2: C, 65.94; H,

3.77; N, 7.17; Mr 766 (unsolvated). Found: C, 66.05; H, 3.85; N, 7.14; Mr166 (mass

spectrometry). IR (CH2CI): v(Cl.Ð 2222w,2208w; v(CO) 2018s, 1957s, 1944s cm-l. IR

(Nujol): v(CC) 7573w,1533m; other peaks at 1487w, 1438m, 1158w, 1103w, 1097w,

880w, 842w, 8 I 8m, 761w, 7 49m, 7 42m, 720w, 705(sh), 698s, 662m, 620w, 607w cm-I.

lH NMR (CD2CI2): õ 7.6 - 7.4 (m,25H, Ph); 3.16 (m, 4IJ, CH). FAB MS: '167*, [M]*, 3;

737*, [M - CO]+,1;711*, [M -,2CO1+,0.5; 682*, M - 3CO]*,27:656*, M - 3CO - Cl11*,

2;605*, M - 3CO- Phl+,2;537, [Mn(CO)¡(dppe)]*, 18;479, [Mn(CNXdppe)]+, 100; 453*,

[Mn(dppe)f*, 52; 425, [Mn(PPh2)2]+, 9.

2.4.8. Synthesis of Fe{C[=C(CN)z]CPh-C(CN)z](CO)z(q-CsHs) (11)

Fe(C2Ph)(CO)z(q-CsHs) (165 mg,0.59 mmol) and tcne (150 mg, 1.18 mmol) were

dissolved in dichloromethane (10 mL). After I h 30 min stirring the yellow-brown solution

was filtered, EIOH (10 mL) added and the volume reduced to 5 mL. Cooling to -50 oC

resulted in the formation of a yellow precipitate, which was collected by filtration and washed



138

with cold EIOH (-20"C,2 x 5 mL) and petroleum spirit (10 mL). Recrystallization

(CW2Cl2/pentane) gave yellow crystalline Fe{C[=61çN)2]CPh=C(CN)z](CO)z(n-

CsHs).O.L25CH2C12 (11) (185 mg, 0.46 mmol, 777o), m.p.202 oC (dec.). Anal. Calcd for

C21H16FeNaO2.0.L25CH2CL2: C,60.80; H,2.45; N, 13.43; Mr406 (unsolvated). Found: C,

60.79;H,2.57; N, 13.46; M,406 (mass spectrometry). IR (CHzClz): v(Cl.Ð 2226w: v(CO)

2050s, 2005s cm-1. IR (Nujol): v(CC) 1540w; other bands at 1494w, 865w, 772w,741w,

695w, 662w cm-r [Lit.le v(CO) 2050, 2005 cm-l]. lH NMR (CDCI¡): õ 7.60 (m, 5H, Ph);

5.30 (s, 0.25H, CHzClz); 4.95 (s, 5H, CsHs). 13C[1H] ¡UUn (CD2Cl2/CHzClz I:4);

ô 211.0,209.0 (2x s, CO); 130.7 (m, Ph); 15.6, 112.3,110.5 (s, CN);86.9 (s, C5H5).

FAB MS: 407, [M + FI]+, 45; 406, Ml*, 38; 379*, [M - CO]+,9; 363*, [?]*, 9; 350, [M -

2COl+, 100; 324, M - 2CO - Cl.Il*, 48; 279*, [M - C2(CN)¿]*, 90; 274*, M - 2CO - Ph1+,

48; 268, Í?l+, 26; 259, lF eC2PhC2(CN)31*, 24.

2.4.9. Synthesis of {NH=C(OH)C(CN)= CPh=C(CN)2) (CO)z(î -CsHs) (12)

V/{ C=CPhC(CI.Ð2C(CN)z) (CO)¡(tt-CsHs) (100 mg, 0.18 mmol) was stirred with

Me3NO.2H2O (65 mg,0.58 mmol) in acetone (15 mL). Afer 15 min the solution had become

orange and spot TLC indicated completion of reaction. The mixture was filtered and the

solvent removed under vacuum. Preparative TLC of the residue þetroleum spirilacetone/

CH2CI2 2:1:1) separated seven bands; the major orange band (R¡ 0.69) was collected and

recrystallized (vapour diffusion of C6Ffu/petroleum spirit into aCHzClzMeOH solution) to

yield W{NH=C( ) (CO)z(n-CsHs).0. L25CH2CL2 (12) (70 me,

0.13 mmol,707o), m.p. 110 oC (dec.). Anal. Calcd for C21H12NaO3W.0.l25CH2Cl2: C,

45.08; H,2.17; N,9.95; Mt 552 (unsolvated). Found: C,45.05; H,2.16; N,9.97; Mr 552

(mass spectrometry). IR (Fluorolube A): v(OH, NH, CÐ 3342s,3240s,3200s, 3118(sh),

2960w,2934w,2865w cm-l. IR (CHzClÐ: v(CN) 2230vw,2208w; v(CO) 1976s, 1903s

cm-1. IR (Nujol): v(CC, CN) 1716w, 1675s, 1550s, 1540s; other peaks at 1262w,1090(sh),

1072m 1062(sh), 1009w 1002w, 853nt 840w, 828rq 781w, 762s 724w,697n,657w qrrl.

rH NMR (d6-acetone): ô 7.67 (m, 5H, Ph); 5.80 (s,0.25H, CHzCIù;5.30 (s, 5H, CsHs).

FAB MS: 552, [M]+, 69;512,1?)+,23;496,ÍM - 2CO1+, 100; 470, [M - 2CO - CNI+, 15.
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Reactions of the complex Fe(C=CFCF2CF2)(CO)z(n-CsHs)

2.4.L0. preparation of re(FpcF2cF2)(co)z(n-csHs) (13)

The method of Bruce et al.L8 was modified as follows: A solution of Na{Fe(CO)z(n-

CsHs)Ì (11.3 mmol), prepared from {Fe(CO)z(n-CsHs)}z Q.0 g, 5.65 mmol) and 7Vo NaÆ{g

amalgam (4 mL), in thf (50 mL), was syringed into a Carius tube. Perfluorocyclobutene

(2.97 g,18.33 mmol) was condensed in and the contents stined at r.t. for 20 h. After removal

of excess CaF6 the orange solution was filtered through a Celite pad and the solvent removed

from the filtrate at 5 oC under reduced pressure. The residue was chromatographed (column:

florisil; petroleum spirit eluent) and a major orange band collected and crystqllìzed to yield pale

yellow Fe(C=CFCFzCFzXCO)z(q-CsHs) G3) (2.4 E,'7.5 mmol, 667o), m.p. 50-52 oC. IR

(cyclohexane): v(CO) 2052s,2007s cm-l. 1H NMR (CDCI¡): õ 5.09 (s, C5H5). 13C{lH}

NMR (CHzClz): õ 212.t (s, CO); 170.8 [dtt; l,Ir(t)-c = 326 IJz,2Jpp3'¡-c = 31 Hz,3Jpg5¡-ç

=24H2; C(2)l; 147.2 (13 peaks, J^,.= 7.6 Hz, C(l)l; 122.8 [tdt; 1,1'p12,3¡-ç=278}l2,2Jpç¡-ç

= 63 IJz, zJyø,s)-c = 2l lFrz; C(3)l ; I 16.9 [tdt; l,Ir(¿,s)-c = 286 Hz; 3,I¡11¡-q = 27 H:z,2Jpe,z)-c

=25IJzi C(a)l; 85.2 (s, CsHs). reF NMR (CSz): õ -111.0 [dt;3,I¡11¡-p =24.5fl2,3ftg,5¡-p

= 22.8IJ2: 2F; F(2,3)l; -1 14.1 [tt; 3,I¡12,3¡-p = 24.9 Hlz,4Jpg,5)-F = 5.1 Hz; lF; F(1)]; -114.9

[td;3"I¡12,3¡-r=22.8 Hz,4.Ip11¡-¡' = 4.8Ijr2;2F; F(4,5)]. teF I.üvfR (CHzClz): õ -111.9 [m,2F,

F(2,3)l; -116.0 (m, 3F, F(1,4,5)1. For atom numbering scheme see Figure 10, Section 2.2.5.

lLit.ts m.p. 50-5loC; IR (cyclohexane): v(CO) 2055s, 20L2s cm-l' leF NMR (CSd:

õ -119.1; -123.4; -124.11.

2.4.LL. Attempted ring opening reactions of (13)

(a) Pyrolysis of Fe( CFCFz Fz) (CO)z(q -CsHs)

A solution of (13) (130 mg, 0.40 mmol) in xylene (30 mL) was refluxed for 4 h,

producing a cloudy solution. After cooling much decomposition was evident. Following

hltration and removal of solvent the product remaining was identified (by IR and spot TLC) as

unreacted startin g material.
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(b) Photolysis of Fe( -CFCFz Fz)(CO)z(n -CsHs)

(í) In dichloromethnne: Use of a low-power lamp (16Y1) to iradiate aCH2CI2 solution of

(13) (200 mg, 0.63 mmol) produced gradual decomposition over 20 h (gradual decrease in

v(CO) bands at2034,1996 cm-l). The only product that could be identifred afterTLC was

star:ting material.

(ií) Inpetroleum spírít: A medium-pressure lamp (400W, pyrex frltered) was used to

irradiate a solution of (13) (150 mg, 0.47 mmol) in petroleum spirit (50 mL); after 90 min little

reaction was observed. Use of an unfiltered source resulted in a 507o reduction in intensity of

the v(CO) bands over t h. This was accompanied by formation of an intractable brown solid.

2.4.L2. Synthesis or r'.(fficr'zèF2)(CO)(NCMe)(n-CsHs) (14)

úradiation (400W, pyrex filtered) of a solution of (13) (320 mg,1.0 mmol) in MeCN

(50 mL) with a N2 purge produced an orange solution after t h. At this stage the IR

monitoring indicated completion of the photolysis (decrease in v(CO) bands at2047,1999,

increase in the band at 1966 cm-l). After decanting into a Schlenk tube the solvent was

removed (0 oC, FfV),leaving an viscous orange liquid (327 mg,98Vo) which was used for

subsequent reactions. For analytical purposes the sample was purifred by TLC (petroleum

spirilCHzClz3;2); a major orange band (Rf 0.37) was separated from 3 trace bands. Removal

ofCH2CI2fromtheextract(0oC,HV)leftanunstableoilcharacterisedasr."(@¡,)-

(COXNCMe)(n-CsHs) (14) (234 mg,0.70 mmol,707o), b.p. 65 ocll0-l mm. Anal. Calcd

for Cl2HsF5FeON: C, 43.28; H,2.42; N, 4.21; Mr 333. Found: C, 42.94; H,2.48; N, 3.56;

Mr333 (mass spectrometry). IR (MeCN): v(CO) 1966s cm-r. IR (Neat oil): v(CH)

3420m(br), 3130w, 2832w; v(CN) 2290w; v(CO) 1970vs; v(CC) l76lw,1692vw,167lvw,

1609m; v(CF) 1368s, 1258s, 1157m, 1l 14m, 1070s; other peaks at 2047(sh), 1012w,

1003w, 929s,839m, 827m,787s,77Lm, 670w, 839w cm-l. lFI MrrtR (CDzClz):

õ 4.68 (s, C5H5); 2.13 (s, MeCN). leF NMR (CHzClz): õ -110.8 [m, 2F, F(2,3)]; -115.1

[m, 2F, F(4,5)]; -119.7 [m, lF, F(l)] - broad resonances. FAB MS: 333, [M]*, 31; 314, [M

- Fl*, 51; 305,,[M - CO]+, 100; 286, [M - F - CO1+, 42; 245*,[M - F - MeCNlt, 19; 240*,
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tM - CO - (CsHs)l*, 6; I99, [Fe(CFzXCOXC5H5)]*, 15; 171, [Fe(CFzXCsHs)]+, 42; 152,

[FeF(CsHs)]*,27;121, [FeC5H5]+, 19. Workup of (14) was performed strictly under N2 to

avoid oxidation.

Ligand substitution reactions of (14)

2.4.13. Synthesis of Fe( -cFCF2 F2)(CO)(PPh¡Xq -CsHs) (ls)

To a solution of (L4) (327 mg,0.98 mmol) dissolved in CH2CI2 (40 mL) was added PPh3

(262 mg,1.00 mmol). After stirring for 3 h (25 'C) the reaction was judged to be complete

(IR, spot TLC) and the solvent was removed under reduced pressure. Preparative TLC of the

residue (petroleum spiril C]H2ClxlEt2O 4:1:1) eluted a major orange band G.f 0.6) which

crystallized by slow evaporation (CEzcLz/petroleum spirit/NteOFl) to give orange crystalline

Fe( CFCF2CF z)(COXPPh¡Xq-CsH5) (15) (366 mg, 0.66 mmol,62Vo), m.p. 169-170 oC.

Anal. Calcd for C2sH2sF5FeOP: C, 60.67; H,3.64; Mr554. Found: C, 60-39; H, 3.63;

Mr554 (mass spectromebry). IR (cyclohexane): v(CO) 1964vs cm-I. IR(Nujol): v(CC)

1609m; v(CF) 1358s, 1254s,1183w, 1150m, 1106m, 1091s, 1071s, 1053s; otherpeaks at

1480m, 1435s, 1012w, 997w,928s, 850w, 840w, 83lm, 78'7s,748s,702(sh)' 697s'

687(sh), 640w cm-l. lH NMR (CDClg): õ 7 .4 - 7.2 (m,15H, C6H5); 4.58 (d, 5H, 3,/p-H =

lHz, C5H5). l3C{lH} NMR (CHzClz): õ2L9.9 (d,zJp-c=29}J2, CO); 170.a [dm, 1,Ip11¡-ç

=322IJ2,C(2));161.2 [m, C(l)h L35.6-128.6 (m, Ph); 123.9 [tm, I'Ir(2,¡¡-ç=248H:2,

C(3)l; 117.0 [tm, 1,I¡1a,5 
¡-ç = 287 Hz, C(4)]; 83.9 (s, CsHs) . reF NMR (CHzClz): õ -109.9

[d,3,I¡(r)-n =25.4H2,2F,F(2,3)); -116.0 [d, l,Ir-n= 187.8 Hz, lF,F(4) orF(5)]; -116.5 [t'

3Jp\,t)-r = 25.4H2,lF, F(l)l; -Il7 .2 (d, r/¡-r = 187.5 Hz, lF, F(4) or F(5)1. leF NMR

(CSz): õ -108.3 [dm, 3,I¡11¡ -y = 26 Hz, F(2,3)); -1 14.5 [tm, 3"I¡12,3 ¡-r = 27 Hz, F1 overlap

with AB system), -114.9 [d, 2,Ir'-p 185 Hz, F(4) or F(5)]; -L16.12 Íd,zJp-p = 185 Hz, F(4) or

F(5)1. reF NMR (CoHe): ô -108.6 [m, F(2,3)]; -115.8 [m, F(1,4,5¡1. rtettH] NMR

(CHzCtz): ô 75.3 (s, PPh3). FAB MS: 554, [M]+, 16; 535, [M - F]*, I0;526, [M - CO]+'

100; 507, tM - CO - Fl*, 3; 461, [M - CO - (CsHs)]*,3i 449, [M - CO - Ph]*, 6; 383*,

[Fe(PPh¡)(CsHs)]*, 24; 368, tFe(CFÐ(PPh¡)l*, 27; 337 , [FeF(PPh¡)]+, 19; 318,
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[Fe(PPh¡)]*, 50; 280*, 1263 + O)+, 12; 263*, [M - CO - PPh3]+, 73; 184, [FeF(PPh)]+, 4g

2.4.t4. Reaction of (1a) with CO

CO was bubbled through a solution of (1a) (146 mg, 0.44 mmol) in CHzCl2 (50 mL) for

8 h. Solvent was removed using a nitrogen stream leaving an orange residue which was

purified by TLC (penoleum spiriVCH2Cl24:L). A majoryellow band (R¡0.45) was collected

and crystallized (petroleum spirilCHzClz) to yield (13) (92 mg,0.29 mmol,657o) identified

by comparison (IR, spot TLC, FAB MS) with an authentic sample.
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3.1. Introduction

In recent years, ttrere has been a considerable expansion in the chemistry of pentanuclear

ruthenium carbonyl cluster complexes. Although binary Ru5 carbonyl clusters are unlrrown, a

large number containing hetero-atoms have been synthesized. For the pu{poses of this

discussion, the carbonyl clusters have been divided into classes according to their hetero-

atoms. These divisions are: (i) clusters containing only hydrocarbyl and/or phosphane-based

ligands; (ü) those containing C, N, P or S atoms either wholly or partially encapsulated; (üi)

clusters containing other metal atoms, i.e. higher nuclearity heteronuclear clusters with Ru5

cores (see Table 1). The clusters have also been analyzed structurally in terms of the

geometries of the Ru5 cores (see Scheme 1): this is not as accurate geometrically as an analysis

which considers the heteroatoms bound to the metal core, but it does provide a consistent basis

for comparison and gives a better account of the structures in terms of polyhedral skeletal

electron-pair theory.l

Scheme 1. Core transformations for pentaruthenium clusters

i. Edge-bridged square j. Spíked square

a. Trigonal bipyramid b. c. Arrowhead d. Square pyramid

¡ g. Scorpion f. Butterf ly e. Swallow



Table 1. Crystallographically cha¡acterized pentamthenium clusters

Reasens and conditions

r47

Ru< Core Structure ReferenceCluster

Class (i)

Rus(CO)e(cp)¿

( Ru3 (CO)3 (cp)3 J @-CCH2CHC)-

{Ru2(CO)3(cpþJ

Rus(COhoGhC2Ph)(PPh)@Phf 2

HRu5(Co) 16 [CCPh(C6H¿) ) (PPh)z

HRus(CO)roGPh)3@Ph)

Rus(Co) u (CCph(CeII¿)l (PPh) (P(OMe)Ph )

Ru5(CO) 1 I (C5H3Me(CHCH, ) (PPhXPPht

Rus(CO) r I (CzPPht(PPh, (P(OEI)3 ) 2

Rus(CO) n (CCC(O)CIHs ) Br@Ph)2

{Ru3(C0)6$Ph)C)G

( Ruz(Co)s [PhNC(O)C(ceH¿)cPhl ]

Rus(Cohz (CcPh(PPh, I ePh)

Ru5(Co) 1 2(C2PhXNzCPhÐ(PPhÐ

Ru5(CO) 1 2(CCH2PriXPPhXPPh2)

Rus (CO) r z(C2Ph)(PhC2C2PhXPPht

Ru5(CO) 12(C2PPhr(PPh, (P(OEI)3 J (2 isomers)

Ru5(Co)1 2 (CC(CCH|(CHCH, XPPhXPPh,

HRu5(CO) I 2(CNMe/(PMe2Ph)2

HRu5(CO) ¡ 2(CzPPhÐI(PPhz)

HzRus(CO) r z(CCHzPPhÐ(PPhz)

Ru5(CO) ¡3(C2PhXPPh,

Ru5(CO) 13(C2PPh2)(PPh)

Ru5(CO)13@hCzPhXPPh)

Ru2(CO)2(cp)2, Á

[Ruz(CO)¡ (CMe)(cP)z]* +

Ruz(Co)¡(CCHù(cP)z

Rus(CO)r:(C2PPhf(PPhf + PPh3, Á

Ru5(CO)13(C2PPh)(PPh), Â

Rus(CO) r¡(C2Ph)@Ph) + PPhH2

HRus(CO) ro (CCPh(CeH¿) ì (PPh)z + MeOH

Rus(CO)r¡(CzPPhz)GPhÐ + C2fu, Â

Rus(CO)r¡(CzPPhÐ(PPhÐ + P(OEI)¡

Rus(CO)r¡(CzPPhÐ(PPhÐ + C3H5Bç Â

Ru3(CO)¡6(NPh) +

R uz(CO)s IPhNC(O)CPhCPh], Á

Rus(CO)rg(C2PPhi(PPhf . Â

Rus(CO) rr(C2Ph)@Ph) + N2CPh2

Ru5(CO)13(C2ni¡çenn2¡ + PPhH2, Â

Rus(CO) r¡(C2Ph)(PPhi + PhC2C2Ph

Rus(CO) r g(C2PPh/@Phi + P(OEI)3

Rus(CO)r¡(C2PPhf(PPh) + C2H4, ô

HRus(CO) rq(CNMe) + PMe2Ph

Rus(CO)r¡(CzPPh)(PPh) + HI

Rus(CO) r¡(C2PPh/@Phf , Hz, L

Ru¡(CO)rrGhC2PPhz). Â

(Ru¡(CO)¡)zdPPa, A

Rus(CO)r:(CzPhXPPhr, Â

2

5

a.

h

4

4

5

4

4

4

6

d

c

c

c

d

e

j

h

d

i

d

e

e

c

b

g

d

d

e

d

4

7

5

8

4

4

9

4

l0

It

12

l3
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Table 1. (continued)

Class (i) (continued)

Ru5(CO)13(C6Ha)@Ph)

Rus(Co)r¡(CzPri) [NC(O)NCPh2l ePht

Ru5(CO)13(CNMef2

HRu5(CO) 13(C2Ph) (PPh)2

HRu5(CO) ¡ 3 (CCHPPhT(PPh,

HRu5(CO) 13@Ph) (P(oPrn)Ph )

HRu5 (CO) 
1 3 (C2PPh/Br(PPh2)

Ru5(CO)1a(CNBu)2

Ru5(CO)1a(C2PhXPPht

Ru5(CO) 15(C2PPhr(PPht (2 isomers)

Ru5(CO)15@R) (R = Ph, Et)

Class (ii)

Ru5C(CO)13(dppb)

Ru5C(CO)13@Ph3)2

Ru5C(CO)1a@Ph3)

Ru5C(CO)¡5

Ru5C(CO)15(MeCN)

HRu5C(CO) 1 2(S Et)(PPh3)

HRu5C(CO)¡3@Ph2)

HRu5C(CO)¡3(SEt)(PPh3)

HRu5C(CO)1a(SEt)

H2Ru5C(CO)¡z(dppe)

H3Ru5C(CO) ¡ ¡(PPh/@MePh2)

and

Ru3(CO)11@Ph3), Â

Ru5 (Co) 12(C2ni)Ql2cen2)GPh2), co

HRu3(CO)1¡(CNMe), Á

Ru5(CO) 13(C2Ph)@Ph) + HPPh2

Ru5(CO) 13(C2PPh/@Ph/, Hz, L

Ru3(CO)12 + PPhH2, Â

Ru5(CO)13(C2PPh/@Ph) + HBr

Ru3(CO)1¡(CNBu), Á

Ru5(Co) 13(C2Ph)@Ph/, CO

Ru5(CO) ¡ 3(CzPPhÐ(PPhd, Co, 
^

Ru3(CO)¡2 + Mn(CO)zGRCl/(cp), A

Ru5C(CO)15 + dppb, ô

Ru5C(CO)15 + PPh3

RusC(CO)rs + PPh3

Ru6C(CO)¡7, CO, Â

Ru5C(CO)¡5 + McCN

HRu5(CO)13(SEt)@Ph3), Á

Ru5C(CO)¡5 + HPPh2; Á

HRu5C(CO)¡a(SEt), Á: + PPh3

Ru5C(CO)¡5 + EISH

Ru5C(CO)¡5 + dppe H2, Á

Rus(CO)r¡(C2PPh/(PPh/, Hz, L

Structure References

1

j

b

f
e

d

ob

e

e

ob

d

t4

7

l5

l6

77

18

4

79

20

2l

22

d

d

d

d

c

d

d

c

c

d

d

23

24

u
a
u
25

26

25

?5

u
l0



149

Table 1. (continued)

Cluster ReasenLs conditions Ru< Core Structure References

Class (ii) (continued)

[RusN(CO)r¿]-

Ru5P(CO)16@Ph2)

Ru5S(CO)1a@C2Ph)

RusS(CO)rs

HRu5S(CO)12(1,5-Me2C5H5 )

Ru5S2(CO)¡a

Class (iii)

AuRu5C(CO) 13@Ph3)(C5H5)

AuRu5C(CO)13I@Ph3)2

AuRu5C(CO)1rNO)GEr:) (2 isomcrs)

AuRu5C(C0) 1a (C(Me)O ) @Ph3)

AuRusC(CO)raBr(PPh3)

AuRu5C(CO)15C1@Ph3)

AuRu5RhC(CO) r¿(codXPPh¡)

AuRu5RhC(CO)16@Ph3)

Au2Ru5(CO)¡ ¡(C2PPh)@Ph/ (P(OEI)3) @Ph3)2

Au2Ru5C(CO)r¿eEts)z

Au2Ru5tilC(CO)17@E13þ

( Ruz(C0)s ) B i ( HRu¡(CO) ro )

HCuRu5(CO)1eePh:)

Mo2Ru5S(CO)rc(cp)z

Ru5RhC(CO)¡a(C5Me5)

Ru3(CO)12+[ppn][N3],Á d

HRu3(CO)e@Ph), Â g

Ru3S(CO)e@C2Ph)+Ru(CO)s,^ i

Ru¡S(CO)ro+Ru(CO)5,Â d

RuSS(CO)IS + trans-2-he4tene, A. d

Ru3S2(CO)9 + Ru3(CO)12, hv i

Ru5C(CO)15 + [C5H5]-; [Au(PPhs)]* c

Ru5C(CO)15 + AuI@Ph3); Â; + PPh3 c

[Ru5C(CO)¡3(NO)]- + [Au(PEt3)]* d

Ru5C(CO)15 + LiMe; AuCl(PPh3) c

Ru5C(CO)15 + AuBr@Ph3); N2 c

Ru5C(CO)¡5 + AuCl@Ph3) c

[RusC(CO)r¿]2-+[Rh(CODÞJ*/AuCl@Ptr3¡ ¡]

AuRu5RhC(CO)14(CODXPPh3)+CO,Â !*

Ru5(CO)13(C2PPhj +'Au2@Ph3þ'; P(OEIþ, Â j

[RusC(CO)r¿]2- + [Au@Et3)f *

tRusC(CO) r¿12- + W(CO):(MeCN)¡; [Au(PPhs)]. d

[HRu3(CO)11]-+ Bi(NQ)3.5HzOll,,tcOH h

H3CuRua(CO)12@Ph3), CO, Â g

Mo2RuS(CO)7(cp)z+Ru(CO)5,Â g

[Ru5C(CO)1a]2-+ [Rh(C5Me5XMeCN)d]2* *

27

28

29

30

3l

32

33

24

v
33

35

35

36

36

4

36

37

38

39

40

36

* Structure rclved but corc gcomery not. reported in reference 36.
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Frequently, the cluster structures are intermediate between two of the core types shown in

Scheme 1. The compound AuRu5C(p-BTXCO)r¿(PPhs),35 for instance, where the structure is

that of a distorted square pyramid lacking one metal-metal vector, has been classified in Table 1

as an 'a:Towhead' structure. A recent article on potyhedrat reanangements in clusters has

described the use of geometric transformations in determining the alternative structures

available for a molecule.4l Interconversion benveen the core structures shown in Scheme 1 is

achieved through metal-metal bond cleavage accompanied by changes in the overall electron

count. At present the direct transfo¡mations (c) ê (d), (d) <+ (e), (i) -+ (j) have been

66ssrvs¿.7,20,24

Pentaruthenium clusters are generally synthesizdby the condensation of smaller clusters

under pyrolytic or photolytic conditions, or by the addition of Ru(CO)5 or 'Ru(CO)a' to Ru3

clusters. The latter route has been that most systematically used in the synthesis of Ru5

clusters.3O-32 However, reactions of this sort do not give particularly high yields, since the

related Ru4, Ru6 and Ru7 clusters (not all combinations) are also obtained. The chemistry of

only three Ru5 systems has been investigated in detail: Rus(lrs-n2, P-CzPPhù(p-PPh2)-

(CO)rs (1), Ru5Qa-12-CzPhXp-PPh2)(CO)r¡ (2) and RusC(CO)rs (3). The first two of

these complexes have provided much information on the reactivity of Class (i) clusters

(table 1). The carbido compound has been the starting material used in the synthesis of nearly

all the Ru5-carbido clusters in Classes (ii) and (iü). There has been linle development in the

chemistry of Class (iii) clusters, since most of these compounds have been synthesized only

recenrly. At present, most of the complexes in this class contain at least one gold atom and

were produced by adding [Au(PR:)]+ (R = Et, Ph) to Ru5 anions, or by the oxidative addition

of AuX(PR3) (X = Cl, Br, I) to neutral Ru5 clusters. The synthesis of the unusual bismuth

complex { Ruz(CO)s } (p+-Bi) ( Ru¡(p-HXCO)ro },38 from [Ru3H(CO) r r]- and

Bi(NO3)3.5H2O, suggests that a variety of new complexes may be accessible by choosing

suitable metal fragments. The cluster {Ru¡(CO)o(NPh)C}O(Ruz(CO)s[PhNC(O)-

C(C6H4)CPhI ),ó for example, was isolate din 49Vo yield by the combination of Ru3 and Ru2

fragments.
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The complex Ru5(p5-T12, P-CzPPhz)(p-PPhzXCO)rs (1) is a brown crystalline material

obtained in88Vo yield from the pyrolysis of {Ru3(CO)rr}z(p-dppa) (4) (toluene,90 oC,

t h¡,iz and has also been obtained from the thermal reaction of Ru3(CO)12 with dppa [1,2-bis-

(diphenylphosphino)ethynel in thf.a2 Two other compounds, {Ru2(¡r-PPhÐ(p-CzPPhz)-

(CO)slz and Rua$a-PPh){p+-nz, P-PhCzPPhz)(t-CO)z(CO)s (5), were also obtained from

the latter reaction. Recently, the osmium analogue of (1) has been synthesized and was found

to be isostructural with (1).43 The synthesis of (2), a blue-green crystalline complex, was

achieved by the thermolysis of Ru3(CO)rr(PhCzPPh2) in heptane (70 oC, 8 h, 307o).tt 4

similar cluster with the acetylide goup C2Pri has also been prepared.T In conrast to these

compounds which were synthesized from smaller clusters, the da¡k brown complex (3) was

obtained in almost L00Vo yield from the reaction between RuoC(CO)rz and CO (80 atm, 70 oC,

3h¡.u It has also been isolated in= l%o yield by heating Ru¿(F-H)¿(CO)rz under ethene.4

Some chemistry of (1) is illustrated in Scheme 2. The reactions of (1) with CO proceeded

to give the 'kinetic' isomer of Ru5(p5-\2, P-C2PPhz)Gr-PPhzXCO)rs (6k) (1 atm,25 oC, 6 h)

a¡rd the'thermodynamic'isomer (6t) (l atm, 70 oC, 18 h); (6k) and (6t) interconverted in

solution under some conditions.2l Under higher CO pressures (20 atm, 100 oC, 16 h), these

complexes formed the tetranuclear complex Rua(pra-n2-CzXp-PPh2)2(Cohz (7), which

contains a C2ligand.45 Under mild conditions (1 atm, 80 oC, 18 h), the hydrogenation of (1)

proceeded by the reduction of the phosphinoacetylide ligand and the addition of hydride ligands

to the metal core;I0 the complexes formed were Ru5(p-HXp5-CCHPPh2)(p-PPhzXCO)13 (8),

then Ru5(p-H)2(p4-CCHzPPhzXp-PPh2XCO)rz (9), and finally RusC(p-H)3@-PPh2)-

(COhl(PMePh2) (10). Complex (8) was also obtained by successive addition of H- and then

H+ to (1). A notable feature of these hydrogenations is the progressive tightening of the

attachment of the cr-carbon to the cluster, it being ultimately incorporated as a carbide atom into

the Ru5 core. The reaction of (1) with H2 under mild conditions is a striking illustration of the

increased reactivity of the C2 unit when it is attached to four metals. Under higher H2

pressures (10 atm, 18 h), partial breakdown of (1) gave the alkyne cluster Ru+(p-H)s(p¿-

H.CzPPhz) Q-PPh2) (CO) ro (11).46
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An extensive chemistry has been developed for (2): the reactions published to date are

illustrated in Scheme 3. Facile Ru-Ru bond cleavage was found to occur when (2) was reated

with Lewis bases (CO, M9CN, PhCN, PrNH2, BusNHz and C5H5N), converting its square

pyramidal structure into a'swallow' structure related to that of (1). The crystal structure of the

CO adduct Rus(Frs-n2-C2Ph)(p-PPhzXCO)r 4 $2) has been determined.20 The reaction of Q)

with CO was found to be reversible and labelling experiments established that all carbonyl

groups were exchanged equally. The variable temperanre 13C NMR spectrum of (2) showed

that intermetallic CO exchange was slow. Diphenyldiacetylene was found to react with (2) to

give Ru5(p5-C2ph)(p3-q2-PhC2C2Ph)(p-PPhzXCO)rz (13), the addition of the four-electron

donor being accompanied by CO loss and the cleavage of a Ru-Ru bond.8 An unusual reaction

occurred berween diphenylphosphine and (2), where four-electron oxidative addition of (FI +

PPh2), without loss of CO, was accompanied by the cleavage of two M-M bonds; the result

was rhe 'bow-tie' cluster RusGr-HXp 4-"rf-C2PhXp-PPhz)z(CO)r¡ (1¿).t0 The reaction of

phenylphosphine with (2) (107 oC,4.5 h) gave the alkylidyne cluster Ru5$a-PPhXtt¡-C-

CH2Pri)(p-PPhzXCO)rz (15), which was shown ro react further with two equivalents of

phenylphosphine to give the cluster Rus(p-HXp¿-PPh)20r3-PPh)(p-PPhzXCO)ro (16).5 The

reaction of d.iphenyldiazomethane with (2) (75 oC, 4 h) gave Ru5(F¿-rl2-Czptrxpa-NzCPhr-

(p-PPhzXCO)nQ7).7 A similar product was obtained with the isopropyl analogue of (2):

treatment of this product with CO (3.5 h) gave Ru5(ra-n2-CzPr){U4-NC(O)NCPh2}(p-

PPh2XCOh3 (18), formed by insertion of CO into the N=N bond. The reaction with N2CPh2

was unusual in that no C-C coupled products were found: these are generally observed in the

reactions of binuclear and trinuclear ruthenium complexes with diazo compounds.4T P¡nolysis

of (2) gave the diphenylacetylene cluster Ru5(¡ra-PPh)(p¡-q2-PhCzPhXCO)rg (19)' the

transformation being accomplished by P-C cleavage and phenyl migration to the acetylide.13
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The most extensively studied pentaruthenium cluster to date is Ru5C(CO)rs (3), a square

pyramidaf cluster where the ca¡bide atom is situated 0.11(2) Å belo* the square 6¿ss.%(a)' (c)

The addition of triphenylphosphine to (3) results in substitution at one or two basal sites. The

disubstituted cluster has the phosphines in tans-axial positions.%(")' (c) This arrangement was

also favoured by the bidentate phosphine dppb, where the bite of the ligand was suff,rcient to

span the base of the cluster.23 The series of clusters RusC(CO)13 { (PPhi2(CHÐn(PPhdz} (n

- I-4) was prepared by Evans et a1.,23 who found that the clusters existed in three isomeric

forms in solution. The 31P NMR spectra showed the presence of two isomers with different

axial-equatorial substitution patterns, and the tans-axial isomer mentioned previously.

The f,ust Ru5 cluster to be found with a arrowhead or'bridged butterfly' geometry was

Ru5C(CO)15(NCMe) (20), where the acetonitrile ligand had added to the bridging ruthenium

atom.%

NCME
(co)s /

Ru

Ru(Co)g
c------ Ru(Co¡3

Ru

(oC)s Ru
!

ll
MeCN

--

.tt 
ta,\

(oc)sRu R'(*). Ru
(Co)s(oC)s R

(3) (20)

Complex (20) was formed from (3) by cleavage of a Ru-Ru bond. This cleavage came about

as a result of the addition of wo electrons from the acetonitrile ligand. Hydrogenation of

RusC(CO)13(dppe) gave Ru5(p-H)zC(CO)rz(dppe), which has a square pyramidal core

structure with dppe chelating a basal ruthenium; two carbonyls were found bridging the basal

edges.2a(c) Tri-substitution of (3) was obtained using the smaller phosphine PMePh2.za(c)

Addition of diphenylphosphine to (3) gave Ru5C(CO)14(PHPh2), which was then pyrolyzed

(70 oC, 2 h) to give the square pyramidal complex RusC(p-H)(p-PPhzXCO)n.26 A silylated

version of this complex, RusC(p-H){p-PPhCHzCHzSi(OEt)¡}(CO)r¡, was also prepared and

then tethered to both silica and alumina via the silyl group. A recent approach to obtaining



156

subsriruted derivatives of (3) has been the oxidation of the anion tRusC(CO)r¿12- in the

presence of the required ligand.a8 Using [Ph3C][BF4] or [C7H7][BF¿] in the presence of

PPh3 or C2Ph2,the compounds RusC(CO)r¿(PPh3) and Ru5C(PhCzPhXCO)r¡ have been

obtained in yields of 827o and767o, respectively.

Complex (3) was found to react with FIER (E = S, Se; R = H, Me or Et) to give Ru5C(¡'t-

H)(CO!4(f,R). Of these compounds, the complex Ru5C(p-HXtt-SEÐ(CO)r¿ has an

a¡rowhead geomeûry with the sulphide tigand bridging a square face of the cluster.25 When

Ru5C(p-HXp-SEÐ(CO)1a was heated (81 oC, 30 min), carbonyl loss occurred and Ru5C(p-

HXp-SEÐ(CO)r¡ was formed. A PPh3 derivative of this complex, RusC(p-H)(p-SEtXCO)r¡-

(PPh3), was prepared; this also had an a¡rowhead structure. Further carbonyl loss took place

when Ru5C(p-HXp-SEÐ(CO)r¡(PPh¡) was heated, resulting in the isolation of two isomers of

Ru5C(p-HXp-SEÐ(CO)rz(PPh¡), one of which has a square pyramidal structure with the

sulphide bridging two basal rutheniums.

The addition of HX (X = Cl, Br) to (3) or protonation of the products obtained by treating

(3) with X- (X = Cl, Br, F, f), gave the compounds Ru5C(p-HXXXCO)15.21c¡ Arrowhead

structures were assigned to these complexes on the basis of fa¡-infra¡ed and approximate

normal-coordinate analysis studies.4e Related AuRu5C(XXCO!5(PPh¡) (X = Cl, Br)

complexes were obtained by treating (3) with AuX(PPh¡), and exhibited the expected

arrowhead structures, with the halide ligand terminally bound. In contrast, the addition of

AuI(PPh¡) to (3) gave AuRusC(p-IXCO)r¿(PPh¡).ã Treatment of AuRu5C(XXCO)rs(PPh¡)

(X = Cl, Br) with PPh3 gave Ru5C(CO)1a(PPh3) and AuX(PPh3), while the reaction with

AuRu5C(p-IXCO)rg(PPh3) [obtained by pyrolysis of AuRu5C(p-IXCO)ra(PPh3)] gave

AuRu5C(¡r-IXCO)r¡(PPh¡),ã an arrowhead cluster with the iodide bridging a square face.

Carbonyl loss occurred when AuRu5C(BTXCO)rs(PPh¡) was heated, giving AuRu5C(p-

BrXCO)r¿(PPh3), where the bromide ligand bridges a square face of the a¡rowhead

structure.35 Addition of Cl2 and Br2 to (3) gave {RuXz(CO)ùz (X = Cl, Br), while the

addition of 12 gave RusC(CO)r 5I2.2a@¡ Pyrolysis of (3) under argon (10 atm, 200 oC) gave

Ru6C(CO)12 and ruthenium metal, but under CO (400 aÍn, 100 oC) no reaction was
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observed.z(a) Other reactions that have been noted for (3) are hydrogenation, which gave

Ru5C(p-H)z(CO)rs, and protonation, which gave [Ru5C(p-HXCO)15]+, the H+ ion in this

case being associated with the cluster rather than with the carbide atom- In the square

pyramidal structures, the partialy-exposed carbide is shielded by the envelope of ligands below

the basal plane, while in the arrowhead arrangement the carbide is in a slightly more open

position. At this stage, no reactions of the ca¡bide atom have been described.

A number of mixed-metal derivatives have been prepared from (3). The dianion

[RusC(CO)1a]2- was shown to react with M(CO)¡L¡ (M = Cr, L = pyridine; M = Mo,'W, L =

MgCN) ro give the anions [RusMC(CO)rz]2-, which in turn reacted with {Au(PEt¡)l* to form

Au2Ru5M(CO)17(PEI3)2.37 T]ne srrucrure of Au2Ru5WC(CO)rz(PEt¡)z (21) has been

determined and shows that the tungsten has capped the square pyramid to form an octahedron

with the ca¡bide fully encapsulated. The Au2 unit interacs with the cluster in the familia¡

Au2Ru3 trigonal bipyramid fashion, which comes about when one Au(PR3) caps an Ru3 face

and the second Au(PR¡) face-caps the AuRu3 unit.50 A nitrosyl anion [RusC(CO)rsNO)]-

was prepared by trearing (3) with [ppn][NO2]. The reaction between [RusC(CO)r¡(NO)]- and

lAu(PEt¡)l+ gave AuRu5C(CO)r¡NO)(PEI3), which was shown by a¡r X-ray study to exist in

the solid state in two isomeric square pyramidal forms, with the nitrosyl either [r3- or p2-

bound.l The cluster AuRu5C(p-rl2-MeCOXCO)r¿(PPh3) has been isolated by treating (3)

with LiMe then with AuCl(PPh3), or by Eeating (3) with AuMe(PPh3).33 Similarly, the

clusrer AuRu5C(CO)r¡(PPh¡)(rl5-CsHs) (22) was obtained when (3) was treated with

Na[C5H5], and then with AuCl(PPtrr¡.s: Both the acyl and cyclopentadienyl complexes have

arrowhead strucrures with the gold unit bridging the two hinge rutheniums: the acyl ligand in

the former is bonded across a square face and the cyclopentadienyl ligand in the laner is

attached to the bridging ruthenium. The action of HI on AuRusC(p-q2-MeCOXCO)r¿€Ph:)

has been investigated specgoscopically and was found to give Ru5C(p-H)(p-MeC0)(CO)r¿

and AuI(PPh:). The addition of H- to the acyl clusters at low temperatures probably gave

formyl derivatives, which, on warming to room temperature, decomposed and liberated

acetaldehyde.sl
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Recently, Adams and co'workers have synthesized several pentamthenium sulphido

clusters by adding mononuclear ruthenium carbonyl units to smaller clusters. In this way,

Rus(u"¿-SXCO)rs (23) was prepared from Ru3(p¡-s)(p¡-coxco)s and Ru(co)s (68 oc, co,

10 min) (62Vo yield).3O the srrucrure of (23), which was determined by X-ray analysis, was

unusual in that the two independent molecules present showed markedly different aÍangements

for the carbonyl ligands about the metal core. It was found that further'Ru(CO)¡'units could

be added to (23) to form, sequentially, Ru5(pra-SXCO)rs and then Ruz0r¿-SXCO)21, each

additional 'Ru(CO)3' unit bridging a basal edge of the square pyramid. All three complexes

were degraded under CO (1 aÍn, 98 "C) by the stepwise removal of mononuclear carbonyl

groups. Complex (23) was found to react with either trans-z-heptene or 2,4-heptadiene

(80 oc, 4o-75 min) to give Ru5$r3-Hxp4-S)(p-n2n3-t,5-MezCsHsXCO)rz (24), which has

a squ¿ìre pyramidal metal core with the pentadienyl tigand bonded through olefinic and allylic

interactions to two basal rutheniums.3l Reaction of the diene cluster with Ru(CO)5 $ave

Ru6(p3-H)(p4-SXtl-rl2,rl3-1,5-MezCsHsXCO)15, where the extra ruthenium bridged a basal

edge opposite the diene. Formation of the 1,5-dimethylpentadienyl ligands from the precursor

olefins on these clusters is a clear demonstration of CH activation by the pentaruthenium

cluster. Under CO (98 oC,45 min), the Ru6 cluster re-formed Rus(p¡-HXp¿-SXp-n2,n3-1,5-

Me2C5H5)(CO)rz in 30Vo yield.
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The cluster Ru5Qa-S)2(CO)r¿ was synthesized in 20Vo yieldfrom Ru3(p3-S)z(CO)s and

Ru3(CO)12 under UV irradiation (5 h).32 The metal skeleton of Ru5(ta-S)r(CO)r¿ is that of

an edge-bridged square. Addition of further Ru(CO)¡ units to edges of the square was

observed in the synrheses of Ru6(¡ra-S)z(CO)rz and Ru7(pa-S)z(CO)zo, which were obtained

by rreating RusG+-S)z(CO)r¿ with Ru(CO)s OV iradiation, 10h). An alþne cluster Rus(r¿-

SXp+-rl2-gCzPhXp-COXCO)r¡ (25) was obtained from the reactions of either Ru:(tt:-SXp¡-

rl2-HCzphXCO)s or Rua(¡ra-SXp¿-n2-gCzPhXp-CO)z(CO)s with Ru(CO)s (70 oC, CO,60

min).29 The structure of RusGr¿-SXp¿-q2-HC2Ph)(p-COXCO)r¡ is an edge-bridged square'

the faces of which are capped by the sulphido and acetylene groups. Further reaction of

Rus (p¿- S XLr¿-n2-HCzphXp- COXCO) r : with Ru(CO)s gave Ru6(¡ta- S Xp¿-n2-

HC2PhXCO)17, where the additional ruthenium bridges an edge adjacent to the other Ru(CO)¿

fragment.2g It was found that the Ru(CO)¿ fragments could be cleaved sequentially from the

Ru6 cluster by treatment with CO. The heptanuclea¡ cluster Mo2Ru5(¡ra-SXp+-q2-CO)z-

(CO)r¿(n-CsHs)z has recently been synthesized by adding Ru(CO)s to Mo2Ru(tt:-SXCO)z-

(rl-CsHs)z or to Mo2Ru¿(pq-SXp4-q2-Coxco)r¡(rl-CsHs)z (80 oC, 1-3 h).40 The presence

of quadruply-bridging CO ligands in both the Mo2Rua and Mo2Ru5 clusters is an indication

that this type of carbonyl ligand may be involved in the cluster growth process.

I
s

c
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Within the chemistry developed forpentaruthenium clusters, many reactions have been

found that show that the higher nuclearity clusters behave differently from the smaller Ru3 and

Ru4 clusters. This accords with a recent statistical study by Struchkov et a1.,52 which has

pointed to the intemrediate nature of M5 clusters, where the bonding may be considered to be in

between localized and delocalized bonding modes. In the study of available structures made by

Struchkov in 1987, the total number of M5 carbonyl clusters of the Fe and Co subgroups was

37. The rapid expansion in Ru5 chemistry in recent years becomes evident when one compares

this result with the listing in Table 1.

As the chemistry of (1) had been examined only briefly prior to the work reported in this

thesis, a number of important questions remained about the reactivity of the molecule. From

the point of view of synthesis, the preparation of (1) gives a relatively high yield, which makes

it an attractive starting material for pentaruthenium chemisury. The presence of the phosphine

and phosphido ligands in (1) has already been shown to be useful in maintaining the integrity

of the cluster. The open structure of complex (1) also provides a useful model for the

interaction, and hence reactions, of acetylides at metal surfaces.

This chapter examines the synthesis and reactivity of Ru5(p5-rf , P-CzPPh2)@-PPh2)-

(CO)rs (l).tz As has been shown previously,l0 this cluster reacts with H2 and CO under

quite mild cond.itions to give a variety of Ru5 and Rua compounds. In the present study,

furtherreactions using (1) were undertaken to yield a new range of clusters. These have been

discussed, as far as possible, within the context of the earlier work.
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3.2. Results and Discussion

3.2.1. Further observations on the synthesis of

Rus(ps-n 2, P -C2PPhz) (p'PPhz) (CO ) r¡ ( 1)

When the synthesis of (1) from {Ru3(CO)¡}z(p-dppa) (4) was performed on a gram

scale, a variety of producs was obtained in addition to (1). The major complexes isolated and

identified were: Rus([rs-q2, P-C2PPh)(p-PPh2)(CO)r¡ (1), Rua(ra-PPh){p¿-r]2, P-

PhC2PPh2)(p-CO)z(CO)a (5),53 Rus(ps-t12, P-CzPPhz)Gr-PPhzXCO)rs (6t¡,zr Ru+([r¿-n2-

Cz)Gr-pph ùz(CO)n (7¡,+s Rus(p¿-PPh) { p¡-r12, P-CCPh(PPhz) } (CO)rz (26) and Rus(Lt-

H)(p¿-pph){F¿-qa-CCph(CeH¿)}Grg-PPhxCo)ro (27). Complexes (26) and (27) were also

obtained by pyrolysis of (1) and a¡e described in Section 3.2.2. The relative yields of the

products could be varied by altering reaction parameters such as temperature, duration and

control of the reaction atrnosphere. Most critical of these parameters was the pyrolysis

temperanye for the conversion of {Ru3(CO)rr }z(p-dppa) to (1). If the temperature was

increased from 90 oC to 111 oC, the major products formed were Ru3(CO)rz, (1), (5)' (26)

and (27). Two orange clusters were also observed, and were formulated as Ru¡(CO)rz-

(dppa*)t and Ru5(CO)r¡(dppa*). If the duration of the reflux was increased (from t h 30 min

to 3 h), as well as the temperature, then significant proportions of complexes (26) nd(27)

were formed. If the conversion was not performed with a N2 purge, the evolved CO reacted

under the pyrolysis conditions with (1) to form the clusters Rus(ps-n2, P-C2PPh2)@-

PPhzXCO)rs (6t) and Rua(¡ra-n2-CzXp-PPhz)z(CO)nQ). Both these clusters have been

synthesized previously in the reaction of (1) with CO.21'45 Separation of (5) and (6t) from

(1) on a large scale was found to be difficult, so the reaction conditions had be carefully

conrolled in order to avoid low yields of (1).

T (dppa*) is used throughout this chapter to indicate the incorporatign of the elements of dppa

in the cluster; the ligand does not necessarily correspond to stmcturally intact dppa.
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New spectroscopic data has been obtained for (1). The fast atom bombardment (FAB)

mass spectrum showed a molecular ion and sequential loss of 13 carbonyl groups. After

prolonged periods in the FAB beam, ions at mlz l32l and 1293 corresponding to

Ru5(CO)6(dppa*) and Ru5(CO)r¿(dppa*) were observed. These have the same nominal mass

as ions noted in the spectra of (6k) and (6t) (see below) and suggest that intermolecular

reactions such as CO transfer a¡e occurring in the matrix or in the selvage region directly above

the surface.r Generally, such reactions have not proved a problem in the examination of the

clusters, except when particularty labile ligands have been present. The FAB mass spectra for

(6t) and (6k) were identical and showed molecular ions at mlz I32l and loss of 15 carbonyl

groups.

The 13C NMR spectrum of (1) suggested that several of the carbonyl ligands are either

fluxional at room temperature55 or are accidentally equivalent, as only nine signals were found

beween õ202.5 and 192.5 in contrast to the 13 CO environments expected from the C1

symmetry of (1)12 (see Figure l). The chemical shifts noted for Ca and Cp at õ 239.0

(doublet, Jp-c = 23I12) and ô 108.8 (doublet, ,Ip-ç =22H2), respectively, are similar to those

found for other ¡r4-q2-acetylide complexes.56 The cr-rca¡bon is particularly electron-deficient

and should be susceptible to nucleophilic attack.

Figure 1. Molecular structure of (1)
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Figure 2. Cyclic voltammogram of (1) (200 mV s-1) in CH2CL2

An electrochemical study of (l) was carried out to determine whether a stable anion could

be generated. A cyclic voltammogram at 200 mV s-lis shown in Figure 2. T\e process was

quasi-reversible with E1p-0.78 V, suggesting that it should be possible to reduce (1)

chemically with a reagent such as sodium amalgam (Ew-2.0 V DMF57). Treatment of (1)

with sodium amalgam gave a black solution, which had v(CO) bands at 2021(sh), 2005(sh),

1968vs and 1948(sh) cm-l. It has not been possible to isolate a product from this reduced

solution. Treatrnent of the reduced solution with [ppn]Cl in MeCN resulted in fu¡ther reaction,

and the anion so obtained gave an IR spectrum different from that of the original reduced

solution. A FAB mass spectrum of the ppn salt of this anion showed a molecula¡ negative ion

[M- at mlz l236,which corresponds to [Ru5(CO)12(dppa*)]- (this does not rule out the

possibility of ions such as [Ru5H(CO)rz(dppa*)]- formed from [Ru5(CO)12(dppa*)]2- in the

spectrometer).

+o -1.0 -1.eoo

T'f

-o.5

E (UOLT)
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At this stage it is not clear whether the product formed initially is a'(CO)12' or'(CO)13'

species, or whether it is a monoanion or a dianion. Some indirect evidence has been gained

from the addition of two AuCl(PPh3) units to the anion, which suggests that the [Rus(CO)rz-

(dppa*)12- formulation may be correct (see Section3.2.6). The appearance of the small anodic

waves at E -0.43 V and -0.20 V, suggest that CO loss or skeletal changes may have been

occurring.5s'59 An attempt to initiate an ETC reaction between (1) and dppa using the catalyst

NaÆPK 57 was unsuccessful.

Complex (5) gave a FAB mass spectrum which showed a molecular ion at mlz 1080

followed by loss of ten carbonyl $oups. In conjunction with analytical, lg NtttR and 3lP

NMR data a formulation similar to that reported by Daran et a1.53 for the complex Ru¿(U+-

PPh){F¿-q2, P-PhCzPPhz}(p-CO)z(CO)s \¡/as suggested. The IR data reported for their

complex ( 2065w, 2030vs, 1985(sh), 1980s, 1970s, I842vs cm-l) were significantly different

from that obtained for (5) (2061w, 2030vs, 2008m, 2001w, 1982w,1964w,1878vw, 1851w

cm-l). An X-ray crystallographic study was therefore carried out on (5), to determine whethe¡

a structure different to that reported by Daran was present. However, it was found to be

identical, except for the presence of a molecule of solvated MeOH in our sample (this altered

the unit cell dimensions). Separation of clusters with R¡ values similar to (5) could not be

achieved under the column chromatography conditions specified by Daran, and co-

crystallization of (5) and other Ru5 clusters [e.g. (1), (6t)] occurs readily, which probably

accounts for the major differences in the IR spectra noted above. A PLUTO plot of a molecule

of (5) is shown in Figure 3. In the redetermination of the structure of (5), the greatest

variation in bond lengths was found for Ru(2)-C(2) 2.429(9) Å [Lit.sl 2.310(8) Å]; most other

differences are within 3 esd's. A cluster with a related geometry, Ru¿{F¿-Îì3-P(Ph)CHCH}-

(p¿-PPhXp-COXCOhs, has been synthesized recently by insertion of acetylene into the Ru-P

bonds of a phosphinidene group in Rua(¡ra-PPh)z0r-COXCO)10.60
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Figure 3. PLUTO plot of Ru4(p4-PPh){p+-q2, P-PhC2PPhz}(p-CO)z(CO)e.MeOH (5)t

(by E.R.T. Tiekink)

P
c1

c2

RU1

RU2

RU

P1

t Throughout this chapter, for the sake of clarity, only the core structures showing atoms of

interest have been labelled. Full structures have been left unlabelled.
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It appears that (5) is formed through condensation of (4) under a slight CO partial

pressure, as no evidence was found for the formation of (5) during the pyrolysis of (1). Small

amounts of (5) were always recovered in the synthesis of (1), even with a nitrogen purge. A

bimolecular process may be involved whereby the lost'Ru2(COL'fragment formed in the

synthesis of (5) combines with the lost 'Ru(CO)-' fragment formed in the synthesis of (1) to

form Ru3(CO)12 (see Scheme 4).

Scheme 4. Syntheses of (1) and (5) from (4)

:.";Ï>
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Ru(CO)a

l
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Ph2P
Ru(Co)2 (1)PPh

+ Ru2(CO)n +'Ru(CO)r'

Ru3(CO)12

In rerms of Polyhedrat Skeletal Electron Pat (PSEP) theory,l (5) is a 64-elecron, 8-SEP

clusrer. Fu¡ther examples of this type of cluster are the compounds Fe4(¡t4-PPh)z(CO)rrG)

(L = CO, PR3¡¡ot these 64-elecron clusters lose CO reversibly to form Fe¿(F¿-PPh)z(CO)ro-

(L) which arc 62-elecron, T-SEP clusters. It is interesting to note that molecula¡ orbital

calculations have indicated that the 64-electron, 8-SEP configuration is favou¡ed for the iron

clusters whereas the ruthenium analogues are expected to exist only as 62-electron, T-SEP

,PPh2/ 1,"o,,
C- PPhot,/
lRu(co)sco

Ru(CO)2

\

(s)
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clusters.62 This is seen for instance, in the complex Rua(pa-PPh)z(CO)rr, a 7-SEP cluster,

which does nor convert ro rhe related 8-SEP clusrer Rua(pa-PPh)2(COh2.63 The 8-SEP counr

found for (5) appears to be due to the presence of the phosphino-alkyne and phosphido

ligands. In complex (5) the acetylene, a six-electron donor, is assumed to be involved in a zr-

interaction with Ru(4), two o-interactions with Ru(l) and Ru(2) and a ca¡benic interaction with

Ru(3).

The direct synthesis of (7) from (1) was attempted in the hope of increasing the yield of

this compound, which contains a novel Lr¿-ll,rl2-ethynediyl dianion. In fact, the yield by this

route (LlVo) was lower than that previously obtained (28Eo).4s Further spectroscopic data has

been collected for (7). The FAB mass spectrum showed a molecular ion at rnlz ll37 and loss

of twelve CO groups. A l3C NMR spectrum contained three resonances for the CO groups

(all multiplets). As the molecule displays C2 sgnrnetry, six unique CO sites are expected. The

signals observed, therefore, indicate either accidental equivalence of signals or that carbonyl

exchange processes a¡e occurring. The doublet at ô 141.1 (,Ipc : 37 }Jz) was assigned to the

ca¡bons of the C2 fragment and suggests that both carbons are equivalent and that each carbon

is coupled to only one phosphorus. Carty et a1.56 have shown that the Cç¡ resonances have

quite large 31P-13C couplings ("Ip-c = 27.4 - 27 .8 Hz) for Ru2(p2-q2-CzRXp-PPhzXCO)o

(R = Ph, But), whereas Cp couplings are in the range 7.7 - 8.0[I2.

3.2.2. Pyrolysis reactions of (1)

In the course of studying the pyrolytic behaviour of (1), we isolated Ru5(pa-PPh){p¡-r12,

P-CCPh(PPh2) ] (CO) n Q6) and Ru5(p-HXp¿-PPh) { tr¿-rt4-CCPh(CeFI¿) } (¡r3-PPh)(CO)ro

(27). Both these complexes have been fully characterized by X-ray studies. Plots of the two

molecular structures are shown in Figures 4 and 5, and signihcant bond distances and angles

are collected in Tables 2 and 3. Complexes (26) and (27) were formed sequentially when (1)

was heated in toluene. After 2 h 30 min at reflux, complex (26) was isolated in227o yield as

a brown crystalline material and complex (27) n > 65Vo yield as a dark green crystalline

material.
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Figure 4. PLUTO plot of Ru5(p4-PPh){!r¡-n2, P-CCPh(PPh2)}(CO)n(26)

(by E.R.T. Tiekink)
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Table 2. Selected bond d.istances (Å) an¿ angles (") for (26)

Ru(1)-Ru(3)

Ru(1)-Ru(5)

Ru(2)-Ru(4)

Ru(3)-Ru(5)

Ru(1)-P(1)

Ru(3)-P(1)

P(2)-Ru(1)

Ru(1)-C(20)

Ru(5)-C(20)

c(1e)-c(20)

Ru(3)Ru(1)Ru(a)

Ru(1)Ru(3)Ru(2)

Ru(1)Ru(5)Ru(2)

Ru(3)C(1e)P(2)

Ru(3)C(19)C(20)

Ru(1)C(2O)Ru(s)

Ru(1)C(20)c(19)

Ru(5)C(20)C(19)

2.776(4)

2.826(s)

2.870(s)

2.832(6)

2.44(r)

2.36(t)

2.33(r)

2.08(4)

1.88(s)

1.4s(6)

2.e6r(s)

2.874(s)

2.808(5)

2.810(s)

2.38(4)

2.36(r)

2.24(s)

2.ts(4)

1.84(5)

89.0(1)

8e.1(1)

9r.r(2)

88(2)

82(1)

8e(2)

74(3)

e0(3)

8e.1(1)

e2.7(r)

e3.r(2)

101(2)

67(3)

e1(2)

l r0(3)

1s1(3)

Ru(1)-Ru(4)

Ru(2)-Ru(3)

Ru(2)-Ru(5)

Ru(4)-Ru(5)

Ru(2)-P(1)

Ru(a)-P(1)

Ru(3)-C(19)

Ru(3)-C(20)

c(1e)-P(2)

Ru(3)Ru(2)Ru(a)

Ru(1)Ru(4)Ru(2)

Ru(3)Ru(5)Ru(4)

Ru(1)P(2)C(19)

Ru(1)C(20)Ru(3)

Ru(3)C(20)Ru(s)

Ru(3)C(20)C(1e)

P(2)c(1e)c(20)
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Figure 5. PLUTO plot of Ru5(p-H)(pa-PPh){p¿-n4-CCPh(C6H4)}(ttg-PPh)(CO)ro (27)

(by E.R.T. Tiekink)
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Table 3. Selected bond distances (Å) an¿ angles (') for (27)

Ru(1)-Ru(2)

Ru(1)-Ru(4)

Ru(2)-Ru(3)

Ru(3)-Ru(a)

Ru(1)-P(1)

Ru(a)-P(1)

Ru(1)-P(2)

Ru(a)-P(2)

Ru(3)-C(11)

Ru(s)-C(11)

Ru(5)-C(13)

Ru(5)-C(1a)

c(12)-C(13)

Ru(2)Ru(1)Ru(a)

Ru(3)Ru(2)Ru(s)

Ru(l)Ru(4)Ru(s)

Ru(2)Ru(5)Ru(a)

Ru(2)P(1)Ru(a)

Ru(1)P(2)Ru(a)

Ru(2)C(11)Ru(a)

c(11)c(12)C(13)

C(13)c(14)Ru(2)

Ru(1)-Ru(3)

Ru(2)-Ru(4)

Ru(2)-Ru(5)

Ru(4)-Ru(5)

Ru(2)-P(1)

Ru(5)-P(1)

Ru(3)-P(2)

C(11)-Ru(2)

Ru(a)-C(11)

Ru(5)-C(12)

Ru(2)-C(14)

c(11)-C(12)

c(13)-C(14)

Ru(1)Ru(2)Ru(5)

Ru(2)Ru(3)Ru(a)

Ru(3)Ru(4)Ru(5)

Ru(1)P(1)Ru(5)

Ru(1)P(2)Ru(3)

Ru(3)P(2)Ru(a)

Ru(3)C(11)Ru(5)

c(12)c(13)C(14)

C(13)C(14)Ru(5)

2.874(t)

3.605(1)

2.743(r)

2.8s4(1)

2.488(3)

2.326(3)

2.243(3)

2.r4(r)

2.37(r)

2.26(r)

2.r4(r)

r.4r(2)

r.44(2)

93.0(1)

77.6(r)

e3.0(1)

131.s(1)

78.9(1)

78.4(1)

14s.6(6)

r 16(1)

7s.4(7)

3.06s(1)

2.840(1)

2.8es(1)

2.8ss(1)

2.300(3)

2.47e(3)

2.280(3)

2.273(3)

2.09(l)

2.2s(r)

2.33(r)

2.23(t)

r.47(2)

7s.1(1)

94.5(1)

es.6(1)

80.2(l)

e3.1(r)

77.2(r)

106.1(s)

114(1)

113.3(8)
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The IR spectrum of (26) had an all-terminal v(CO) seven-band pattern. No cluster-bound

hydrides were found in the lFI Ntrm spectrum, which contained resonances for the phenyl

groups between ô 7.9 and 6-8. In the 13C NMR spectrum of complex (26), only four CO

signals were found atõ 202.6, 197.0,192.6 and 192.3. The Co (ô 148.8, d,,Ip4= 15 Hz)

and the CB (ô 109.2, multiplet) signals were in envi¡onments simila¡ to those of p3-qz-

acetylide cluster complexes.56 The FAB mass spectrum showed a molecula¡ ion at mlz 1236

which fragmented by loss of ten CO groups.

In the structure of (26), the five Ru atoms form a square pyramid, the square face of which

is capped by a PPh group, equidistant from Ru(2), Ru(3) and Ru(4) [Ru-Puu. 237 

^,
RuPRu"u. 74.6"1but somewhat further away from Ru(l) tz.M(I) Å1. fne phosphino-

vinylidene ligand is asymmetrically coordinated: C(20) is displaced towards Ru(5) [Ru(5)-

C(20) 1.88(5) Å1, while C(19) interacts rather weakly with Ru(3) tRu(3)-C(Ig)2.246) 
^1.

The C=C bond length t1.45(6) Ål is typical of cluster-bound vinylidenes.Ø Several carbonyls

a¡e bent (RuCO 162 - 169 o); these appeil to reflect steric interactions within the cluster, since

the Ru-C d.istances are clearly non-bond.ing (>3.0 Å¡. tn terms of SEP electron counting, (26)

is a 7-SEP,74-electron nido octahedral cluster.

Cluster (26) is formed from (1) by P-C cleavage and phenyl migration to the acetylide,

which generates a phosphino-vinylidene. Contraction of the open Ru5 cluster found in (1) to

the square-pyramidal arangement in (26) occurs as a result of the loss of one CO ligand. A

similar transformation occurs when Rus([¿-q2-CzPhXp.-PPhÐ (CO) r¿ (12) is warmed.2o

Formation of the CCPh(PPh2) ligand (A) occurs by formal cluster-assisted transfer of a phenyl

group from the p-PPh2 group in (1) to the B-carbon of the phosphino-acetylide. Consideration

of the Ru-C distances, particularly Ru(5)-C(20) and Ru(3)-C(19) (see above), suggests that a

tautomeric methylidyne form of the ligand (B) may also be contributing to the structure. This

<--+

c.Ph

(A)

P

(B)

P
c/ Ph
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suggestion is supported by the close resemblance of the strucftre of (26) to that of Rus(!r¿-

PPh){pg-CCH2(i-Pr)}(p-PPhzXCO)rz (15),s which contains an alkylidyne capping a

triangular face of a square pyramid. The formation of phosphinidene groups through phenyl

loss has been noted previously,13 and the migration of phenyl groups from phosphorus to

carbon has been recognized as a metal-assisted process.6s To our knowledge, however, this is

the first occasion on which migration of a phenyl goup from P to C to generate a vinylidene

ligand has been demonstrated (see Scheme 5). Related compounds containing cluster-bound

alkynes have already been synthesized, examples being (5¡sr *U Ru5@a-PPhxps-n2-

PhC2Ph)(CO)r¡ (19).13

Scheme 5. Formation of (26) and (27) from (1)

(oC)g (co)z
Ru

(1) Ru c- PPh2

Ru
(co)s

(26)

c
Ru

/
-

n (Co)z

-̂co
Ru

PPh2

Ph

Ru
(co)e c

P
Ph

Ru

t
t

P

PhP

r
Ru
(co)z

\Ph-+P
\

(27)

(oC)z
RU

^ 2CO

Ru (Co)z

In the IR spectrum of (27), eight v(CO) bands were found in the terminal region. A

hydride resonance was found at õ -15.38 (dd, -/p-g = 10.3, 7 -3 IJ:z) and phenyl and CoÉI¿

resonances between õ 7.9 and 6.1 in the lH NMR spectrum. The FAB mass spectrum of (27)

had a molecular ion at mlz llSl,which, in conjunction with analytical, lH and 31P NMR data,

allowed the formulation as RusGr-HXp¿-PPh)[!r¿-r]a-CCPh(CoÉ{+)}(tt¡-PPhXCO)ro' The

c
I
Ph

P
Ph



r74

31P NMn data confrrmed the presence of two phosphinidene groups with signals at ô 455.9

(d, 
"Ip-p =78IJ2) and õ 480.4 (d, "/p-p = 80 Hz), both of which were apparently in ffans

dispositions (on the basis of the observed couplings). In the 13C NMR spectrum of (27), the

chemical shifts for Co (ô 243.2) and Cp (ô 117.1) are similar to those found in ruthenium

acetylide slus¡e¡s.13,56 This suggests that the electronic differences between acetylide and

vinylidene ligands on clusters are not large. Signals for seven different carbonyl environments

were also observed (2 singlets,4 doubles, 1 triplet) in the l3C ¡ür'tR spectrum at room

temperature. On the basis of the observed C¡ symmetry for (27),l0 carbonyl environments

are expected, so it appears that either some signals are accidenta[y degenerate or carbonyl

scrambling is occurring.

In complex (27),thef,rve ruthenium atoms define a a¡rowhead framework as found

previously in many Ru5C clusters (see Table 1, Section I.t¡.2+ When the phosphorus and

vinylidene Cs atoms [P(1), C(11)] a¡e included, the atom skeleton is that of a pentagonal

bipyramid. A least-squares plane passes through P(1)Ru(5)C(I I)Ru(3)Ru(l) (maximum

deviations < 0.08 Ä¡, the atoms which defrne the pentagon. Distortion from the rypical

butterfly arrangement is evident in the metal framework of (27), with Ru(1)-Ru(2)

t3.065(1) Å1 longer than Ru(2)-Ru(3) t2.895(1) Å1. fne p3-phosphinidene displays a

reasonably symmetrical disposition about the Ru(4)Ru(l)Ru(5) face in (27), while the ¡r4-

phosphinidene is distorted towards Ru(l)Ru(S). The ¡ta-carbon is also asymmetrically

bonded to a Ru4 face (Ru(2)-C(11) Í2.14(L)Å1, nu(¿)-C(l1) Í2.37(l) Ål). presumably, the

bonding interactions of the allyl system with the metal core affect the disposition of Cs. The

C=C bond length t1.41(3) Å1 is comparable to those of other cluster-bound vinylidenes.ú

The vinylidene substituents are a phenyl ring and a metallated C6H4 ring, the laner involved in

an allylic inreracrion with Ru(5) tRu(5)-c(l 2) 2.26(l) Á., Ru(S)-C (13) 2.33(l) Å, Ru(S)-C(14)

2.23(l).Ä.1 an¿ a o-interaction wittr Ru(2) tRu(2)-C(l 4) 2j4$) 
^1.

Srn¡ctures (1) and (27) a¡eboth based on a pentagonal bipyramid. Complex (1) has an

arachno structure and complex Q7) a closo structure, although in each case it is different atoms

that define the pentagon: Ru(1)Ru(2)Ru(3)Ru(4) (1) (other vertex missing), and
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c

(1) (27)

P(1)Ru(5)C(1l)Ru(3)Ru(1) (27). The formation of these clusters may therefore be thought of

as demonstrating the interconversion be¡veen an open cluster (1), where the organic unit

interacts with the surface, and a closed cluster (27), where the organic moiety is incorporated

into the cluster.

Although no other intermediates were detected, it is probable that the conversion from (1)

to (Z7)proceeds by stepwise loss of the three carbonyl groups accompanied by skeletal

rearrangements. In (27), the acetylide has been transformed, through phenyl migration (via P-

C bond cleavage) into a vinylidene unit; this is coordinated via Cp and the metallated phenyl

ring tC(12)C(13)C(14)l to Ru(5) and Ru(2). In the course of metallation, a hydrogen atom

has been transferred to the cluster framework. Such a transfer has been noted previously in the

formation of Os3(p-H) t p¡-(CoII¿)PPhz ) (CO)s(PPh¡).66 The bond elongations

Ru(l)-Ru(2) t3.065(1) Å1, nu(Z)-Ru(3) t2.895(1) Äl ßu-Ru su.2.833 Å¡02 *O coupling to

two phosphinidene groups in the lH NMR hydride signal suggest that the hydride it tt¡-

bonding the Ru(l)Ru(2)Ru(3) face. This is also supported by stnrctural simila¡ities with the

complex HRusGr¿-pph)z(Lr¡-PPh)(p-PPhz)(CO)ro (16)5 where the hydride was located on a

similar face, and by the space-filling model of (27) (Figure 6) where the dispositions of the

carbonyl ligands on the Ru(1)Ru(2)Ru(3) face reveal a cavity in which the p3-H atom could

reside.68

P
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Figure 6. JACKAL space filling plot of (27) [view showing Ru(1)Ru(2)Ru(3) face].

When (27) was stirred for twenty-four hours in methanol, transformation to Ru5(¡ta-PPh)-

{p¿-n4-CCPh(C6H4)} {p-PPh(OMe)}(CO)n (28) occurred; the brown product was isolated

in38Vo yield after thin layer chromatography. In the proton NMR a doublet at ô 3.14 (/p-u =

l4.2lHz) indicated the presence of a Me group coupled to phosphorus; no metal-hydride

ligands were present. The FAB mass spectrum confirmed that addition of 'MeO' and CO had

occurred, with a molecular ion at mlz 1238. Eight carbonyl resonances (5 singlets, 1 doublet,

2 multiplets) were observed in the 13C MvtR spectrum of (28) at room temperature. On the

basis of the observed C¡ symmer! for (28) (see Figure 7), it appears that either some signals

are accidently degenerate or that carbonyl scrambling is occurring. The a- and p-carbon

environments (ô 258.4,I01.7, resp.) a¡e similar to those of complex (27). A second brown

band that was collected quickly converted into (28) (15 min for total conversion in

CEzClzlcyclohexane solution, at 25 'C). The qpeed of the conversion precluded a detailed
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Scheme 6. Reaction of (27) with MeOH to form (28)

H

(27) Intermediate

Ru

\
PhP

(28)

characterization of this band, but data provided by the FAB mass spectrum, low temperature

lH and 31P NMR led us to give this complex the same forrrulation as (28). This isomer is

probabty related to (28) by a structural transformation such as is shown in Scheme 6. The

origin of the extra CO ligand in (2S) has not been determined, but because of the large amount

of decomposition observed in ttre reaction, it seems likely that intermolecular CO transfer is

involved. The other eight minor bands and a large amount of intractable material on the base

of the TLC plates were not isolated. A X-ray crystal structure determination was carried out on

(28), and it confirmed the addition of 'MeO' to a PPh ligand to form the p-phosphido group.

The molecular structure is shown in Figure 7 and bond distances and angles are listed in Table

4.

Compounds (27) and (28) share a common metal core, the five ruthenium atoms dehning,

as noted above, a wingtip-bridged butterfly framework. 'When the phosphorus and C6¡

vinylidene carbon atoms [P(1), C(13) ] are included in the atom skeleton of complex (28), the

geometry is again rhat of a pentagonal bipyramid with a least-squares plane passing through

P(l)Ru(s)C(13)Ru(3)Ru(1) (maximum deviations < 0.13 Å¡. an appreciable interaction was

found between Ru(2) and Ru(4) in both structures t3.605(1) A' Ql),3.596(1) Å 128¡1, as is

also implied in each case by the relatively small angles subtended at the bridgehead atoms

lRu(2)Ru(5)Ru(a) 80.2(1)" (27),76.9(l)" (2S)l and the small dihedral angle at the hinge
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Figure 7. PLUTO plot of Ru5(p4-PPh){p¿-n4-CCPh(CoÉI¿)}{tt-PPh(OMe)}(CO)rr

2MeOH.H2O (28)
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Table 4. Selected bond distances (Å) an¿ angles (') for (28)

Ru(1)-Ru(2)

Ru(1)-Ru(4)

Ru(2)-Ru(4)

Ru(3)-Ru(4)

Ru(1)-P(1)

Ru(a)-P(1)

Ru(1)-P(2)

Ru(2)-C(13)

Ru(a)-C(13)

Ru(3)-C(14)

Ru(2)-C(16)

P(2)-o(12)

c(13)-C(14)

c(1s)-c(16)

Ru(1)Ru(2)Ru(5)

Ru(1)Ru(4)Ru(s)

Ru(2)Ru(5)Ru(a)

Ru(2)P(1)Ru(4)

Ru(2)C(13)Ru(a)

Ru(2)C(16)Ru(3)

Ru(3)C(16)C(1s)

c(13)C(14)C(1s)

2.929(2)

2.8rr(2)

3.se6(2)

2.902(2)

2.394(4)

2.484(4)

2.22s(s)

2.r8(2)

2.41(2)

2.2r(r)

2.07(r)

1.6s(1)

r.4r(2)

t.4s(2)

Ru(1)-Ru(3)

Ru(2)-Ru(3)

Ru(2)-Ru(5)

Ru(4)-Ru(5)

Ru(2)-P(1)

Ru(5)-P(1)

Ru(a)-P(2)

Ru(3)-C(13)

Ru(s)-C(13)

Ru(3)-C(1s)

Ru(3)-C(16

o(r2)-c(rz)

c(14)-C(15)

Ru(2)Ru(3)Ru(a)

Ru(3)Ru(4)Ru(5)

Ru(1)P(1)Ru(5)

Ru(1)P(2)Ru(4)

Ru(3)C(13)Ru(5)

Ru(2)C(16)C(1s)

P(2)O(t2)C(r2)

c(14)c(15)C(16)

2.820(2)

2.7s2(2)

2.842(2)

2.941(2)

2.370(4)

2.3s7(4)

2.2s6(s)

2.r9(r)

2.0s(1)

2.30(2)

2.2e(2)

1.38(2)

1.s1(2)

e6.8(1)

e7.2(t)

76.e(1)

es.6(1)

102.e(6)

78.1(s)

7 r.e(9)

r l2(1)

78.e(1)

88.e(1)

130.7(2)

77.7(L)

14e.s(8)

120(1)

119(1)

1 13(1)
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[90.5"(27),93.0"(28)]. These appear to be the f,ust examples of M5 clusters that are held

together by both ¡ra-vinylidene and ¡4-phosphinidene gloups to form c/oso structures. In

(28), the effect of the phosphinidene and phosphido groups bridging Ru(l)-Ru(4) is to shorten

this bond t2.840(1) A, Ql),2.81,1(2)Å (ZS), resp.l; Ru(l)-Ru(2) 12.929(2) Ål an¿ Ru(2)-

Ru(3) 12.752(2) Äl are also shorter than in (27). The difference in the latter two bond lengths

in similar Ru5C clusters is typically only 0.01 Å.2¿ the distortion of the pa-phosphinidene in

complex (28) is towards Ru(2)Ru(5).

The cr-carbon is asymmetrically bonded to the Ru4 face with Ru(2)-C(13) much shorter

than Ru(4)-C(13) î2.18(2) A;2.41(2),Åresp.l. The c=c bond length t1.41(2) Ål is
¡

comparable to rhat in (27) t1.41(3) Å1. Co-plexes (27) and (28) are the first examples of

clusters containing a p4-q3 vinylidene without a hydrogen substiruent on Cp. The switch of

the allyl interaction from Ru(5) (27) to Ru(3) (28) occurs as a result of the new bonding

requirements and the formation of the alkoxyphosphido group. The re¿urangement shown in

Scheme 6 is postulated because it assumes the smallest number of bonds brokery'formed in the

course of the reacrion. The addition of methanol to the phosphinidene in (27) appears to be

without precedent,6g and presumably occurs through nucleophilic attack by the methoxy goup

in conjunction with hydrogen transfer to the cluster, followed by loss of H2.

3.2.3. CO substitution by P(OEt)¡ in (1)

Two roures to carbonyl substitution in (1) by P(OEI)¡ were investigated: (i) rimethylamine

oxide-promoted, and (ü) thermally assisted. The first method involved treating an acetone

solution of (1) with MegNO and P(OEI)¡ at 0 oC. The two products isolated from this reaction

were found to be isomers of Rus(rs-q2, P-C2PPh)(p-PPhzXCO)rz{P(OEt)3}' (29a) and

(29b). A rhfud isomer of this complex, (29c), was the major product isolated from the thermal

reaction of (1) with P(OEI)3 in cyclohexane at 45 oC. From the latter reaction, Q9a), (29b)

and a disubstituted product Rus([rs-q2, P-CzPPhz)(p-PPhzXCOhl {P(OEI):}z (30) were also

formed. When the thermal reaction was carried out in acetone, a lower yield of (29c) and a

higher yield of (30) were obtained. A side product, Rus(CO)r¿(dppa*){P(OEIþ}, obtained in
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this last reaction was apparently formed by ligand substitution of (6k); the appearance of the IR

spectrum suggests that the product may be related structurally to isomer (6t). .

The four complexes (29a) - (29c) and (30) are dark brown crystalline solids, which were

characterized in the first instance by spectroscopy and microanalysis and later by X-ray studies

for (29a), (29c) and (30). The FAB mass spectra for the three monosubstituted isomers

showed molecular ions at mlz l{O2,followed by loss of nvelve CO ligands. The molecular

ion for (30) at mlz 1542 fragmented by loss of nine CO groups. Proton NMR spectra for the

complexes exhibited signals between õ 8.1 and ô 7.2 for the phenyl groups. Two multiplets

were found for each P(OEI)3 tigand. The low field multiplet for the phosphite ligand Íõ 3.92

(29a);4.03 (29b):3.4I (29c);3.92(PÐf ,3.77(P4) (30)l was assigned to the CH2 groups

and in some cases was coupled to the phosphorus as well as to the CH3 groups. A quintet was

found for this signal in complexes (29a) and (29b). Complex (29a) does not have a

phosphido-group attached to the phosphite-bound ruthenium. The quintet, therefore, appears

as a result of two overlapping quartets, and accords with each proton on the CH2 goup being

slightly inequivalent. Of the two CH2 signals found for (30), the pseudo-quartet at ô 3.92 was

assigned to P(3), as it showed coupling to P(l), and the quintet at õ 3.77 was assigned to P(4).

The fourteen-line pattern at õ 3.41 in (29c) is a result of long range coupling. A detailed

theoretical account of XnAA'X'r, coupling patterns has been given by Harri570 for complexes

containing two P-donor ligands at a metal cente. From this it is apparent that an

Y9X6AA'X'6Y'9 spin system would be very complex. For small,/¡a,the spectrum will tend

towards the first-order spectrum, which for the CH2 signal is a quartet

(/s-s) of doublets (Jp-n) of doublets (Jp'-u), as observed for complexes (29c) and (30).

The location of the phosphite in (29b) was established on the basis of the spectroscopic

data. The sites available include Ru(1), Ru(2), Ru(5) [see below for results for (29a) and

(29c)l and the acetytide. It has been established that nucleophilic attack of

t For common numbering sgheme see Figures 8-10.
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phosphine ligands can occur at the cr-carbon of ¡r3-q2-acetylide and vinylidene ligands; this

may be followed by transfer of the phosphorus ligand to the metal coÍe.7r'72 A substantial

study of mono- and bis-substituted triruthenium clustersT3 found no evidence for the presence

of isomers formed through substitution at the different equatorial positions on the same metal

site. The 31P NMR spectrum for complex (29b) showed that there were other isomers of this

complex (with near-identical signals) present in solution (see Table 13, Section 3.2.11). The

environment for P(1) (ô 43.5) was very similar to that of (29c) (ô 43.9), although the P(2) and

P(3) environments had changed substantially tô 300.0, 134.I, resp. (29b);292.5,137.6,

resp. (29c)1, and phosphorus-phosphorus coupling was apparent (,Iau. = 34.5 Hz). In the IR

specrrum the v(CO) pattern was similar to that of (29a), and a bridging carbonyl absorption

was found ar 1801 cm-I. A bridging carbonyl absorption at I79l cm-l was also found for

(30), where the CO bridges the Ru(l)-Ru(5) bond. Complex (30), which has been shown to

be substituted at Ru(l) and Ru(4), was the major product obtained from the reaction of (29b)

with further P(OEI):. These observations lead us to believe that in the formation of (29b),

phosphite substitution took place at Ru(l), with the phosphite tratß to the phosphino-acetylide.

X-ray crystallographic studies were ca¡ried out for complexes (29a), (29c) and (30) to

determine their molecular structures. Figures 8 - 10 illustrate the three molerules, and Table 5

collects significant bond distances and angles.

All three structures share the same open metal framework with (1), which comprises three

edge-fused Ru3 triangles. Thermal reaction was seen to favour mono-substitution at Ru(3), a

basal ruthenium, whereas Me3NO-promoted reaction resulted in wingtþ-substitution at Ru(4)-

The identity of the third monosubstin¡ted isomer (29b) can only be infened from spectroscopic

data, as this complex was not stable in solution for prolonged periods. The bis-

riethylphosphite complex (30) was substituted at the wingtip rutheniums Ru(1) and Ru(4).

Conversion between these products is illustrated in Scheme 7. Ttre Ru-Ru bonds are in the

ranges 2.754(r)- 2.901(1) Ä,lZla¡,2.147(l)- 2.958(1) Å (Zgc) and 2.828(3) - 3.009(2) Å

(30). The monosubstituted clusters have a shortest bond in cornmon with (1), viz.

Ru(2)-Ru(3), the bond bridged by the phosphido group.
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Figure 8. PLUTO plot of Rus(ps-rl2, P-CzPPhù(p-PPhzXCO)rz{P(OEthl Q9a)

(by B.W. Skelton and A.H. White)
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Figure 9. PLUTO plot of Rus(ps-rì2, P-C2PPh2)(p-PPh2)(CO)rz{P(OEt)¡} (29c)

(by E.R.T. Tiekink)
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Figure 10. PLUTO plot of Ru5(p5-rf , P-C2PPhzXp-PPhzXCOhl{P(OEI):}z (30)

(by B.K. Nicholson)
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Table 5. Selected bond distances (Å) and angles (o) for complexes (29a), (29c) and (30)

Parameter

Ru(1)-Ru(2)

Ru(1)-Ru(5)

Ru(2)-Ru(3)

Ru(2)-Ru(5)

Ru(3)-Ru(4)

Ru(3)-Ru(5)

Ru(4)-Ru(5)

Ru(1)-P(1)

Ru(2)-P(2)

Ru(3)-P(2)

Ru(1)-P(3)

Ru(3)-P(3)

Ru(a)-P(3)

Ru(a)-P(4)

Ru(a)-C(131)

Ru(s)-C(131)

Ru(2)-C(132)

(2eail@)

2.8e8(1)

2.882(r)

2.7 s4(r)

2.878(1)

2.e01(1)

2.901(1)

2.841(1)

2.369(2)

2.346(3)

2.266(3)

2.242(2)

2.088(e)

2.323(6)

2.0e2(8>

(29c)(u)

2.894(r)

2.e32(r)

2.747(L)

2.882(L)

2.872(r)

2.es8(1)

2.8s7 (L)

2.368(2)

2.3sr(3)

2.27r(2)

2.22O(2)

2.08e(8)

2.240(9)

2.081(8)

(30Xc)

3.00e(2)

2.8e1(1)

2.849(1)

2.8s4(2)

2.8ss(1)

2.870(2)

2.828(3)

2.391(6)

2.283(s)

2.zst(4)

2.273(s)

2.246(7)

2.07(t)

2.30(2)

2.r4(r)

a) Ru(4)-C(s1) 2.s49(s); Ru(S)-C(s1) 1.89(1); Ru(4)C(51)o(sl) 123'0(7);

Ru(5)C(5 1)o(s1) 1s9.0(7).

(b) Ru(a)-C(sl) 2.64(I)Å; Ru(S)-C(sl) 1.94(1) Ä.; Ru(a)C(s1)o(s1) 123.2(8);

Ru(5)C(s l)o(s 1) 16r.2(9).

(c) Ru(l)- C(sz) 2.15(2); Ru(5)-C(52) 2.02(2);

Ru(1)C(52)O(s2) rsj(r); Ru(5)c(52)O(s2) 136(1).
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Table 5. (continued)

Parameter

Ru(3)-C(132)

Ru(a)-C(132)

Ru(s)-C(132)

c(131)-C(132)

P(1)-C(131)

Ru(2)Ru(1)Ru(5)

Ru(1)Ru(2)Ru(3)

Ru(2)Ru(3)Ru(a)

Ru(3)Ru(4)Ru(5)

Ru(1)Ru(5)Ru(a)

Ru(1)P(1)C(131)

Ru(2)P(2)Ru(3)

Ru(2)C(132)Ru(3)

Ru(2)C(132)Ru(s)

Ru(3)C(132)Ru(5)

Ru(5)C(131)P(1)

Ru(a)C(131)Ru(5)

Ru(a)C(131)P(1)

C(131)Ru(s)C(132)

P(1)C(131)C(132)

Stn¡cture

(29a)

2.048(8)

2.487(e)

2.183(7)

1.3s(1)

1.7s9(9)

s9.72(3)

1r8.24(4)

10397(4)

60.6e(3)

1 18.67(3)

e7.0(2)

73.29(7)

83.4(3)

84.6(2)

86.s(3)

107.3(3)

80.0(3)

1s3.0(s)

34.6(3)

116.8(7)

(29c)

2.0s1(9)

2.507(8)

2.r6s(8)

1.33(1)

r.773(9)

(30)

2.13(r)

2.33(r)

2.22(3)

1.3s(2)

1.78(1)

se.3(1)

119.2(1)

10s.0(1)

62.2(L)

117.6(1)

e4.4(3)

72.e(t)

83.3(3)

8s.s(3)

89.1(4)

111.4(3)

82.s(3)

1s2.2(s)

3s.0(3)

r 15.6(6)

s7.8(1)

I 18.1(1)

ee.7 (r)

60.7(1)

rzt.3(t)

ee.6(6)

77.e(2)

83.5(4)

81.8(8)

82.6(8)

10s.e(e)

80.4(5)

ts7.e(7)

34.8(s)

119.3(9)
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Scheme 7. Reaction of (1) with P(OEt)g
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The introduction of ¡1¡lo phosphite ligands flattens out the swallow structure; this may be

seen by æmparing the dihedrat angles between the Ru3 planes. The addition of the phosphite

ligands Ís seen to lengthen the metal-metal bonds slightly in complexes (29c) and (30)

[Ru-Run,. 2ß69 Å (f), 2.865 Å (Z9a), 2.877 Å (Z9c), 2.879 Ä. t¡Oll. This effect is not as

pronounced as it is in triruthenium clusters,T3 and suggests that the pentaruthenium clusters are

able to redistribute electron density more effectively. The redisribution is also accomplished in

pa¡r by the presence of semibridging and bridging caúonyl ligands. Semibridging carbonyls

were found between Ru(4) and Ru(5) tRu(5)C(51)O(51) 159.0(7)', 161.2(9)" (29a) and

(Z9c),resp.; Ru(a)-C(S1) 2.549(8) A,,Z.e+ç) A,, (Zga) and (29c), resp.l. In complex (30),

an asymmetric bridging carbonyl was found between Ru(l) and Ru(5) [Ru(1)-C(52)

Z.1S(Z) Å, Ru(S)-C (52) Z.0Z(Z) ,{1. fne phosphido, phosphite and phosphino-acetylide Ru-P

distances are in the ranges 2.242(2) - 2.369(2) ì+ (Zga),2.220(2) - 2.368(2).4' (Zgc),

2.246(7) - 2.39l(6).Ä. (¡O), with the longest values being obtained for the phosphines and the

shortest values for the phosphite ligands. Coordination of the phosphino-acetylide to the metal

core is essentially the same as in (1); Ru-C distances are 2.048(8) -2.323(6) '{ (Zga),

2.051(9) - z.z41(g) Å (zgc) and2.07(L) - 2.33(2).Ä. (¡O), the shorter bonds being Ru(2)-

C(132), Ru(3)-C(132) and Ru(4)-C(131). For (29a) and (29c), the interaction between

Ru Ru
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c(1,32) and Ru(4) is non-bondtng12.487 (9),{, 2.507(8) Å, resp.l, whereas in (30) the

distance of 2.33(2) A. indicates a rather long Ru-C bond. The acetylide C=C distances are

1.35(1) Å (Z9a), 1.33(1).Â. (Zgc) and, L.35(2) Å (¡O), atl slightly shorter than the 1.383(0 Å

found for (1).

It seems likely that all frve ruthenium sites were available for substitution, as several other

minor products were also noted in the reactions with P(OEt)3. The thermal substitution at

Ru(3) suggests that the carbonyl ligands on Ru(3) a¡e the most labile, presumably as a result of

electronic and steric effects.Ta This does , however, suppose the phosphite is attached to the

ruthenium from which CO dissociation has occured. Previous studies on phosphite

substitution reacrions of Fe2Os(CO)ds have indicated that this is not always the case.

Changing the solvent polarity for the thermat reactions resulted in different yields of the

same products (see Scheme 7). Thus, in cyclohexane, tlte ratio of (29c) to (30) was

Z3Vo:IIVo,whereas in acetone the ratio was l07o;307o. Separate experiments have

demonstrated that the fomration of (30) does not proceed through (29c), and that the isomers

of (29) do not interconverr in solution. The disubstituted cluster (30) may be formed through

substitution of either (29a) or (29b). The addition of P-donor tigands to metal carbonyl

clusters has been shown to accelerate the CO-substitution process in some s¿5s5.74-79 $uçþ

acceleration may be involved in the formation of (30), which occurred even with a 1:1 ratio of

reactanrs. Under conditions similar to those used in the formation of (30) from (1), complete

reacrion of isomers (29a\,(29b) and (29c) with P(OEI)¡ required an excess of the ligand and

longer times. The rates of these reactions need to be investigated to determine whether

phosphite substitution does result in acceleration of CO dissociation from (1), or if multiple CO

loss is involved to form an intermediate such as'Rus(CO)rr(dppa*)'.

These results suggest that the Me3NO-promoted reaction proceeded via the generation of

unstable 'Rus(co)rz(dppa*)' intermediates.80 The attack of Me3NO on cluster carbonyl

ligands has been shown to occur by nucleophilic attack on the C atom of the carbonyl ligand'8o

Formation of (29a), (29b) and (30) suggesrs that the most electrophilic carbonyls are those on

Ru(1) and Ru(4). Further reacrion with Me3NOÆ(OEI)¡ was not observed. Tùe thermal
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reactions proceeded through dissociative CO loss?7'8r'82 at Ru(1), Ru(3) or Ru(4) to generate

'Ru5(CO)12(dppa*)' intermediates, which then underwent phosphite addition to form (29a),

(zgb) and (29c). The most favoured pathway was that resulting in the formation of (29c). A

competing process involved in ttre thermal reactions was the substitution of two CO ligands in

(1) resulting in the formation of the disubstituted complex (30).

3.2.4. CO substitution by PMe2Ph in (1)

A complex formulated as Ru5(p5-TP, P-CzPPhdGr-PPhzXCO)11(PMe2Ph)2 (31) was

isolated from the reacrion of a two-fold excess of PMe2Ph with (1). A reliable analysis could

not be obtained for this rather unstable compound, which was characteizrÀ spectroscopically.

The IR v(CO) partern was similar to that of (30); in that the terminal bands were approximately

40 cm-l lower than those of (1), and a bridging carbonyl absorption was present at 1775 cm-I.

It is likely that (31) is substiruted at Ru(l), since a bridging carbonyl absorption was also

found for (29b) and (30), and at Ru(3), because of spectroscopic similarities with a partially

characterized bis-phosphite derivative obtained from (29c). In the FAB mass spectrum, a

molecular ion was found at rnlz 1485, which fragmented by loss of eleven CO groups- The lH

NMR spectrum contained two signals for the Me groups at õ 1.19 and 0.93, while the phenyl

resonances were between ô 7.8 and 6.5. The 31P NMR spectrum showed two PMe2Ph

resonances at ô 1.5 and,23.];the C2PPh2 resonance was found atõ39.2 and the ¡t-PPh2

resonance at õ 269.6. The latter two resonances were simila¡ to those of the phosphite-

substituted products (see Table 13, Section 3.2.11). No P-P coupling between the PMe2Ph

ligands and C2PPh2 w&S observed. However, this does not conflict with substitution having

occurred at Ru(3), as coupling was not observed in (29c), where the phosphite is in a cis-

configuration with respect to the phosphido group.
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3.2.5. CO substitution by PPh3 in (1)

Two methods of substituting CO tigands in (1) by PPh3 were examined. The f,rst method,

using Mg3NO to remove a CO ligand, permitted the isolation of dark brown crystalline Rus(ps-

rf , P-CzPPh2)(¡r-PPh2XCOh2(PPh3) (32) in 46Vo yield. In the FAB mass spectrum, a

molecular ion was found at mlz 1499, which fragmented by loss of twelve CO groups. The IR

v(CO) region was similar to that of (29a) in both the appearance and position of the bands.

The 31P NMR specrrum (see Table 13, Section 3.2.IL) confirmed that the cluster was

monosubstituted, and from the IR data it seems likely that the substitution occurred at Ru(4).

The second method involved a nventy-hour reflux in CH2CI2. From this reaction mixture,

complex (32) and dark green crystalline Ru5(4-PPhXps-n2-PhC2Ph)(¡r-PPhz)z(CO)ro (33)

were isolated. Studies on Ru3(CO)12 clusters have shown that P(OEI)¡ substitution occurs at

slightly slower rates than PPh3 under Me3NO activation,8o but at considerably faster rates

under thermal activation.83 Our results accord with this observation. Molecular modelling

showed that significant interaction exists between a PPh3 ligand on Ru(3) and the p-phosphido

tigand. The P(OEI)¡ lat Ru(3)] and the phosphido ligands in (29c) show considerably less

interaction. This probably accounts for the differences between phosphine and phosphite

substitution of (1) under thermal activation.

Complex (33) crystallized as a hexane solvate in22%o yield. A similar complex RusGt+-

PPh){Lr3-n2-Phc2@-tolyl))(p-PPhz)[p-P(p-tolyl)z](CO)ro (34) was isolated from the

rea6ion of P(p-tolyl)3 with (1). Complex (32) was converted into (33) by heating in CH2CI2,

demonsrrating the intermediacy of (32) in the synthesis of (33). The FAB mass spectra of

(33) and (34) showed molecular ions at mlz 1444 and mlz 1485 respectively, each of which

fragmented by loss of ten carbonyl gïoups. These data indicated that the complexes were

related to (1) by addition of PR3 and loss of three carbonyl groups. The proton NMR

spectrum of (34) indicated that there were two equivalent Me groups and one inequivalent Me

group; these were assigned to the tolyl groups on the p-P(p-tolyl)2 and PhC2(p+olyl) ligands,

respectively. The 3rP NMR spectrum of (33) showed that the two p-PPh2 $roups were nearly

equivalent, a broad signal being found at ô 203.7.



193

In contrast, there were two phosphido environments in complex (34): these appeared as

separate broad signals at õ 208.7 and2O3.7 in acetone, but in CHr2Cl2as an apparent triplet

formed by two overlapping doublets (õ 205.2,202.4: Jp_p = 34OHz). By comparison with

(33), it seems likely that the high field signal was due to the p-PPh2 group and the low field

signal to p-P(p-tolyl)2. The p4-PPh groups in (33) and (34) had signals at ô 451.5 and

ô 451.4 respectively.

The molecular structure of (33) was determined by an X-ray study and a plot of a molecule

is shown in Figure 11. Signifrcant bond distances and angles are collected in Table 6' Rather

large esd's result from twinning in the crystal used for the determination. As found for

complex (26), the geometry is a square-pyramidal Ru5 metal skeleton, which becomes a¡t

ocrahedron when the phosphinidene P-atom is included in the core. The phosphinidene P-atom

is 1.280 Å belo* the square base and Ru(l) is 1.952.Ä, above. Two edges are bridged by

phosphido groups, one of which is derived from the triphenytphosphine. A p¡-rl2-pttczph

ligand bridges the Ru(1)Ru(2)Ru(3) face.

The Ru-Ru bond distan ces Í2.726(2) - 2.958(3) Ål are within the usual values, the shortest

d.istance being Ru(l)-Ru(3). Two carbonyls are found on each of the rutheniums. The Ru-P

distances of the phosphido and phosphinidene ligands are in the range 2.232(4) - 2-499Ø) 

^.
The phosphinidene is coordinated in a similar fashion to (26), with three normal Ru-P bonds

[Ru-Puu. 236 

^tand 
one long bond Ru(5)-P(2) 12.499(4),Ä.]. t*o long Ru-C bonds [Ru(2)-

C(1) 2.33(2), Ru(3)-C(Z) 2.24(t) Ål ana two short bonds tRu(l)-C(2) 2.01(l), Ru(3)-C(l)

2.09(2).4,1 *ere found to the acetylene, a pattern suggesting a bonding mode in benveen q2l I

and q2- I. This is possibly due to a solid state freezing out of oscillatory motion that has been

noted for other rl2-l I complexes in solution.s4 The C=C bond length of 1.34(3¡ Å is similar to

that found in other Þ¡-rl2 acetylene complexes.ss

From the above results, it is evident that the reaction of (1) with triphenylphosphine under

mild conditions resulted in initial ligand substitution, followed by P-C cleavage of the

phosphido, phosphino-acetylide and the phosphine ligands. Migration of the aryl groups to the

C2 unit generated a disubstituted alkyne, and the phosphorus groups formed phosphido anä
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Figure 11. PLUTO plot of Ru5(pa-PPhXps-n2-PhCzPh)(p-PPhz)z(CO)ro.CHzCtz (33)

(by B.W. Skelton and A.H. White)
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Table 6. Selected bond distances (Ä.) and angles (o) for complex (33)

Ru(1)-Ru(2)

Ru(1)-Ru(4)

Ru(2)-Ru(3)

Ru(3)-Ru(4)

Ru(4)-P(1)

Ru(2)-P(2)

Ru(a)-P(2)

Ru(2)-P(3)

Ru(1)-C(1)

Ru(3)-C(1)

Ru(2)-C(2)

c(1)-c(2)

Ru(2)Ru(l)Ru(3)

Ru(2)Ru(1)Ru(5)

Ru(3)Ru(1)Ru(s)

Ru(3)Ru(2)Ru(5)

Ru(3)Ru(4)Ru(5)

Ru(a)P(l)Ru(5)

P(l)Ru(a)P(2)

Ru(2)P(2)Ru(3)

2.826(3)

2.822(3)

2.7e8(4)

2.82s(3)

2.232(4)

2.380(5)

2.36e(6)

2.297(s)

2.7 5

2.0e(2)

3.01

1.34(3)

60.s0(8)

62.s2(9)

92.6(r)

e8.4(1)

92.r(t)

7s.e(2)

10e.s(2)

73.0(1)

Ru(1)-Ru(3)

Ru(1)-Ru(5)

Ru(2)-Ru(5)

Ru(4)-Ru(5)

Ru(s)-P(1)

Ru(3)-P(2)

Ru(s)-P(2)

Ru(s)-P(3)

Ru(2)-C(1)

Ru(1)-C(2)

Ru(3)-C(2)

Ru(2)Ru(1)Ru(a)

Ru(3)Ru(1)Ru(a)

Ru(4)Ru(1)Ru(5)

Ru(2)Ru(3)Ru(a)

Ru(2)Ru(5)Ru(a)

P(1)Ru(s)P(2)

P(1)Ru(5)P(3)

Ru(2)P(2)Ru(4)

195

2.726(2)

2.874(3)

2.es8(3)

2.842(4)

2.389(6)

2.324(s)

2.4e9(4)

2.390(6)

2.33(2)

2.01(1)

2.24(r)

90.93(t)

61.20(8)

s9.86(6)

91.4(1)

87.8(1)

100.5(2)

178.s(1)

LLs.9(2)



Table 6. (continued)

Ru(2)P(2)Ru(s)

Ru(3)P(2)Ru(5)

P(2)Ru(2)P(3)

Ru(2)P(3)Ru(5)

Ru(2)Ru(3)c(1)

Ru(1)Ru(3)c(2)

Ru(1)C(2)Ru(3)

Ru(3)c(1)C(2)

Ru(3)C(2)C(1)

74.6(2)

114.2(2)

8s.2(2)

78.2(2)

54.8(s)

46.6(3)

7e.s(5)

78(1)

66(1)

Ru(3)P(2)Ru(4)

Ru(4)P(2)Ru(5)

P(2)Ru(5)P(3)

Ru(2)C(1)Ru(3)

Ru(3)Ru(2)C(1)

Ru(3)Ru(1)c(2)

Ru(2)c(1)c(2)

Ru(1)C(2)C(1)

t96

74.O(2)

7r.4(L)

80.70(2)

78.3(s)

46.e(s)

54.0(4)

110.8(9)

10e(1)
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phosphinidene ligands (see Scheme 8). Carty et al.r3 have reported the formation of a

diphenylacetylene cluster Ru5(¡ra-PPh)(p¡-rl2-PhC2PhXCO)rs (19) by pyrolysis of the

phenylacetylide cluster Rus(p¿-n2-CzPhXp-PPhzXCO)r3 (2). The formation of (33) is

somewhat different in that two aryl groups have migrated to the C2 unit, one of these

originating from the phosphine rather than from a phosphido group. Although P-C cleavage

reactions of PPh3 generating phosphido groups are well known,66'86 the reaction conditions

have generally been quite severe (refluxing toluene, xylene, decalin). The reaction of Ru3(p-

dppm)(COhg with K-Selectride resulted in the formation of [Ru¡{p¡-PPhCHzPPhz}(CO)s]-,

this dephenylation occurring at room temperatu.re.8T In the present case, loss of the aryl group

from the phosphine has occured under thermal conditions which were less forcing than were

used by Knox et al.r4 in their synthesis of the benzyne complex Rus(ps-q6-CoH¿Xtq-

PPhXCO)I3 from Ru3(CO)11(PPh3), and indicates considerable activation of PPh¡ by (1).

Scheme 8. Reactions of (1) with PPh3 and P(p-tolyl)3

PRs

PPhr
\-

PP h2

Ph2P

Ru(CO)3

Ru(Co)2
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Ru(@)3

Ru(CO)2
(32) n = enPh2P

Ph
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(33) R = Ph

(34) n = totyt

P
Ph

RzP

Ru(CO)2
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The syntheses of (33) and (34) illustrate a new pattern of reactivity for (1), where the

ready transformation ben¡¡een different structural types has allowed P-C bond cleavage and

C-C coupling reactions to occur at 40 oC. These reactions have previously been shown to

occur under high temperature pyrolysis conditions (see Secúon 3.2.2). The reactions of

Ru3(CO)12 and Os3(CO)12 with PPhre6'ae produced complexes that contained orthometallated

phenyl and benzyne groups, the formation of these ligands being accompanied by hydride

transfer to rhe clusters. A d.ifferent mechanism is likely in the formation of (33) and (34), as

no hydride-containing intermediates were detected. We suggest that a possible mechanism for

the formation of the disubstituted acetylene involves phosphido P-C cleavage with migration of

the phenyl group to the B-carbon to generate a phosphino-vinylidene [cf (26)]. This is

followed by cleavage of the P-C bond of the phosphinevinylidene to generate a

phenylacetylide. Further cleavage of an aryl group from the phosphine and migration to the C2

unit forms the acetylene PhC2R (R = Ph,p-tolyl).88 Complex (1) is stable in refluxing

CH2CI2. The formation of (33) from (32) by multiple CO loss under the same conditions

indicates that the triarylphosphine-substitution of (1) has rendered the cluster more susceptible

to CO dissociation. Kinetic studies on the Ir¿(CO)rz system have indicated that arylphosphines

induce greater labilization of CO than the smaller ligands such as atþlphosphines or CO-74

3.2.6. Synthesis of and ligand substitution in

Au2Ru5(pS-I2, P-CzPPhz)(p-PPhz)(CO)rz(PPh¡)z (35)

Formal addition of the digold unit Auz(PPhr)z8e to (1) resulted in the formation of the

hexanuclear cluster (35). This cluster was characterized by microanalysis and spectroscopic

data. The FAB mass specrrum had a molecular ion atrnlz 2155 which fragmented by loss of

twelve CO groups. In the lH NtvtR spectrum, resonances were found between ô 7.5 and 6.6

for the phenyl $oups. In the l3C NIrrtR spectrum, resonances were found for the carbonyl

ligands (ô 215.3, 214J,212.8,206.2,202.1,198.0, 194.6) and the phenyl groups (ô 141'2

- 126.0); a signal ar ô 144.1 showing coupling to two phosphorus ligands was assigned to the

cr-ca¡bon of the acetylide. Va¡ious routes to (35) have been investigated. For preparative

purposes, it was found that the adàition of [ppn][Co(CO)¿] and [(AuPPh:)¡O][BF¿] to (1) in
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rhf at room remperature gave (35) in83%o yield. The binuclear compound AuCo(CO)¿PPh¡

was also isolated in83Vo yield. Treatment of (1) with tppnl[Mn(CO)5]/[(AuPPh¡)¡O][BF¿] or

Na[Co(CO)4]/t(AuPPh¡)gOllBF¿l gave (35) in 737o and357o yields respectively. The

addition of þpnl[Co(CO)¿] to the oxonium salt in thf gave an orange solution, which did not

react with (1) to form (35). This suggests that the cluster may have been reacting with an

unstable intermediate '(AuPPh z)zO', formed by removal of a '[Au(PPh3¡1+' unit from

[(AuPPh¡)¡O]+:

Rus(CO)r¡(dppa*) (1) +'(AuPPh3)2O' + Au2Ru5(Co)rz(dppa*) (35) + COz

It appears that this reagent may be useful in introducing'Au2@R3)2' units into clusters

under mild conditions,T2without the requirement that the cluster be a dianion or multihydride

complex. At this stage, it seems that the cluster must be capable of facile CO loss for the above

reaction to work successfully. Various sources of 'Au(PR3)' and'{Au(PR¡)}3' have

been developed, but no systematic route to digold substitution of neutral clusters has

appeared.50,90-99 The th¡ee principal routes to introducing Au(PR3) units involve:

(i) replacement of hydrido ligands by AuMe@Pfu)

Ru3(¡r-H) (ps-COMeXCO) r o + AuMe@Ph3) -r AuRu¡ (p¡- coMeXCO) ro(PPh3) (36)rt

(ii) substitution of a cluster anion by a source of [Au(PRg)]+

. tRu¿(p-H)z(CO)rzl2- + 2AuCl(PPh:) + 2Tl[PFo] + AuzRu¿(p-H)z(CO)rz(PPh¡)z (32¡too

(iü) addition of [{Au(PPh¡)}¡O}]+ to anionic clusters

lCoRu¡(CO)r¡l- + [(Au(PPh¡) ]¡Ol+ + Au3CoRu¡(CO)rzGPh¡)¡ (3S¡rt

Phg
P
Au

Ru(Coþ

Ru(CO)3

Phs
P
Au

o

Ru(CO)3

AUP Phs

Ru(CO)3

(Co)o
FìU

AuPPh3 Ph3P Au

Me
o

RuRu

(36)

Au
P
Phs

(38)

(oc)s (Co)a

(37)
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The reaction of (1) with [(AuPPh:)¡O][BF¿] alone also gave (35), but the yield was

considerably lower (22Vo) and the reaction did not go to completion. A side product from this

reacrion, Au3Ru5(CO)ro(dppa*XPPh3)3 (identified by FAB MS), was apparently formed by

addition of a third'Au(PPh3)' fragment to (35). Another route to the synthesis of (35) was

the reacrion between AuCl(PPh¡) and the reduced solution formed by reacting (1) with sodium

amalgam (see Section3.2.t);complex (35) was obtained in85Vo yield. From this result, it

seems likely that the reduced species is [Rus(CO)rz(dppa*)]2-, since dianions generally react

with two'[Au(PR¡)]+'units to give neutral species, whereas monoanions react with only one

Au(PR3) moiety.

The reaction of [ppn][Co(CO)¿] /[(AuPPh¡)gO][BF¿] with (1) demonstrates formally the

substitution of a CO group by neutral 'Au2(PPh3)2'. In contrast, the reaction between

'[Rus(CO)rz(dppa*)]2-' and AuCl@Ph3) involves salt elimination to generate a neutral

species. No reaction of complex (1) occurred when it was treated with a solution of

NalCo(CO)al in thf.

X-ray quality crystals of (35) could not be obtained, so a triethylphosphite-substituted

derivative was synthesized. The reaction of (35) with P(OEI)3 was not entirely

straightforward: three products were obtained when a 2:1 ratio of phosphite to (35) was used,

while at a lower phosphite/clusterratio the reaction did not go to completion. The three green

phosphite-substituted compounds AuzRus(rs -r12, P-CzPPhzXp-PPhzXCO)rz(PPhs)-

{P(OEÐ3} (39), AuzRus(lrs-rf,P-CzPPhzXp-PPhzXCO)rr(PPh3)(P(OEI)¡}z (40) and

Au2Ru5(p5 -rf , P-CzPPh2)(p-PPhzXCO)rr(PPh¡)z(P(OEÐ3) (41) were characterized by

analytical and spectroscopic data. The IR spectnrm of (39) was very similar to that of (35)'

while (a0) and (41) showed shifts to lower wavenumber and band pattems different to (35).

Molecular ions were observed in the FAB mass spectra of these complexes atmlz 2059 (39)'

Zlgi (40) and2292 (41). The number of phosphite ligands was easily ascertained by lH

NMR. The CH2 environments in all the complexes demonstrated the long range coupling

patterns mentioned in Section 3.2.3.



Figure L2. Possible core structures for complexes (35), (39) and (a0)
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Possible core srructures for the products (39) and (40) are shown in Figure 12, while the

molecular strucrure of (al) is shown in Figure 13. Table 7 collecs significant bond distances

and angles for (41). The structure of (41) is quite closely related to that of (1). The cleavage

of the Ru(l)-Ru(3) bond resulted in a spiked-squa¡e structure: deviations from the least-

squares plane through the square defirned by Ru(2)Ru(3)Ru(4)Ru(5) are less than 0.06 Å;

Ru(l) is 1.909 Å, belo* this plane. This is the second example of a Ru5 core with this

geometry, Carty et al.l having found a rather distorted form of the arrangement in the cluster

Rus (Lr¿-rl2-C2Pri¡ ( p¿-NC (O)NCPh2 ) (p-PPhzX CO) r ¡. I I
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Figure 13. PLUTOplotof Au2Ru5(ps-r12, P-CzPPhù(p-PPhzXCO)'(PPh¡)z(P(OEt)¡]

(a1) (by B.K. Nicholson)
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Table 7. Selected bond distances (Ä') and angles (o) for complex (41)

Au(1)-Au(2)

Au(1)-Ru(3)

Au(2)-Ru(1)

Au(2)-Ru(3)

Ru(1)-Ru(3)

Ru(2)-Ru(4)

Ru(3)-Ru(5)

Au(1)-P(1)

Ru(1)-P(3)

Ru(2)-P(s)

Ru(3)-C(1)

Ru(1)-C(2)

Ru(3)-C(2)

P(4)-C(1)

Ru(1)Ru(2)Ru(a)

Ru(2)Ru(4)Ru(5)

Ru(2)Ru(3)Ru(a)

Ru(2)Ru(1)Au(2)

Ru(2)Au(2)Ru(3)

Au(l)Ru(3)Au(2)

Ru(a)C(1)Ru(3)

Ru(2)C(2)Ru(3)

Ru(5)P(a)C(1)

P(1)Au(1)Au(2)

3.085(1)

2.794(2)

2.8ss(2)

2.7s8(2)

3.238(3)

2.990(2)

2.82s(2)

2.321(s)

2.23s(6)

2.296(4)

2.30(2)

1.e4(2)

2.29(2)

L.7e(2)

Au(1)-Ru(2)

Au(1)-Ru(4)

Au(2)-Ru(2)

Ru(1)-Ru(2)

Ru(2)-Ru(3)

Ru(3)-Ru(4)

Ru(4)-Ru(5)

Au(2)-P(2)

Ru(s)-P(a)

Ru(a)-P(5)

Ru(a)-C(1)

Ru(2)-C(2)

c(1)-c(2)

Ru(1)Ru(2)Ru(3)

Ru(3)Ru(5)Ru(a)

Ru(4)Au(1)Au(2)

Ru(2)Au(1)Ru(3)

Au(1)Ru(2)Au(2)

Ru(1)Au(2)Au(1)

C(1)Ru(3)C(2)

Ru(1)C(2)C(1)

P(4)c(1)c(2)

P(2)Au(2)Au(l)

203

2.792(2)

3.020(1)

2.8s4(1)

2.7sr(z)

2.96s(2)

2.80e(2)

2.82s(2)

2.323(4)

2.360(6)

2.299(6)

2.tr(2)

2.2r(2)

1.3e(3)

109.6(1)

r21.4(L)

62.3(t)

61.2(r)

63.8(1)

67.s(1)

79.2(6)

82.6(7)

8e.e(7)

t3s.9(2)

68.9(1)

5e.6(1)

103.0(l)

64.1(1)

66.2(t)

107.3(1)

3s.3(7)

161(1)

t3s(2)

r27.3(2)
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The strucrure of (al) is best thought of as a trigonal bipyramid [formed by Ru(4), Au(1),

Ru(2), Ru(3), Au(2)1, edge-bridged by Ru(l), Ru(5) and P(5). The trigonal-bipyramidal

srrucure results from the addition of one gold to a triangular face [Ru(2)Ru(3)Ru(4)], the

Au(1)Ru(2)Ru(3) face being then capped by the second gold fragment. This polyhedron has

been noted previously in clusrers such as Au2Ru3(p3-sxco)ePPh3;tlr and Au2Rua(p-

H)z(CO)rz(pph3)2.es(b) The mosr reasonable approach for electron counting of clusters

containing multi-gold units is to include the valence d-electrons of the gold atoms in the total

electron s6un¡.101 For (41), this gives a l@-electron, 8-SEP count for the cluster.

In (41), the eleven CO ligands are distributed wo to each ruthenium except Ru(5), which

has three. Semibridging carbonyl interactions are found for C(21) andC(22) on Ru(2), the

angles and non-bonded distances for Ru(2)C(21)O(21), Au(1)-C(21) and Ru(2)C(22)O(22),

Ru(1)-C(22) being L66(2)",2.64 Ãand 168(2)",2.79 Å, respectively. Gotd-carbonyl

interactions have been noted previously in the complex [AuOsroC(CO)z¿(PPh¡)]- where Au-C

conracrs of 2.661,{ and 2.668Å *ere found.l@ The phosphino-acetylide is bonded in a p5-

q2, P mode, as found for (1) [Structure (A)], but C(1) bridges Ru(3)-Ru(4) and C(2) bridges

Ru(1)-Ru(2), Ru(2)-Ru(3) [Structure (B)]. The C(1)-C(2) separation t1.39(3) Ål is similar to

that in (1) t1.383(6) Å1, and the Ru-C separations are all normal, except for Ru(l)-C(2) which

is rather short at 1.94Q) 

^.
P P

\

Ru
2

Ru
2

(A)

5

Ru

2

5
Rugt

\
Ru

3
4

P (B) P

The metal-metal separations are of three types: six Ru-Ru Î2-751(2) - 299}(2) ^A'1, si* Au-

Ru t2.758(Z) - 3.020(t),{1, and one Au-Au t3.0S5(1) ,Al. eU values fall within the ranges

already reported for complexes containing ruthenium-gold cores.9o The major change from the

structure of (1) are the breaking of Ru(1)-Ru(3) and the elongation of Ru(2)-Ru(3): this was

3
Ru

4

Ru'|

Ru

1

Ru
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the shortest Ru-Ru bond[2.731(2) ,Â.] in (1), whereas here it is the longest t2.990(2) Å.1. fne

difference in length appears to be due to the presence of the Au2(PPh3)2 fragment bridging this

bond.

The reaction of 'Au2(PPh:)z' with (1) is somewhat different to that between H2 and (1)

(although the digold fragment is isolobal with HÐ. In the hydrogenation, the complex Rus(ps-

CCFIPPhÐ(p-Ð(p-PPhzXCO)r¡ (8) was the frst product formed.l7 This complex has been

shown to possess a vinylidene ligand [C=CH@Phz)] and a p-hydrido ligand which is bridging

the Ru(4)-Ru(5) edge (in terms of the Au2Ru5 structure). It has been pointed out by Bruceel

and Mingos99 that the isolobal relationship between Au@R3) and H is of limited use in

predicting structures when more than one gold atom is present. This is due to the strong

propensity of gold to form Au-Au bonds. Examination of the structure of (1) using molecula¡

modelling suggests that there is insuffrcient room to introduce a Au@Ph3) unit at the p-carbon,

because of interactions with the phosphido group.

The formal addition of H2 to (1) has also been demonstrated previously using }J-l}J+.r7

When the reduced solution from (1) (see Section3.2.L) was treated with H+, no evidence for

formation of the vinylidene cluster (8) was found. Neither \pas any reaction found when (1)

was treated with HBFa.EI2O. These results confirm that the }l-[H+ reaction actually proceeds

by addition of H- to the p-carbon of the acetylide, followed by addition of H+ to the cluster.

Such a mechanism cannot operate for the gold system as the approach to the acetylide is

hindered. The reaction of hydrogen with (1) is not likely to give a stable analogue of (35), as

there does not exist the potential for multicentre bonds that the AuzGPh¡)2 fragment

possesses.

The substitution of the phosphite on Ru(1) is similar to that observed for (29a) (different

crystallographic numbering schemes have been used), and presumably arises from the formal

electron-deficiency at this ruthenium (17e) and the steric constraints that are present. The other

products formed in the substitution, (39) and (40), demonstrate the lability of the phosphines

on the gold atoms. It seems likely that interphenyl interactions are responsible for replacement

of a bulþ phosphine for a phosphite group (cone angles 145o, 109o re.spectively). This is
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seen in the torsion angle P(l)Au(1)Au(2)P(2), which is 25.18 ". Previous work37 has

demonstrated phosphine exchange between the clusters Au2Ru6C(CO)re(PEt¡)z and

Au2Ru6C(CO)16ePh3)2, where equilibrium was attained in eight hours. Another equilibrium

situation was found for the complex Au2Fe4BH(COh2eEb)2,e7 which underwent phosphine

exchange with [ppn]Cl to form complexes containing Au2(PPh3)z and Auz(PEt3)(PPh3).

3.2.7. Oxidative addition of haloacids and AuCl(PPh¡) to (1)

Four oxidative adducts have been synthesized from the reaction of FD( (X = Cl, Br, I) or

AuCt@Ph3) (an aurated equivalent of HCI) with (1). The reactions of the aqueous acids with

(1) proceeded at r.t. quickly (5 - 20 minutes) to give the orange complexes Rus([r-Ð(ps-n2,

P-CzPPhz)(p-PPh2)(p-XXCO)r: [X = Cl, (42):Bl, (a3)] and the purple complex

Ru5 (p-H) (Fs-I 2, P-C2PPh2) (tr.3-D (p-PPhzXCO) r z (44). The reaction with AuCl(PPh¡)

proceeded more slowly Qa hours) to give orange AuRu5(p5-qz, P-CzPPh2)(p-PPh2)(tt-Ct)-

(CO)13ePh3) (45) in 4lVo yield.

The infrared spectra of (42), (43) and (45) all show similarv(CO) band panerns, the gold

derivative having intensities different from the other two. A simpler pattem was found for the

HI complex. In the lH NMR, high freld signals were found for the hydride ligands in (42),

(43) and (44) at E -21.25, -20.7L and -25.33 respectively. These values are within the normal

range for p-hydride ligands. The FAB mass spectra of the four compounds showed molecula¡

ions at mlz L300 (42), L345 (43), 1365 (44) and 1759 (45), which fragmented by loss of the

appropriate number of carbonyl ligands.

To determine the molecular structures of the complexes, X-ray studies were carried out on

(43) and (44). Plots of the two structures are shown in Figures 14 and 15, while significant

bond distances and angles are collected in Table 8.
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Figure 14. PLUTO plot of Ru5(p-HXps-r12, P-CzPPhz)(p-PPh2)@-BTXCO)r¡ (43)

(by B.K. Nicholson)
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Figure 15. PLUTO plot of Ru5(p-HXLrs-r12, P-CzPPhz)(p3-I)(p-PPh2XCO)r2 (44)

(by B.K. Nicholson )
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Table 8. Selected bond distances (Å.) and angles f) for complexes (a3) and (aa)

Stnlcture

Parameter

Ru(1)-Ru(2)

Ru(2)-Ru(3)

Ru(3)-Ru(4)

Ru(3)-Ru(5)

Ru(4)-Ru(5)

Ru(1)-P(1)

Ru(2)-P(2)

Ru(3)-P(2)

Ru(a)-C(1)

Ru(s)-C(1)

Ru(2)-C(2)

Ru(3)-C(2)

Ru(5)-C(2)

Ru(1)-X

Ru(2)-X

P(1)-c(l)

c(1)-c(2)

Ru(1)Ru(2)Ru(3)

Ru(2)Ru(3)Ru(5)

Ru(2)Ru(3)Ru(a)

Ru(3)Ru(4)Ru(5)

(43Xa)

2.862(L)

2.917(r)

2.e}e(r)

2.82r(t)

2.808(1)

2.397(r)

2.3s9(r)

2.268(r)

2.2O3(s)

2.r9s(6)

2.276(s)

2.042(6)

2.29r(s)

2.s6s(1)

2.s60(l)

1.7e6(s)

1.316(8)

12e.0(1)

e8.3(1)

e2.7(t)

59.1(1)

(44)o)

2.e36(t)

2.881(1)

2.8s8(1)

2.848(1)

2.77s(r)

2.400(2)

2.332(3)

2.264(2)

2.r76(e)

2.129(8)

2.277(8)

1.e62(e)

2.3ss(8)

2.7sr(L)

2.740(r)

r.774(9)

1.33(1)

rzs.2(r)

106.8(1)

78.2(t)

60.7(1)

(a) Ru(4)-H(1) 1.79(8); Ru(5)-H(t) 1.72; X = Br.

o) Ru(a)-r 2.727(i); Ru(l)IRu(4) 103.1(1); Ru(2)IRu(4) 33-0(1); X = I.
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Table 8. (continued)

Parameter

Ru(3)Ru(5)Ru(a)

Ru(4)Ru(3)Ru(5)

Ru(1)P(1)C(1)

Ru(2)P(2)Ru(3)

Ru(1)XRu(2)

Ru(a)C(1)Ru(s)

Ru(2)C(2)Ru(3)

Ru(3)C(2)Ru(a)

Ru(3)C(2)Ru(5)

C(1)C(2)Ru(2)

C(2)C(1)Ru(s)

Stnrefirre

(43)

62.2(t)

s8.7(1)

108.8(2)

78.1(1)

67.9(1)

79.4(2)

84.8(2)

84.s(2)

81.0(2)

131.0(4)

77.0(4)

(44)

61.1(1)

s8.2(1)

106.8(3)

77.6(1)

64.7(r)

80.2(3)

8s.3(3)

87.0(3)

82.0(3)

rze.7(6)

83.0(1)
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Both structures are closely related to that of the kinetic isomer Rus(ps-t12, P-C2PPh2)(p-

PPh2XCO)rs (6k), obtained by carbonylation of (1).21 The metal core consists of a Ru3

triangle spiked by a Ru2 chain in a so-called'scorpion' geometry. Such a geometry is formed

from (1) by the breaking of two Ru-Ru bonds, and is consistent with the addition of the fou¡-

electron donor (FI+Br) (43), and the six-electron donor (tI+Ð (44). The addition of HI is

accompanied by loss of a carbonyl ligand from Ru(4). In both (a3) and (44), the phosphino-

acetylide ligand is attached to Ru(l) by a normal two-electron donor interaction with P(l), and

ro rhe Ru(3)Ru(4)Ru(5) triangle by a ps-n2 (I) attachment of the acetylide unit. The

interactions between C(2) and Ru(5) ffe not particularly strong, as may be seen from the bond

lengths l2.2gl(5)Å (¿¡) and 2.355(81Å f¿¿ll. There is also a weak interaction between

Ru(2) and C(2) Í2.276(5) Å (¿¡); 2.277(8) Ä. (¡¿)1. A phosphido group bridges the Ru(2)-

Ru(3) vector in each complex, and the carbonyl goups are arranged thus: three to each of

Ru(l), Ru(4), Ru(5) in (43), or Ru(l), Ru(5) in (44), and two each to the other ruthenium

cenrres. In (43), the bromide ligand bridges the Ru(2)-Ru(3) bond, and the hydride is located

on the Ru(4)-Ru(5) edge of the Ru3 triangle. The iodide ligand in (4a) is p3-bonded to

Ru(l), Ru(2) and Ru(4). The hydride was not located in (44), but from the disposition of

carbonyl ligands, and by comparison with (43), it may be assumed that it lies across the

Ru(4)-Ru(5) bond.

The five Ru-Ru bonds are in the ranges 2.803(1) - 2.9L7(l) Å (av. 2.863 Ä) (¿S) a"¿

2.775(I) - 2.936(l)Å 1av. 2.860 Å) (¿¿), and have similar variations, the shortest bond in the

structures being Ru(4)-Ru(5) and the longest Ru(2)-Ru(3) (43) and Ru(1)-Ru(2) (44). These

va¡iations a¡e also in accordance with the structure of (6k). The environment around Ru(l) is

approximately octahedral with coordination by three CO ligands, P(l), Ru(2) and either Br or

I. Since the P(1)+Ru(1) bond 12.397(l) Å (¿¡); 2.400(2) Å t¿¿ll is a normal two-electron

donor link, the metal atom achieves an 18-electron count from this tertiary phosphine and the

halide and CO ligands. The Ru(l)-Ru(2) bond [2.862(1) Å @Ð;2.936(1) Å (aa)] is

therefore another example of a supported donor bond. Both structures have SGelectron

electron-precise structures.
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The major structural difference between the two complexes is in the orientation of the metal

cores. A least-squares plane passes through C(1), C(2), Ru(l), Ru(2), Ru(3), P(1) (maximum

deviation < 0.02 Å¡ in complex (43). In (44), there are substantial deviations from this plane:

c(1) 0.06 Å, c(z) -0.10 Å, Ru(l) -0.09 Å, Ru(2) -0.48 Å, Ru(3) 0.10 4., P(1) -0.17 Å;

implying that the Ru(2)-Ru(3) bond is twisted towards the iodide atom. The different

geometries probably reflect ttre effect of the p3-I spanning the open side Ru(1)Ru(2)Ru(a) in

(aa). This non-face-capping p3-coordination mode has not been observed previously. The

only other structurally characterized clusters containing p3-I groups, Ru3(r-H)(p3-Ð(CO)9103

and [Na(18-crown-6)]tRu¡(p¡-D(CO)sl,ls show the ligand in a triangular face-capping

position. As both these clusters were derived from a Ru¡(p-tXCOhq precursor by CO loss, it

seems likely that (44) is also formed through CÐ loss from a intermediate related to (43),

probably Ru5@-H)(Fs-12, P-C2PPh)(p-PPhzX¡r-IXCO)r¡. The FAB mass spectrum of (44)

supporrs this idea, as an ion M + COI+ is formed after short periods in the FAB beam.

However, no intermediates were detected in the formation of (44).

The addition of FÐ( or AuCl(PPh¡) to (1) appears to proceed by oxidative addition at

Ru(2), with the H ligand migrating to the Ru3 triangle thatresults. The halide ligand may exist

as a two-, three- (p) or five-electron (p3) donor. Previous studies2535'49 have demonstrated .,

both terminal and p-bonding modes for iodide and bromide ligands attached to Ru5 carbido

clusters. Isolobal principles,g,los suggest that the Au(PPh3) group in (45) is likely to occupy

the same position as ttre hydride in (43). The similarity of the IR spectra for (42) and (a3)

suggesrs that the chloride occupies a position similar to that of the bromide ligand; it is

presumably in the same position in (45).

3.2.8. Addition of allyl halides to (1)

As an extension of the experiments with the halo-acids, it was decided to investigate the

reacrion of atlyl halides with (1). These reactions proceed quite slowly (20 - 24 hours,

refluxing CH2CI), to give mderate yields of a number of isomers of Ru5X(CO)12(dppa*)-

(allyl) (X = Cl, Br). Two isomers were isolated from the reaction of allyt chloride with (1)
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[(46b), (a6o)] and, similarly, rwo isomers [(47b), G7o)] were obtained from the allyl

bromide reaction. Of these complexes, orange crystalline (47o) was identified by an X-ray

study as Ru5{pa-t1a, O-CzC(O)C¡Hs}0r-PPhz)z(Lr-BTXCO)rr. The brown complex

RusBr(CO)rz(dppa*Xatlyl) (a7b) exisrs in solution as two isomers which were not separable

by thin layer chromatography. The related products from the allyl chloride reaction, orange

Rus{[r¿-na, O-C2C(O)C:Hs](p-PPhz)z(Fr-CIXCO)rr (a6o) and brown RusCI(CO)rz-

(dppa*Xallyl) (46b), were isolated in IgVo and427o yields, respectively.

The infrared spectra for (46o) and (47o) were very similar, and suggest that the two

complexes have related structures, but with a ¡r-Cl in (46o) replacing the ¡r-Br in (47o). Very

weak bands ar 1535 cm-l (460) and 1534 cm-l (47o) were assigned to the coordinated

ketonic carbonyls; a band was found at 1588 cm-l for a similar group in Rua{¡ra-\2, P,O-

CsH¿O(pphz))(p-PPhzXCO)¡ (see Section 3.2.10). The spectra for (46b) and (47b) are

also closely related, but are quite d.ifferent from those of the orange isomers. As no evidence

was found for ketonic or bridging CO groups in the spectra of (a6b) or (47b), these

complexes appear to possess twelve terminal carbonyl $oups. The most closely related band

pattern for the Rus(CO)rz structures examined so far is that of complex (44).

Molecular ions corresponding to Ru5X(C0)rz(dppa*Xallyl) were found in the FAB mass

specrra at rnlz 1313 for (46o) and (46b), a¡rd at mlz L357 for (47o) and (a7b). The orange

isomers showed loss of ¡ryelve carbonyl groups, while the brown isomers fragmented by loss

of seven carbonyl groups. An ion tM - CO - allyll+ was also found for the brown isomers,

suggesting that the allyl ligand may be intact.

The proton NMR spectra of the orange complexes were similar, the coordinated allyl group

displaying a five-resonance pattem, which demonstrates the inequivalence of the five protons.

The low field multiplet was assigned to the proton on C(5), the th¡ee doublets (in order of

increasing field) ro the .çyn proton on C(4), the anti proton on C(4) and the ryn proton on C(6),

while the doublet of doubles was assigned to the anti proton on C(6) on the basis of coupling

constanr and chemical shift data (for atom numbering see Figure 16). A complex pattern of ten

resonances was observed for the allyl protons in each of (a6b) and (47b). Two multiplets
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were found at approximately ô 4.4. Ofthe other eight signals, two doublets showed H-H

coupling, two doublets showed P-H coupling, two doublets of doublets showed both H-H and

P-H coupling, and two multiplets were unresolved. The intensity of these resonances

suggested the presence of two isomers of each complex in solution, in a ratio of 2:L for (46b)

and 1:1 for (47b) in C6D6. The environments of the protons were quite different from those in

the orange complexes and suggest a different bonding mode for the allyl group. What is

apparent from these results is that the allyl group in (46b) [or (a7b)] is attached to the cluster

in an unsymmetrical manner, probably involving a unsyûìmetrical r¡3-çHzCHCHz interaction

with a phosphorus-bound ruthenium.

The 31P NMR chemical shifts for the p-PPh2 group bridging the non-bonded Ru(2)"Ru(5)

vecror appeared at õ 54.9 and 57.3 in (46o) and (47o), respectively. The signals observed for

(46b) and (a7b) were ar ô 65.5, 60.8 [two isomers of (a6b)] and ô 67.2,60.9 [two isomers

of (47b)1, a region simila¡ to that found for the C2PPh2 group in (44) (õ 64.1). A signal for

the p-PPh2 group bridging a Ru-Ru bond was found in the range õ 249 .8 - 27 L.3 for each of

the complexes.

The formation of (47o) is demonstrated in Scheme 9. No interconversion between (47o)

and (47b) rü/as noted after heating in refluxing in CH2CI2for 20 hours. On the basis of the

specrroscopic data mentioned above it appears (46b) and (47b) have significantly different

metal skeletons to those of the orange isomers (46o) and (47o). The spectroscopic results

suggest that the structures may be based on the scorpion geometry-

An X-ray stn¡cture determination for (47o) revealed the molecular structure shown in

Figure 16. A listing of significant bond distances and angles is presented in Table 9. The

metal framework of (47o) consists of a distorted square [diagonals Ru(2)"Ru(4) 3.99 Å,

Ru(1)..Ru(3) 4.06 Å1, spiked by Ru(5). Carbon-carbon coupling between the acetylide, a

carbonyl ligand and the allyl group has formed a metallated hex-l-en-4-one ligandl

T Because of the delocalized bonding and the multisite nature of the ligand-cluster interaction,

the nomenclature of the C-C coupled ligands is not precise.
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Scheme 9. Reactions of (1) with allyl halides

\

Ru

^-co

C3H5X
PPh2

Ph2P
\ (oc)¡u Ru (CO)2

Ru(CO)2

(1) (46o) x = cl

(47o) x = Br

Ph2PC=C+CO + C3H5X C=C.€.CHz'CH=CHz
o

+ 'PPh2l + X

coordinared to all five Ru atoms of the cluster via a q2-linkage through C(1), C(2)' a n2-

interacrion through C(5), C(6) and a Ru-O bond from the ketonic oxygen. The interaction

between C(|), C(2) and the square base of the cluster is rêminiscent of the ¡r4, Î2 interactions

between acetylides and Ru4 butterfly clusters.l3 The distance between the C(1) carbon and the

least-squares plane through Ru(1)Ru(2)Ru(3)Ru(a) (deviations 0.200, -0.194,0.191, 0.197

Å, resp.) is 0.74 Å. A phosphido goup has been formed by P-C cleavage of the phosphino-

acetylide. As a result, there are two phosphido goups present, one bridging the Ru(l)-Ru(4)

bond and the other bridging the non-bonded Ru(2)"Ru(5) vector.

Wit¡in the organic ligand, the C-C distances suggest significant double bond character for

C(l)-C(2), C(2)-C(3) and C(5)-C(6) t1.47(5), r.42(4),1.34(4) Ä, resp.l, while C(3)-C(4)

and C(4)-C(5) are normal single bonds U.55(5), l.5S(4) ^4,, resp.l. The ketonic interaction

with Ru(4) tRu(a)-O(l) 2.lI(2).Ä.1 is a normal Ru+O distance.l06 The ct-catbon, C(1)' is

symmetrically bound to Ru(l), Ru(2), Ru(3) (2.09 Å av.), with a longer bond to Ru(4)

lZ.3Z(4)Å1. fne Ru-Ru bond distances [2.828( 4) - 2.937(4) Å] a¡e all within normal values,

the longest bond Ru(2)-Ru(3) probably reflecting the strain present in the Ru(5)-P(1) bridge
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Figure 16. PLUTO plot of Ru5[pa-\4, O-C2C(O)C¡Hs](p-PPh2)2(p-BTXCO)rr @7o)

(by B.K. Nicholson)
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Table 9. Selected bond distances (Å) an¿ angles (o) for complex (47o)

Ru(1)-Ru(2)

Ru(2)-Ru(3)

Ru(3)-Ru(4)

Ru(s)-P(1)

Ru(a)-P(2)

Ru(2)-Br

Ru(2)-C(1)

Ru(a)-C(1)

Ru(s)-C(2)

Ru(5)-C(6)

c(1)-c(2)

c(3)-c(4)

c(s)-c(6)

Ru(2)Ru(1)Ru(a)

Ru(2)Ru(3)Ru(4)

Ru(2)Ru(3)Ru(s)

Ru(2)P(1)Ru(5)

Ru(1)C(1)Ru(3)

Ru(3)C(2)Ru(s)

Ru(s)C(s)c(a)

Ru(a)o(1)C(3)

c(1)c(2)c(3)

c(3)c(4)c(5)

2.828(4)

2.937(4)

2.870(4)

2.362(9)

2.2e0(e)

2.260(4)

2.06(4)

2.32(4)

2.07(3)

2.42(3)

1.47(s)

l.s5(s)

t.34(4)

8e.2(1)

86.7(1)

82.1(1)

10e.8(3)

ls0(2)

87(1)

107(2)

rt2(2)

117(3)

107(3)

Ru(1)-Ru(4)

Ru(3)-Ru(5)

Ru(2)-P(1)

Ru(1)-P(2)

Ru(1)-Br

Ru(1)-C(1)

Ru(3)-C(1)

Ru(3)-C(2)

Ru(s)-C(s)

Ru(a)-o(1)

c(2)-c(3)

c(4)-c(s)

c(3)-o(1)

Ru(1)Ru(2)Ru(3)

Ru(4)Ru(3)Ru(s)

Ru(l)Ru(4)Ru(3)

Ru(1)P(2)Ru(a)

Ru(2)C(1)Ru(a)

C(1)Ru(3)C(2)

C(s)Ru(s)C(6)

Ru(1)BrRu(2)

c(2)c(3)c(4)

c(4)c(5)c(6)

2t1

8e.s(l)

tr4.7(r)

e0.4(1)

76.8(3)

13L(2)

40(1)

32(r)

6s.9(1)

122(3)

t2s(3)

2.849(4)

2.889(4)

2.3r2(e)

2.2e6(9)

2.s81(4)

2.08(4)

2.r2(4)

2.t3(3)

2.38(3)

2.1r(2)

r.42(4)

1.s8(4)

r.26(3)
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[Ru(2)..Ru(5) 3.83 Å1. fne carbonyl ligands are distributed three to Ru(3) and two to the

remaining fourrutheniums. A semibridging interaction is found for CO(32) situated beween

Ru(3) and Ru(5) tRu(3)C(32)O(32) 163(3) o, Ru(3)-c (32) I.gt(3) Å, Ru(s)-c(32) 2.70 

^1.
The bromine ligand is involved in a bridging three-electron interaction with Ru(l)-Ru(2) and

the addition of the allyl group formally adds three electrons to the cluster. As a ca¡bonyl ligand

has also been lost,the net electronic change amounts to the addition of fourelectrons, resulting

in the cleavage of two M-M bonds. The cluster (47o) is an 8O-electron, 10-SEP compound,

this assessment being obtained within PSEP theoryl by condensing the electron counts for a

four-membered ring and a binuclear unit (i.e. 64 + 34 - 18 = 80)'

Other cluster complexes containing C3H5 groups include Ru3(p-13-C3Hs)0r¡-PPhCHz-

PPhz)(CO)s,107 [Os¡(n3-C¡HsXCO) r 1] [BF¿,108 and tPPh¿] [Rho(q3-C¡HsXCO) r¿]'1æ In

these clusters, the allyl group is bonded to either one or fwo metals, wittt no interaction with

the otherligands on the cluster. Carbon-carbon coupling reactions are well known between

cluster acetylides and various substrates, including alþnes, isocyanates, isocyanides,

diazoalkanes and carbon monoxide. 1 3 y'1' I I 0- I 12

There is no precedent for coupling involving an allyl group and carbon monoxide with a

cluster-bound acetylide. This reaction, therefore, is a useful model for the interaction of an

allyl group with carbon and carbon monoxide at a ruthenium surface.

3.2.9. Reaction of (1) with mercuric chloride

Addition of mercuric chloride to a solution of (1) in dichloromethane gave two orange-

yellow isomers of Ruo(CO)rr(dppa*), (a8o) and (48y). These products were obtained as

crystalline solids in l37o and lgVo yields respectively. Neither complex gave crystals suitable

for X-ray analysis. A PPh3 derivative was made by treating (32) with mercuric chloride' but

ttris did not have a crystalline habit and was not charactenzú'further.

The IR v(CO) bands for (48o) and (48y) suggest all-terminal carbonyl structures in both

cases, with quite different symmetries in each of the clusters. Conversion from (48y) to
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(a8o) was noted after 24 hours in solution, but not from (48o) to (48y). The proton NMR

spectra for both compounds confirmed the presence of phenyl groups and the absence of

hydride ligands. The FAB mass spectra for (48o) and (48y) showed molecular ions at

mlz 1308 which fragmented by successive loss of twelve 28 mass unit groups. An ion present

atmlz 1218 in both spectra suggested the loss of a CPh group from the molecula¡ ion.

Analytical results indicated that the compounds are best fomrulated as isomers of

Ru6(CO)11(dppa*) (no mercury or halide elements were found by electron microprobe

analyses). The 31P NMR spectra showed two signals for each complex at ô 258.6, 4.a (48o)

and õ 242.8,1.3 (aSy). The low field signals were assigned to a phosphido group bridging a

Ru-Ru bond and the high field signals to a phosphino-acetylide (see Section 3.2.11).

The clusters appear to be electron-deficient as no evidence was found in the lH NMR for

bridging benzyne groups.l4 According to the spectral data, the difference between the isomers

is not great and may be related to the kinetic and thermodynamic structural isomerism noted for

complexes (6k) and (69.2t The treatment of a netitral cluster with HgCl2 to create new, non-

mercury containing clusters such as (48o) and (aSy) is an unusual reaction which deserves

further investigation. Generally, the reaction of Hg(tr) compounds with clusters proceeds to

give Hg-containing clusters such as {Ru3(CO)1rHg}sl13 and Os3(¡r3-CzPhzXp-Cl)=(CO)e-

(HgCl)12,1 14 where the mercury atoms link several cluster units (see also references I 15- I 17),

and RuCq(CO)rz{p¡-HgCo(CO)4},118 which contains a face-bridging mercury atom-

3.2.10. Reaction of (1) with ethene or l-butene

Reactions involving the addition of the olehns ethene or l-butene to (1) have been

investigated under a variety of conditions. Pressurized reactions were performed in Carius

tubes or in an autoclave (20 atmospheres). A red tetraruthenium cluster Ru¿ (p¿-rl2 , P,O-

CsFI¿O(PPhz) ) (p-PPhz) (CO)r r (49) and two isomers of Ru5(pa-PPh) { p3-rl3-CC(CzHz)-

(CzH¡))(p-PPh2XCOh2 t(50b) brown, (50o) orangel were obtained from the thermal

reaction of (1) and ethene under pressure. A reaction performed in the autoclave was checked

at five hours, by which time the reaction was still incomplete and no othe¡ complexes were
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detected. Higher yields of (a9) QTVo) were obtained from the Carius tube reactions, a small

amount of RuE(CO)12 also being isolated. Two isomers of Ru5(pa-PPh) [p3-ql-

CC(C4H6XC¿Hz))(p-PPhzXCO)rz [(51b), (51o)] were obtained from the themral reaction of

l-butene and (1) after fourteen days in a Carius tube. When ethene was passed through a

heated solution of (1) in cyclohexane, Ru5(¡r4-PPh)(p-PPhzXp-COXCO) ro {n5-

C5H3(C2H3)Me) (52) was obtained as a minor product, along with (50b) and (50o). A

producr with a related formulation, Ru5(CO)12(PPhXPPhùCZ(C¡H1)3, was obtained from the

l-butene reaction but could not be fully charactenzú,. Complex (50b) was converted into

(52) under conditions similar to those used in the synthesis of (52) from (1). A number of

minor products from these reactions were partially characterize.dby FAB MS and IR spectra,

but as the number of olefin molecules inco¡porated was not always cleat, these complexes a¡e

not discussed further.

An investigation of the isomer pair (50b), (50o) has shown that equilibrium

concentrations of each compound are set up wheri the solids are dissolved in cyclohexane. The

position of this equilibrium is affected by the presence of 02 in the solution and by the overall

concentration, but not significantly by the presence of ethene. No exchange was found to take

place berween l-butene and isomer (50,0) after 15 days in solution: only (50o) and (50b)

were isolated. Isomers (51b) and (51o) were found to interconvert in solution. These results

suggest that intramolecularrearr¿ngements occur in solution to give structurally-related

rsomers.

The infrared specrn¡m of (a9) has nine terminal v(CO) bands between 2082 and

1958 cm-I, a bridging carbonyl absorption at 1820 
"--1, 

and a weak band assigned to the

ketonic carbonyl absorption ar 1588 cm-l. A simila¡ ketonic abso¡ption was found for (50o) at

1532 cm-I, which otherwise had an all-terminal v(CO) pattern. The 1-butene derivatives (51b)

and (51o) had band pagerns similar to the ethene isomers (50b) and (50o), respectively. A

bridging carbonyl absorption was found for (52) at7779 cm-r.

Thq FAB mass spectra for all the Ru5 complexes showed molecular ions which fragmented
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by loss of carbonyl groups. Because of similar nominal masses for CO and ethene, and two

carbonyls and butene, the exact nature of these fragmentation patterns cannot be determined

from low resolution spectra. No molecular ion was found in the positive ion spectrum of (49);

the negative ion spectrum, however, gave a [M- ion at mlz LI63.

The proton NMR spectra of these compounds are complicated by the number of olefin

groups anached to the clusters and also by the interconversion in solution which has been

referred to previously. Phenyl resonances were found between ô 8.1 and 6.2fot aII of the

complexes. Four signals at õ 2.83, 2.73,2.20 and 1.47 were assigned to the protons on the

penrenone ligand in (49). The low temperature (240K) spectrum of (50b) had resonances at ð

5.58,2.37 ,I.72, 1.63 and 0.86 for the alkene and allyl protons. In the low temperature

spectrum of (50o), three major resonances appeared at õ 5.04, 1.27 and 0.51; these suggested

that some of the CH and CH2 protons were in environments similar to those of (50b). Room

remperarure spectra of complexes (51b) and (51o) contained peaks that were not readily

assignable, except for triplets at õ 0.96, 0.73 (51b) and at õ 0.87, 0.70 (51o), which

correspond to the CH3 substituents on the butene groups. The signals for the CH protons on

the C5 ring in complex (52) were found at ô 5.86, 5.49 and 4.61, and resonances for the CH,

CH2 and CH3 groups atõ 2.M,2.17 and 1.96, respectively.

The 31P NMR specta were useful in relating (50b) to (50o), as similar phosphido and

phosphinidene environments were found atõ236.7,353.4 (50b) and õ 232.6,374.3 (50o).

Phosphido signals were found at ô 236.0, 233.2and phosphinidene signals at ô 350.6 and

375.9 for (51b) and (51o), respectively. Phosphorus-phosphorus coupling was obsewed in

each case, implying that the structures of these isomers ale not markedly different and that the

phosphido groups Ne trans to the phosphinidene ligands.

X-ray structural studies have been performed on (49), (50b) and (52). The structures

determined demonsrate that incorporation of ethene and C-C coupling reactions have occurred

in each instance. Plots of the three molecules are shown in Figures 17-19 and selected bond

distances and angles are given in Tables 10-12.
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Figure 17. PLUTO plot of Rua{¡ra-r12, P,O-C5HaO(PPhz) } (tt-PPhÐ(CO)11 (49)

(by B.W. Skelton and A.H. White)
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Table 10. Selected bond distances (Å) and angles (") for complex (49)

2.787(r)

2.868(2)

2.360(2)

2.306(2)

2.301(t)

2.142(s)

1.s4(1)

1.s 1(1)

r.773(7)

61.6e(3)

60.47(2)

156.48(3)

77.36(8)

r29.6(s)

12r.8(4)

117.9(s)

11.e(6)

112.1(6)

103.7(6)

2.8ee(2)

2.86s(2)

2.282(2)

2.072(7)

2.202(7)

1.43(1)

1.43(1)

1.53(1)

1.243(9)
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s7.84(4)

e6.3r(2)

r03.3(2)

36.e(2)

81.3(2)

120.6(8)

125.3(s)

106.7(6)

10s.2(6)

Ru(1)-Ru(2)

Ru(1)-Ru(4)

Ru(3)-P(1)

Ru(a)-P(2)

Ru(2)-C(1)

Ru(a)-o(3)

c(1)-c(s)

c(3)-c(4)

P(1)-c(1)

Ru(1)Ru(2)Ru(3)

Ru(2)Ru(1)Ru(3)

Ru(3)Ru(1)Ru(a)

Ru(1)P(2)Ru(a)

Ru(1)C(2)C(1)

Ru(a)o(3)c(3)

P(1)c(1)C(2)

c(2)c(1)c(5)

c(2)c(3)c(4)

c(l)c(s)c(4)

Ru(1)-Ru(3)

Ru(2)-Ru(3)

Ru(1)-P(2)

Ru(1)C(2)

Ru(2)-C(2)

c(1)-c(2)

c(2)-c(3)

c(4)-c(s)

c(3)-o(3)

Ru(1)Ru(3)Ru(2)

Ru(2)Ru(1)Ru(a)

Ru(3)P(1)C(1)

c(1)Ru(2)c(2)

Ru(1)C(2)Ru(2)

o(3)c(3)c(4)

P(1)C(1)c(5)

c(1)c(2)c(3)

c(3)c(4)c(5)
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Figure 18. PLUTO plot of Ru5(ra-PPh) [p¡-n3-CC(CzHÐ(CzH¡) ](tt-PPhzXCO)rz.

CH2CI2.MeOH (50b) (by E.R.T. Tiekink)
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Table 11. Selected bond distances (Å) an¿ angles (o) for complex (50b)

2.8e9(2)

2.8e8(2)

2.e86(2)

2.83s(2)

2.360(s)

2.4r0(s)

2.2s4(s)

2.s2(2)

2.2r(2)

2.33(3)

1.s0(5)

1.36(7)

Ru(1)-Ru(3)

Ru(2)-Ru(3)

Ru(3)-Ru(5)

Ru(2)-P(1)

Ru(a)-P(1)

Ru(2)-P(2)

Ru(1)-C(13)

Ru(a)-C(13)

Ru(1)-C(1a)

c(13)-C(14)

c(14)-C(17)

c(17)-C(18)
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2.82e(3)

2.812(3)

2.98s(2)

2.472(6)

2.3s4(7)

2.3rr(6)

2.04(2)

2.07(2)

2.20(3)

r.47(4)

1.ss(3)

1.3s(4)

Ru(1)-Ru(2)

Ru(1)-Ru(5)

Ru(2)-Ru(4)

Ru(4)-Ru(5)

Ru(3)-P(1)

Ru(5)-P(1)

Ru(3)-P(2)

Ru(2)-C(13)

Ru(s)-C(13)

Ru(1)-C(17)

c(14)-C(1s)

c(1s)-c(16)

Ru(2)Ru(1)Ru(5)

Ru(1)Ru(2)Ru(a)

Ru(2)Ru(3)Ru(s)

Ru(1)Ru(5)Ru(3)

Ru(3)Ru(5)Ru(a)

Ru(2)P(l)Ru(5)

Ru(1)C(13)Ru(4)

Ru(1)C(13)Ru(s)

Ru(1)C(13)C(14)

Ru(5)C(13)C(14)

C(1a)Ru(1)C(17)

c(13)C(14)C(17)

c(14)C(17)c(18)

81.3(1)

8s.3(1)

8 1.3(1)

s7.s(1)

e4.5(1)

10r.3(2)

rs2.2(1)

8s.8(8)

76(1)

r27(L)

3e.8(8)

t20(2)

rzs(3)

59.4(1)

es.0(1)

80.e(1)

88.1(1)

130.2(2)

76.0(2)

82.9(7>

40.3(e)

13I(2)

72.e(8)

118(2)

r37(3)

Ru(1)Ru(2)Ru(3)

Ru(3)Ru(2)Ru(4)

Ru(2)Ru(4)Ru(5)

Ru(1)Ru(5)Ru(4)

Ru(3)P(1)Ru(4)

Ru(2)P(2)Ru(3)

Ru(a)C(13)Ru(5)

C(13)Ru(1)C(14)

Ru(4)C(13)C(14)

C(13)Ru(1)C(17)

c(13)C(14)c(15)

c(14)C(1s)c(16)
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Figure 19. PLUTO plot of Ru5(¡ra-PPh)(p-PPhz)Gr-COXCO)ro[ns-C5H3(C2H3)Me].

CoFIr¿ (52) (bV B.W. Skelton and A.H. White)
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Table 12. Selected bond distances (Ä.) and angles (") for complex (52)

Ru(1)-Ru(2)

Ru(1)-Ru(4)

Ru(2)-Ru(3)

Ru(3)-Ru(a)

Ru(2)-P(1)

Ru(a)-P(1)

Ru(2)-P(2)

Ru(s)C(1)

Ru(s)-C(3)

Ru(s)-C(s)

Ru(2)-C(51)

c(1)-c(2)

c(2)-c(3)

c(4)-c(s)

c(4)-c(401)

Ru(2)Ru(1)Ru(3)

Ru(2)Ru(l)Ru(s)

Ru(3)Ru(1)Ru(5)

Ru(3)Ru(2)Ru(5)

Ru(3)Ru(4)Ru(s)

Ru(2)P(1)Ru(3)

Ru(2)P(1)Ru(5)

Ru(3)P(1)Ru(5)

Ru(2)P(2)Ru(3)

Ru(2)C(51)o(sl)

Ru(s)C(51)Ru(1)

2.874(2)

2.807(2)

2.794(t)

2.911(1)

2.3e3(2)

2.3ss(2)

2.28s(2)

2.2s8(6)

2.172(7)

2.228(6)

2.600(6)

1.40(1)

1.40(1)

1.43(1)

1.48(1)

s7.6s(3)

6r.97(4)

8e.41(s)

e0.03(5)

8e.83(5)

71.72(s)

77.ee(6)

120.86(8)

7 s.73(s)

r23.s(4)

83.2(2)

Ru(1)-Ru(3)

Ru(1)-Ru(5)

Ru(2)-Ru(5)

Ru(4)-Ru(5)

Ru(3)-P(1)

Ru(5)-P(1)

Ru(3)-P(2)

Ru(s)-C(2)

Ru(s)-C(a)

Ru(1)-C(51)

Ru(5)-C(51)

c(1)-c(5)

c(3)-c(4)

c(1)-c(101)

c(401)-c(402)

221

2.e20(L)

2.8s7(r)

2.9s1(t)

2.84s(L)

2.377(2)

2.296(2)

2.26s(2)

2.221(6)

2.232(7)

2.3s3(7)

r.92s(6)

r.423(9)

1.42(1)

1.51(l)

1.2t(2)

Ru(2)Ru(1)Ru(a)

Ru(3)Ru(1)Ru(a)

Ru(4)Ru(1)Ru(5)

Ru(2)Ru(3)Ru(a)

Ru(2)Ru(5)Ru(a)

Ru(2)P(1)Ru(a)

Ru(3)P(1)Ru(a)

Ru(a)P(1)Ru(5)

Ru(1)C(51)o(s1)

Ru(5)C(51)o(s1)

c(4)c(401)c(402)

91.40(5)

61.07(4)

60.29(3)

90.91(s)

8e.10(s)

117.87(8)

7s.93(6)

7s.4r(6)

12s.3(s)

146.3(s)

122(L)
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The metal-core srructure of (49) is that of a spiked triangle, which is held together by a

phosphino-cyclopentenone ligand and a bridging phosphido group. Electronically, (49) is a

64-electron, 8-SEP cluster. The metal core is related to (1) by cleavage of a'Ru(CO)'

fragment [which appears as Ru¡(CO)rz]. The'spike' atom Ru(4) lies 0.199 Å above the least-

squares plane rhrough Ru(1)Ru(2)Ru(3) and at a distance of 2.868(2) Å fro- Ru(l). V/ithin

rhe Ru3 triangle, the wo Ru-Ru separations Ru(l)-Ru(3) 12.899(2) Å1, Ru(Z)-Ru(3) t2.865(2)

Ål are normal,73 while Ru(l)-Ru(2) t2.757(1) Ål is rather short and appears to reflect the

clamping effect of the pentenone ligand. The P-Ru distances Í2.282(2) - 2.306(2) Ål a¡e

unexceprional. Three carbonyl ligands are attached to each of Ru(2), Ru(3) and Ru(4), while

r,üo are anached to Ru(l). A semibridging carbonyl interaction is found between Ru(1) and

Ru(3), with a Ru(1)C(12)O(12) angle of I57.7(6)o and Ru(3)-C(12) contact of 2.56(8) Å- es

there is no obvious electronic imbalance at Ru(l) or Ru(3) the reason for this mode of bonding

appears to lie with the steric interactions of the phosphido group anached to Ru(l). The

ketonic carbonyl group is attached to Ru(4) tRu(a)-O(l) 2.lI(2) Ål in a manner similar to that

found for (47o). Within the organic ligand, delocalized double bonds were found for

C(1)-C(2), C(2)-C(3) t1.43(1) Å for bothl and localized C-C single bonds for C(1)-C(5),

C(3)-C(4), C(4)-C(5) [1.54(l), 1.51(l), 1.53(1) ^Ä,, resp.], confirming the o-vinyl interaction

of the cyclopentenone ligand with the cluster.

Carty et al.rrg have recently reported the synthesis of a tetranuclea¡ cyclopentadienyl

complex [Ruz{p-o(C,O), r¡?-C5MePhz(CoFI¿XO) )(p-PPhz)fz, obtained by diphenylacetylene-

allenyl coupling. The mechanism proposed for the formation of the cyclopentadienyl ligand

involves the addition of alkyne and CO to rhe î2-coordinated double bond of the allenyl ligand.

In the formation of (49), we see the addition of CO and ethene to a Îì2-coordinated acetylide

moiety. In Section 3.2.8,the generation of a hexenone ligand from the original C2 unit, a

carbonyl ligand and an allyl group was mentioned. Here we have found the formation of a C5

ring from the C2 unit, an ethene molecule and a carbonyl ligand. Organometallic compounds

containing the related pentadienone ligand include Os¡{C(Me)C(Me)C(O)C(lvfe)-
-t
C(Me ) ) (CO)s,r20 os¡(p-H) {CHC(CHMe)C(o)CEICH} (Co)e 121 and
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Rh2 { c(cF3) c(cF3) cHc(B )Ì(COXn-CsHs)z;r22 these complexes were formed from

alkyne-carbonyl-alþne coupling reactions

The structure of (50b) is related to those of (27) and (28), in that the Ru5 core is a

wingtip-bridged butterfly (the dihedml angle of the butterfly core is 96.5 '). All three clusters

have 76-electron, 8-SEP electron counts. A substituted vinyl-allyl ligand has been formed by

the addition of two ethene unis to the p-carbon of the acetylide. The c¿-ca¡bon is ¡ta-bonded to

one face of the cluster and a ¡ra-phosphinidene ligand caps the other Ru4 face. Inclusion of

these main group elements in the cluster core defines a closo pentagonal bipyramid [a least-

squares plane through Ru(a)P(1)Ru(3)Ru(1)C(13) has maximum deviations of 0.11(2) .Ä,1,

with Ru(2) and Ru(5) symmetrically displaced about this plane Í-1.894(2) and 1.877(2) Å,

resp.l. A phosphido group bridges Ru(2)-Ru(3). Three carbonyls are bonded to each of

Ru(4) and Ru(5), and two to each of Ru(l), Ru(2) and Ru(3). A carbonyl on Ru(5) is in a

bent arrangemenr tRu(s)C(10)O(10) 165.9(2)'l: this is probably due to steric effects, since the

non-bonding distances Ru(1).'C(10) and Ru(3)"C(10) a¡e both quite large [3.06, 2.98 

^,
resp.l. The Ru-Ru bonds are within the range 2.812(2) - 2.986(2) Å and Ru-P separations are

in the range 2.31L(6) - 2.472(6) Å. fne ¡ra-phosphinidene has two shorter Ru-P bonds,

involving Ru(3) and Ru(4) [2.360(5), 2.354(7).4., resp.] and two longer bonds to the wingtþ

rutheniums Ru(2) and Ru(5) Í2.472(6),2.410(5) Å, resp.l. The cr-carbon of the vinyl-allyl

ligand, C(13), is bonded to Ru(l), Ru(2), Ru(4) and Ru(5) Í2.04(2),2.52(2),2.07(2),

2.21(2).Ä., resp.l. The interaction with Ru(2) is rather long but is apparently bonding, as there

is a formal electronic deficiency at this ruthenium 17(e). An allylic interaction between C(13)'

C(14), C(17) and Ru(l) tC(la)-Ru( l) 2.20(3), C(17)-Ru(l) 2.33(3) Ä, resp.l is necessary to

fulfil the electronic requirements at this atom. Within the organic group, there are both

delocalized and localized C=C double bonds C(13)-C(14), C(15)-C(16), C(17)-C(18)

11.47(3),1.36(7),1.35(4) Å, resp.l and C-C single bonds C(14)-C(15), C(14)-C(17)

[1.50(5), 1.55(3) .Ä., resp.].

The last structure to be examined in this study is that of (52), which has a metal core based

on a square pyramidal geomerry. fhe phosphinidene P atom is situated 2-017.4. below the
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square base with Ru(l) 1.187 .4. above it. The 1-methyl-3-vinylcyclopentadienyl ligand

attached to Ru(5) is formed by the addition of a further ethene molecule to the vinyl-allyl ligand

in (50b). There are eleven carbonyl groups in the molecule, two being attached to each of

Ru(2) and Ru(3), and th¡ee to each of Ru(1) and Ru(4). A bridging carbonyl is asymmetrically

situated over the Ru(l)-Ru(5) bond tRu(1)-C(5l) 2.353(7), Ru(5)-C(51) 1.925(6) Å1 wittr a

rather short non-bonding dista¡ce to Ru(2) tRu(2)..C(51) 2.600(6) Å1. e semibridging

carbonyl interaction is present between Ru(1) and Ru(3) tRu(1)C(12)O(12) 168'8(6)''

Ru(3)..C(12) Z.g5Å1. fne eight Ru-Ru bonds are in the range 2.794(l) - 2.920(1) Å. fne

phosphinidene and phosphido ligands a¡e attached to the cluster in a manner similar to (33),

the Ru-P disrances being berween 2.265(2) and2.396(2) Å. The cyclopentadienyl ligand is

almost symmetrically bonded to Ru(l) [Ru-C distances 2.172(7) - 2.258(6).4'], and within the

cyclopentadienyl ligand the C-C separations are between 1.40(1) and 1.43(1) Å- fne

C(401)-C(402) bond distance Í1.21(2) Å.1 conf,ums that the ring substituent at this position is

indeed a vinyl group. Like (26) a¡rd (33), the square pyramidal structure of (52) has a

Z4-elecròn, 7-SEP electron counr. Clusters containing cyclopentadienyl ligands are relatively

rare, the only pentaruthenium clusters noted to date being Rus(CO)e(q-C5H5)a2 and

AuRusC(CO)r¡-(PPh:Xq-CsHs) (22),33 while some smaller clusters are mentioned in a recent

review on ruthenium and osmium complexes containing r'ì5-dienyl ligand5.tæ

The addition of two erhene molecules to the phosphino-acetylide in (1) to form (50b)

involves two P-C cleavage reactions and loss of a CO ligand and a phenyl group. As several

protons have been cleaved from the ethene molecules on coupling it is likely that the phenyl

group is lost as benzene .ru lh'tecore transformations a¡e similar to those involved in the

formation of (27). No reaction between (27) andethene was seen to occur in refluxing

cyclohexane, conditions under which (t) reacted to form (50b) and (52)' The conversion of

(Sgb) to (52) by reaction with further ethene is illustrated in Scheme 10. The addition of the

incoming erhene molecule to the vinyl-allyl group is accompanied by loss of a carbonyl ligand

and a major structural rearangement. There is a possibility that the other isomer (50o) is

involved in this transformation, as this product was also isolated from the reaction mixture'
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The alkene-acetylide coupling reactions examined here a¡e without precedent in cluster.

chemistry and are therefore of considerable interest Reactions of ethene with clusters have

generally given l2-bonded complexes.r2s-r21 The reactions of Ru3(CO)rz with ethene have

been shown to give C-C coupled products such as Ru+(F+-rl2-MeCCMeXCO)rz and Ru6C(p-

n2, q2-MeCH=CHCH=CHMeXCO) rs rhrough oligomeri zation of the elsfi¡. 128 Clusters (49)

- (52) may be seen as model compounds for C-C bond-forming reactions which occur at metal

surfaces.l29 The chemisorption and decomposition of ethyne and ethene on oxygen-covered

Ru(001) surfaces has been s¡¡fisd.130'131 g¡¡yns chemisorbs initially and then decomposes

between 200 and 350K to produce a number of stable intermediates including an acetylide

species (CCH); under simila¡ conditions ethene initially chemisorbs irreversibly and then

dehydrogenates to form the stable intermediates ethylidyne (CCH¡) and vinylidene (CCHd.

These intermediates have been implicated in the carbon-ca¡bon chain growth process of

Fischer-Tropsch catalysis. Although clusters can act as catalysts it has not yet been established

whether they are the actual species involved in thê catalytic proces5.l32 For example, the

cluster Ru3(p-H)2(p3-Oxco)s(dppm)z has been shown to be an active catalyst precursor for

ethene hydrogenation reactions, the reaction proceeding through olefin coordination and

activation by the dihydride çlu5¡e¡.133 Recent work has established that alkyne-alkene,ls

alkyne-alkyne,l20,135 alkyne-alkylidyne,l36 alkyne-carbide,137 alkyne-carbyne,tlt alkyne-

methylene,l3g carbyne-ethylidene,l40 and ethene-methylenel¿r coupling reactions all occur

readily for multinuclear organometallic complexes. The structural cha¡actetizztion of

complexes (49), (50b) and (52) shows that acetylide-alkene coupling is also a facile process

for transition-metal cluster complexes. C-C coupling involving three different components is a

new development in the chemistry of large clusters.



Scheme 10. Reaction of (1) with ethene
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3.2.11. 31P NMR studies on some Ru4, Ru5 and Au2Rus clusters

The 31P NMR data gathered in the course of this work is presented in Table 13. Wherever

the complexes containing phosphine, phosphite, phosphido and phosphinidene ligands have

been crystallographically characterized, correlations beween the 31P NMR spectra and these

Structufes have been made. A number of related compounds, which wefe not

crystallographically characterized, ate also listed in the table.

A recent reviewl42 has shown the usefulness of 31P NMR chemical shift and coupling

constant information in defining the stereochemisory of transition metal complexes which

contain phosphido and phosphinidene ligands. Hunner et a1.22 have recorded a series of

chemical shifts for va¡ious Ru5(¡ra-PRs)(CO)rs (R = Ph, Et, Me, CHZPh) clusters, and a small

number of other Ru5 clusters were also mentioned in the review aníc\e-La The work

presented here extends considerably the amount of information pertaining to pentanuclear

rutheniurir clusters.

Ptnsphínídene Lígan^ds: Phosphinidene ligands, in both the t¿4 and p3 modes of

coordination, were found in several of these complexes. Two structural types containing ¡ra-

pph groups have been found for the Ru5 clusters: the first was the arrowhead core, which has

an open Ru4 face capped by a phosphinidene ligand. Complexes (27), (28) and (50b) have

this geomebry and the chemical shifts for the phosphinidenes were found at ô 480.4, 326.I and

353.4,respectively. [The assignment of the signal for Q7) is somewhat arbitrary as there is

also a p3-phosphinidene present at õ 455.9.1 Both phosphinidenes in complex (27) ate

coupled (,[uu. = 79 Hz). Similar coupling was found between the phosphido and

phosphinidene ligands in (28) and (50b), these groups being attached to the Ru(1)-Ru(a)

bond [but numbered Ru(2)-Ru(3) in (50b)] as is the p¡-PPh in (27). The second structural

type is that based on a square pyramid, examples being (26), (33) and (52). The chemical

shifts for the phosphinidene ligands in these clusters were at õ 47 5.7 ,45 1 .5 and 422'2,

respectively. No coupling was observed between the phosphino-vinylidene and phosphinidene

ligands in (26). The phosphinidene ligand in (5) had a signal at ô 191'6 showing P-P
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coupling (100 Hz) to the phosphino-alkyne ligand. This high field shift has a precedent in the

signal found at ô -34 for one of the phosphinidene ligands in Ru4(p4-PPh)zG-

PPhH)2(CO)t.ts

Bridging ptnsphido ligands: The chemicat shift for the phosphido bridge in (1) is at

parricularly low field (ô 310.6). Similar shifts (õ277.3 - 292.9) were found for the swallow-

geometry, phosphite-substituted clusters (29a), (29c) and (30). No phosphorus coupling

was observed be¡veen the P(OEI)¡ ligand in (29c) and the phosphido ligand; this is not

surprising as the phosphite is anached in a cis fashion to the phosphido-bound ruthenium

tP(2)Ru(3)P(3) 102.3(1)1. In the arrowhead arrangement of (50b), the ¡r-PPh2ligand had a

higher field signal atõ236.7,whereas the p-PPh(OMe) ligand in (28) showed had a signal at

õ 297 .2. The lower field shift of the latter is consistent with differences observed beween

phosphite and phosphine ligands. For the square pyramidal clusters (33) and (52), the

phosphido signals appeared atõ203.7 a¡rd ô 263.6,respectively. In the cluster with the

spiked square geometry (47o), the phosphido bridging the Ru(l)-Ru(a) bond had a chemical

shift of õ269.4,while the phosphido ligand bridging the open dista¡rce between Ru(5) and

Ru(2) (see Figure 16) had a high field signal at ô 57.3. The latter signal is comparable to the

shift observed for the phosphido ligand in Ru5$a-r¡z-CzPri)([t+-NC(O)NCPhzXp-

PPh2)(CO)137 (ô 79.7), which bridges a similar open veÆtor. The third pentanuclear

framework to have been examined was that of the scoqpion geomeùry, of which (6k), (6t)'

(43) and (44) are examples. The chemical shifs for the phosphido groups in these complexes

a¡e õ 192.1, 187.0, 194.3 and236.6,respectively. There was a large P-P coupling constant

(,I",. = l24lFrz\ between the phosphido and phosphino-acetylide ligands in (6t), as these

ligands a¡e in a trans arrangement [RuPRu 141.0(l)"]. A normal shift of ô 185-4 was found

for the phosphido ligand in the Ru4cluster (a9) and a signal was found at ô 131.9 for the two

equivalent phosphido goups bridging the Ru3 triangles in (7). The heptanuclear cluster (41)

showed a higher f,reld shift for the phosphido group (õ 203.4) ttran did (29a) (which is the

most closely related Ru5 complex).
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Plnsphine andptnsphite ligands: The phosphino-acetylide ligands in the pentaruthenium

clusrers showed. chemical shifts in the range ô 38.1 - 44.8 for the swallow clusters and ô 7.7 -

64.I for the scorpion clusters. Coordination and re¿urangement of the dppa ligand has moved

the chemical shift of the phosphorus to a lower field than that of the free ligand (õ -31.0). The

Au2Ru5 clusters had signals for the CzPPhz ligand between õ -6.3 and 1.3, the effect of

adding the digold unit to (1) being to shield the phosphorus nuclei. Complex (30) showed

p-P coupling (40 Hz) between the phosphino-acetylide and the P(OEI)3ligand on Ru(l)' As

mentioned above, a large P-P coupling constant (100 Hz) was found between the phosphino-

alkyne and phosphinidene ligands in the teÍanuclear cluster (5); the chemical shift of the

phosphino-alkyne was ô 0.1. The novel phosphino-vinylidene ligand present in (26) has a

chemical shift of õ -34.7. The substituted derivatives (29a), (29c), (30) and (41) had

chemical shifts for the triethylphosphite ligands in the normal region for such ligands E 129-2 -

140.8 , while the triphenylphosphine ligands in complex (a1) had signals at õ 623 and74.7 -

The utility of 31P NMR studies in charactenzingmultinuclear clusters relies on a

sufficiently targe body of data having been correlated with the known structural types. When

such information becomes available, the combination of analytical results, FAB MS, lH NMR,

l3C NMR and3lP NMR data may provide quite detailed information on the stereochemistry of

new complexes without recourse to X-ray studies. In favourable circumstances, the time

required to obtain an X-ray crystal strucure is likely to be shorter than that required for an

analytical and spectroscopic characterization, and the result more certain. In particular, for

complexes that a¡e likely to have new structural geometries, the 31P Ntr¡R results must be

treated cautiously, as the chemical shift regions of the va¡ious phosphorus ligands examined

have been shown to overlap and X-ray studies become essential.
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Table 13. 3lP{lH} NMR data for some Ru4, Ru5 and Au2Ru5 clusterss

ß7.td
(d, ./ = 40)

l.5c

62.6

130.2d

62.3

23.7c

74.9

7t.3

7r.0

74.7

140.8

134.1
2xd,J=35,34)

r37.6

t42.8

186.3

185.7

r29.2

191.6
(d, .I = 100)

475.7

480.4
(d, .I = 80)

326.r
(4.I = 30)

451.5

455.9
(d, .I = 78)

310.6

0.1
(d, .I = 100)

192.t

187.0
(d, "/ = 125)

l3 1.9

297.2b
(d, J = 30)

292.9

300.0
(m)
292.5

277.3

269.6

28r.3

203.7
(m)
213.8

214.3

202.5

203.4

194.8

t94.3

-3 1.0

38.1

7-7

10.5
(d, J = 123)

-34.74

44.2

, 43.5
, (m)

43.9

44.8
({J=40)

39.2

41.0

-6.0

-6.3

0.4

1.3

44.5

40.3

dppa

(1)

(s)

(6k)

(6t)

(7)

(26)

(27 )

(28 )

(29a)

(2eb)

(29c)

(30)

(31)

(32)

(33)

(3 s)

(3e)

(40)

(4 1)

(42)

(43)

PPh32 or
d p(o¡t)¡2

PPh31 or
c PMezPhl

P(OEt)¡lpa-PPhp3-PPhp-PPh2
r p-PPh(OMe)

C2PPh2 or
a C2PhPPh2

Compd

0All specta were recorded in CH2Cl2i peak positions are relative to ext. &5VoH3PC.a-
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Table 13. (continued)o

60.4

374.3
({,f =38)

353.4
(d, I = 32)

375.9
(d, .I = 41)

3s0.6
(d, .f = 35)

422.2
(m)

236.6

1 89.1

21r.3

252.4

249.8

269.4

252.8

25r.0

258.6

242.8

185.4

232.6
(d, "l = 38)

236.7
(d, J = 34)

233.2
(d, .l = 38)

236.0
(d, .I = 38)

263.6
(m)

64.1

49.5

54.9e

65.5

60.8

57 3e

67.2

60.9

4.4

1.3

40.4

(4 4)

(4s)

(46o)

(46b) t

ii

(7 o)

(47b) ¿

ii
(a8o)

(48y)

(4e)

(50o)

(s0b)

(51o)

(srb)

(s2)

PPh32 or
P(OEt)32

PPh3 IP(OEt)¡tpa-PPhp3-PPhp-PPh2C2PPh2 or
e¡r-PPh22

Compd

0All spectra were recorded in CH2Cl2l peak positions are relative to ext. 857oH3POa.
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3.3. Conclusions

Many reactions have now been invesúgated for complex (1) and some reactivity patterns

have been established:

(i) Thermal activation of the cluster results in carbonyl loss, P-C bond cleavage and,

under forcing condirions, orthometallation. Upon pyrolysis, the acetylide ligand is

transformed into a vinylidene tigand [in (26), (27)]by phenyl migration from a phosphido

ligand, the formation of bridging phosphinidene and phosphido tigands helping to maintain

cluster integrity. The generation of smaller clusters (Ru3, Rua) occurs only when excess

reagents are present.

(ü) The oxidative addition of substrates such as HX (X = CI, Br), AuCl@Ph3) (four-

electron donors) or HI (six-electron donor) proceeds to give complexes with sco¡pion

structures. The addition of two CO groups (four electrons) gives complexes with the same

metal core geomenry.2l

(iii) Substitution of carbonyl ligands by two-electron donors such as phosphites or

phosphines results principatly in substitution at wingtip positions when Me3NO is used' and at

the phosphido-bridged rutheniums under thermal conditions. As further P-donor ligands are

introduced into the cluster, the electronic balance in the molecule is maintained by bridging and

semibridging carbonyl interactions.

(iv) The reduction of the acerylide ligand by hydrogen proceeds through successive

addition of H to CB to give a vinylidene ligand ICCH(PPh2)1, followed by an alkylidyne ligand

tCCHz(PPhz)l and finally, cleavage of the C=C bond to give a carbide ligand and a Me goup

(in PMePh2). Three H atoms a¡e added stepwise to the cluster framework.l0 The addition of

the first H2 molecule results in an elecEonic rearrangement within the cluster, but the overall

electron count remains at 76 elecrons. The next addition of H2 is accompanied by the loss of a

CO molecule, and the elecnon count on the cluster drops to 74 electrons. This change in the

electron count is consistent with the structu¡al change from swallow to square pyramidal

geomerry. The final addition of H2 results in the loss of a further CO, which is offset

electronically by the incorporation of the ca¡bide (4e) into the cluster.
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(v) Reduction of (1), followed by the addition of AuCl(PPh3), results in the synthesis

of the heptanuclear digold cluster (35). The phosphite derivative (41) has an open Ru5 core

with six Ru-Ru bonds, which is one less than (1). The breaking of one metal-metâI bond

accords with the addition of two one-electron Au@Ph3) units. In (41), the acetylide still

contributes five electrons to the overall electron count, but the mode of disribution within the

cluster has changed.

(vi) The reacrions of allyl hatides and alkenes with (1) gave C-C coupled products.

The reaction with allyl bromide gave the spiked square cluster (47o), which was found to have

a hexenone tigand formed from the allyl group, a carbonyl ligand and the C2 unit. The reaction

between ethene and (1) gave three crystallographically-charactenzeÀ'complexes (49)' (50b)

and (52). The Rua cluster (49) contained a cyclopentenone ligand formed by the combination

of erhene, CO and C2 groups. Complex (50b) is a 74-electron cluster with an allylic linkage

involving a CC(CCHÐ(CHCH2) ligand, which has been formed by linking two ethene units

with the acerylide. Upon trearment with further ethene, complex (50b) converts into (52)'

which côntains a substituted cycþentadienyl ligand formed by the addition of an ethene

molecule to the allyl ligand in (50b). In complexes (50b) and (52), a phenyl ligand was lost

from (1), presumably as benzene. This is the fint time that the incorporation of carbonyl

ligands into organic units on these Ru5 clusters has been observed The stn¡ctural and

elecronic flexibility of complex (1) has permined avariety of new C-C coupling reactions to be

undertaken. In all cases, cleavage of P-C bonds f¡om the C2 unit has occurred.

A survey of the reactions which have been examined for complex (1) is presented in

Scheme 11, with an emphasis on the transformations of the organic and phosphane ligands

during these reactions.



Scheme 11. Reactivity pathways est¿blished for (1)
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3.4. Experimental

General conditions. General conditions and instrumentation were as outlined in Section

1.4. The matrix for the FAB mass spectrometry was usually 3-nitrobenzyl alcohol, but for low

solubility complexes (such as the Au2Ru5 complexes), a mixture of 18-crown-6 ether and 3-

nitrobenzyl alcohol l:2 (v/v) was found successful. In the case of the Ru4, Ru5, Au2Ru5 and

Ru6 clusters studied here the ions observed were all related to their assigned formulations by

addition or loss of one or two H atoms; this procedure was in pan occasioned by the relatively

weak ion intensities which tended to obscure the true isotope patterns. The carbonyl loss

pauerns almost invariably had some ions of very low intensity relative to the base peak. Many

of the clusters were found to be unstable under FAB beam conditions, apparently undergoing

intermolecula¡ reactions such as CO transfer. As a result" most of the spectra were recorded

within 2 min of sample introduction.

Starting materials. Literature methods were used to prepare [ppn][Co(CO)¿],143 [ppn]-

tMn(CO)s1,144 AuClPPh3,t+s [(AuPPh¡)¡O][BF¿]la6 and Rus(rs-rì2, P-C2PPh)(p-

PPhr(CO)15 [thermodynamic (6t) and kinetic (6k) isomen].21 Ru3(CO)rz was made by

carbonylation (60 aun) of RuCl3.xH2O (3 xTglots, Johnson Matthey) in MeOH (600 mL,

AR) at 125 "C for 16 h.147 P(OEI)¡, PMezPh, PPh3, P(tolyl-p)¡ and dppa were purchased

from Srem Chemicals and were used as received, except for P(OEI)¡, which was distilled

from 4 Å molecula¡ sieves. Me3NO.2H2O (Aldrich) was dehydrated by sublimation at 100

oCllQ-t mm in a glass tube. HCI(aq.), HBr(aq.), HI(aq.), allyl chloride and allyl bromide

(free from halide impurities) were commercial products (BDH), as were HgCl2 (May and

Baker), ethene (Commonwealth Industrial Gases), carbon monoxide (Matheson Gas Products)

and 1-butene (Fluka). Na/BPK solutions were prepared according to literature procedures.l4s
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Syntheses

3.4.I. A large scale preparation of Ru5(p5'\2,P-CzPPhz)(p-PPhz)(CO)rs (1)

Ten drops of Na/BPK solution (approx. 0.1 M¡t+t were added to a degassed solution of

Ru¡(CO)rz (1.0 g, 1.56 mmol, finely ground) and dppa (310 mg, 0.79 mmol) in thf (90 mL).

A N2 srream was used to remove evolved CO. After 15 min another six drops of NaÆPK

solution were added Spot TLC analysis (petroleum spirilcHzclz4:l) of the deep orange

solution indicated the presence of a trace amount of un¡eacted Ru3(CO)rz (Rr 0.77), two minor

orange-red bands and the major orange product (Rr 0.57) { Ru¡(CO) r r } z(Ft-dppa). The solvent

was then removed under vacuum, the residue extracted wittr toluene (50 mL) and filtered

through Celite into a two-neck flask (100 mL). Nitrogen was passed through the solution

using a glass sinter, and the reaction heated to between 88 and 92"C for th 30 min. The dark

brown solution was monitored by TLC and IR for the disappearance of {Ru¡(CO)¡ }z(p-

dppa). After cooling to -15 oC for 15 h, the yellow precipitate of Ru3(CO)12 (150 mg,

0.23 mmol, L5Vo) was frltered off, washed with cold toluene (-15 oC, 2 x 5 mL) and the

filrates evaporated to dryness. The residue was extracted with CHzClz(20 mL), and MeOH

(5 mL) was then added. Following volume reduction (to 7 mL) the solution was layered with

MeOH (20 mL) and cooled to -15 oC (3 h). This gave a first crop of da¡k brown crystalline

Rus(ps-rl2, P-CzPPhù(p-PPhzXCO)r¡ (1) (600 mg). The process of crystallization was

repeated to give a further crop of (1) (210 mg) for a total yield of (1) (810 mg, 0.64 mmol,

827o). These crystallizations had to be performed carefully and reasonably quickly to avoid co-

crystallization of RuaGa-PPh)(F¿-n2, P-PhCzPPhz)(p-CO)z(CO)s (5) (orange crystals).

Although these complexes could be separated by TLC it was not possible on this scale to

achieve reasonable separations by column chromatography on florisil or silica.

New spe.ctroscopic datafor Rus(ps-rt, P-CzPPhù(¡t-PPh2)QO)n Q): FAB MS: 1265,

[M]*; loss of 13 CO groups. [After prolonged periods in the FAB beam peaks corresponding

to rhe carbonylation isomers Rus(ps-r12, P-C2PPh2)(p-PPhzXCO)15 (6k), (6t) were

observed, viz. L32L, tM + 2COl+; 1293, [M + CO]+.1 t3C(lH] NMR (CDCI¡): ô 239.0 (d'

Jp-c=23lHz,C..);202.5 (s),201.5(s), 199.2(s), 198.9(d, Jp-c=4Hz),197.7 (s), 194.5 (s)'
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I94.I (d, "Ip-c = 3 Hz), 193.9 (d, ,Ip-c = 3 Hz), L92.5 (s) - CO; 143.5 - L28.4 (m' Ph); 108.8

(d, "Ip-c =22H2, Cp). Electrochemistry (CHzClz): Differential pulse Eorea -O.tU V; CV

gtr"*d -0.78 V, En rea -0.88 V, I+"."d -0.67 V; this reduction process is quasi-reversible and is

not diffusion controlled.

The supernatant from the above synthesis was evaporated to dryness to give a brown

residue. This residue was converted to Rus(p-HXtt¿-PPh){p4-n4-CCPh(CeH¿)}(tt¡-

PPhXCO! o Q7) by the following procedure: the residue was first dissolved in CH2CI2 and

then supported on florisil; the florisil was then extracted with petroleum spirilCH2Cl2 (1:1)

and the solvent removed undervacuum (to remove all traces of MeOÐ. The resulting product

ìwas then pyrolyzed in toluene and worked up as for the synthesis of (27) from (1) (see

Section 3.4.5 below).

The rwo minor products observed in the ETC reaction of Ru¡(CO)rz with dppa were

purifred by preparative TLC þetroleum spiriVCHzCl2 4:l). An orange compound (Rr 0.28)

was formulated as Ru5(CO)6(dppax)T IR (cyclohexane): v(CO) 2095m,2074w,2056(sh),

2044s,2025(sh), 2013s cm-l. FAB MS: 1265, Ml*; loss of 2 CO groups. The second, red,

compound (Rr0.a5) was formulated as Ruo(CO)re(dppa*XPh) IR (cyclohexane): v(CO)

2092(sh), 2085m, 2O57s,2048(sh), 2024(sh),2017s,1989(sh), 1967(sh) cm-l. FAB MS

1526, [M*; loss of two CO groups.

3.4.2. Pyrolysis of {Ru3(CO)rr}z(p-dppa) under different conditions

(a) The reaction product from Ru3(CO)rz (1 g, 1.56 mmol) and dppa (308 mg,

0.78 mmol) (see Section 3.4.1) was heated (under a N2 blanket) in toluene (50 mL) for 4 h at

90 oC. After removing Ru¡(CO)rz (L42 mg,0.22 mmol , l47o) by cooling (-15 oC), further

crystallization (CH2Cl2/lvleOH) gave a crop of (1) (510 mg, 0.40 mmol, 52Vo).

t (dppa*) is used throughout this chapter to indicate the inco¡poration of the elements of dppa

in the cluster; the ligand does not necessarily correspond to structurally intact dppa.
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The residue was purified by TLC ftletroleum spiriVCH2Cl24:l); five bands were collected, the

first four being identified (IR, FAB MS) as: (1) Rr 0.77 yellow, Rug(CO)r z; Q) R¡ 0.57,

orange, {Ru¡(CO)rr}z(p-dppa); (3) R¡ 0.50, brown, (1); (a) R¡ 0.52, yellow, Ru¿(p¿-rì2-

CzXp-PPhùz(CO)n (7) (see Section 3.4.3). The fifth band (R¡ 0.48, orange) was

fractionally crystallized (CWzClz/petroleum spirit) and the first crop of fine orange crystals

identifred as Rua(pa-PPh){p4-'r12, P-PhCzPPhz}G-CO)z(CO)3.0.5CH2CI2 (5) (15 mg,

0.013 mmol, 2vo),m.p. (160-163 colour change), L75-176 oC. Anal. Calcd for

C36H2'O1.P2Rua.0.5CH2CI2: C, 39.10; H, 1.89; M,1079 (unsolvated). Found: C,39.24:

H, 1.96; MrIO79 (mass spectrometry, [M + II]*= 1030). IR (cyclohexane) : v(CO) 206lw,

2030vs,2008m,2001w, 1982w, 1964w, 1878vw, 1851w cm-1. lH NMR (CDCI3): 87.7 -

7.2 (m,20H, Ph); 5.30 (s, lH, CH2Clz). FAB MS: 1080, [M]*; loss of 10 CO groups.

Slow evaporation of the supernatant gave a further batch of orange crystals which were found

to be Ru5(ps-Í12, P-C2PPh2)(p-PPhzXCO)rs [(6t), thermodynamic isomer]2r (22 mg,0.016

mmol, 2%o),idennfied by IR and spot TLC comparison with an authentic sample.

New spectroscopic data for Rus(ps-n2, P-CzPPhù(tt-PPhz)GO)ts: FAB MS (6t): 1321,

[M]*; loss of 15 CO groups. FAB MS (6k): 1321, [M]*; fragmenøtion pattern identical to

(6r).

(b) A solution of (Ru¡(CO)rr )z(p-dppa) (a50 mg, 0.28 mmol) in toluene (50 mL) was

refluxed for th 30 mins (under a N2 blanket), and cooled,þe Ru3(CO)12 side product was

removed by crystallization (-15 "C). Of the large number of products (12) isolated by

preparative TLC (petroleum spiriVCW2Cl24:1), the major product was (1) ßr 0.45). A green

band (Rr 0.53) was identified (IR, FAB MS) as Rus(p-HXp¿-PPh){p¿-î14-CCPh(CoFI¿)}(tts-

PPhXCO! o Q7). Fractional crystallization of a brown band (R¡ 0.42) gave a first batch of

orange crystals (C[2Cl2/peroleum spirit, -15 "C) which were identified (IR, FAB MS) as (5)

Following volume reduction and cooling of the supernatant, brown crystals of Ru5(¡ta-

PPh){ þz-l12, P-CCPh(PPh2)}(CO) o(26), (identihed by IR, FAB MS) were separated from

an orange powder. The orange powder was given the formulation Ru8(CO)17(dppa*) from

FABMS data(mlz 1681,[M]+). Thelastproductmayalsobeobtainedbypyrolysisof (27)

and Ru3(CO)rz in n-octane. Unfortupately, because of the low yields of this complex it was
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not possible to grow single crystals suitable for an X-ray study. Another complex of the

formulation Ru5(CO)13(dppa*) was also isolated in the initial TLC separation (orange,

R¡ 0.38, 4 *g); this had the following properties: IR (cyclohexane): v(CO) 2088m, 2081w,

2068s, 2044vs,2038(sh),2020vs,201l(sh), 2002s(sh), 1990m, 1978(sh), 1963m. FAB

MS: 1265, [M*; loss of 13 CO gouPs.

3.4.3. Synthesis of Rua(p q'\2-Cù(p-PPh2)2(CO) n Q)

Compound (1) (100 mg,0.079 mmol) was dissolved in benzene (30 mL) and then placed

under 22 atmof CO. The solution was then heated at 105 "C for 21 h. After cooling, the

solvent was removed from the yellow solution under reduced pressure and the residue

chromatographed (TLC: petroleum spirilCH2Cl24:l). Most of the reaction product was

absorbed on the base-line. A yellow band (R¡ 0.8) was identifred (IR, spot TLC) as

Ru3(CO)p (11 mg, 0.017 mmol, 22Vo) and a minor yellow band (R¡ 0.52) crystallized

(CE2Clzlpetroleum spirit) as yellow cubes of Rua(¡ra-q2-Cr(p-PPhz)z(CO)r2 (7) (10 mg'

0.0088 m'mol, IIEù\S identified by comparison with an authentic sample (IR, unit cell

dimensions).

New spectroscopic datafor Ruq(p¿-n2-Cù(P-PPhz)zÇO)n (7): m.p. 158-160'C (dec.).

1H NMR (CoDo): 87.2- 6.2 (m, Ph). trç1rH) NMR (CDCls): ô 198.0 (m), 196.6(m),

194.3(m) - CO; 141.1 (d, ,Ip-c = 37 lfz, Cz); 133.2 - 128.4 (m, Ph). FAB MS: ll37 , [M]*;

loss of 12 CO goups.
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Thermolysis reactions of Rus(!rs-n2, P -C2PPhz)(tt-PPhz)(CO)r¡

3.4.4. Synthesis of Ru5(pa-PPh){[r¡-r]2, P-CCPh(PPh2)](CO)p (26)

A solution of (1) (250 mg, 0.20 mmol) in toluene (60 mL) was heated (oil bath, 170'C)

for 2 h 30 min, with N2 passing through the solution. The solvent was removed under

reduced pressure and the residue separated by chromatography (column: florisil ). A major

green band was removed (petroleum spiriÐ and identifred (IR, FAB MS) as (27) (110mg,

0.093 mmol, 47Vo). The next brown band (eluent petroleum spirilCH2Cl2Z:l) was collected,

and further purified by TLC (petroleum spirit/CH2Cl24:l). A small amount of (27) was

recovered (R¡ 0.68, g¡een band), followed by a major brown band (R¡ 0.58) which was

crystallized (CHzCl2/MeOfÐ to give dark brown crystals of Ru5(¡ra-PPh){p3-q2, P-

CCPh(PPhz))(CO)rz Q6) (54 mg, 0.044 mmol, 22Vo), m.p.205-207 oC. Anal. Calcd for

C3sH2eO12P2Ru5: C,36.93; H, 1.63; M, 7236. Found: C, 36.81; H, 127o; Mr L236 (mass

spectrometry). IR (cyclohexane): v(CO) 2072m,2041s,2025s,2008s, 1985w, 1968w,

1953w cm-r. lH NMR (C6D6): õ 7.9 - 6.8 (m, Ph). t:g1lH) ¡Uvfn ICDCI¡, Cr(acac)g]:

õ 202.6 (m), 197.0(m), 192.6(s), 192.3(s) - CO; 148.8(d, Jp-c = 15 }lz, C"); 133.6 - 127.8

(m, Ph); 109.2 (m, Cp). FAB MS: 1236, [M]+; loss of 10 CO groups.

3.4.5. Synthesis of Rus([r-H)(p¿-PPh){p¿-rla-CCPh(CeH¿)}(p.¡-PPh)(CO)ro

(27 \

(a) Conversion of (1) to (27)

A solution of (1) (200 mg, 0.16 mmol) in toluene (50 mL) was refluxed for 2 h

(oil bath, 155 oC), with N2 flowing through the solution. During this time the reaction mixture

became green and monitoring by spot TLC confirmed the disappearance of the starting

material. The solvent was removed under vacuum and the residue purified by TLC (peroleum

spirilCH2Cl24:l). A major green band (Rr0.53) crystallized (hexane /cyclohexane) by slow

evaporation as dark green-black crystals of Ru5(p-HXg¿-PPh){[r4-q4-CCPh(C6FI+)](p¡-

PPhXCO)ro.0.5CeHr¿ Q7) (122 mg, 0.10 mmol, 65 Vo), m.p. 170-172 oC. Anal. Calcd for
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C36H26O16P2Ru5.0.5C6H14: C,38.30; H,2.33; M,ll80 (unsolvated). Found: C, 38.20; H,

2.22; Mr 1180 (mass spectrometry, 1181 = [M + tll*). IR (cyclohexane): v(CO) 2056vw,

2030vs, 2024(sh),2016s, 2012(sh), 1982m, 1977(sh), 1966m cm-l. lH NMR (C6D6): ô 7.9

- 6.1 (m, 19 H, Ph + C6Ha); 0.99 (m,4H, CH2, hexane); 0.58 (m, 3H, CH3, hexane); -15.38

(dd, ,Ip-¡¡ = 10.3, 7 .3 lHz,lH, RuH). 13C{ lH} NMR (CHzClz): õ 243.2 (d, ,Ip-c =11 H:z,

Co); 199.0 (s), 198.1 (s), 197.5 (d, ,Ip-c =L3 IJz), L93.7 (t, ,Ip-c :31Hz), L92.6 (d, "Ip-c =

29 IJz), LgL.4 (d, ,Ip-c =27 Hz),190.1(d, Jp-c = 3L Ilz) - CO; 149.3 - 124.6 (m, Ph); 117.1

(s, Cp). FAB MS: 1181, [M*; loss of 10 CO $oups. Two minor bands were also observed;

of these rhe brown band (R¡ 0.42) contained (26) (IR, FAB MS). For preparative purposes it

was found that a slightly longer reaction duration (2 h 30 min), and column chromatography

(florisil, eluenr petroleum spidÐ allowed the isolation of (27) in higher yields. Due to the high

solubility of this compound in hydrocarbon solvents the product was generally evaporated to

dryness under vacuum to obtain a sample suitable for further reactions.

(b) Convers¡on of (26) to (27)

Complex (26) (9 mg, 0.007 mmol) was refluxed in toluene (15 mL) for 4 h 15 min, with

N2 flowing through the solution. After cooling, the solvent was removed and the residue

chromatographed (TLC: petroleum spiriVCHzCL24:.L). A major gleen band (R¡0.50) was

identified (IR, spot TLC) as Ru5(p-þGr¿-PPh)(U¿-n4-CCph(CoH¿))(p¡-PPhXCO)rcQ7)

(6 mg, 0.005 mmol, 737o) and a minor brown band (R¡0.38) was collected and identified (IR,

spor TLC) as umeacted (26) (I mg,0.008 mmol, LLVo); two trace bands and a brown base-

line were also observed.
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3. 4 .6. Synthesis of Ru5(pa-PPh){p+-rl4-CCPh(CoH¿)}{p-PPh(OMe)}(CO)rr

(28)

Methanol (15 mL) was added to complex (27) (LOO mg, 0.085 mmol), and the reaction

rnixture was sti:red vigorously for 24 h. The solvent was removed from the brown solution

under reduced pressure and the residue purified by TLC (petroleum spirilCH2Cl2 8:3). A

major brown band @¡ 0.50) was collected and crystallized (CHzClzMeOH) as da¡k brown

rhomboids of Ru5(¡ra-PPh)[pa-r¡¿-CCPh(CoFI4)] {p-PPh(OMe)}(CO)rr (28) (40 mg'

0.032 mmol, 38Vo), m.p. 1l5-ll7 oC. Anal. Calcd for C33H22O12P2Ru5: C, 36.87; H,1.79;

MrL238. Found: C,36.32;H,2.04; Mr7238 (mass spectrometry). IR (cyclohexane): v(CO)

208lm, 2038s, 2033(sh), 2021s,200ls, 1995(sh), 1990m, 1982vw, 1973w,1969(sh),

L952w cm-l. rH NMR (CD2CI2): ô 8.4 - 6.9 (m, 19H, Ph + coH+); 3.14 (d, 
"Ip-H =

I4.2H2,3H, OMe). 13C{lH} NMR (CHzClz): õ 258.4 (d,,Ip-c : L4Hz, Ca); 210.3 (d'

,Ip-c = 36lgrz),206.9 (s),202.0 (s),200.4 (s), 198.0 (s), 193.7 (m), 192.8 (m)' 189.2 (s) -

CO; 146.3 - I23.L (m, Ph); 107.7 (s, Cp); - OMe resonance probably under CHl2Cl2peak.l4e

FAB MS: 1238, [M*; loss of 10 CO groups. Of ttre ten other minor/trace bands only a brown

band (R¡0.15) was collected. This was precipitated quickly (CEzClz/peroleum spirit) as a

brown powder which was unstable in solution. In cyclohexane conversion of this pnrduct to

(28) was complete (IR, spot TLC) within 15 min. The brown powder also has the fomrulation

Ru5(pa-PPh) { CCPh(C6H¿) } { p-PPh(OMe) ) (CO) r r (1 5 mg, 0.012 mmol, l+Vo). IR

(cyclohexane): v(CO) 2050w, 2025s,20I7s,1980w, 1962w cm-l. lH NMR (d-acetone,

240K): õ 8.2 - 6.9 (m, Ph); 3.lZ (d,,Ip-¡r = 14.4 Hz, OMe). 31P(lH) NMR (ó-acetone,

240K): ô 305.5 (d,,Ip-p =26H2, ¡ra - PPh); 299.2 (d, "Ip-p =26H2, p - P(OMe)Ph). FAB

MS: 1239, [M]*; loss of 10 CO goups. A major base-line was also observed in the original

TLC separation of the reaction product.

Crystallograpfty. General techniques and details given below apply to the structure of complex

(28), determined by the author.

Crystal data: Ru5(F¿-PPh)(p¿-q4-CCPh(C6FI4)){¡r-PPh(OMe)}(COh1.2MeOH.H2O

(28) = Ca6H32O15P2Ru5, M 1317.9, Dm1.89, Z 4, D.I.87 g cm-3, monoclinic,
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space group P2r/" fclzn No. 14), a 20.556(5), b 10.698 (2), c 2r.536(3) Ã, p 98.62çz¡o,

u 4682.4 Ä3, r(OOO) 2568.

A suitable crystal (0.12 x 0.34 x 0.22 mm) of (28) was grown from CH2CI2MeOH at

-15 oC and was mounted on a glass fibre using cyanoacrylate 'super' glue. The density of the

crystal was measured by flotation in aqueous zinc bromide solution. Lanice parameters were

determined from a least-squares fit to the setting angles of 25 high angle reflections on an

Enraf-Nonius CAD-4F four-circle diffractometer using graphite monochromated Mo-Ko

radiation (î, = 0.7107 Å). fne crystal was found to be monoclinic with systematic absences

h}l: I =2n + L and 0k0: k--2n+ 1 defining the space group P Zlc {cin, No. t+¡'

Intensity data were measured at room temperature using a a;20 scan mode (0 range 1.5 -

22.50). The intensities of th¡ee standa¡d reflections were monitored every 60 min to check for

crystal and machine stability. Datareduction and application of Lorenø and polarization

correctioirs were undertaken with the programs PREABS and PROCES.I50 Absorption

corrections (p 16.45 mm-I, maximum and minimum transmission factors 0.8056 and 0.6866)

were applied using the SFIELX-7615r system of programs which were also used for all the

solution and refinement work. Reflections with intensities f <2.5 o(l) and systemically

absent reflections were rejected, while equivalent reflections were averagd (Rr-¿ = 0.030); of

the 8012 measu¡ed reflections 6l26werc found to be unique.

The structure was solved by direct methds to give the metal atom positions; all other non-

hydrogen atoms were located by means of Fourier difference maps of successive blocked-

matrix least-squares refinements in which the functionLw!2 was minimizey'., and where w

was rhe weight applied to each reflection and Â = lf'. | - l¿ l. fnenyt rings were included

as hexagonal rigid $oups (C-C 1.395 Å) witft indiviclual isotropic thermal parameters.

Hydrogen aroms were placed in calculated positions (0.97 Å) with common group thermal

parÍLmeters.

At this stage of the refinement seve¡al residual elecron density peaks were located in a

difference mapi these were consistent with the presence of solvent molecules of crystallization
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They were assigned to oneH2O molecule and one MeOH molecule. A third solvent molecule

was refined as a disordered [about (0.5, 0,0)] MeOH molecule. In the final ref,rnement cycles

(with all non-hydrogen atoms and non-phenyl carbons anisotropic), the following weighting

wasemployed: w= [o2(Ð * lS I P]-I;atconvergenceg =0.004,R =0.039 andR* =

0.042. Bond lengths, valence angles, non-bonded distances and their standard deviations were

all calculated using SHEIX-76. Least-squares planes and dihedral angles were calculated

using the program LSPLAII152 and diagrams plotted by PLUTO.153 4¡l programs were

implemented on the VAX 1lÆ85 computing system at the University of Adelaide. Neutral

atom scattering factors for C, H, O and P were those listed in SIIELX-76 and those for Ru

were obtained from the International Tables,l541þe values being corrected for anomalous

dispersion.

The listings of observed (F") and calculated (F") structure factors, bond distances and

angles, and positional and thermal p¿ìrameters for the structure are given in Appendix 1.
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Ligand Substitution Reactions of Rus(ps-n2, P-CzPPhz)(p-PPhz)(CO)r¡

3.4.7. Syntheses of three isomers of Ru5(p5-\2, P-CzPPhz)(p-PPhz)(CO)rz-

{P(OEt)3} (29a), (29b), (29c) and

R u s (ps-n 2, P -C2PPh z) (p- PPhz) ( C O ) u{P (O Et)¡}z (3 0)

(a) Me3NO-assisted reaction

A solution of (1) (100 mg, 0.079 mmol) in acetone (50 mL) was cooled to 0 oC and then

Me3NO (6 mg,0.08 mmol) and P(oEÐ¡ (16 mg, 0.096 mmot) were added in quick

succession. The solution was allowed to warm to r.L over 30 min and further portions of

P(OEI)¡ (8 mg,0.048 mmol) and Me3NO (3 mg,0.04 mmol) were added. After a further 15

min atl the starting cluster had been consumed (spot TLC) and the solvent was removed under

vacuum. Preparative TLC of the residue (petroleum spirilacetone/CÞ2Cl214:2:l) separated

nine bands of which only the major two were collected. The first brown band (Rr 0.35)

crystallized (CE2Cl2/peroleum spiriÐ as dark brown crystals of Ru5(¡r5-\2, P-C2PPhz)(p-

PPh2)(CO)rz{P(OEt)i}.Q.5CHzClz Q9a) (39 mg, 0.028 mmol, 35Vo),m.p.270 oC (dec.).

Anal. Calcd for CaaH35O15P3Ru5.0.5 CH2CI2: C, 37.00; H,2.5I; Mr 1402 (unsolvated).

Found: C, 36.96; H,2.51; Mr I4O2 (mass spectrometry). IR (cyclohexane): v(CO) 2061m,

2029s,2007(sh), 2001s, 1990(sh), 197Im,1953w, 1933w cm-I. lH NMR (CDCI¡): ô 7.9 -

7.3 (m, 20H, Ph); 5.30 (s, lH, CH2CIz);3.92 (p,,I = 7.0H2,6H, CH); 1.17 (t,,IH-H =

7.0H2,9H, CH3). FAB MS: 1402, [M]+; loss of 12 æ gloups. A second brown band

(Rf 0.38) was rechromatographed (ILC: petroleum spiritÆt2O/acetone l7:3:l). The major

brown band (R¡ 0.25) that developed was quickly removed from the TLC medium, precipitated

(CHzCtzMeOH) by volume reduction (at -70 oC), and washed with EIOH and pentane

(-70 "C). This product, an isomer of Ru5(¡r5-Tf , P-C2PPhzXp-PPhzXCO)rz{P(OEt)¡} (29b)

(13 mg, 0.0093 mmol, l2Vo),was unstable in solution and a crystalline sample suitable for X-

ray or elemental analysis could not be prepared. IR (cyclohexane): v(CO) 2010m,2034s,

2012s,2002s,1980(sh), 1953w, 1948w, 1934w,1801w cm-l. lH NMR (CDCI¡): ô 7.6 -

7.2 (m,20H, Ph); 4.03 (p, J = 6.7 lHz,6IF^, CHz); 1.20 (t,,IH-H = 6.9 }Jz,9H, CHg)'
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FAB MS: L402, [M]+; loss of 12 CO grouPs

(b) Thermal Reactions

(i) In cyclohexane: A solution of (1) (100 mg, 0.079 mmol) dissolved in cyclohexane

(30 mL) was heared (45 "C), and P(OEI) 3 (24 mg,0.145 mmol) was then added portion-wise

over 45 miir. Following this the solvent was removed under reduced pressure and the residue

purifred by TLC (petroleum spirilacetone/CH2Cl214:2:7). Five bands were collected, the fust

(R¡ 0.50, brown) being identified (IR, FAB MS) as unreacted (1) (34 mg,0.027 mmol, 34Vo).

The second band (R¡0.40, och¡e) crystallized (CH2Cl2lMeOH) as da¡k red-brown crystalline

Rus(lrs-n2, P-C2PPï2Xp-PPhzXCO)rz{P(OEÐ¡} (29c) (25 mg,0-017 mmol, 23Vo), m.p'

2lg-220 oC. Anal. Calcd for caaH35orsP¡Rus: c,37 .70 H,2.40; Mf 1402. Found: c,

37.33;H,2.48; M,l4OZ (mass spectrometry). IR (cyclohexane): v(CO) 2071w'2052s,

2005s, 1984(sh), 1971(sh), 1945w cm-r. lH NMR (CDCI¡): õ 8.0 - 7.3 (m,20H, Ph);3.41

(m,6H, CHz);0.96 (t,,I¡.¡-H =7.0 Hz,9H,CH¡). FAB MS: 1402, [M]*; loss of 12CO

groups. The two middle brown bands (Rf 0.35 and 0.33) were identified (IR, FAB MS) as

(29b) (4 mg, 0.003 mmol, 4Vo), and (29a) (6 mg, 0.004 mmol, 5Vo)- The last band (R¡ 0'28'

brown) was crystallized (CH2cl2/peroleum spirit) by slow evaporation and cooling to give

dark brown crystals of Ru5(p5-\2,P-C2PPhz)Gr-PPhzXCO)rr{P(OEI)¡}z (30) (14 mg'

0.0091 mmol, Llvo), m.p. 213-214 oC. Anal. Calcd for c¿sHsoo17PaRu5: C, 38.21; H,

3.27; Mr 1540. Found: C, 38.01; H, 3.19; Mt l54O (mass spectrometry, [M + 2H1+ = 1542).

IR (cyclohexane): v(CO) 2038m, 2018s, 1992s, 1983(sh), 1965m, 1943m, 1926(sh)' 7791w

cm-l. rH NMR (CDCll): õ 8.1 - 7.3 (m,20H, Ph); 3.92(m,6H, CHz); 3.77 (p,J =7-0Hz'

6H, CHz); 1.18 (t,JH-H = 7.0H2,9H, CH3); 1.11 (t,,/H-H ='7.0H2,9H, CH3). FAB MS:

1542, [M]*; loss of 9 CO groups. Three other minorltace bands were not characterized

further. No conversion between the three isomers of (29) was detected by lH or 3lp NMR

(CDCI¡ or CH2CI2, 2h, r.t.).

(ii) In acetone: To (1) (200 mg, 0.16 mmol) in acetone (40 mL) was added P(OEI)¡

(46 mg, 0.28 mmol) over t h at r.t. After a further 20 min the solvent was removed under

vacuum. Preparative TLC of the residue (peroleum spirilacetone/C*lzClzI4:2:L) eluted
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eleven bands, of which frve were collected and identifred spectroscopically (IR, FAB MS) as:

(1) Rr 0.85, brown, (1) (23 mg,0.018 mmol, IITo); (2) Rr 0.78, ochre, (29c) (22 mg,

0.016 mmol, I\Vo); (3) Rr 0.68, brown, (29a) (5 mg, 0.004 mol,2Vo); (4) Rt 0.60, brown,

(30) (75 mg, 0.049 mmol, 307o); and (5) R¡ 0.50, orange, Ru5(CO)1a(dppa*){P(OEt)3} (4

mg, 0.003 mmol, 27o) IR (cyclohexane): v(CO) 2048m,2o42(sh),2031s, 201lw, 1996s,

1977w,1956w, 1945w cm-l. FAB MS: 1457, [M]*; loss of 14 CO groups.l.

(c) Attempted formation of (30) from (29a), (29b) or (29c)

(i) From (29a): A solution of (29a) (7 mg,0.005 mmol) in acetone (40 mL) was treated

with P(OEI)2Q2mg,0.072 mmol) ar 33 oC. After 16 h the solvent was removed under

reduced pressure and the residue purified by TLC (petroleum spirilCHzCI2/acntoneT:2:1) to

give a major brown band (R¡0.32) that was identified as (30) (IR, FAB MS).

(ii) From (29b): A solution of (29b) (9 mg,0.006 mmol) in acetone (40 ûiL) was treated

with P(OEI)2Q2mg,0.072 mmol) at 33 oC. After 16 h the solvent was removed under

reduced pressure and the residue purified by TLC (petroleum spirilCH2ClylacetoneT:2:I) to

give a major brown band @¡0.32) that was identified as (30) (IR, FAB MS).

(iíi) From (29c): A solution of (29c) (15 mg, 0.0011 mmol) in acetone (15 mL) was

treated portionwise with P(OEI)3 (11 mg, 0.066 mmol) at 45 oC. After I h 15 min the solvent

was removed under reduced pressure and the residue purified by TLC (petroleum

spirilCH2Clvlacetone t4.2:l) to give four brown bands. Two bands (R¡0.26, 0.20) were

identified (FAB MS,IR) as isomers of Ru5(CÛ)rr(dppa*){P(OEt)¡}z {[M]* 1542,IR

signihcantly different from (30)) and the fourth (Rr 0.37) as unreacted (29c).

3.4.8. Synthesis of Ru5(p5 -\2, P -CzPPhz)(p-PPhz) (CO) rr(PMezPh)2 (3 1 )

An immediate reacúon occurred when PMe2Ph (11 mg, 0.080 mmol) was added to a

solution of (1) (50 mg, 0.040 mmol) in acetone (20 mL). After 30 min the solvent was

removed under vacuum and the products separated by TLC (petroleum spirilCH2Cl24:3)- A

major brown band (R¡0.30) was separated from the four other minor bands and crystallized
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(CHzClzMeOH) as brown plates of Ru5(p5-\2, P-C2PPh2)(p-PPhzXCO)rr-(PMe2Ph)2 (31)

(43 mg, O.O29 mmol, 72Vo), m.p. 241-243 oC. Reliable analyses could not be obtained for

this complex. IR (cyclohexane): v(CO) 2038(sh), 2034m,2OL4s,1988vs' 1962w, 1953w,

I933m, I775w cm-l. lH NMR (C6D6): 7.8 - 6.5 (m, 30H, Ph); 1.19 (d, "Ip-u = 10.0 H:z, 6}l'

Me); 0.93 (d, Jp-u = 10.5 Hz,6IP^, Me). FAB MS: 1485, Ml*; loss of 11 CO groups'

3.4.9. syntheses of Rus(ps-n2, P-C2PPhz)(p-PPh2)(CO)12(PPh3) (32) and

Ru5(p4-PPh)(p¡-q2-PhC2Ph)(p-PPhz)z(CO) ro (33)

(a) Me3No-assisted reaction

To a solution of (1) (100 mg, 0.079 mmol) and PPh3 (2I mg,0.080 mmol) in acetone

(45 mL) was added Me3NO (6 mg, 0.080 mmol). After t h a further portion of Me3NO

(6 mg, 0.080 mmol) was added and 5 minutes later complete reaction was indicated by spot

TLC. The solvent was removed under vacuum and the residue chromatographed (column:

silica). Elution with petroleum spiriVCHzClz?:3) gave a trace orange band followed by a

major brown band which was crystallized (CHzCl2/petroleum spirit) as black crystalline

Rus(ps-n2, P-CzPPhzXp-PPhzXCO)rz(PPh¡) (32) (55 mg, 0.037 mmol, 467o), m.p. 184-

186 oC. AnaI. Calcd for c56H35o12P3Ru5: c, 44.89;H,2.35; M, 1498. Found: c,44.45;

H,2.57; Mr L4gg (mass spectrometry,1499 = [M + H]*). IR (cyclohexane): v(CO) 2062s,

2028s,2008m, 2001(sh), 1993m, 1974w,1968(sh), 1952m cm-I. lH NMR (CoHe): õ 7.9 -

6.6 (m, Ph). FAB MS: 1499, [M]*; loss of 12 CO goups. Two other minor bands were

eluted but not cha¡acterized and a large amount of material was also left on the column.

(b) Thermal reactions

(i) In CHzCl2: A solution of (1) (100 mg,0.079 mmol) and PPh3 (21mg,0-080 mmol)

was refluxed in CH2CI2 (20 mL) for 20 h. After cooling and removal of solvent under reduced

pressure the residue was purified by TLc (petroleum spirivcH2clz3:2): a major brown band

(Rf 0.44) was separated from seven other bands and further TLC þetroleum spiriy'CWzclzl

acerone L6:2:l) resolved this product into two bands. A brown band (R¡ 0.36) was found to

be (32) (54 mg,0.036 mmol, 45Vo) (identified by IR, FAB MS) and the remaining green band
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(Rr 0.43) crysrallized (CÞzClzlhexane) to give dark green-black crystals of Ru5(¡ta-PPhXp¡-

q2-PhC2PhXp-PPhz)z(CO)ro.0.5CoHr¿ (33) (25 mg, 0.017 mmol, 22Vo), m.p.238-40 oC.

Anal. Catcd for C5aH35O1eP3Ru5.0.5C6H1a: C, 46.09; H, 2.85; Mt 1442 (unsolvated).

Found: C,46.15:H,2.94; Mr lMz (mass spectrometry,1444 = [M + 2H]+). IR

(cyclohexane): v(CO) 2044vw, 2025s, 2013(sh), 1996vs, 1.97 6vw, 1970vw, 1947vw cm-l.

lH NMR (CDCI¡): 7.7 - 6.9 (m, 35H, Ph);1.42 (m, 4H, hexane); 0.88 (m, 3H, hexane).

FAB MS: L444,lMl+; loss of 10 CO groups.

(ii) Conversion of (32) to (33) in CH2C|2: Complex (32) (15 mg, 0.010 mmol) was

heated in CH2CI2 (25 mL) at reflux for 20 h. The solvent was then removed and the residue

purified by TLC (peroleum spirilCH2Cl2lacetone 76:2:l) to give four bands, of which a green

band (Rr 0.32) was identifed (FAB MS, IR) as (33) (2 m9,0.007 mmol, L4Vo) and a brown

band (R¡ 0.29) as unreacted (32) (I2mg,80Vo).

(iii) I2-dichloroethane: Heating a solution of (1) (50 mg, 0.040 mmol) and PPfu (11 mg,

0.042 mmot) in 1,2-dichloroethane (20 mL) for 2O h (oil bath, 106 "C) gave an orange-brown

solution. The solvent v/as removed and the residue separated by TLC (petroleum spirit/

CÉzClzlacerone 16:2:l) g,ving a complicated array of products (1 1 bands), of which only a

green band (R¡0.30) (33) (7 mg,0.005 mmol, 72Vo) was charactenzed (IR' FAB MS).

3.4. 10. Synthesis of Ru5(pa-PPh)(p¡-n2-PhCzþ-tolyl))(p-PPhz)'

{p-P(p-tolyl)z}(CO) ro (3a)

A reaction between (1) (90 mg, 0.071 mmol) and P(p-toly\3 QZ mg, 0.071 mmol) in

refluxing CH2CL2(20 mL) gave a brown-green solution. The solvent was removed and the

residue purified by TLC (petroleum spiri/CH2Cl2lacetone L6.,2:l); a major green band was

collected and precipitated from CE2Cþ/petroleum spirit to give a green solid Ru5(¡q-PPh)(p¡-

qz -PhC2@-tolyl) ) (p-PPh2) { p-P(p-tolyl)z } (CO) r 0.0. 5 CoH r¿ (34) (39 mg, 0.026 mmol,

37Vo), m.p. 250.C (dec.) Anal. Calcd for cszFl¿ro1sP3Ru5.0.5coHr¿: C,47.191'H,3.17;

M, (unsolvated) 1484. Found: C,47.11; H, 3.ll; Mr l484 (mass spectrometry, 1485 = [M +

Hl+). IR (cyclohexane): v(CO) 2045vw,2025s,2013(sh), l997vs, 1980vw, l972vw,

l949vw cm-I. lH NMR (C¡DO): ô 7.S - 6.6 (m, 32H, Ph + COH¿); 1.87 (s, 6H, Me); 1.85
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(m, 3H, Me); 1.30 (m,4H, COIIT¿),0.88 (m, 3H, C6H1a). 3rP{lHJ (CHzClz): ô 451.4 (s,

PPh); 203.8 [m, PPh2+ P(tolyl)z]. ¡tP{lH} (acetone): õ 452.3 (s, PPh);203.7 (m, PPh2);

208.7 [m, P(tolyl)2]. FAB MS: 1485, [M]+; loss of 10 CO groups.

3.4.11. Syntheses of Au2Rus([rs-n2, P-C2PPhz)(p-PPhz)(CO)rz(PPh¡)z (35)

(a) Using [(AuPPh¡)3O][BF4l] /[ppn][Co(CO)¿]

A mixture of (1) (51 mg, 0.040 mmol), [(AuPPh¡)gO][BF4] (62 m9,0.041 mmol) and

tppnl[Co(CO)4] (30 mg,0.M2 mmol) in thf (20 mL) was stirred at r.t. for24 h giving a

green solution. The solvent was removed under vacuum and the residue extracted with

Cflzcl2(minimum volume). Diethyl ether (20 mL) was then added and the volume reduced;

after cooling C15 "C), the resulting white precipitate was filtered off and identified (IR, FAB

MS) as tppnltBF¿l (7 mg,0.01 mmol,26Vo). The filtrate was evaporated to dryness under

reduced pressure and purified by TLC (petroleum spirilCH2Cl22:t). A minor white band (R¡

0.60) was identified as AuCo(CO)¿(PPhr) IR (cyclohexane): v(CO) 2055s, 1988m, 1958vs

cm-l'FAB MS:630, [M*; loss of 4 CO groups ll-it.tss IR (CSt 2054s, 1988s, 1957s cm-l]

The major band (R¡0.24) was crystallized (CÍL2Cl2/petroleum spiriÐ as da¡k green-black

crystals of Au2Ru5(!rs-r12, P-CzPPhù(p-PPhzXCO)rz(PPh¡)z (35) (66 mg, 0.031 mmol,

777o), m.p. > 330 'C (dec.). Anal. Calcd for Cz¿FIsoAu2Ol2PaRus: C,41.26;H,2.34; M,

2154. Found: C,41.61; H,2.62; Mt2l54 (mass spectrometry,2155 = [M + H]+). IR

(CHzClz): v(CO) 2057w,2036s, 1984vs, 1957(sh), lglTmcm-l. rH NMR (CDCI¡): ô 7.5 -

6.6 (m, Ph). 13C{lH} NMR (CHzClz): ô 215.3, 214.7,212.8, (3 x s, CO):206.2,202.1,

198.0, 194-6 (4 x m, Co); 1a4.1 (dd, '/p-c = 27, ll Hz, Ca); l4l'2 - 726'0 (m' Ph)' FAB

MS: 2155, [M]*; loss of 12 CO goups.

A larger scale reaction { (1) (100 mg), [(AuPPh3)3O][BF4] Q24 mg), [ppn][Co(CO)¿]

(60 mg), rhf (35 mL) ) was worked up after 24hby removing the solvent under vacuum and

purifying the residue by column chromatography (florisil). AuCo(CO)a(PPh3) (41 mg'

0'065 mmol, 83vo) wasremoved f,rrst (petroleum spiriVCE2cl2 8:l' colourless band)'

followed by (35) (140 mg,0.065 mmol, 837o) (peroleum spiriVCH2CI23:1, green band).
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Au2Ru5(ps-r12, P-CzPPh2)(p-PPhzXCO)rz(PPh:)z (35), unlike most of the other Ru5

clusters, is virnrally insoluble in hydrocarbon solvents and although it crystallizes readily the

crystals are not suitable for a¡r X-ray study.

(b) Using [(AuPPhg)¡O][BF¿] /[ppn][Mn(CO)s]

similarly (1) (50 mg, 0.040 mmol), [(AuPPh¡)¡O][BF4] (60 mg, 0.041 mol) and [ppn]-

tMn(CO)sl (29 mg,0.041 mmol) in thf (25 mL) were stirred at r.t. for 20 h. Following

removal of the solvent under vacuum, TLC þeroleum spirit/CH2CI22:l) of the residue gave

two bands: white (Rr0.65) AuMn(CO)5(PPh3) (7 mg,0.01 mmol,27Vo) identified

spectroscopically IR (cyclohexane): v(CO) 2O67m,1962vs cm-l, FAB MS: 654, [M]* - loss of

2 CO groups ll-it.tss IR (CCl4) 2062m,196lvs cm-l]; and green (Rr 0.2a) (35) (63 mg,

0.029 mmol, 737o), identihed by IR.

(c) Using [(AuPPhs)sO][BF¿] /NalCo(CO)¿l

Rus(ps-q2, P-C2PPb2)@-PPh)(CO)r¡ (1) (100 mg, 0.079 mmol) was added to a filtered

(Celite) solution of NaCo(CO)4 (0.12 mmol), prepared from Co2(CO)e (20 mg, 0.058 mmol)

and IVo Na amalgam in thf (15 mL). No reaction was apparent after 20 h, and spot TLC

indicated that both starting materials were still present. Addition of [(AuPPh¡)gO][BF¿]

(118 mg, 0.080 mmol) gave a green solution after 4 h. The solvent was removed under

vacuum and the residue purified by TLC þetroleum spiriy'acetone 8:5). A major geen band

(Rf 0.35) was collected and identified (IR, FAB MS) as (35) (59 mg,0.027 mmol, 35Vo).

(d) Using only [(AuPPh¡)3O][BF4]

A solution of (f) (50 mg, 0.040 mmol) and [(AuPPh¡)¡O][BF¿] (59 mg, 0.04 lmmol) in

thf (20 mL) were stirred at r.t. for 20 h. The solvent was then removed under vacuum.

Preparative TLC þetroleum spirit/acetone 8:5) of the residue eluted six bands of which three

were collected and identified (IR, spot TLC) as: (1) a brown band (R¡ 0.53) of umeacted (1)

(5 mg, 0.004 mmol, l07o); (2) a green band (R¡ 0.35) of (35) (19 mg, 0.009 mmol, 227o);
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(3) a major brown base-line (extracted CþizCIz[:;/¡eOH) contained Au3Ru5(CO)ro(dppa*)-

(PPh3)3 IR (cyclohexane): v(CO) 2047w,2024w,2014(sh), 2006(sh), 1978vs, 1916(sh)

cm-l'FAB MS: 2556, Ml*.

(e) Using sodium amalgam and AuClPPh3

Reduction of a solution of (1) (50 mg,0.040 mmol) in thf (24mI-) with sodium amalgam

(4 mL, LVo arnalga¡rr) for40 mins gave a black solution UR (thÐ: v(CO) 2021(sh), 2005(sh)'

1968vs (overlap with thf¡, 1948(sh) cm-l1. This was then syringed into a flask containing

AuCtPPh3 (40 mg,0.081 mmol). The solution immediately tumed g¡een and after stining for

15 min the reaction mixture was filtered (Celite) and evaporated to dryness underreduced

pressure. The residue was purified by TLC (petroleum spirilCH2Clz2:l) and a major green

band (R¡ 0.27) was collected and precipitated (CHzCt2lpetroleum spirit) as (35) Q3 mg'

0.034 mmol, 857o) (identified by IR and FAB MS).

N.B. The reduced solution produced from (1) (50 mg,0.040 mmol) and sodium amalgam

in thf (24 mL) (as above) was added to [ppn]Cl (50 mg, 0.087 mmol) in MeCN (10 mL) and

stirred for 20 min. A colour change to brown was observed. The solution was filtered (Celite)

and evaporated to dryness under reduced pressure. The residue was extracted with CH2CI2

and EIOH was added; volume reduction of this solution gave a red-brown precipitate. This

product is thought to be [ppn]z[Rus(COh2dppa] (65 mg, 0.028 mmol, 707o)- IR (CHzClÐ:

v(co) 2025m,1987vs, 1970(sh) cm-I. IR (thÐ: v(co\ 2020m,1983vs cm-I. FAB MS:

1236, [M]-; loss of 8 CO goups; 538, [ppn]+; no Ru-containing peaks in the positive ion

specrrum. lHNMR (CeDddí-acetone3:1): ô 7.4-7.2 (m,Ph). Noreactionoccurredwhen

this product was treated with AuCl(PPh3).

3.4. I 2. Synthesis of AuzRus(ps-12, P-CzPPhz)(p-PPh2)(CO) rz(PPh¡)'

{P(OEt)3} (39), AuzR us([rs'Tl 2, P-CzPPhz)(p-PPh2) (C O ) rr(PPhg)'

{P(OEt)¡}z (a0) and Au2Rus(ps-n2, P-C2PPhz)(p-PPhz)(CO)rr'

(PPh3)2{P(OEt)3} (41)

Complex (35) (70 mg,0.033 mmol) and P(OEI)3 (9 mg,0.054 mmol) were heated in
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refluxing CH2CI2(15 mL) for t h. A furtherportion of P(OEI)3 (6 mg,0.037 mmol) was

added and heating was continued for 15 min. At this stage reaction appeared to be complete

(by spot TLC). The volume was then reduced to 1 mL and petroleum spirit (10 mL) was

added to precipitate a green solid, which was washed with further petroleum spirit. Preparative

TLC (petroleum spirit/CE2Cl2lacetone 8:2:1) of this product gave three green bands. The fi¡st

band (R¡ 0.53) was crysrallized (CEzClzlcyclohexane) as microcrystalline AuzRus(lrs-'\2, P-

CzPPhz)Gr-PPh2XCO)rz(PPh¡){P(OEI)¡} (39) (8 mg, 0.004 mmol, l27o)' m.p-

230 oc(dec.). Anal. calcd for cozHsoAu2ol5PaRus: c, 36.18:H,2.45; Mf 2058. Found:

C,35.82;H,2.44; Mt2058 (mass spectrometry,2059 = [M + H]+). IR (CHzClz): v(CO)

2058w, 2036s, 1998(sh), 1988vs, 1962(sh), Lg2lmcm-l. lH NMR (CDCI¡): ô 7.9 - 6.9 (m,

35H, Ph); 3.62(m,6H, CH);0.85 (t,,Is-H = 7.0Hz,9H, CH3). FAB MS: 2059, [M]*;

loss of 2 CO groups. The second band (R¡ 0.40) crystallized (CHzCl2lpetroleum spirit) as

green microcrystalline Au2Ru5(p5 -rf , P-CzPPhÐ(p-PPhzXCO)¡(PPh3){P(OEI)¡}z (a0)

(26 mg,0.012 mmol, 36Vo), m.p. 174-178 oC. Anal. Calcd for c6TH65AuzOrzPsRu5: C,

36.63;H,2.98; MrZL96. Found: C,37.15;H,2.82; M-2196 (mass spectrometry,2l9T =

lM + Hl+). IR (CHzCIz): v(CO) 2035m, 2002m,1976vs, 1965(sh), Igl2mcm-I. rH NMR

(CDCI¡): õ 8.2 - 6.9 (m, 35H, Ph); 4.18 (m, 6H, CHz); 3.58 (m, 6H, CH2); 1.30 (t, "IH-H =

7.0H2,9H, CH3); 0.83 (t, "IH-u = 7.0H2,9H, CH3). FAB MS: 2197, [M]*; loss of 10 CO

groups. The last band (Rr 0.33) crystallized (CHzCl2lpetroleum spirit) as large green-black

crystals of Au2Ru5(ps-rì2, P-CzPPhz)(p-PPhzXCO)rr(PPh¡)z{P(OEt)¡} (41) (11 mg'

0.0048 mmol, l57o),m.p.275 oC (dec.). Anal. Calcd for C79H65AuzOr¿PsRu5: C, 4l-39:

H, 2.86; Mt22g2. Found: C,41.46;H,2.95; Mt2292 (mass spectrometry). IR (CHzCIz):

v(CO) 2036m,2005m, 1977vs, 1964(sh), l9llm cm-l. lH NMR (CDCI¡): ô 8.2 - 6.6 (m,

50H, Ph);4.18 (m,6H, CHz); 1.29(I,,IH-H= 7.0H2,9H, CH3). FAB MS: 2292, [M]+; loss

of 10 CO groups.

3.4.13. Synthesis of Ru5(p-H)(ps-q2, P-CzPPhz)(p-PPhz)(p-Cl)(CO)13 (42)

Twodropsof HCI (aq.33Vo;58mg,approx. 1.61 mmol)wereaddedtoasolutionof (1)

(100 mg,0.079 mmol) dissolved in acetone/CÞ2Cl2(1:1, 20 mL). After stirring for 20 min
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no starting material remained (spot TLC). At this stage CH2Clz(2O mL) and water (10 mL)

were added to the orange solution. The organic layer was then extracted with a further two

aliquors of water, dried over MgSOa and evaporated to dryness. Crystallization (CH2Cl2l

petroleum spirit) gave Ru5(p-HXps-r12, P-C2PPh)(p-PPhzXp-CIXCO) r¡ (87 mg,

0.067 mmol, 85Vo). The anatytical sample was prepared by preparative TLC þetroleum

spirilCH2Clz2:l) of this product. A major orange band (Rr 0.52) was separated from three

trace bands and crystallized (CHzCl2l petroleum spirit) to give orange crystalline Ru5(p-H)(p5-

rl2, P-CzPPhzXp-PPhzXp-ClXCOh: (a2) (30 mg, 0.023 mmol, 297o), m.p. 193-

194"C. Anal. Calcd for C3eH2lClOr¡PzRus: C, 36.03; H, 1.63; Mr L300. Found: C, 36.55;

H, 1.84; Mt l30O (mass spectrometry). IR (cyclohexane): v(CO) 2087w,2070s,2061s,

2050(sh), 2023vs,2014(sh),2009(sh), 1998(sh), L976m,1958(sh), 1948(sh), 1944m cm-l.

lH NMR (CoDe): ô 7.5 - 6.7 (m, 20H, Ph); -2I.25(s, lH, RuH). r3C{rH} NMR (CHzClz):

õ292.9 (s, Co); 205.4 (s),203.3 (s), 199.2 (m), 197.6 (m), 196.1 (s), 194.6 (m), 191.8 (s)'

189.2 (m), 185.1 (s), 183.9 (s), 176.0 (s) -CO; 154.3 (d,,/p-c = 15 Hz, Cp); 14I.2 - 128-6

(m, Ph). FAB MS: 1300, [Ml+; loss of 13 CO goups.

N3. An artempred protonation of (1) with HBFa.Et2O was unsuccessful. After 5 h at r.t.

with an excess of acid no reaction was observed and unreacted starting material was recovered.

3.4.14. Synthesis of Rus(p-H)(ps-n2, P-C2PPhz)(p-PPhz)(p-Br)(CO)rs (43)

Three drops of HBr (aq. 487o, approx.4.5 mmol) were added to (1) (100 mg'

0.079 mmol) dissolved in acetone/CH2Cl2 (l:1, 20 mL). After stirring for20 min the orange

solution was poured into water (30 mL), and the organic layer then separated, dried over

MgSOa and evaporated to dryness. Preparative TLC þetroleum spiriy'CH2Cl22:1) of this

product gave a major orange band (R¡ 0.67) which was collected and crystallized

(CHzCl2/lEtOH), giving light orange crystals of Rus(p-HXps-q2, P-C2PPh2)(tt-PPhÐ(tt-

BrXCO)r: (43) (60 mg, 0.045 mmol, 56%o),m.p. 195-197 "C (crystals darkened at 175'C).

Anal. Calcd for C3eH21BrO13P2Ru5: C, 34.83;H, I.57; Mr 1345. Found: C, 34.58; H, 1.57;

Mr 1345 (mass spectrometry). IR (cyclohexane): v(CO) 2088w, 2071s,2063s, 2051(sh)'

2037(sh), 203 1(sh), 2025vs,2020(sh), 2014(sh), 2000(sh), 1989(sh), 198lm, 1962sh,
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1954w cm-1. 1H NMR (C6D6): ô 7.9 - 6.9 (m, 20H, Ph); -20.7L (s, 1H, Ru¡I). FAB MS:

1345, [M]*; loss of 13 CO groups.

3.4.15. Synthesis of Ru5(p-H)(ps-r12, P-C2PPhz)(p¡-I)(p-PPh2)(CO) n (44)

Two drops of HI (aq. 57Vo, approx.2.8 mmol) were added to a solution of (1) (100 mg,

0.079 mmol) dissolved inCljrzClzlacetone (l:1,20 mL). An instant colour change to a da¡k

orange-brown was observed and 5 min later the solution was added to water (30 mL). The

organic layer was extracted with water and then dried over MgSOa. After removing the solvent

under reduced pressure the residue was purified by TLC þetroleum spirilCH2CL22:I). A

major burgundy-coloured band (Rr 0.71) was separated from two other mce bands and an

orange base-line. This product was then crystallized (CH2Cl2lheptane) to give Rus(t-HXtts-

n2, P-C2PPhzXp¡-IXp-PPh2XCO)rz.0.33CzH rc (4) (75 mg, 0.055 mmol, 70Vo), m.p.

187-189 oC (darkened at 112"C). Anal. Calcd for C3sH21IO12P2Ru5:0.33CzHre : C,34.67;

H, 1.90; Mr 1364 (unsolvated). Found: C, 34.86; H, 1.8l; M, 1364 (mass spectrometry,

1365 = [M + H]+). IR (cyclohexane): v(CO) 2081w, 2061s, 202Lvs,2006vw, 1996w,

1982w, 1953vw cm-1. lH NMR (d6-acetone): ô 8.2 - 7.4 (m,20H, Ph); 1.28(m 3H, CH2,

CzHro); 0.88 (m, 2H, CH3, CzHro); -25.33 (s, 1H, Rulf). FAB MS: 1365, [M]*; loss of 12

CO groups. This complex also forms an ion at rnlz 7391, [M + CO]+ after short periods in the

FAB beam.

3.4 . 16. Synthesis of AuRu5(p5 -T12, P -CzPPh z)(p'PPhz)(p'Cl )(CO) r¡(PPh¡)

(4s)

A mixture of (1) (60 mg, 0.041mmol) and AuCl(PPh¡) (50 mg,0.l0 mmol) was stirred at

r.t. for 24h. The solvent was then removed under vacuum and the residue purified by TLC

(petroleum spirilCH2Cl2{:l) giving a minor brown band (R¡ 0.62) identified (IR, FAB MS)

as (1) (5 mg, 0.004 mmol, 87o). A major orange band (R¡ 0.37) was also collected and

crystallized (CH2Cl2/peroleum spiriÐ as AuRu5(p 5-\2, P-C2PPhz)@-PPhzXp-CIXCO)r¡-

(PPh¡) (45) (34 mg, 0.019 mmol,  lflo), m.p. 162 oC (dec.). Anal. Calcd for C57H35Au-

ClOl3P3Rus: C, 38.93;2.01; Mr 7759. Found: C, 38.7I;H,2.06; Mr 1759 (mass specro-



262

metry). IR (cyclohexane): v(CO) 2066m,2050m,2038vs, 2013m,2001(sh)' I992m,

1980(sh), 1970m, i953(sh), 1932w cm-1. lH NMR (C6D6): õ 7-9 - 6-5 (m, Ph). FAB MS:

L759, [M]*; loss of 13 CO goups.

3. 4. I 7. Synthesis of Rus{p¿-n a, O -C2C(O) CgHs}(¡r-PPh2)z(p-Cl)(CO) r r

(a6o) and an isomer RusCl(CO)rz(altyl)(dppa*) (46b)

Allyl ctrloride (250 mg,3.29 mmot) and (1) (50 mg, 0.040 mmol) were refluxed in

CH2CI2 (30 mL) for 20 h. After cooling the solvent was removed under reduced pressure and

the residue was purif,red by TLC (petroleum spiriVCH2Cl23:2). Two bands were collected: the

f,rrst brown band (R¡ 0.50) was crystallized (CH2Cl2lMeOH) by slow evaporation to give light

brown crystals of Ru5Cl(CO) lz(allyl) (dppa*) (46b) (22 mg, 0.0 1 7 mmol, 42Vo), m.p. 225-

226 oC. Anal. Calcd for Ca1H25ClO12P2Ru s; C,37 .52 H, 1.92; Mr 1312. Found: C,37 .74l'

H, L.94; Mr l3I2 (mass spectrometry, 1313 = [M + H]*). IR. (cyclohexane): v(CO) 2069w,

2058(sh), 2049vs, 2032(sh), 2020(sh), 2015s, 2005m, 1991s, 1980m, 1956vw,

l942vw cm-r. lH NMR (CoDo): ô 8.1 - 6.6*+ (m, 20H, Ph); 4.52*+ (m, CH); 3.87+ (d,.,Is-n

=7.6H2, CHz); 3.55+ (m, CH2); 3.28* (m, lH, CHz); 3-15* (dd, Jp-¡¡ = 13.0, "Iu-u = 5'0

IJz, CH2); 3.02+ (dd, ,Ip-¡¡ = 13.0, ,IH-H = 5.0 Hz, CHz); 2.2I+ (d, ,Ip-U = 12.9 Hz, CHz):

2.I2* (d, "Ig-g = 8.0 Hz, CHz); 1.87* (d, ,Ip-H = 13.0Hz, CHÐ; ratio of isomer 1 (marked *)

to isomer 2 (marked +) is 2:1. FAB MS: 1313, [M]+; loss of 7 CO groups; 1244,IM - CO -

allyll+.

A second band (R¡ 0.37, orange) was collected and crystallized (CHzCl2lpetroleum spirit)

giving ó*ng" crystals of Ru5(¡ra-qa, O-C2C(O)C:Hs)(p-PPh2)2(p-CIXCO)rr (46o) (10 mg'

0.0076 mmol, 19vo), m.p. 200 "c (dec.). Anal. Found: c,37 .39; H,2.O9; Mr l3l2 (mass

spectrometry, 1313 = [M + H]+). IR (cyclohexane): v(CO) 2060m, 2043(sh), 2038s, 2032s,

2026(sh), 1992s, 1987(sh), 1975w, 195lvw, 1928vw, 1535vw cm-l. lH NMR (CoDe):

õ 8.2 - 6.7 (m, 20H, Ph); 3.57 (m, lH, CH); 3.36 (d,,I u-s = 8-'l Hlz,lH, CHz); 292 (d,

,Ip-H = I4.9 ]HLz,lH, CHz); 2.23 (d,,Ip-H = 19.3}J2,lH, CHÐ; 1.96 (dd, JP-s= 19'3,

,IH-H = 8.0 Hz, 1H, CH2). FAB MS: 1313, [M]*; loss of 12 CO groups.
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3. 4. 1 8. SynthesÍs of Rus{Lr¿-rl 4, O -C2C(O) C¡Hs}(tt-PPhz)z(p-B r) (CO ) r r

Ø7o) and an isomer Ru5Br(CO)rz(allyl)(dppa*) (47b)

Allyt bromide (500 mg,4.L3 mmol) and (1) (130 mg, 0.10 mmol) were heated in refluxing

CH2CL2(20 ril-) for24 h. After cooling the solvent was removed under¡educed pressure and

the residue was purified by TLC (petroleum spirilCH2Cl23:2). Two bands were collected: the

major brown band (R¡ 0.60) was rechromatographed (ILC: petroleum spiritÆt2O/CF2Cl2

16:2:l) to give a band (Rr0.47) which was precipitated from CH2C$yclohexane as a brown

powder of Ru5Br(CO)rz(allyl)(dppa*).0.5Ce}Jn (47b) (24 mg,0.018 mmol, lSVo), m-p-

145-147 oC. Anal. Catcd for Ca1H25BrOrzPzRus.O.5CoHt2: C,37.18;H,2.23; M,

(unsolvated)I3s7. Found: C, 37.58; H,2.30; Mt 1357 (mass spectromebry). IR (cyclo-

hexane): v(CO) 2068w, 2056(sh), 2049vs,2016(sh), 20I4s,2004w,1992m,1980w,

1956vw cm-r. lH NMR (CoDo): õ 7.9 - 6.8 (m, 20H, Ph); 4.45* (m, CH); 4.31+ (m, CH);

3.83+(d,,IH-H =7.5Hz,CHÐ;3.44+ (m,CH);3.29* (dd,,Ip-¡¡= 13.1,"IH-H= 5-2CHz);

3.11+* (dd + m,,Ip-H = LZ.2,,IH-H = 5.4H2, CHz); 2.32+ (d, 
"Ip-g = L3.lHz,CHz);2.15*

(d, "IH-H = 6.3 IJrz, CHz); 1.97* (d, ,/p-H = L3.1 }lz, CHÐ; ratio of isomer 1 (marked *) to

isomer 2 (marked +¡ is 1:1. FAB MS: 1357, [M]+; loss of 7 CO groups; 1288, [M - CO -

allyll+, loss of 9 CO groups.

The other minor band (Rr0.40, orange) was collected and crystallized (C[2Cl2/petroleum

spiriÐ givin g orange cube-like crystals of Ru5 [ ¡ra-'\4, O -C¡C(O)C¡Hs ] (tt-PPhdz(tt-

Br)(CO)11 Ø7o) (7 mg,0.005 mmol, 57o),m.p.230-232 oC. Anal. Calcd for

Ca1H25BrO12P2Ru5.0.5CH2CI2: C,35.62: H, 1.87; Mr(unsolvated) 1357. Found: C, 35.53;

H, 1.96; Mr 1357 (mass spectrometry). IR (cyclohexane): v(CO) 2059w,2038s,2031s,

2026(sh), 1995(sh), 1989m, 1.975w,1955vw, l925vw. IR (CHzClz): v(CO) 1534vw cm-I.

rH NMR (CoDo): ô 8.3 - 6.9 (m, 20H, Ph); 4.26 (s,lH, CH2CIz);3.56 (m, lH, CH); 3.35

(d,,IH-g = 8.9 Hz, lH, CHÐ; 2.94 (d,.Ip-H = 13.9 IJrz,lH, CHz); 2.24 (i',IP-H = L9.4Hz,

lH, CH2); 1.96 (dd, ,Ip-H= 19.2, J¡1-¡1= 7.8 Hz, lH, CHÐ. FAB MS: 1357, [M]*; loss of

12 CO goups. A large baseline was also observed in the TLC separation.

N3. No reaction was observed when either (47b) or (47o) was refluxed in CH2C|2for

48 h.
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3.4.19. Synthesis of two isomers of Ru6(CO)rr(dppa*) (48o), (a8y)

Addition of HgCl2 (22mg,0.081 mmol) to a solution of (1) (100 mg, 0.079 mmol) in

CÍl2Cl2 (20 mL) resulted in the solution turning orange. After 30 min a furtherportion of

HgCl2 (16 mg, 0.059 mmol) was added and the reaction stirred for 15 min. A grey precipitate

was then filtered off (Celite) and the solvent removed under reduced pressure. Preparative

TLC (petroleum spiriVacetone 2:1) of the residue separated wo main bands and left a large

base-line (brown). A yellow band @¡ 0.36) was quickly removed from the silica and

crystallized (CHzCl2lMeOH) as yellow microcrystalline Ruo(CO)¡(dppa*) (48y) (20 mg,

0.015 mmol, lg%o), m.p. 170-172 oC (colour darkened at 110 oC). Anal. Calcd for

C37H2oO11P2Ru6: C,33.95; H, 1.54; Mr1307. Found: C,33.72;H<2Vo; (Cl, Hg <O.l7o)

Mr 1308 (mass spectrometry). IR (cyclohexane): v(CO) 2lt2vw, 2077 s, 2045s, 2035(sh),

2027s,2OL4s, 1996(sh), 1986m, 1976(sh), 1963m cm-r. rH NMR (CSz): õ7 .9 - 7.2 (m,

Ph). FAB MS: 1308, [M]*; loss of 12CO goups; 1218 [M - CPhl+.

The second band (R¡0.50, orange) crystallized (CE2Cl2/petroleum spiriÐ as pale orange

crystals of Ru6(CO)rr(dppa*) (a8o) (13 mg, 0.01 mmol, l37o), m.p. 150 oC (dec.). Anal.

Found: C,34.02; H, 1.64; (Cl, Hg <0.l%o) M,1308 (mass spectrometry). IR (cyclohexane):

v(CO) 2090m, 207 3w, 2055m, 2045(sh), 2038s, 2O33s, 2025(sh), 2}l4w, 2006w,

1995m,1985(sh), 1975(sh), I947vw cm-I. lH NMR (CSz): õ 7.8 - 7.2 (m, Ph). FAB MS:

1308, [M*; fragmentation pattern identical to (48y).

3.4.20. Synthesis of Ru¿{p¿-n2 , P,O-CIH¿O (PPhz)}(p-PPh2)(CO)rr (49) and

two isomers of Ru5(¡r4-PPh){Lr¡-q3-CC(CzHz)(CzHs)}-

(p-PPhz)(CO)rz (50b), (s0o)

(a) Under 20 atmospheres of ethene

A solution of (1) (200 mg, 0.158 mmol) in benzene (15 mL) was placed in a small

autoclave (100 mL) and pressurizrÀ.to 20 atm with ethene. After heating at 80 oC for 8.5 h the

reaction was cooled (pressure had dropped to 10 aun) and the orange solution was then



265

evaporated to dryness under ¡educed pressure. Preparative TLC (petroleum spirilacetone 9:1)

of the residue gave ten bands of which the major three were collected. A red band (Rr 0.33)

was removed from the silica quickly and crystalbzîÅ (CH2ClzMeOH) by slow evaporation to

give small red needles of Rua { p 4-T12, P,O - CsH¿O (PPhz) } (p-PPhzXCO) 1 1. 0. 5 CHzClz @9)

(31 mg, 0.027 mmol, 177o), m.p. > 280 "C. Anal. Calcd ror casH24o12P2Rua.0.5CH2Cl2:

C, 40.36; H, 2.09; Mr IL63. Found: C,40.76;H,2.06; Mr 1163 (mass spectrometry). IR

(cyclohexane): v(CO) 2082m,2064m,2025s,2019(sh),2002(sh), 1998m, I976w,1968m,

1958(sh), 1820w cm-l. IR (CHzClz): v(CO) 1588w cm-l. rH NMR (CDzClz, 240K): ô 7.8

- 6.7 (m, 20H, Ph); 2.83 (m, lH, CHz); 2.73 (dð, J = 14.8,4-7 IJz' lH, CHz); 2'20 (dd, J =

20.2,6.7 Hz, lH, CHz); 1.47 (ddd, J = 14.6,9.8, 3.5 Hz I}J^, C}Jù. FAB MS Negative ion:

1163, [M]-; loss of 7 CO groups; 942Í?l+,loss of 6 CO groups. FAB MS Positive ion: 1135,

[M - CO]+; loss of 10 CO groups. This compound was unstable in solution and apparently

reacted with MeOH to form larger clusters (FAB MS analysis of the products).

The brown band (R¡0.59) crystallized (CpzClz/petroleum spirit) as Rus(t!-PPh){p¡-n3-

cc(czHÐ(czH¡))(p-PPhÐ(co)rz.cHzcl2 (50b) (27 mg,0.022 mmol, l4vo), m.p.209-

210 oC. Anal. Calcd for C¡oFIzoOl2P2Ru5.CHzClz: C,34.24; H, 1.78; Mr 1213. Found: C,

33.97;H, 1.84; Mr l2t3 (mass specgometry ,1214 = [M + H]*). tR (cyclohexane): v(CO)

20'19m,2048m,2030(sh), 2024s,2013s, 1997m,1978(sh), 197Lm,1958w, 1952w cm-I.

lH NMR (CD2CI2, 240K): ô 8.1 - 6.2 (m,15H, Ph); 5.58 (d, J =36.2 Hz, lH, CH); 5.53

(d, rI = 29.3H2,0.5H, ?); 2.37 (d, J = 6.3H2,lH, CHd; 1.72 (m,lH, CHÐ; 1'63 (d, 'I =

5.9H2,lH, CHÐ;0.86 (dt, J =9.4,6.2H2,lH, CH2). FAB MS: 1214, [M]*; loss of 12

C0 groups.

The last band collected (Rr0.47, orange) was removed from the silica with CH2CI2

(-15 "C) and crystallized (CHzCl2/petroleum spiriÐ quickly to give orange plate-like crystals of

Rus(p+-PPh)(p¡-n3-CC(CzHÐ(CzH¡))(tt-PPhd(CO)rz (50o) (43 mg,0.035 mmol, 227o),

m.p. 173-174 oC. Anal. calcd for c¡oHzoo12P2Ru5: c, 35.65; H,1.74; Mr 1213. Found:

C, 35.17; H, 1.83; Mt l2l3 (mass spectrometry,l2l4 = [M + H]+). IR (cyclohexane): v(CO)

2070m, 2042(sh),2037s,2023s,2016s, 1984(sh), 197 5w, 1958w cm-l. IR (CHZCIZ):

v(CO) 1532 cm-l. lH NMR (CDzClz, 240K): ô 7.9 - 6.9 (m, 15H, Ph); 5.23 (t, J = 5.8H2,
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0.5H, ?);5.04 (d,,f : 6] iflz,lH, CH); I.27 (d,J =6.3}lz,3}l,C}lù;0.51 (dt, J =6.1,

6.1Hz,lH, CH2). FAB MS: 1214, [M]*; loss of 12 CO groups, intensities simila¡ to (50b).

This complex decomposes on standing at r.t. in solution and in the solid state (1-2 d). After

2 d in solution @t2Olpentane) at -15 oC, (50b) was detected in both the crystalline solid

deposited (approx. ZVo) a,ndin the supernatant (approx. lOTo). Infra¡ed and TLC monitoring

of the reacrion ar 5 h indicated the presence of (49), (50o), (50b) and a trace of unreacted (1)

(b) Reaction performed in a Carius tube

A solution of (1) (150 mg,0.12 mmol) in benzene (20 mL) was placed in a Carius tube

(40 mL internal volume) and ethene (1.0 g, 35.7 mmol) was added. After heating at 85 oC for

24hthe solution was cooled and the excess ethene vented. The solvent was removed under

reduced pressure and the residue purihed by TLC (petroleum spirit/acetone 9:1). Four bands

were collected: a yellow band (R¡ 0.85) near the solvent front was identifred (fR, spot TLC) as

Ru3(CO)12 (4 mg, 0.006 mmol, 57o); the next three bands were identified (IR) as: (2) R¡ 0.55,

brown, (50b) (15 mg, 0.012 mmol, L\Vo); (3) Rr 0.45, orange, (50o) (22 mg,0.018 mmol,

l57o): (a) Rr 0.33, red, (49) (37 mg, 0.032 mmol, 27Vo). Five other minor bands and the

brown base-line were not investigated.

(c) Interconversion of (50o) and (50b)

(i) In a Carius tube under nírogen: Isomer (50o) (6 mg, 0.005 mmol) was dissolved in

cyclohexane (5 mL), degassed with N2 and placed in a Ca¡ius tube (10 mL) in the dark at r.t..

Infrared and TLC monitoring of the solution indicated the anainment of equilibrium 3:1

(50o):(50b) after 5d. A small amount of air was then admitted to the solution and the vessel

covered with foil. After 5 d the equilibrium of the mixture had changed to 1:l (50o):(50b).

(li) Under N2 blanket:: Isomers (50o) (10 mg, 0.008 mmol) and (50b) (5 mg,

0.004 mmol) were placed in separate foil-covered flasks (under N2 blanket). Cyclohexane (5

mL) was added to each and the reactions were left at r.t.. Infra¡ed and TLC monitoring of the

solutions showed that both isomers reached an equilibrium mixture [(50b):(50o) 9:7] after 5 d

in solution. Immediately after dissolving (50o) an appreciable amount of (50b) was found to
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be present in solution (IR, spot TLC), andvice versa. The joints on the Schlenk flasks were

not greased and so presumably after 5 d a small amount of air would have entered the

solutions.

(äi) fn aCarius rube under ethene; Isomer (50o) (6 mg,0.005 mmol) was dissolved in

cyclohexane (5 mL), degassed with C2IIa and placed in a Carius tube (10 mL) in the da¡k at

r.t. Infrared and TLC monitoring of the solution indicated a smaller degree of interconversion

than (i). Preparative TLC after 17 d indicated the equilibrium ratio was 3.8:1 (50o):(50b).

(iv) In a Caríus tube under |-butene; Isomer (50o) (20 mg, 0.016 mmol) was dissolved in

cyclohexane (10 mL), degassed with C¿H¡ and placed in a Ca¡ius tube (10 mL) in the dark at

r.t. Preparative TLC after 15 d indicated the equilibrium ratio was 3.3:1 (50o):(50b). The

products were identified by IR, spot TLC and FAB MS. No incorporation of butene was

observed.

3.4.21. Synthesis of two isomers of Ru5(pa-PPh){p¡-tt3-CC(C¿Ho)(C¿Hz)}-

(¡r-PPh2)(CO)rz (slb), (51o)

A solution of (1) (150 mg,0.12 mmol) in benzene (15 mL) was added to a Carius tube

(40 mL) and l-butene (1.84 g,32.9 mmol) was condensed into it. After heating at 87 oC for

14 d the excess gas was vented and the solvent removed under reduced pressure. Preparative

TLC (petroleum spiriVacetone 9:1) of the residue separated seventeen bands, of which four

were collected. A brown band (R¡0.55) was crystallized (GlzClz/petroleum spidÐ as brown

microcrystalline Rus(p¿-PPh) (p¡-q3-CC(C¿H6XC¿II7) )@-PPh2XCO)rz.CHzClz (5lb)

(16 mg, 0.013 mmol, L}Vo), m.p. 139-141 oC. Anal. Calcd for C¿oFIzsOlzPzRus.0'5-

CH2C!2: C, 36.66; H, 2.15; W 1268 (unsolvated). Found: C,36.73;H,2.09; Mr 7268 (mass

spectrometry,l27O = [M + 2H¡+¡. IR (cyclohexane): v(CO) 2O78m,2047s,2029s,2023(sh),

2013s, 1997m,1989(sh), L979m,I972w,195lvw cm-I. lH NMR (CoDo): 8.1 - 6.4 (m'

15H, Ph); 6.21 (dt, J = 15.6,6.2H2,IH, CH); 6.00 (m, lH, CH); 5.40 (d, J = l5-7 Hz,

lH, CH); 4.27 (s,2H, CH2CIÐ; 1.90 (m,2H, CHz); 1.75 (m,2H,CHù:'1.37 (m,2t],

CHz); 1.00 (m, 2H,CIH);0.96 (t, J=7.6lFr2,3H, CHs); 0.73 (t,J=7.2H2,3H, CH¡).

FAB MS: L270,[M)+: loss of 10 CO goups. This compound decomposed readily in solution.
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The following major orange band (R¡ 0.45) was crystallized quickly (CEzClzlpentane) to

give orange plates of Ru5(pa-PPh) { p¡-n3-CC(C¿HeXC¿Hz) } @-PPhzXCO) rz (51o) (31 mg'

0.024 mmol, 20Vo), m.p. 170 "C (dec.). Anal. Calcd for C¿oFIzsO12P2Ru5: C, 37.89; H,

2.23; M, l27l . Found: C, 37.58; H,2.36; Mr L268 (mass spectrometry, 1270, [M + 2H]+).

IR (cyclohexane): v(CO) 2069m,2037s,2022(sh),2016s,2008(sh), 1994(sh), 1982vw,

1958w cm-l. lH NMR (C6D6):7.9 - 6.7 (m, 15H, Ph); 5.44 (dt, J = 15.9,6.L IJlz,2H' CH);

4.99 (d,,I = 16.0 lf¡z,l}j', CH); 1.81 (m, 2H, CHz); 1.51 (m, 2H, CÍlz);1.38 (m, lH, CHz);

1.23 (m,|H, CHz);0.87 (t, J:7.4H2,3}l., CH¡);0.70 (t, f =7.0}l2,3}l, CHs). FAB

MS: 1270, [M]*; loss of 9 CO groups, intensities similar to (51b). Within 30 min of being

placed in solution, isomer-pure (51o) was partially converted to (51b) and, conversely, pure

(51b) to (51o).

The next minor band removed (Rr 0.38, brown) was fractionally crystallized (CHzCl2/

cyclohexane) to give an orange powder which was formulated as Rus(CO)rz(PPhXPPhz)Cz-

(C¿Ha):. IR (cyclohexane): v(CO) 2070w,2037s,2023(sh), 2010vs, 1978w, I972w cm-L;

FAB MS: 1382, [M]*, loss of 11 CO groups. The last band removed (R¡ 0.25,reÀ) was given

the formulation Ru5(CO)11(dppa*XC¿Ha) on the basis of spectroscopic data: IR

(cyclohexane): 208lw, 2053m, 2037(sh), 2025vs,20L3s,200(sh), 1992m,1982(sh)'

1967w,1950w, 1768vw 
"¡¡-1; 

FAB MS: 1265, [M]*, loss of 8 CO groups- Insufficient

¿tmounts of these last two products were obtained to allow full characterization.

3 .4.22. Synthesis of Ru5(p4-PPh) (p-PPhz)(p-CO ) (CO) ro{qs-CsH¡(C2H3)Me}

(s2)

(a) Reaction of (1) with ethene

Ethene was bubbled through a solution of (1) (100 mg, 0.079 mmol) in cyclohexane

(50 mL) at slow reflux (oil bath 105 'C). After 48 h the reaction mixture was cooled a¡rd the

solvent removed under reduced pressure. Preparative TLC (petroleum spirilCHzClzT:l) of

the reaction product separated nine bands from a large base-line; hve were collected. A trace

green band (R¡ 0.51) was identified (IR, FAB MS) as (27). T\e next orange band was further
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chromatographed (TLC: petroleum spiriy'acetone 9:1) to give two ba¡rds, a brown band

(Rf 0.44) identified (IR, FAB MS) as (50b) and an orange band G.r 0.33) which contained

(50o). Two other products obtained from the original separation (brown bands at R¡ 0.43,

0.40 respectivety) have the same nominal formulation,viz. Ru5(CO)12-"(dppa*)(CzH¿)"

(FAB MS: 1237, tMl*). The last brown band collected (Rr0.29) was repurified (TLC:

petroleum spiriVCH2Clvlacetone 8:2:1) to give a major brown band (R¡0.55), this in tum was

fractionally crystallized (CE2Cl2/petroleum spiriÐ to give brown crystals of Rus(pa-PPhxp-

PPh)(p-COXCO)ro{q5-C5H3(CzH¡)Me}.CeHr¿ (52) (9 mg,0.007 mmol, 9Vo),m-p.ll0-

115 oC. AnaI. Calcd for C37H2aO11P2Ru5.C6H1a: C,39.18;H,2.95: Mr l2l2 (unsolvated).

Found: C, 39.78; H, 3.08; Mr l2l2 (mass spectrometry, T2l4 = [M + 2H]+). IR

(cyclohexane): v(CO) 2060m, 2029vs,2021(sh), 2012m,1997(sh), 1987m, 1972w,

1967(sh), l779vw cm-l. lH NMR (CDCI¡): ô 7.9 - 6.9 (m, 15H, Ph); 5.86 (s, lH, CH);

5.49 (s, lH, CH);4.61 (s, lH, CHX 2.M (m,2}l,CH + CHz); 2.17 (s,lH, CHz); 1.96 (s'

3H, CH3). FAB MS: I2I4, [M]*; loss of 11 CO groups.

(b) Conversion of (50b) to (52)

A solution of (50b) (12 mg,0.01 mmol) was dissolved in cyclohexane (30 mL) and heated

(oil bath, 98 oC, Z h) with ethene bubbling through the solution. After cooling the solvent

was removed under reduced pressr¡re and the residue purified by TLC (petroleum spiril

CÉ2Cl2lace.tone 8:2:l). Of the seven bands which separated from the base-line only three were

collected and identified (IR, spot TLC) as: (l) R¡ 0.69, brown, (50b) (0.5 mg, 0.0004 mmol,

4Vo); (2) R¡ 0.63, orange, (50o) (2.0 mg, 0.0016 mmol, l6Vo); (3) Rr 0.50, brown' (52)

(2.4 mg,0.02 mmol,lgVo), also identified by FAB MS.
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APPENDIX 1. Supplementary data for

Ru5(pa-PPh){p¿-n4-CCPh (CcH¿)}{p-PPh(OMe)} (CO) 11 (28)

(crystallographic numbering differs slightly from that discussed in the text: Ru(2) and Ru(4)

ar,e interchanged)

Table 14. Bond distances (,4.)

Ru (2)
Ru(4)
P (2t
c(2)
Ru (4)
P (1)
c (3)
c (13)
c (s)
c (13)
c (1s)
Ru (5)
c (7)
c (13)
P (1)
c (10)
c (13)
o (12)
o (1)
o (3)
o (s)
o(?)
o (e)
o (11)
c (14)
c(21)
c (20)
c (18)
o (1s)

Ru (1)
Ru (1)
Ru (1)
Ru (1)
Ru (2)
Ru (2)
Ru(2)
Ru(2)
Ru (3)
Ru (3)
Ru (3)
Ru (4)
Ru (4)
Ru (4)
Ru (5)
Ru (5)
Ru (5)
P t2t
c (1)
c (3)
c (s)
c (?)
c (e)
c (11)
c(13)
c(14)
c(1s)
c (17)

--- c(40)

2.gLL (21

2 .929 (2'
2.22s (sl
t.92L (2L'
3. s96 (2)
2 . A84 (41

1.911 (1?)
2.4r2 (Ls',,
1.882 (18)
2.r94 (LAl
2 .30r. (16)
2.842 (21

1.901 (20)
2.L82 (tsl
2.3s7 (41

L.852 (2Ol
2.046 (LAl
1.64s (12)
1.133 (20)
1.131 (17)
1.156 (18)
L.L32 (20',,
1.08e (20)
1 .129 (19)
1.408 (20)
1.48? (17)
1.398 (21)
t.34O (221
L.412 (-l

(1)
(1)
(1)
(2t
(2t
(2',,
(2t
(3)
(3)
(3)
(3)
(4)
(4)
(4)
(s)

2 - 82O (2)
2.394 (A',)

1.899 (19)
2.9O2 (2)
2 -947 (2',,
2.256 (5)
1.8?9(18)
2.'7s2 (21
1.875 (19)
2.212 (L4)
2 -2e2 (L6l
2.37 O (A',r,

1.868 (19)
2.068 (14)
2 -Ot2 (21l
1. 925 (18)
1.813(12)
t.822 (12)
1. 118 (21 )

1. 132 (18)
1. 14s (19)
1. 139 (20)
1.1s7 (20)
L.3e3 (22',t

1.50? (21)
1.4s1 (20)
t.434 (221
1.408 (241
1 . 411 (-)

Ru (3)
P (1)
c (1)
Ru (3)
Ru (s)
P (2',,

c (4)
Ru (4)
c(6)
c(14)
c (16)
P (1)
c (8)
c (16)
c(e)
c (11)
c (27',,
c(33)
o (2)
o(4)
o(6)
o(8)
o(10)
o(12)
c (1s)
c (16)
c(17)
c (19)
o(14)

Ru (5)
P (1)
P t2l
c (21

c (4)
c (6)
c (8)
c (10)
c (12)
c (14)
c (1s)
c (16)
c (18)
c (3e)

--- Ru

--- Ru
--- Ru

--- Ru
--- Ru
--- Ru
--- Ru
--- Ru
--- Ru
--- Ru
--- Ru
--- Ru
--- Ru
--- Ru
--- Ru
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Table 15. Valence angles (o)

P(2

Ru (3)
Ru(4)
P (1)
P (2)

c (21

c (2t
Ru (4)
Ru (s)
Ru (5)
P (1)
P (1)
P (2)
P (2)
c (3)
c (3)
c (3)
c(4)
c(4)
c (4)
c(4)
c (13)
c (13)
c (13)
c (13)
Ru (4)
c (s)
c (s)
c (6)
c (6)
c (13)
c (13)

- Ru (1)
- Ru (1)
- Ru (1)
- Ru (1)
- Ru (1)
- Ru (1)
- Ru (1)
- Ru (1)
- Ru (1)
- Ru (1)
- Ru (1)
- Ru(2)
- Ru (2)
- Ru(2)
- Ru (2)
- Ru(2)
- Ru(2)
- Ru (2)
- Ru(2)
- Ru (2)
- Ru (2)
- Ru (2)
- Ru (2)
- Ru(2)
- Ru (2)
- Ru (2)
- Ru (2)
- Ru(2)
- Ru (2)
- Ru (3)
- Ru (3)
- Ru (3)
- Ru (3)
- Ru (3)
- Ru (3)
- Ru (3)

- Ru(2)
- Ru (3)
- Ru(3)
- Ru (2)
- Ru (4)
- Ru(2)
- Ru (4)
- P(2t
- Ru (3)
- P(1)
- c(1)
- Ru (1)
- Ru (1)
- Ru (4)
- Ru(3)
- Ru (5)
- Ru (3)
- Ru (5)
- Ru (1)
- Ru(4)
- P (1)
- Ru (1)
- Ru(4)
- P (1)
- c (3)
- Ru (3)
- Ru (5)
- P(2t
- c(4)
- Ru(1)
- Ru(1)
- Ru (4)
- Ru(2)
- c(s)
- Ru (2)
- c(s)

62.7
s7.2
90. 4

51. 6

t26.4
151.4
108.8
LO9 -2
176.0

89. 0
85-3

Ru (4)
P (1)
P (1)
P (21

P (21
c (1)
c (1)
c (21
c(2t
c(21
Ru (3)
Ru (4)
Ru (s)
P (1)
P (1)
P (21

P (21
P (21

c (3)
c (3)
c (3)
c(4)
c (4)
c(4)
c (1s)
c (13)
c (13)
c (13)
Ru (2)
Ru (4)
c (s)
c (6)
c (6)
c (13)
c (13)
c (13)

- Ru (1)
- Ru (1)
- Ru (1)
- Ru (1)
- Ru (1)
- Ru (1)
- Ru (1)
- Ru (1)
- Ru (1)
- Ru (1)
- Ru(2)
- Ru (2)
- Ru (2)
- Ru(2)
- Ru (2)
- Ru (2)
- Ru (2)
- Ru(2)
- Ru (2)
- Ru (2)
- Ru (2)
- Ru (2)
- Ru (2)
- Ru (2)
- Ru (2)
- Ru (2)
- Ru (2)
- Ru (2)
- Ru (3)
- Ru (3)
- Ru (3)
- Ru (3)
- Ru (3)
- Ru (3)
- Ru (3)
- Ru (3)

- Ru (2)
- Ru (2)
- Ru(4)
- Ru (3)
- P (1)
- Ru (3)
- P (1)
- Ru (2)
- Ru(4)
- P(21
- Ru(1)
- Ru (3)
- Ru (3)
- Ru(1)
- Ru (4)
- Ru(1)
- Ru(4)
- P (1)
- Ru(3)
- Ru (5)
- P(21
- Ru(3)
- Ru (5)
- P (z',)

- Ru(1)
- Ru(4)
- P(1)
- c(3)
- Ru(1)
- Ru (2)
- Ru(2)
- Ru(1)
- Ru(4)
- Ru(1)
- Ru(4)
- c(6)

7?.6 (1)
s6.3 (1)
s1.7 (1)
81.8(1)

101. s (2)
e7 .2 (61

14e.0 (6)
114.s(6)
L24.9 (s',,

94. s (6)
s9.1 (1)
48.7 (1)
88. 9 (1)
s3.3 (1)
41.0 (1)
s0.?(1)

101. s (1)
97.9(21
e1 .2 (s)

112.6 (s)
98.1 (s)

171. s (s)
e9.0 (s)
92.L (5'
8s. s (4)
36.3 (4)
?0. s (3)
es. e (6)
s8. I (1)
?8.9 (1)
e0. 4 (s)
81. 9 (s)

108.2 (s)
8e. s (4)
so.8(4)

158. ? (6)

(1)
(1)
(1)
(1)
(1)
(6)
(6)
(6)
(6)
(s)

c(1
c(1
c(1
c(2

B

s2.7 (r
97 .2 (r
50
86
50
79

147
137
r29

r32
85
54

115

3 (1
7 (1
6(1
s(1
3 (1
7(s
6(s
1(s
1(s
s(s
6(s
0(7

163.
116.
13s.
95.
89.
47.7 (3)
43. 6 (3)

12s.4(4)
140.8 (6)
63.4 (1)

118. 1 ( 6)
166.3 (s)

4 (6
4 ('l
4(4
I (6
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Table 15. (continued)

c (13)
c (13)
c (13)
Ru (2)
Ru (4)
Ru (5)
c (27',)

c (271
Ru (2)
o (12)
c (33)
o (1)
o (3)
o (s)
o (7)
o (e)
o (11)
Ru (3)
Ru(4)
Ru (s)
c (14)
c (r.4)
c (13)
c (1s)
c (21)
c (14)
c (16)
c(2ol
Ru (4)
c (ls)
c (17)
c (18)
c (20)
c (21)
c (26)
c (271
c (32)
c (33)
c (38)

- Ru (s)
- Ru (5)
- Ru (s)

- Ru (2)
- P (1)
- c (10)
- Ru(1)
- Ru (2)
- Ru (2)
- Ru(1)
- Ru(4)
- Ru (1)
- Ru(2)
- Ru (2)
- Ru(1)
- Ru (2)
- Ru (3)
- Ru (4)
- Ru (s)
- Ru (5)
- Ru (2)
- Ru (3)
- Ru (3)
- Ru (2)
- Ru (4)
- Ru (3)
- c (13)
- c (13)
- Ru (3)
- c (14)
- c(14)
- Ru (3)
- Ru(4)
- Ru (4)
- c (16)
- c (18)
- c (2s)
- c (14)
- c (31)
- P(1)
- c (3?)
- P(21

c (13)
c (13)
c (13)
Ru (4)
Ru (s)
Ru (s)
c (271
c (2'tl
o (12)
c (33)
c (33)
o (2',
o(4)
o (6)
o(8)
o (10)
c (12)
Ru (4)
Ru (s)
Ru (s)
c (14)
c(14)
c(ls)
c (21)
c (2r't
c (16)
c (20)
c (20)
c (1s)
c (17)
c (17)
c (1e)
c (1e)
c(22',,
c (26)
c (28)
c (32)
c(34)
c (38)

- Ru (s)
- Ru (5)
- Ru (5)

- Ru(4)
- c(e)
- c (11)
- Ru (1)
- Ru (1)
- Ru (4)
- Ru (2)
- Ru(s)
- Ru (1)
- Ru (1)
- o (12)
- Ru(1)
- Ru (2)
- Ru(3)
- Ru (4)
- Ru (s)
- P(21
- Ru (2)
- Ru (2)
- Ru (4)
- Ru (3)
- Ru (5)
- Ru (3)
- Ru(3)
- c (1s)
- Ru (3)
- Ru (3)
- c (16)
- Ru (3)
- Ru (3)
- c (1s)
- c (1?)
- c (1s)
- c (14)
- c l22l
- P(1)
- c (28)
- Pt2t
- c (34)

(1)
(1)
(1)
(1)
(1)
(2't
(2t
(21
(1)
(3)
(s)
(7)
(e)
( 11)
(131
(13)
(13)
(13)
(13)
(14 )
(14 )
(14 )
(1s)
(1s)
(ls)
(16)
(16)
(16 )
(17)
(1e)
(26',|
(2tt
(32 )
(271
(38 )
(33)

95.
74.

114 .

135.
7't .

110.
L24.
175.
175.
1?8.
1?8.
r7 6.
),7 4.
78.
77.

14 9.
L2L.
118.
70.

ILz.
L26.
67.

113.
L25.
?8.

119.
r25.
124.
I2I.
t20.
118.
L20.
119 .
120.
118 .

3 (4)
s (4)
0 (6)
4 (1)
6 (1)
I (1)
6 (4)
1(4)
7 (1)
s (s)
1(4)
7 (2Ol
s (1s)
6 (16)
0 (18)
0 (1e)
e (20)
0 (s)
e (s)
s (8)
0 (10)
2(11)
6 (e)
2 (L3',,
7 (13)
3 (8)
3 (13)
2 (t{l
1 (s)
s (11)
e (L2t
e (16)
1(ls)
0 (1)
8 (6)
0 (1)
I (3)
0 (1)
0 (3)

(1)
(1)
(1)
(1)
(1)
(2t
(2t
(2)
(2',)

(4)
(6)
(B)
(10)
(L2l
(13)
(13)
(13)
(13 )
(1: ¡
(14 )
(14 )
(14 )
(1s¡
(1s )
(1s)
(16)
(16)
(16)
(18)
(20')
(2L)
(2Lt
(2't',
(27 I
(33)
(33)

4e.8(4)
87.6(6)

1s3. 1 (8)
7s. e (1)

130. ? (2)
?3. 9 (1)

129.3 (4)
1r4.4 (41

11 6. 3 (s)
L26.9 (41
100. 9 ( 6)
175. 6 (L8)
1?9-6(9)
171.5 (15)
[11 .t (L7 |
1?8.0 (16)
118. B (12)
102.9(6)
82.1 (s)
84.4 (s)
't2.1(81

138. 4 (11 )

73. ? (8)
I24 .9 (81

L2l . O (r2l
71.3 (e)

131.8 (11)
121.4 (1s)
71. 9 (e)

126.3 (11 )
114.3 (14 )
118.7 (17)
119.2 (1s)
121.1 (6)
120.0 (1)
720.2 (3',,'
120.0(1)
722.0 (31

120.0 (1)

54
79

116
?0 -P

-P
-P
-P
-P
-P
-P
-P

-c
-U
-U
-o
-c
-c
-U
-c
-c
-c
-c
-c
-c
-c
-c
-c
-c
-c
-c
-c
-c
-c
-c
-c

-P
-P
-P
-P
-P
-P
-P
-P
-c
-c
-c
-c
-c

-c
-c
-c
-c

-c
-c
-c
-c
-c
-c
-c
-c
-c
-c
-c
-c
-c
-c
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4)
6)
s)
4)
?)

c (14)
c (14)
c (14)
c (1s)
c (1s)
c (1s)
c (1s)
c (16)
c(16)
c (16)
c (16)
Ru (3)
Ru (5)
Ru (5)

1
't

7

I

Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru

(3)
(3)
(3)
(3)
(3)
(3)
(3)
(3)
(3)
(3)
(3)
(4)
(4)
(4 )
(4)
(4)
(4 )
(4)
(4)
(4)
(4)
(4)
(4)

Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru
Ru

3
3
3
3
3
3
3
3
3
3
4

4

4

4

4
4

4
4

4

4
4
4

4

4

3
7

4

(4
(4
(4
(4
(4
(s
(s
(s
(s
(s
(s
(s
(s

4

4

4

4

4
4
5
5
5
5
5
5
5

- Ru (1)
- Ru (4)
- c(6)
- Ru (1)
- Ru (4)
- c(6)
- c (1,4)

- Ru (2)
- c(s)
- c (13)
- c (1s)
- Ru (1)
- Ru(1)
- Ru (3)
- Ru (2)
- Ru (5)
- Ru (2)
- Ru (5)
- Ru (1)
- Ru (3)
- P(1)
- Ru (1)
- Ru (3)
- P(1)
- c(8)
- Ru (2)
- Ru (5)
- c(7)
- c (13)
- Ru (2)
- Ru (2)
- P (1)
- Ru (4)
- c(e)
- Ru (4)
- c(e)

7 6.6
14 6.5
137-1
73. I (4

109. 1 (?
38. 9 (5

121.1 (3
136. 9 (7

c (14)
c (14)
c (14)
c (1s)
c (1s)
c (1s)
c (16)
c (16)
c (16)
c (16)
Ru (2)
Ru (3)
Ru (5)
P (1)
P (1)
c(?)
c (7)
c(7)
c (8)
c (8)
c (B)
c (r.3)
c (13)
c (13)
c (16)
c (16)
c (16)
c (16)
Ru (4)
P (1)
c (e)
c (10)
c (10)
c (11)
c (11)
c (11)

- Ru (2)
- c(s)
- c (13)
- Ru(2)
- c (s)
- c (13)
- Ru (1)
- Ru(4)
- c(6)
- c (14)
- Ru (1)
- Ru (2)
- Ru (2)
- Ru(1)
- Ru (3)
- Ru(1)
- Ru (3)
- P (1)
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- Ru (3)
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- P (1)
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- P (1)
- c (10)

104.3
65. 1

104.0
47 .3
91.9
66.5
49 .8
52.4

s)
4)
4)
1l
s)
1)
1)

s2.8 (1)
s2.4 (1)

126.7 81.0
93. 4

37.3
117. B

s4.6(4)
146.2 (41

95.2 ('l',l
76.9 (1)
s3.3(1)

c (10)
c (10)
c (11)
c (11)

71 .3 (s)
36. B (s)
se.4 (1)
96.8 (1)
e4-0(1)
43. 4 (1)
s2. B (1)

t2e.2 (sl
1s0.0 (6)
1ss. e (s)
144.7 (s)
112.1(6)
86. e (4)
sL.2 (4t
?6.6 (4)
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P
c
c
c
c
c
c
c
c
c
c
c
c
c
P

c
c

e2.s (1)
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8)
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13)
13)
13)
16)
16)
16)
16)
1)
e)
9)

82. 6 (s)
89. 9 (8)
40.8 (4)
4s.8(4)

78. 6 (s)
108.3 (6)
10s.0 (6)
13s.3 (s)

lse. 4 (7)
106. 7 (4 )

111.1 (6)
134.0 (6)

101.1 (s)
80. 5 (s)

88. 4 (s)
eo.8 (8)
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Table 17. Positional (x tO+¡ anO therrnal parameters (x 103¡ for hydrogen atoms

Àtom x v z u (11)

H (12A)
H (128)
H (12c)
H (17)
H (18)
H (1e)
H (20)
H(221
H (23)
H (241
H (2s)
H (26',,
H (28)
H(2el
H (30)
H (31)
H (32)
H(34)
H (3s)
H (36)
H (3?)
H (38)

418s (e)
38e3 (9)
4so3 (9)
7462 (81

1664 (8)
1940 (e)
2L63 ('t',)
2e6O (sl
3344 (s)
297 2 (5'
22Ls (sl
1831 (s)
1687 (s)
t227 (s',l'

624 (sl
482 (sl
943 (s)

4L72 (sl
s211 (s)
s895 (s)
ss38 (s)
44e9 (s)

14't (23l
tr92 (231

382 (231
225e (Lsl
22s3 (L8)
344 (18)

-]^4't 4 (t4)
-2183 (8)
-4107 (8)
-6011 (B)

-s991 (B)

-4066 (8)
-L912 (el
-16s0 (e)

180 (9)
1?48 (9)
1486 (9)
1s76 (9)
1610 (e)
-179 (9)

-2001 (9)
-2034 (sl

s247 (el
4763 (e)
4632 (91
1404 (9)

38e (8)
-74 (8)
s4s (7)

1039 (s)
6e2 (s)

1073 (s)
17e9 (s)
2L4s (sl
4692 (61

5626 (61

s778 (6)
4e9s (6)
4061 (6)
3t24 (61
2780 (61

2908 (6)
3380 (6)
3't24 (6',t

88 (38)
88 (38)
88 (38)
59 (24',,

s9 (24)
s9 (241
s9 (241
e4 (1s)
e4 (ls)
94 (1s)
e4 (1s)
e4 (1s)
e4 (1s)
e4 (1s)
94 (1s)
94 (1s)
e4 (1s)
94 (1s)
94 (1s)
e4 (1s)
94 (1s)
94 (1s)
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Tabte 18. Observed and calculated structure factors

OBSERVED ÀND CÀLCULAîED STRUCTURE FÀCÎORS FOR RU5(CO}1I{C2PH(C6H4)} (PPH} (PPH(OI{E))

L 10F0 loFcL 10FO 10EC H K L1OFO1OFC tt K L10FO10FC

PÀGE I

H K L1OFO1OFCHK

10 9
11 9
t29
139
4 10
6 10
I 10

-19 I
-18 I
-16 1

-14 1

-13 l
-L2 1

-11 I
-9 I
-8 1

-7 I
-5 1

-3 I
-2 1

-1 I
t1
31
41
51
61'7 1
81
91

10 1

L1 r.

t2 1
14 1
16 I
le I
20 1

5
I
9

t2
l6
I9

0

3
4
1
8
9

10
1l
13
15
L7
I
2
3
A

1
10
11
l2
I3
14
15
16

9
2
3
5
1

HK
20
30
40
50
60
?0
80
90

10 0
11 0
120
13 0
15 0
16 0
1? 0
19 0
21 0
II
27
31
{1
6l
?I
81
91

11 I
t2L
13 1
14 1
16 1

19 1
2L1
02
l2
22
32

{1
41
41
41
41
41
51
51
51
51
51
51
5l
5l
51
51
5ts1s1
51
51
51
51
51
51
5t
51
5l
51
5L
5I

61
6I
61

3l
3l
3l
3l
3l
3l

3I
3l
3I
31
31
!t¡¡l
{l
{1
{1
{t
{1
{l
{1
41
41
41¡¡1
41
4t
41
41
4l
4I
41
41
41

0 5725-6604
0 1593-ls?2
0 1{97 1310
0 28r't-2862
0 1049-111S
0 5263 5254
0 4421 4454
0 t ?60-1861
0 3325-3310
0 1341 1344
0 596 605
o 240s-2359
0 31?0 3203
0 619 A12
0 13 31- 131 9
0 81? s52
0 1082-1053
0 2492 2536
0 Lt03 1008
0 353 406
0 s63 454
0 4?0 -523
0 650 -?05
0 368 31{
0 ?85 ?9?
0 1052 1037
0 8?8 e41
0 851 -830
0 1J'r9-1399
0 516 295
o 12A 120
0 629 -531
0 3{23 3012
0 35? -354
0 srl -623
0 952 -S90

1783 1?40
701 607
523 516

14 12-1323
762't -r600
86? 81e

1504 1503
59S 644
699 -668
9s1 -995't!0 728

1560-1435
1.505-1612
l.610 -15 5 ?
2I33 2103
1994 19?l
810 -8S5

1326-1344
5?0 60?
161 164
60{ -6r4
8?0 -854

t6t0 1602
14?0 1.411
36? -r{9
699 -6?e

t542-1602
869 -822
631 5'78

1592 163-'
863 714
499 -589
659 -659
601 -616
9?0 981
126 6't2

808 -765
611 -6s0
609 -563
425 4r3
964 -9L1
64't 631

1495 1480
933 -822
419 295
?00 686

1050 1069
501 453
9S5 -98'7
501 -600
56J 644
46e -446
745 164
593 -619

L411 1469
t2a6-L2't2
2L!6-2148
995 1021

21'75 2193
9?0- 1 03 1

t5?0-1543
864 -855

1?45 1?50
l0?8 1098
862 -S31
484 -508
391 363
485 -90
835 -8?1
806 -S16
940 991
596 -6{5

o 197 -749
0 66? -65S
0 991 1004
o 't21 7AS
0 590 592
0 903 -948
0 640 656
1 555 -519
1 83'' -S83
1 1715 1702
1 1?14-1740
1 515 616
I 613 599
I 2115-2058
I 26e0 2A32
1 1531 1513
1 2050-1993
), 2025 1963
I 1?1?-170?
I 2603 2056
1 58{5 6164
I 5382-5342
1 1182 1025
I 6S6 640
t 1538 125?
I 36?? 3601
I 1862 1803
1 3536-3458
I 2464-2450
| 2052 2093
I 1544 t564
I 1590-1590
1 1969 2030
¡. 17'78-181?
I 1149 l14l
1 5?1 -¡¡89

595 -6L2
566 -531
651 690
417 -3e1
7Il 't 52

1243-L223
650 -620

1029 9'19
918 988
404 509
816 840
566 -543

1320-1315
7A4 136
4?t 516
61{ -501
245 -202
449 -306
340 237

1653 1622
422 -412
805 8t?
¡¡85 61{
521 -528
s41 -579
511 524
565 421
591 121

1733 1697
108?-1088
{56 -531.
t50 -4r5

191,¡ r824
1304 1{{2
1261-1308
13?8-1383

52
62't2
92

)-0 2
rt2
122
t42
162
t'7 2
202
23
53
63
13
83
93

14 3
15 3
16 3

04
14
24
34
44
54
64
14
84

10 4
11 4
124
144
ls 4

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0

50
50
50
50
50
50
60
60
60
60
60
60
60
60
60
60
60
60
?0
?0
?0
10
?0
?0
?0
?0
?0
10'70
70-70
s0
90
90
90
90

61
61
61
6l
61
6l
6r
61
61
6Ì
61.
6t
61
61
6l
?1
?l
1L
1L
?1
?T
1l
'7 1

?l
7l
1l
81
8Ì
81
8l
sl
s1
81
81
8l

-2\
-20
-18
-16
-15
-13
-r2
-11
-10
-8
-7
-6
-5

-2I
2
3
{
5
't

10
11
12
13
L7
18

-16
-15
-13
-L2
-10

-8

-6
-5

27
2I
2J-
2l
2!
2L
2T
2T
2t
27
2L
2L
2T
2l
2\
2L
27
21
27
2L
2t
2l
2l
31
31
31
3t
31
31
31
3l
31

oBSERVED 
^ND 

CÀtCULÀÎED STRUCTURE FACTOR5 FOR RU5 ICO) l1 (C2PH(C6H4I t (PPH) (PPH(OÉE) 
'

PAGE 2

H K L1OFO1OFCH K I, 1OFO 1OFC H X LI.OFO1OFC H I( L1OFOIOFC H K L1OFO1OFC

-4
-3
-1

0
2
3
4
5
6
I
9

11
t2
14
l9

-18
-16
-15
-1{

-10
-9
-8
-7
-6
-3
-l

0
1

2
3
4
5

I
9

10
l2
13
14
l5
t?

-19
-16
-14
-13
-L2
-tt
-9
-8
-1
-6
-5

-2
-1
I
2
3
5
6
7
I
9

14
16

-18
-14
-13

-9

-ô
-6
-5
-l
-l
-2
-1

0
¡
2
6
8

lt
¡3
¡6

-16
-10
-ð
-1
-5
-3
-2

0
3
5
6

:.0
-l{
-72
-ll.
-10
-9
-6
-4
-3

-I
0
1
2
3
4
6
1
9

11
t2
13
l,,l
-.,
-6
-4
-3

1
10
-6
-4

¡¡

5
-6
-5
-3

2
3
4
5
6

-20
-18
-r6
-15
-14

-13
-12
-11
-10
-9
-8
-1
-6
-5
-4
-3
-2
-t

0
I
2
3
4
5
6
1
I
9

10
l1
,2
13
I4
15
1?
20
2l

-22
-20
-15
-14

2l{0 2085
162 435

1596 1589
668 6S{
853 -850
347 -4t2

L322 1349
709 6?6
849 -t45
42r 357
940 -970

L312 L342
622 616
516 -50?
a02 786
?53 714

1367-1353
801 -?ss
661 625
?19 733
?81 429
456 -490

2s08-2569
850 -921

1226 l23A
233A 2246
2090-2079
2434-2409
¡¡66 -408

1362 l2't4
890 924
493 524

220L 2209
2116-2't 44
1509-1523

4't 4 509

{,¡l 436
858 893
820 ?56
626 -639

1{56-1400
17 7 711
6?0 659
7I! ?31

164?-1625
57? -?54
548 49{
391 {43
981 978
s3I 81?
131 -119

1?49-r't52
134 l-1302
604 5?{
9't't 97 3

I339 1366
20L6-2002
1636-¡.58 I

4 83 -¡¡ 52
743 ?00

1166 l22l
569 5?0
9I? -94 0

l4 I0 - 1,1{ s
103? 10{1
I0?4 104?
4?5 -500
665 656
786 -833

t335-1308
6't9 609-728 688

't1t 731
114 -7¿4
095 -898
603 551
?12 691
637 -644
600 595

t08? 1100,lll -{13
971 -9rl

tt5l-10?8
902 910

100¡¡ 1032
t{43-1¡128
6A9 602
649 'rO2

1018-1054
9?3 1017
417 l0'l
128 618

1040-1085
859 -896
599 53,1
194 115
942 -915
384 -332731 ?I1
900 -919

1661 1?03
1071 1051
846 -850
5?6 -685

148s-1403
2659 210L
91' 931

1950-18?2

613 -6?6
769 119

l6l ¡¡-10 ?{
lt?6-1396
193r 1923
2t91 2574
1566-1559
,130 -32¡

1107-1089
2165 2139
85¡¡ 442

11i¡ { -l190
5l€ -5S9
,123 -,133
62a -591
6{7 583
599 ??1
63? 630
78{ -733
553 -56¡l
326 230
459 ¡¡69
603 -633¡¡05 ¡¡¿t9

1341 1328
1 06 ?-1 t.1 9
1023 1020
673 0s¡¡
e29 -843

1082-1052
3?l 308
50? -511
s28 5?9

l3?7-1369
L622-r608
1118 1080

701 729
1199-1160
2L93 2252
2521 2106
2295-2253
4348-4403

182 -493
2596 2593
23A5 2314
t2la-1241
2216 22A3
3510 2950
1626-4233
6L12-1029
1595 1814
3513 3276
577 4:.3

13,18 1{05
2S2e 2462
2345-2L9e
4886-5110
l,l13- l5 0 6
2964 2910
t6?3 1691
921 -923

t 643 1?11
t ?68 r825
1.,¡ ? 9-14 95
2158-2674
1336 1.352
t41 847
542 395
863 -866
85? 908

1r20-1132
1106-11r6
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Table 18. (continued)

OBSERVED À}TD CÀLCUIÄÎED STRUCTIJRE EÀCTORS FOR RUs(CO)11(C2PH(C6II4}} (PPH} (PPH(OME') PAGE 5

H K L1OFO1OFC H K L1OEO1OFC H K L1OFO1OFC

-13
-L2
-'l
-5
-4
-2

0
1

4
6
I
9

10
1l
13

-72
-tt
-4
-3

1

2
,l
1
9

1I
-10
-6

-{
2

4
5

II K L1OFO1OFC L 10FO 10FC

3 ?05 694
3 464 -523
3 889 -859
3 1104-1066
3 930 959
4 613 666
4 684 -1),6
{ 2036-1998
4 692 6'7I
4 1514 1626
4 2098 2081
4 2450-22?5
4 L62A-1649
¡¡ 3852-3546
4 915 -996
4 3024 3023
4 4039 3962
4 969 913
4 1119-t353
4 3165-2992
4 216 -476
4 25A9 2115
4 2040 2004
4 1332-1335
4 271A-2092
4 1965 1985
4 76A2 7649
4 9't9 -975
{ s12 -583
4 693 -651
4 56e -5?8
4 8I2 847
4 1231 t20a
¡t 307 -231
{ 99e -99I
4 ?00 -656

710 -?41
1111 114 ¡¡

?31 012
a72 122
1L2 612
e32 197
625 -613
{3S t35
?2 1 703
69{ -689
083 857
682 ?06
?51 -001
666 -?30
6?5 700
560 -{6?

1056 1091
?81 -703
969 -9tl
480 ¡l{3
331 78¡l
361 235
132 -754
555 -585

112? t 0?8
2041-1954
106-r-t0 I 3
1.482 1507
701 756
393 368

1012 1053
r 933-1 S 82
446 -306

3?10 3565
1007 965
455 510

83
83
83
83
83
03
83
83
83
83
83
83
s3
s3
83
83
B3
93
93
93
93
93
93
93
93
93
93

10 3
10 3
10 3
10 3
l0 3
10 3
10 3
1.0 3
l0 3

-9
-s
-7
-5
-4
-3
-t

0
4
5
1
I
9

20
-1?
-15
-14

-r2
-IU
-9
-8
-1
-6
-4
-2
-l

0
I
3
4
6
I

t2
15

1117 10 7 I
1789 1835
1447 1460
1208-1131

629 -619
1035 -911
L207 !234
1691 15??
1033-1r15
1606-1?s9
ao2 127
6?1 699
944 869
4r9 -444

1522-1506
L646 1621
2L32 2tL5

'r 59 111
't45 -'tL2
482 -465

1003 -953
269L-2622
601 636

2931 2912
r030 1029
670 161

114?-1013
?82 -858

1063 1143
2298 2L60
a22 66A

1.611 l?03
2259-2360
l{42 1459
¡14¡¡ 431
495 465

77
19

-2r
-18
-16
-14
-72
-11
-10
-9
-8
-1
-6
-5
-4
-3
-2

0
3
4
5
6
't
s

t2

15
16

-r1
-15

-L2
-11
-9
-8
-'7

956 -963
856 869
462 4L6
809 779

1132-1143
7't3 747
900 -896
65? 641

1627 t644
821 -'t't L

1820-r801
663 6S1
674 625

t'735-l5?4
193 -159

2r7A 2117
2422 2332
r851-1936
1616-16S3
ô50 929

2791 2ALA
902 1006

16L2-L106
1360-1425
955 990

1611 1641
1277-L248
640 -610
939 -938

1{73 1418
1100-1083
10r0 -990
1{35 1344
1609-155?
1139 1156
2337 232e

-6
-5

-1
0
1
2
3
4
6
1
8

10

15
16
1?
18

-19
-18
-14
-r2
-tI
-10
-9
-8
-7
-6
-5
-4
-3
-2
-1

1

4

634 -644
t 056-1.099
't63 ?50

1415-135s
16S?-r679
975 954
889 S90

1251 1321
622 -622

1730-l?43
1.1 6 4-119 6
665 603

ll?8 1142
123 ?53

1245-t222
1S05-18{5
948 952
865 -925
815 -?6?
?95 -811
428 -424
958 922
614 59e
561 -{3{,l€', -56S
925 929
480 -534
952 -969
557 5?1
642 645
441 -493
?9? -805
562 { 83
431 442
121 -'t 94
482 -{60

2603 2616
53? 632

L¿l{ 0-1520
8r6 -t1t
934 923
123 -758125 116

!.04 2- 103 ¡¡

636 693
50¡¡ -{?589? S 5?
630 -595
961. -99{

1088 l0¡¡ 5

712 -160612 635
118?-1193
1043 1000
658 613
601 -69?
622 -596
709 -151623 6't4
669 -142
503 -4 89

10{5 103s
1333-13 1 0
803 -711
569 5?3

1264 
'225688 ?03

1599-1644
1552-1s20
1213 t352
688 114

1481-1560

e96 -567
29t2-27sL
1310 1328
3S7 -438

2t6t 2lss
1892 18?8
2346-2410
2't20-28L9
L23e 72L2
rl84-1253
1133 1096
219L 2190
2154-2244
1024-1048
Lt32 1088
935 9{,1

10?8-103?
1144-1129
1 062-1 0{3
5s9 602
486 {93

1458-1398
14 54-14 3?
1400 1362
?03 718
81t -812

l163 1148
1600 1522
1614-16s2
2500-21A6
62e 655

1996 2066
1018 1038
{78 538

2060-2112
s39 -410

HK
6 10
0 l0

-6 t1
2 11
4 11

-16 0

-72 0

-r I 0

-10 0
-90
-8 0

-60
-5 0

-¡¡ 0

-30
-20
-r 0
00
30
40
50
60
70

11 0
120
140
15 0
1? 0
1S 0
19 0
200

-16 1

-15 1

-14 1
-13 t
-10 I

24
24
3{
34
34
34
3{
34
34
34
3{
34
3{
34
34
34
34
3{
34
34
34
34
34
34
34
34
34
3¡¡
44
11
44
44
44
44¡û4
11

14
t4
1{
14
l4
1{
14
1{
14
t4
1{
14
14
1{
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24

oBSERVED ÀND C ¡ÆUIÀÎED STRUCTURe FACÎORS FOR RUs (COl 11 (C2PH lc6fi4t t (PPH) (PPH (Of{E) ) PÀGE 6

H

5
6
1
I
9

t1
13
l5
l?

-18
-r5
-10
-9
-1
-5
-¡¡
-2

0
I
2
3
6
I

-1{
-13
-t
-6
-5
-{

0
I
2
4

K LIOFOI.OPC H K L1OFO1OFC H K LTOFO1OFC H X LIOFO1OFC H X L1OFOIOFC

5¡¡
54
5{
5{
5¡¡
5¡¡
5{
5¡
54
61
6{
6,1
6/¡
6a
6¡¡
6¿¡
6i¡
64
6{
6¡l
64
64
6,¡
14
74
14
14
74
14
14
14
74
74
14

14

I0 ? ¡¡

ll 1 1
L27l

-15rt
-lt8{
-1 0¡¡
-58¡¡
-4S{
-38¡l
-2440s{
184
284
684

-99¡l
-59/¡

59{
-5 11 4

-4 11 {
-3 11 4

-2 11 4
1 1l a
3 11 ¿l

-2075
-1515
-13 t 5
-!215
-1115
-1015
-9t5
-8 l5
-5 1s
-{15
-3ts-1 ts015

I
z
3
{
5
6
I
9

l0
L2
13
20

-16
-15
-I{
-ll
-'l
-6
-5
-4
-2

0
2

11
16

-2L
-18
-16
-1,5
-14
-13
-r2
-10
-9
-8

-7
-6
-1
-3

0
I
2
3
5
6
1
9

l1
l3
1{
l6
18

-19
-1?
-15
-13
-tl
-t0
-9
-8
-1
-6
-5
-4
-3
-2
-1

0
I

2
3
{
6
1
6

ll
t2
t3
l¡¡
19
-9
-1
-6
-5
-{
-1
I
2
3
4
6
I
9

1l
!7

-18
-14
-L2
-11
-10
-1
-6

-3
-2

462 -949
2151-2652
1223 ll04
9?8 102S

tal? ¡,358
1298 1355
630 -6{6
986 -91 I
6{7 -631

l5{5 1549
104 9 1066
6t9 607
¡¡46 399
61r -59?
8tl -839
¡106 {12
916 -428

t266-t234
5?5 596
?4 0 693

13s9 1321
'r29 -842

l{94-156{
693 61?
653 -5¡¡4
4't2 S2t
978 -990
953 -907

2I¡¡5 2089
L21.2 t2t6
1452-1455
1956-1916
66t 650

1905-1860
1449 138?
3426 3429

306 -0?l
2AS4-2130
r439 1{?5
l? 90- 17 69
399 -3{9

3916 3670
t9r2 2003
962-10i|3

13{2-t3{2
136? 1336
l?80-18?3
t{1 853

2532 263L
23 06-23 83
1152 l2l5
693 -672
9r2 914

l.16{ -1.15 6
125¡¡ l28l
825 865

1048-107?
r35l 1309
r056-1061
213r.2161

900 -834
23IO-22s2
9?3 98t

145¡¡ 1{66
8?6 -819
738 -126

2t52 2252
1361 1416
2022-2017
2010-21L5
1103 1108
815 S37

1{36-t{?5
2039 198?
3619 3?89
308 9-3174
666 -6!8

M? l35s
l2{3 1263
115 6 1131
923 -919

1{09-1{12
99,¡ 10?s
906 t65

1324-1355
1014-100¡¡
l0{1 956
1330 l2t9
966 9S2

2003-1990
102 t-111.3
L4 83 1568
1561 1596
a42 A92

1102-1109
1?80-).899
1202 1216
1011 -978
e16 927
936 -a8l
459 -147

1094 10?g
1432 t402
I 074 -1 060
861 -885
975 -94r

17S9 1??0
¡.3t1 1331

{5
l5
{5,t5
a5
{5
{5¡1 5
,t5
{5
45
55
55
55
55
55
55
55
55
55
55
55
55
55
55
55
65
65
65
65
65
65
65
65
65
65
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Table 18. (continued)

OBSERVED ÀND CÀLCUIAÎED STRUCTURE FÀCÎORS FOR RIJ5(CO}TT(C2PH(C6H4}) (PPH) (PPH(OME)) PÀGE 7

H K L1OFOIOFC H K L].OFO1OFC

-1
0
I
2
¡¡

-15
-15
-11
-10
-9
-3
-6
-3
-1

0
2
5
1

13
-8
-6

-1
0
2
3
1
I

10
14

-12
-10
-1I

9

II K IJ 1OFO 1OFC K L 10FO ìoFC

869 898
502 -496
835 -?81
695 -122
112 610

1084 106{
818 -060
913 856
395 -339
849 85?
586 -600
6?9 -700
615 664
452 -410
691 -662

1208 1190
1868-I85{
1A9 703

2163 2238
534 -560

2626-2609
669 -612

2'1L2 212s
3119 3298
2973-2'tL).
2432 2542
l.?19-1.71?
25t 5 2660
3391 3{21
t53l-t5?6
3065-3238
992 -999

l29l 1249
2618 2'rLa
424 476

1990-2029

915 -911
t29t 1362
136 1I2
7{0 -tt2
6{9 60?
?6i¡ -?43
379 -358
621 668
800 -??9

l0l1 973
899 -9?5
154 196
tl{ {73
692 709
612 650

r328-1313
952 8t¡¡
836 -?95
162 'tsl
609 -61 t
142 -700
8?1 835
686 64â
606 61¡¡

21{¡¡-2133
209t 2223
{93 -{95

1609-1525
542 s04

110?-1141
1661-1516
2351 2320
t421 ls39
2102-2554
241 L-2693
156 912

K L 10FO 10FC

10?9-1014
616 65?

1100 1138
902 83 I
626 5L4
530 510

1 04 6-1 127
6t3 623

1015 9 91
1021 98'l

't 9'7 't16
1?08-165?
1401-1426
1645 1631
t6?3 1583
308 -2S2
455 -494

:.{39-1361
503 {4?

2113 2198
s09 416

1014 t 10 0
1019 856
51? -487
88{ -963
816 ?59

¡129 1089
182?-1830
2316-22e5
L62't r690
98? L0r8

1934 18?3
351 -767

21 4S-21 73
1.752-1639
1280 1261

436 -431
98 8-l 066
924 -493
125 -649
?48 819
958 945
356 363
5?8 -583
460 -460
629 645

1625 1666
14A -A21

10?6-10{?
1{65 1400
1{s3 1330
417 -572
869 -910
696 683
696 -?61
838 -794
589 65?
944 945
429 -826

7146-1122
I?86 1785
803 ess

lr{0-¡.202
966 -964

1336 1389
540 -555

r.052 t 011.
566 -59¡t
97S 972

1132-110?
1196 1205
696 -?5t

-10
-9
-6
-5
-4
-3

2
/¡

-1
I
3

-2L
-19
-18
-77
-16
-1{
-13
-12
-Ll
-10
-9
-5
-4
-2

0
1
3
4
5
6
1

10
Ll
L2
13

26
26
26
26
26
26
26
26
26
26
26
26
26
36
36
36
36
36
36
36
36
36
36
36
36
36
36
36
36
36
36
36
36
36
36
36

l?
1''
1?
17
I?
t?
t?
1t
1?
1?
1?
17
1?
t?
l?
21
21
21
21
21
2'l
21
21
21
21
27
2'l
21
21
21
31
3?
37
31
31
3l

05
05
05
05
05
05
05
05
t5
15
15
06
06
06
06
06
06
06
06
06
06
06
06
06
06
06
06
06
06
06
06
06
06
06
06
06

76
76
?6
?6
86
86
l6
86
t6
86
86
t6
06
96
96
96
96
96
96

10 6
11 5
l7
17
l7
l1
l?
17
17
1?
l7
l1
11
l7
T7
L1
17

l4
l1
18
l9

-2L
-18
-16
-14
-13
-L2
-11
-9
-8
-5
-4
-3
-2

I
2
3
4
5
6
1

T2
-l?
-15
-l{
-L2
-10
-9
-8
-7
-6
-5

-3
-2
-1

0
1
5
6
I
9

10
II
17

-1?
-15
-11

-6
-5
-4

-2
-1

0
t
2
3
4
5
6
'l
I

10
12
l3
15

36
{6
46
46
46
46
46
/¡6
46
46
46
46
46
46
46
¿¡6
16
46
46
46
46
46
/¡6
46
46
16
56
56
56
56
56
56
56
56
56
56

13'7 -698
2136 2150
2112 2099
279r-2060
35 ? 6-3 625
t236 726a
1622 16'71
7131-1164
500 -581
492 S?5
't25 665
904 8?0
5't2 -630
846 854
539 -591
s?3 -88S

1016 106e
658 69?

106s 1022
699 -659

2209-2184
900 -843

1306 1324
1?08 1758
535 -515
651 't L1
659 629

1738-1?10
238A-2556
435 411

l6 5I 1715
662 643
524 4'tL

1066-L054
¡.146-1123
952 104I

624 5S5
806 807
9''2 -944
944 9't9

1465-1465
{11 48s
961 94'1

1? 99-l 690
?69 -816

t677 t6?3
1891 1?s7
511 -483

2216-2422
2134 2739
83? g'16

1275-13s?
533 50?
51? {?0

1730-1783
1528-166t
1115 1118
2L14 2253
631 650

151?-1551
1489 14?1
806 791
390 -274
711 -752
49{ -519

2003 1999
1569-1501
1126-r116
2055 2043
:.187 1181
l34L-1322
1¡¡1.,t-1467

18
-L'l
-15
-13
-r1
-10
-9
-8
-7
-6

-4
0
2
3
4
5
6
1
I
9

10
ll
).5
17
18

-1?
-15
-14
-L2
-10
-1
-5
-4

-2

OBSSRVED ÀND CAIÆUI,AIED STRUCTURE FACÎORS FOR RUSICO)11(C2PH(C6H4}I (PPHI (PPH(OHEI) PACE 8

H ¡( L IOFO 1OFC H r LloFoLoFc H K LIOFOIOFC H t( L 10FO loFC H K L1OFO¡OFC

I
2
r
{
5
7

L2
l3
1,¡
l6

-L{
-r0
-1
-5
-3

I
a

12
-17
-16
-12
-11
-10
-9
-8

-6

-3
-2

0
1

!

56
56
56
56
56
56
56
56
56
56
66
66
66
66
66
66
66
66
66
66
16
16
16
16
16
75
16
16
16
16
16
16
76
76
76
16

1198-1105
654 658

1666 l9?3¡lsl -450
1873-18t8
825 88?
520 -{ 05
{26 -50??ll ?60
835 -802
a¡¡2 -3?0
4 93 ,132
661 -63?
{95 508
197 741
695 -692
6?3 -?33{70 {65
668 -6?3
{ 11 -¡¡ 06
?1r -661
828 -81{
534 53{

111¡l ll00
421 -{19

L493-L461
539 -5{?

1122 l1l6
??9 813
502 -503
598 649

1506-1534
1581-t 563
tl21 1008
165? 1?t0
540 -502

6
I
9

t0
-9
-7
-3
-2

0
2
¡¡

6
1.3

-t2
-1
-2

0
5
8

-10
-2

-21
-20
-l?
-15
-13
-t2
-lr
-10
-8
-'t
-6
-5
-4
-3
-2

0
L

2
3
¡¡

5
6
0

9
10
lt
t2
l4
l9

-1?
-15
-14
-l I
-10
-8

-5
-5
-4
-3

0

\2
-16
-14
-13
-11
-9
-8

361 369
3732-3482
1182 11?¡¡
34?l 3?0¿¡

953 -8s,1
2402-2551
I I 86-lllt
09? 9I3
180 -199

1666 1?68
159'r 1680
1¡¡30-t¡193
2097-2013
4?9 {5?
981 -930

1080-1087
981 953
117 176
4 86 -501
691 -?08
574 581

I520 13?4
683 ?{4
546 -563
?50 -686
{36 -t50
1e9 -'t70343 333
800 905
6e2 -1t2

:.703-t 618
t245 t264
1066 1034
1009 1002
2204-2189
1461-1420

-7
-6
-3
-2
-l

1
2
4
6
7
3
9

1l
14
16

-16
-15
-13
-10
-g
-1
-6

-¡l
-3
-2

0
I
3
4

6
l0
11
13
14

1241 L25A
1956 1983
855 923
836 -ô02

2950-2945
1710 l?2{
s32 ¿19
561 535

112?-l2sl
L661-L102
53S 327

r{24 1399
605 -6{1

106?-1070
ll{0 1130
17A -151.
709 -582

1024 997
1038 9?l
1185-11 18
523 487
8?6 S99

1336-130?
1831-1?03
1214 1179
2170 2710
1049-1044
640 599

1713-l?91
1086-1093
t920 2023
1645 1?13
723 -689

14 57-1461
L492 1499
599 555

l5
l6
-{
-2
Ì
2
3
4
â

9
11
16

-18
-17
-15
-1,r
-11
-10
-8
-7
-4
-3
-2
-1

0
2
4
5

72
-13
-t2
-9
-8
-6
-5

635 -647
92t -926

159{-1603
629 -662
{98 ¡143

tt29 7172
!82 295

1330-1260
I t2 r-122 5
895 850

1149 1l?t
l2?0-1332
925 9!6

l:.11-1 155
653 -622642 669
826 751

l?{5-1701
1631-r590
1{36 1421
1263 L232
905 -895

2311-2449
601 -596

t29r t342
t14 846
69? 685
942-1000

1012-1036
736 -738788 ?68
502 513
614 -640
896 -858
823 860
12A 7L0
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Table 18. (continued)

OBSERWD ND CALCUIÀTED STRUCTURE FÀCTORS FOR RU5 (CO) 11 (C2PH (C6H4 ) } (PPH} (PPB (OTG) I

H K t10FO10FC

PÀGE 9

H K LloFOloFC fl K Ll,0FOloFC H K L10FO10FC r¡ K L10FO10FC

-1
0
't

l2
L5

-1,¡

-I2
-11
-10
-9
-g
-6

-l
0

2
1
9

-72
-5
-4

1
3

-6
-4
-3

2
4

-21
-20
-18
-16
-1¡¡
-r3

't1
1'l
11
87
8?
e1
8?
8?
a1
s1
8?
8?
07
8?
8?
8''
8?
8?
9'l
91
97
91
97

10 7
10 ?
10 ?
10 7
10 ?
08
08
08
08
08
08

1t
l4

-19
-15
-14
-13
-12
-1.I
-10
-9
-1
-6
-5
-4
-3
-2

0
1
2

4
5
6
s
9

10
1t

l8
18
18
l8
18
18
18
18
18
18
2S
2A
2g
2A
2A
2A
2a
2B
2S
2e
2A
2A
2A
2B
2A
2A
28
2g
2e
2g
2S
2A
2A
2S
2A
2A

-18
-15
-10
-6
-4
-3
-2
-1.

0
3
4
6

11
t2

- 1,1

-6
-1

0
1

2
7
9

T2
l6
l?

-l?
-15
-13
-L2
-10
-9
-€
-6
-5

-2
0
2

4
1
8

11
1?

-16
-14
-12
-11
-10
-1
-6
-5
-4

3
I

15
-13
-12
-ll
-10
-9
-1

-4
-2

0
2
4
6
I

11

1120-t 145
998 -950
191 -194
639 602
6?1 -5?0
s95 -924
653 624

1,168 1161
702 -121

tL41-7129
a22 8{4

t1?5 1122
1192-11?6
10?5-1036
191s 1881
915 907

1586-1529
925 -A77

152,¡ 1508
119{-1192
835 -802
11 5 -'t 6't
802 -?55
6?1 629

1 035-1041
597 595
921 -871

1l95-1245
116 A64
194 -A29
610 686
846 -645

1{14 1{59
2360-23't0
2163 21,35
aa6 -926

-12 0
-11 0
-10 0
-90
-8 0

-', 0
-60
-50
-40
-30
-20
-1 0
00
10
20
30
50
80

10 0
11 0
12 0
13 0
18 0

-L7 1

-16 1

-14 1

-13 I
-72 I
-11 1
-10 I
-9 1

-8 I
-'l 1

-6 1

-5 1

-4 I

I 94?-1031
s 2201 2190
ø 2t2s 2L25
a 2320-2244
I 2880-2844
a 224A 2329
I 1959 2018
s 38??-3598
a 2397-2249
a 2147 2e8A
a 7929 1921
I 3r03-2930
s a15 -122
8 {1r5 4316
e 2a52-2662
I 45?L-/¡39t
I 3l?? 3{8?
a 2026 20'to
8 3583-3573
s 2t42-2019
I 2051 2030
a 1122 1661
a 11A2-t142
I 955 9?{
I 1106 tt04
8 1066-111?
I 572 -496
I A22 -A39
I 541 -615
I 803 ??{
a 2530 2161
I 81? 865
I 1355-1351
0 8{r -315
a 1t4 -'146
I 897 -838

1361 1294
13?2 1518
760 -?59

7297-r2s5
a30 -e2't
884 -€58
539 54?
838 836

1030-10s3
521 441
635 -601

15?? 163?
13{ S 1323
740 -723
88? -915
169 -123

1492-r4'1 6
162L-L526
260t 2597
1554 1565
r681-t531
1089-1138
904 -83?

1993-r961
914 -824

2656 2't 5't
228e 2367
r264-t206

e4 5 -?30
1211-121.4
992 -956
564 -550

1303 1319
5?? 5.{ 6
699 -923
?s9 -790

8 1457-1533
I 4{8 541
e 120{ r1?3
I 3?6 339
g 558 -534
8 653 612
8 1231 1161
I 914 -881
I 1486-1508
0 1004 993
I 1133-1102
I l1t 9-1112
I 534 510
I 582 -591
I 900 -94?
I 412 {¡¡ 9
8 939 901
I 1250-1241
I 1231-1152
a 62e 721
I ?00 658
I 1253 116?
0 1664-t.5??
I 1309-1¡¡80
I ?89 ?36

811 854
431 481

r0??-1084
5?5 -566
804 839
?40 ?45
565 536
7A2 -293
680 -670
605 -5e5

1176 1158
971 -969
520 -446
3 9,¡ ,¡ 18
8?¡¡ 0¿16

1022 10{6
832 -798
929 -897
s33 -882
953 94 I
405 21L
442 459

138,1-1319
r0{6-1038
L246 1240
1696 1639
1395-13??
,t62 391

1405-1339
2459 2463
20 5 6-2033
1r32 111?
10,¡5-t 009
1606 16?6
l{ ?1.-l 517
9{S -952

583 -6t0
308 466

to22 to20
{20 -{{9
650 6tt
901 -676
659 -6?3

ts13 153?
1622 L629
1059-105?
ll26-12¡¡3
2022-20t3
21t7 2526
625 649

321 5-3233
10{ ? -96,1
19?8 2168
1402-!261
1308 I29?
957 1065

2681-2¿136
24).9-2L49
2886 2923
32,10 3{ l3
25L7-2416
2931-21 60
1573 1628
2244-2250
llt2 1153
3261 3425
231A-2320
842 814
124 -139

1525 1509
tt21-LL42
1008 1015

't33 -796
8¡19 863
556 -548't13 -170

1441 1495
831 e21
596 -558
542 -530
?05 -635

102? 1046
1253 1331

3

3

3
3
3
3

3
3
3
4
4
4
4

4
4
4
4
4
4
4
4
5
5

5

5
5

5

5

OBSSRVED AND CAI,CU¡ÀÎBD STRUCTURE FACIORS FOR RUs(CO}11(C2PH(C6H{I}(PPHI (PPB(OI{E)' PAGE 10

H K L],OFOTOFC H K L1OFOIOFC H K L1OFO1OFC H K L1OFO1OFC H X I,1OFO1OFC

1.3
-12
-1r
-10
-9
-5
-4
-3
-2

0
6
0

-5
-3

-2L
-19
-1?
-16
-15
-1{
-t3
-L2
-10
-8
-1
-6
-5
-4
-2
-1

0
I
2

4

6
I
9

10
11
T2
13
1?

-18
-15
-t1
-10
-8
-1

-l
0
4
6
1

-20
-13
-10
-9
-6
-5
-A
-3
-2
-1

1
2
3
5
6

å

l,l
-19
-17
-15

-9
-1
-5
-3

2
3
{
5
a

10
12
l3

-1?
-15
-9

-4

-2
4
6
9

II
-16
-15
-12
-ll
-10

-8

-1
-¡¡
-!
-1

0
4
5

L2
-14
-t3
-6
-5
-3
-1

0
2

-t3
-L2
-ll
-9
-1
-6
-5
-3
-1
I
,l
5
6
1
8
9

l0
-5
-2

-7
-4
-3
I
I

-19
-18
-l?
-16
-15
-1¡¡
-11
-9
-8
-1
-6
-5
-!
-2
-1

0
I
2
3
4
5
6
I
9

10
L2
14
16
18

-17
-15

09
09
09
09
09
010
0 10
0 l0
0 l0
0 l0
0 1.0
0 l0
010
0 10
0 t0
0 t0
0 10
0 l0
0 l0
0r0
0 10
0 10
0 10
0 t0
0 l0
010
0r0
0 10
0 l0
0 t0
0 10
0 l0
0 t0
010
l. 10
I 10

10

0 lt90 121{
r 1009-1015
0 3?9 -{21
6 7A2 t15
8 ?05 656
6 {05 -398
0 82t -838
I 760 ??5
I 1289 132¡¡
t 995-1 003
r 65? 836
e 928 -916
I 729 -140
I 903 938
I 54{ 536
9 139 -19L
9 ?10 650
9 338 -015
9 1130 1143
9 t{36 1435
9 t202-L222
9 1208-1306
9 ?06 ?35
9 1855-1?83
9 2181 2?t6
9 t056 1002
9 3010-3022
9 1320-1154
9 1191 1672
9 1469-1447
9 17?0 1829
9 2431 259L
9 2532-2424
9 24LO-2348
9 104,¡ 1177
9 2685 2729

1 9 lt{5-t,t73
I 9 199 S¡¡3
L 9 20tl-2131
I 9 34a -865
I 9 2¡.1! 2152
| 9 799 422
I 9 915 -9{0
1 9 915 -911
2 9 595 6l?
2 9 763 -765
2 9 883 86?
2 9 1r{5 1098
2 9 1?09-l?,¡3
2 9 ¿16 -8'18
2 9 ?0! 162
2 9 107{ 1091
2 9 9t2 -ø14
2 9 538 -510
2 9 601 619
2 9 995 1083
2 9 62L -614
3 9 690 -688
3 9 589 -568
3 9 113{ 1160
3 9 1.04{ 969
3 9 1159-11?¡l
3 9 t19L-L721
3 9 909 -886
3 9 {8€ 500
3 9 116? 1159
3 9 1534 15?l
3 9 840 -818
3 9 A20 -1A2
3 9 1103-¡097
3 9 941 961
3 9 696 69r

391 -395
5s0 5?3
675 -672
8t0 t05
86? -8{2
6L5 -699
9S3 992
951 -9J3

1312 1279
t426-L412
?59 ??l

112 6 1218
??0 -816

t507-1{68
530 -¡13,1

1029 1052
759 -?4t
?86 -¡85
846 -829
801 1A6

1094-1052
951 931
863 S5?
?83 '182
?04 -681

ll66:.181
632 -616
614 -665
83? 811
806 -'r64
s14 -520
813 856

1673 r59?
1088 1113
944 -7S3

1838-1838

?57 -ôt 1
1r90 1201
2362 2395
1402-1482
92¿ -911t?9 t56

1208 125{
10 75-l l¡¡ I
970 l0r2
469 -127

11? 8- 114 4
l07g-r082
I 12?-l:.08
636 6s6
5r9 562
?55 601
164 -710

1210-1240
163 -710
9?0 999
89? -834

lr9s 1142
39¡l 394

l2 2 s-r 1'r 0
1298 1283
16{ 1-1614
1550 15?4
5?? 613
s87 55{

1546-r55{
1166-1132
t236 1229
812 848
5s6 -591742 150
516 -562

3
{
4
4
{
4
{
{
¡l

4
4
¡¡

4
,l
4
,t

4

5
5
5

5
5
6
6
6
6
6
5
6

9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9
9

69
69
69
69
69
69
69
69
69
19
19
19
19
19
79
19
19
89
89
89
a9
89
89
89
89
89
89
89
89
89
89
89
89
89
99
99
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Table 18. (continued)

OBSERVED AND CÀLCULÄTSD STRUCTURE PÀCTORS FOR RUs(COI11(C2PH(C6H{)'(PPH'(PPH(OT{E)I

H K L1OFO1OFC H X L10FO10FC H K LIOFO1OFC H K L1OFO1OFC

PÀGE 11

H K L1OEO1OFC

-12
-10
-9
-1
-5
-4
-3
-2
-1

2

5
6
1

10
11

-15
-14
-12
-11
-10
-8
-1
-6
-5
-4
-3
-2
-1

I
3
¡¡

s
l0
11

IO 770 121
10 825 850
1.0 s{5 -615
10 639 -630
t0 196 ø22
J.0 909 844
l0 650 -623
l0 1018-1079
10 655 -60?
10 1139 1065
10 995 10r6
10 386 -355
1.0 1461-1466
\o a29 s76
t0 59{ 57S
10 103? -986
r0 88{ 909
10 ?s3 ?70
10 11.94-1119
r0 125{-1185
t0 891 S19
10 658 -644
l0 1149 r13I
10 90s -s90
10 1420 r414
10 637 633
10 657 634
l0 1 20{-11.83
l0 ?86 -806
l0 371 330
l0 5?8 621
l0 636 -663
l0 853 -863
10 935 928
10 ?61 80?
10 1183-r191

10 763 745
l0 1499-1552
r0 1??5-1?16
10 1304 1311
I0 821 761
10 63? 660
10 s85 -891
L0 t622-).696
10 1011 -966
10 ?43 793
10 93? 911
10 r238-1300
10 1403-1391
10 526 -499
1.0 ?01 ??I
t0 925 925
10 1009-r012
10 960 -924
l0 107? 1049
l0 1369 1384
r0 ?01. 174
l0 ?99 -779
L0 22e9-2240
t0 I399-1400
10 1610 ¡.692
to 2198 2668
10 1120 1214
70 t242 It82
L0 762 -732
70 2495-2364
10 1?58-1704
r0 191? 1938
10 1?53 1810
10 1249-1.20{
10 ?91 816
10 631. 600

10 824 -199
1.0 10¡¡8 1003
10 1{1? 13?2
ro 420 426
10 856 -868
ro 1261-1242
10 I188 1231
10 10?9 1059
t0 342 -321
10 1301,-1365
10 ?3{ -706
l0 876 8?2
r0 656 ?63
10 1238-122{
l0 9{6 965
10 7?4 -?10
10 670 684
10 1166-11?6
t0 86{ -€64
t0 7229 1249
l0 9,13 925
10 468 -463
t0 584 -607
10 10{7-1018
l0 116{ 1200
10 687 662
t0 660 -662
10 1271 1265
10 1320-1329
10 1.0?5 10?1
1.0 t 0L?-1000
10 582 58{
10 1385 1,3¡¡2
t0 100? -989
10 l?69-1?89
l0 694 656

0

/t

6
1
I

72
13
-8

1
-5
-4
-3
-1

-18
-16
-15
-13
-10
-9
-s
-6
-{
-3
-1

0
I
2
3
1

I
9

11
1?

10
10
10
10
10
i.0
1.0
10
10
l0
10
10
l0
IO
10
11
l1
1l
1.1
t1
11
I1
l1
11
11
1l
11
I1
1l
ll
t1
11
11
l1
t1
11

1031 1030
1006 98r
612 599

14 90-14 69
1r19-1065
7256 7268
632 623
595 -568
992 -995
440 {19
381 -369
40{ 501
683 688
676 -643
384 284
?63 ?89

11{t-ll??
805 -?90
179 AtA
80? ?65
422 -540

t626-L57 4
23At 2386
1224-LL89
41s 534

2109-1926
925 -e32

1923 1931
tsa{ 7612
918 -966

t?50-t?08
1109-1033
8{4 826

1666 1644
11¡¡ s-10 4 ?
962 A2L

-16
-14
-11
-10
-9
-s
-4
-3

-1
4

7
-18
-15
-13
-r2
-11
-10
-1
-6
-5
-3
-2

2
3
4
5
9

10
t2
13
l¡l

-19
-t ?

-15

11
11
11
II
1l
11
11
11
11
11
I1
11
11
1t
ll
1l
11
II
11
11
1I
rt
11
L1
11
Ll
11
1L
l1
11.
11
11.

1l
11
11
I1

112 17L
65e -6?5
908 -898
837 -86?
619 661

:.s76 1466
549 -534

L6t1-L622
3{9 -335

1063 1150
1295-1250
?34 -619
805 824
816 -?98
856 -8lS

I2g? L267
1620 1539
1025-1009
1 6?0-1 686
646 -6{8

1551 1520
2391 229'l
2269-2I51
1312-1301
2015 1952
1636 16?0
1?02-1645
1591-1578
4A5 462
993 1035
98t -102I
585 -552
363 {52
552 600

L2{ 6-1. L3 5
999 993

1

I
I
I
1
1

t
1
1
1
1
I
1
I
1
t
1
2
2
2
2
2

2
2

2
2
2
2
2
2

2
2

-8

-6

-2
-1

1
2

6
1
9

l6
I4
L2
10
-8
-1
-6
-5
-4
-3

0
1
3

10
1{
T2
10
-8
-6
-5
-4
-3
-2

-19 3
-18 3
-16 3
-t3 3
-r1 3
-r0 3
-93
-53
-43
-33
03
33
53
93

t1 3
-16 {
-1S {
-1{ 4
-13 {
-11 4
-10 {
-8 4
-6{
-{ ,l
3,t{{
54
64
84

10 4
-1'' 5
-16 5
-1{ 5
-t3 5
-95

OBSERVED ÀTD CÀI¡UIÄTED STRUCIURS PACIORS FOR RUs(CO'I1(C2PHIC6H{}I IPPHI (PPH(OßiEI)

H X LloFOloFC H ß LIOPO1OFC fl x LloFoloFc
PAGE 12

L 10FO loFC H K t LoFoloPc

-r2
-ll
-10
-9
-8
-6
-¡l
-2

0
I
2
3
{
5
1
9

t0
t2

-13
-t2
-10
-9
-8
-'l
-6
-5

-2
-1

0
4
6

-16
-12

-rl
-9
-8
-t
-3
-l

0
I
{
5
6
7

t2
-1{
-13
-L2
-6
-5
-3

0
2
3
9

l0
-13
-1
-5
-2

0
4
6
I

-2
-t

0

-19

a 11.

I ll
{ 1l
¡¡ ll
a ¡1
{ 11
{ tl
{ 11
¡¡ 11
¡¡ l1
I 1r
{ 1r
¡l 1.1
{ lt
¡¡ 1l
{ 11
{ 11
{ 11
5 1r
5 lt
5 11

; ït
s 11
5 11
5 tL
s ll
5 11
5 t1
5 II
5 11
s ll
s 1l
5 lI
6 11.

6 t1

6 ll
6 1t
6 tr
511.
6 1l
6 11
6 1l
6 1r
6 1.1

6 lr
6 11
5 l1
6 lt
? rt
? II
? 11
? 11
7 Il
7 11
7 11
? ll
7 11
7 11
? 11
I ).1
I 11
8 11
I 11
I tl
I 11
I 11
0 11
9 11
9 1l
0 1t
0L2

-18
-l?
-r4
-13
-10
-9
-8
-1
-6
-4
-3
-2

0
2
3
¡l

6
7
9

1.0

l2
1?

-18
-17
-r5

-10
-8
-1
-6
-5
-3
-2

1
3

0 12
012
0 12
0t2
0 12
oL2
0 12
012
0 t2
0 12
0t2
0t2
0 12
0 12
0 t2
0 12
0 12
012
0 12
0 12
0 12
0 12
0t2
r:,2
I 12
I 12
LL2
1 12
1 12
t12
I 12
1t2
r 12
I 12
LL2
I 12

l0,tt 950
1099 1081
:.!97-1a 01
1212-t229
8?0 77A

t086-1058
136t 1383
1362-M0
1369 l3?8
350 -366

18t7-l?93
961 958

1237 7231
673 -689
979 l0t0
939 -9!8

1 142-l 1¡16
075 635
836 812

1,¡28-1.358
r233 ll93
312 421

103¡.1005
1350 t3{2
1452-l{52
15S1-1559
99,1 947
815 795
806 -809
996 1038
59? 56t
525 -4 89
988-1030
924 895
684 729
727 -789

t{9 -826
tll? lr08
1530 1352
L3t2-1211
ra{9-ta5l
t 031 t000
115 t37
488 125

1.299-13 t{
1097-1083
1063 1004
101{ 1020
112 -1tO695 725
99r 955
¡¡9!. -,1{€

106? 1039
92t 462
182 -a34
690 -670

118 9 115I
4.1? ¡¡:,1
002 780
118 191
882 8??
695 -691
830 818
691 614
783 -?54
s61 -036

t362 L29A
1112-10E5
669 690
651 680
902 890
582 564

991 -981
t677-L1 49
691 685
649 630
651 6il5

1s33-1S50
It35-1192
1s9 162

1302 139t
1231-1068
1{16 t39l
605 -56¡

12 8:.-11ô B

604 685
1631-16{a
923 -902

2049 2031
1285-1230
?91 ?19

1509-l 522
t24t-L242
?68 738

I 129-1090
t273 L23l
635 6l?
620 -615
442 892

1336 1215
86S -90¿¡
683 -652
687 -693
835 -783

1655 1628
1093 1086
s56 -800
902 -935

¡,2 la86 la94
12 1029 100{
12 516 -515
t2 622 -670t2 lt72 r1{0
r2 1,560-1s6?
t2 L627-t669
12 ,111 ¡101

t2 732 142
12 t?61 1693
12 l,?8¡l-1?83
L2 2191-2486
L2 881 -8S7
L2 eA2 9t8
t2 ¡0t1 1r 12
12 526 595
t2 832 922
12 399 -314
12 2294-233r
12 t246-t1't9
12 ?91 e16
l2:,239-1206
12 8l,l ?5S
t2 LO27-1026
t2 11?5 1132
l2 19?9-1969
L2 t2A7 L283
L2 1297 1265
t2 s01 536
72 t223-1253
12 tt'r3-I214
12 904 932
L2 A92 -84'l
12 Lt69 t239
12 1123-1115
72 A41 -189

t2 913 899
l2 1095-1140
12 1540 15??
12 797 657
t2 967 -919L2 737 -721
L2 729 1Al
t2 â21 -176
12 t0?3-104 ?
t2 L2r9 tt17
12 711t L114
72 792 -192l2 1658-1.66,¡
L2 662 647
12 921. 910
12 990-1043
I2 10{9-10¿¡3
12 94A 902
12 1{38-1468
t2 1100 L612
12 980-1002
t2 8?9 -S0?
t2 9?0 9?0
12 129 -616t2 849 824
12 6t0 597
12 855 -83?
12 1399 1385
12 1507 1465
t2 t626 t600
!2 't52 -703
12 1697-1650
12 I 90 923
tz tazg lqzo
12 1169-1183
L2 A4g -921

3
4
a
4
,|
4
{
{
4
{
{
{
¡¡

¡l
I
4
4
4
{
4
{
{
4
{
5

5
5
5
5
5
5

5
5

K

I
I
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3
3
3
3
3
3
3
3

H

5
6

-20
-:,9
-1{
-12
-tI
-10
-9
-1
-5
-a
-3
-2
-t

0
1
2
3
I
I

I1
l6

-19
-r3
-11
-9
-6
-5
-4
-3
:l

1

2
4
I

l0
-16
-1{

-L2
-tl
-10
-9
-8
-1
-6
-5
-,|
-3
-2
-1.

0
I
3
5
1

ll
13
l5

-t?
-16
-11
-9
-2

0
1

6
I
9
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Table 18. (continued)

OBSERVED ÀND CÀLCUI.ÀTED STRUCTURE FÀCTORS FOR RUs (CO) I1 (C2PH(C6fl4) ) (PPHI (PPH(OÀ18) }

H K L1OFOIOFC H K LIOFO1OFC H K LIOFOTOFC

PÀGE 13

H K L1OFO].OFC

-13
-L2
-1
-5
-,¡
I
3
5

-1
-5
-4
-3

2
3
5
1

10
-r2
-8
-6
-4

1
-5

-19
-13
-r2
-9
-8
-1
-6
-4
-2

6
g

16
-ì?

6t2
612
672
6t2
612
6 12
6!2
6L2
112
1t2
7L2
7L2
1L2
7t2
772
7t2
772
I 12
812
¿t2
s 12
I 12
912
t13
113
1 13
t13
1 t3
1 13
t13
l13
113
113
113
I t3
2t3

83? -8s9
141 -713

1083 I068
1033-1012
822 -792

1004 96S
t 2s6-!.330
545 544
603 587

113?-111s
363 -381
12A 124
568 -54?
785 -814

14 53 1461
511 -5?9
58I -559
606 -620
616 -640
50? 559
621 -S86
628 564
423 -354
616 -626
905 -926

1295-1305
159 693
{85 489
531 -569
5?8 -5?4
808 -790
896 946
?4 S ?85
937 -960
?93 -?5?
?63 -?'t1

-11

-,0
-3
-2
-1

0
4
't

-19
-1?
-15
-13
-12
-11
-10
-9
-6
-5
-4
-3
-1

0
2
4

9
10
t2
15

-18
-12
-10
-6
-5
-{

13
13
L3
13
13
13
13
13
13
t3
L3
13

t3
13
13
13
13
13
13
13
13
13

13
t3
l3
13
13
13
13

13
13
l3
13

't 45 16A
r022-r026
166 160
703 684
659 -6A2

1063-I099
652 -6t1
16L 831
583 -6{5
589 596
5¡r8 -5,¡1

10{2 1039
1554-1601
758 -?94

2069 201e
664 664
a64:902

19?8-19?2
2215-2198
1038 1012
2129 2132
988-1013

1291 !284
2431-2433
201),2112
139 121
855 -053

15S6-1522
t4't1 1124
422 444

1146 1.190
1195-t 259
r?56 1?'t0
299 -334

1486-1¡¡4?
906 -899

14 533 532
14 663 681
14 A41 196
14 136?-1349
1A 722 612
14 1183-r183
14 1039-1046
14 068 859
14 838 81S
14 1106-1096
1{ 1913 1S56
14 54{ 523
1¡t 13?5-1358
14 61.9 -668
t4 452 -Stz
14 42{ -{15
1¡¡ 1209 1142
14 2393 2401
14 1816-1806
14 1283-1250
1{ 1902 1962
1,1 810 835
1,¡ ¡¡60 -424
1,¡ 936 -021
14 930 965
l{ 131? 1335
1{ 875 870
14 1355 1332
1{ 678 -940
1,¡ 716 -7 90
1{ 901 -90?
14 1?63 t?28
1¡¡ 773 176
14 974 -961
1{ 734 -?L't
1{ 999 -9'r9

H K L1OFOIOFC

-3 4 13 1462 t452
-2 4 13 1659 16{9
-1 4 L3 1103-1086
0 4 13 13s4-1309
1 4 13 144? 1435
2 4 13 557 588
3 4 13 138?-1445
5 4 13 1001 1059
7 { 13 1139-110?
9 4 L3 1223 7249

L1 4 13 985 -949
-15 5 13 1094 108?
-10 5 13 981 -9r0
-8 5 13 1305 1.299
-7 5 13 S56 806
-6 5 13 893 -844
-5 5 13 690 -643
-2 5 13 't61 -'t23
0 5 13 863 AA2
2 5 13 690 -677
{ 5 13 ?14 65?
5 5 13 486 -544
6 5 13 835 -863

-15 6 ¡,3 400 -{28
-9 6 13 592 -595
-8 6 13 ??1 -?ss
-s 6 13 725 13r
-4 6 13 99S 981
-1 5 13 84? -809
0 6 13 1422-1465
3 6 13 898 91?
{ 6 1.3 1120 115?
6 6 13 899 -908'7 6 13 988-1009

10 6 13 568 55,¡
-l{ ? 13 574 -618

-12
-11
-6
-5
-4

2
4

10
-'t
-6
I
2

-1
0

-1.9
-18
-14

-12
-11
-10
-8
-5
-4
-3
-1

5
1
I

10
1{

-18
-16
-11

13 818 ?83 -9 I
13 887 893 -8 1
13 ?58 -??3 -6 1
13 658 -641 -3 1
13 611 643 0 1
13 1052-104? 4 1
13 ?96 141 5 1
13 624 -623 9 I
13 ?16 -69? -r9 2
1.3 568 -560 -L4 2
13 8S4 -894 -L2 2
73 444 -462 -11 2
1.3 357 -406 -10 2
73 9A7 7029 -9 2
13 501 579 -1 2
L4 831 850 -6 2
14 1523 1591 -5 2
14 86? -354 -4 2
t4 1525-149t -2 2
14 573 573 1 2
14 189? 1?6? 3 2
1{ 102? 10?e 4 2
14 749 -144 5 2
14 13S3-1493 9 2
74 551 516 l0 2
l¡l 15?7 152? lL 2
1{ 657 -642 -12 !
14 801 -?81 -11 3
14 ¡.093 l0B1 -9 3
14 658 -671 -1 3
14 1115 t116 -6 3
14 {83 -541 -4 3
14 695 -68? -3 3
14 161 -792 -2 3
l,l ?16 ?86 -1 3
14 914 -972 2 3

OÈSERVED AIID CAIÆUI.ÀTED STRUCÎURE FACTORS FOR RUs(COIIl(C2PH(C6H4}I (PPHI IPPH(OI{E') P^6E 1¿l

H K LIOFOIOFC H L toFo 10Fc H X Ll.oFOloFC H K L1OFOIOFC H K L1OFOIOFC

3
6
1
9

l0
-r6
-1{
-9
-8
-1
-6
-a
-3
-I
I
3
5
1
9

l3
-16
-15
-10
-9
-7
-2
-1

U

1
5
6
I

-4
-3

2

31{
!la
3 :,4
3 t¡¡
314
all
{ 1.1
{1{
¡l l{
{14
I 1l
a 1t
¡l I{
¡t I{
a l¡¡
{ 1/¡
¡¡ 1a
a t4
{ l{
414
5 :.4
514
51{
sl4
s l{
5 lt
514
5 t{
51,1
5 l,l
5 l4
s 1{
6 t4
614
61¿¡
6 1{

3
-s
-6
-5

I
2
4

9
3
5
I

-18
-15
-l{
-13

-10
-8
-'t
-5

-2
-1
I
3
5
1

10
-L2

-4
-3

-L252
-15 3
-14 3
-1.3 3

-63
-43
-33
-2303
23
43
93

10 3
11 3
t2 3

-l? {
-13 {
-11 4
-10 4

-9{
-6 4
-5 {
-3{
-24
-1 4
24
44
84

10 4

-15 5

-13 5
-t2 s

635 670
406 -{82
58,1 61?
518 -624
811 -'t09
865 865

13,¡ 0-13 6l
1221 17e2
5¿6 572

Lt30-1133
904 -904659 ?35
e24 -822

1659 1628
L461 -1423995 9¡4
682 -639851 913
8?0 -865
66t -682
401 -351833 837
135 -102
040 -8t26r{ 586

1960-1862
129¡¡-l3l 8
1300 1315
1l3l 115 5
1072-106S
963 -955

1{03 142?
521 6L4
359 424
3t5 -222
s22 417

8¡¡0 863
116 -719

10?3 1080
6{3 63?
?¿l? -?85
s92 631
9¡13 1024
890 -t3{
663 618
605 8r0
5€,1 -6I3
652 65{
883 -90?
613 -599
761 -753

1370 135,1
1138 1201.
6?1 -645

1110-r108
653 6?t
691 -?31

2103 215,¡
843 8(3

137¿l-1425
692 -691
901 821
693 -121

1220 1215

1s {55 {33
15 315 3{t
15 ??t -73515 648 5?3
15 1384 1383
l5 ).308-1321
l5 l{?1 1395
15 1019 1011
15 1518-1483
t5 r253-1215
t 5 875 855
r5 l1l8-1087
t5 906 911
15 1564 1590
ts 1103-11I9
1s l{32 1¡¡29
r5 1087 1088
75 762 -75415 952 -93{
l5 398 -,¡89
15 1210 11r9
r5 1391.-l{26
r5 95s-r013
15 653 642
L5 651 598
15 1!?2 13?s
l5 18{8-190S
r5 625 -685
15 93{ S76
75 724 612
15 8?1 -81?
15 159 -766
15 583 599
15 ?3{ -698
15 695 68?
15 912 899

t5 59t -5't2
t5 722 719
t5 8a8 -785
t5 63{ 616
15 1009 -979
t5 1056 1047
t5 l02t 996
15 775 -830
15 984 -925
15 644 602
l5 109? 11,25
15 t4{ -651
15 I r{3-1133
t5 1392 l3S{
16 1567 1592
16 1310:.256
t6 llSt-I185
1.6 1?41-1749
t6 920 93{
16 961 -992
t6 2196 21L0
16 10?? t016
t6 2L89-2214
16 1214-1260
16 580 558
16 105?-1029
1.6 1115 1103
76 2240 2L1L
16 21?3-2106
L6 L391 !402
16 6?3 -695
l6 9?3 1006
16 936 -889
t6 620 -626
16 ao2 a32
t6 s'19 567

a?t -{?5
ll06-1111
r238 1253
761 724
647 -629

1073-1059
61r -554
80{ -?67
5?3 567
12A 114

I 053-1 0? 9
907 916
638 5€3

1105-1089
1325-1323
728 655
986 926
?03 693

t3??-1351
63¡¡ 562
?50 ?65
699 701

106¡¡-l 0?1
1090-1053
432 't69
116 164
??8 -?53
998- I 04 5
¡16? {39
192 752
{8? -{90

1075-1066
?63 -819
444 436
442 -846858 945

K

6
7
1
1
1
1
1
7
7
e

8
9
1

I
I
I
1

I
I
I
I
L

L

1

I
I
L

I
I
I
I
2
2
2
2
2

I
1

I
1
I
1

I
L

I
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
3
3
3
3
3
3

3
3
3
4

16
16
16
l6
l6
16
l5
l6
16
i.6
l6
16
l6
t6
l6
16
16
16
16
l6
l6
l6

la
I'
l¡¡
14
1¡
l{
1¡l
l4
1,t
1t
1{
l4

5

-1 5
-5505
-86
-56
-l 6
06
26
36
66
76
41

-98
-'t I

-14 0
-13 0
-12 0
-r1 0
-9 0
-6 0
-60
-50
-40
-30
-20
00
10
20
40
60
80
90

11 0
12 0

-L2 |
-11 I

-10
-5
-¡l
-3

0
1
8
9

1l
-14
-12
-t0
-9
-5
-4
-3
-2
I
3

6
I

r0
l1
13

-15
-13
-t2
-9
-s
-6
-5
-4

0

-14

6
6
6
6

15 1406-1410
).5 ?50 ?33
15 ?53 6??
t5 593 -5S?
I 5 535 -530
15 862 -881
15 ¡12? -3 99
15 637 607
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Table 18. (continued)

OBSERVED ÀND CALCUI.ATED STRUCTURE FACÎORS FOR RU5(CO}11(C2PH(C6H4}} (PPH} (PPH(OI.TE))

H K L1OFOIOPC H K L1OFOIOFC H K L1OPO1OFC

PÀ6E 15

H K L1OFOIOFC H K ¡, 1OFO 1OFC

-7
-6
-1
I

10
-12
-10
-1
-2

0
5
7
I
4

-10
-9
-s
-7
-6

-1
1
3

-15
-13
-12

-10
-9
-1

-3

3
4
5

16
16
16
16
16
16
16
16
16
16
16
16
16
15
l6
16
16
16
16
16
16
t6
16
1,7
1?

1?
L1
77
1?
1?
1?
17
1?
l?
1?

-13
-r2
-11
-8

-6
-{

1
2
3
{

6
9

1l
-13
-r2
-10
-1
-5
-t

9
-10
-2
-1

3
4
5
6

-13
-9
-s
-6

7

0 18
0 18
0 18
0 18
0 18
0 1€
0 I8
0 18
0 18
0 18
0 18
0 18
0 l8
0 t8
0 16
1 1S
1 18
118
1 r8
I 18
1 18
I ts
1 18
2L8
2 1.8
2 18
218
2 l8
2L8
2 18
! 18
3 L8
3 l8
3 18
3 r8
3 t8

-11 4
-74
-64
-3 ¿¡

44
-35
-96
-1 6
-46
-26
-L6
-1 ?
l7

-13 L

-12 I
-11 1
-10 1

-6 1

-5 1
-3 I
01
2l¡t1
5l
6l

-13 2
-ro 2
-92
-82
-6222
53
83

-12 a
-1 1
-5 ¡¡

1
1
2
2
2
2
2
2
3
3

3

3
3
4
4
4
{
4
4
4
4
5
5
5
5

6
6
6
6
6
0

4
4
4
4
4
5

5
5
5

5
6
1
7
7
7
1
1
7
1
1
1
I
I
I
I
I
1
1

I
I
t
1
1

1144 1104
1044 1035
s10 -852
?85 813
415 -506
639 -658
st 0 848
720 -163

1066 1039
886 -901
7e9 113
713 -187
762 -12s
40¡¡ -3?8
411 -419
901 864

1088 1105
't99 -197

1109-1206
450 -405
7''4 851

1182-1108
850 852
910 901

1132-1r62
968 -9?0
7t2 122
984 1028
632 -6't1

1 514 14 71
2150-2083
1201 tl?{
1237 -t216
1 5 91-1 602
1001 1036
151 I 1{ 51

t7 903 -909
l7 1140 It11
17 539 {99
17 636 -599
1? 540 541
1? 653 -635
l? ?66 ?t 5
1? 600 -5??
t1 82L -849
\1 399 -4L9
1'7 594 616
17 846 -712
11 443 442
17 68{ 614
1? 938 -907
I't 562 546
17 t 183-1t ?6
1? 525 583
1? 1051.1086
!1 9L9 923
1? ?39 ?33
17 ?83 -7?8
l? 743 ?{8
17 450 -4¿10
l? 99?-103,t
17 903 916
t7 699 129
l? ?8{ -804
1? 65{ -673
1? 300 -2{S
t1 75'' -eL9
1? 699 ?30
l7 1009 l0{5
l7 355 {06
17 361 -¡3?
18 152{-1592

9?8 -965
L629 !621
r613 163t
1031 l0{9
1239-1163
2427-2464
2215 2L24
1?66-t?01
1386-1363
1909 1903
1890 1?99
950 -983
915 -958

1215-1206
969 955
560 -59{

1047-1062
68't 696
aL9 822

ll36-1109
715 -775
831 834
462 422
{20 -{35
121 -762
s22 -543

1259 l2¡¡l
583 5{l
936 -942
863 -680

11S? 121.0
43? -501

1121-l101
907 8?4

1085 1094
423 -494

934 9't6
629 -674
943 -833
82r 840
502 481
83{ -868
8?6 -868
63? 62I
?30 '733
881 -826
32A -262
94{ -93{

1045 10{9
883 939
168 192
616 -122
642 -610
994 995

t21t !324
aa2 -as2
{58 -¿¡69

1317 13{5
l3 82-134 ?
'r14 -?05
65? 64{
550 -623
329 -36r
353 -{39
595 524
{83 -55?
639 -641
622 -631
5{6 603
862 -880

119{ 1125
8t? -f36

705 -802
11?6 1161
762 -A0r

1085-1091
115 0 110I
724 -'r20
?{8 -8089?5 901
673 -638555 ¿¡78
86,¡ -846

L211-12'r9
89? -9{1
463 423

1716 168?
928 900
961-1022

l,¡39-1515
1251 1168
13?2-r33 6
752 -718696 ?17
134 725
8,t0 8{3
631, 604
3G,6 -428?09 633
Bl9 ?85
6?9 6¡¡9
506 -557
992 -954900 921
703 -?06
314 -269866 8?8
515 638

10
r2

-tJ
-11
-9
-1
-5
-3
-6
-5

1

3
4
9

11
-14
-72
-11
-4
-3

2
4
9

-L2
-10
-9
-5
-4

2
-8
-5

2

7
-14

4t9
4L9
¿¡ 19
5 19
5 19
519
519
5 r.9
5 19
619
619
o20
020
o20
020
020
o20
o20
020
020
o20
I 20
1 20
220
220
220
220
320
320
320
320
320
320
420
120
120

18
t8

-4
I
3

-10

-3
-2

5

-1
2

-12
-11

-8
-1
-6
-5
-4
I
3
4

-13
-5

-13
-2

3
5

-9
-8
-1
-6
-l

2
-10
-9
-6

9
9
9
9
9
9

19
l9
l9
l9
1,9
l9
19
19
19

oBSERVED Àt{D CA¡.CU!AI8D STRUCIUR8 FACîoRS FOR RUs(CO}lt(C2PH(C6tt{lt (PPfl' (tPH(OilEl)

H K LIOFOIOFC K L ¡OFO IOFC fr K LloFoloFc H K LIOFO1OFC

PAGE 16

R L l.oFO 10PC

-t
-1

-,1
-1

0
1

-1
-7
-5
-2

0
I

-10

I
I
I
3
3
3
3

H

-5
-3

2
-6
-¿¡
-3
-2

-{
-3
-l

2
4
0

-0
-6

20
20
20
20
20
20
2l
2'

10 I 9-t 033
1352-1338
1000 1041
469 450
917 -919
{ 98 432
622 61{
868 -895

594 -608655 6t6
174 -173
6,¡ 7 695
89s -903
?00 665
192 811

0 22 1340-133¡¡
o 22 901 -915
o 22 69L 611
o 22 8{a 19'l
o 22 751 -12s
0 22 r08s-1059
o 22 314 -249

22 769
22 312
22 6t3
22 597
22 set
22 60e
23 1!9

6e1
792

-611
:60 8

-58 7
-t 58
-152

2L
2l
2l
21
2L
2L
22

?13 -?5t
995 -998

100? 985
532 603

1152-112?
936 -935
595 611

H

2
3

-5
-2
-2
-1
-2
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APPENDÍX 2. Publications by the author arising from this work

(1) Reactions of transition metal o-acetylide complexes. Part X. Cycloaddition of

tetracyanoethene to manganese, iron and nickel complexes, and hydration of a related

tungsten complex. X-Ray structures of Fe { C[=Q(CN)2] CPh=C(CN)z ] (CO)z(q -

CsHs) and Ni{ Ct=C(CN)zlCPh=C(CN)z} (PPh¡Xtt-CsHs) (with M.I. Bruce, D.N.

Duffy, M.R. Snow and E.R.T. Tiekink ) J. Organomet. Chem.335 (1987) 365.

(2) Reactions of transition metal o-acetylide complexes. Part 11. Cycloaddition

reactions with 1,1-dicyano-2,2-bis(trifluoromethyl)ethene. X-Ray structures of

V/{C=CPhC(CF:)zC( CN)z) (CO)¡(q-C5H5), Mn { C=CPhC(CF¡)z-
-t t-r
C(CN)z ) (CO)3(dppe), and Fe { C=CPhC(CF:)zC(CN)z } (CO)z(q-CsH5) and of a

hydration product'W{NH=C(OH)C(CN)=CCPh=C(CF3)2}(CO)z(tt-CsHs) (with M.I.

Bruce, M.R. Snow and E.R.T. Tiekink) Organometallics 7 (1988) 343.

(3) Stability of the cyclobutenyl group in Fe(C=CFCFzCFzXCO)z(tt-CsH5) towards

isomerisationbyring-opening.X-Raycrystalstructuresorr"(@n'-

(COXLXq-CsHs) (L = CO and PPh3) (with M.I. Bruce, M.R. Snow and E.R.T.

Tiekink) J. Organomer. Chem.352 (1988) 199.




