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SUMMARY

The rapid development of metal cluster chemistry has proven to be
a source of new and interesting reactions. Many new bonding modes of
organic ligands have been observed in trinuclear compounds. In parti-
cular, the ligand often donates more electrons to the metal core in
these complexes than is observed in mononuclear species. Thus, an
isocyanide ligand in Ru5(CO)|4(CNBut)2 contributes six electrons,
whilst in mononuclear complexes two electron addition is the observed
bonding mode. This obviously implies a potentially different chemistry
for the trinuclear complexes from that established for mononuclear
systems, and emphasises the necessity for an extensive comparative
study of the chemistry of trinuclear systems. The natural extension
of such investigations to heteronuclear complexes offers a further
variation in chemical reactivity, particularly if this involves the
use of metals such as platinum and gold, which offen form stable deri-

vatives with l4e or |6e configurations.

Chapter One outlines a study of the substitution chemistry (with
respect to Group VB ligands) of RUS(CO)IZ' The following three objec-
tives férmed the impetus for this work: )

i) to synthesize specifically substituted derivatives, RUB(CO)IZ—nLn
(n = 1-4) in high yield, with a view to forming mixed ligand deri-
vatives of the form RuB(CO)9L1L2L3.

i) to investigate the reactivity of some of these substituted deri-
vatives toward unsaturated organic |igands. For example, the
reactivity of RuB(CO)g(PMeB)3 with cyclopentadiene and azulene
was investigated.

iii) to investigate the structural and spectroscopic relationships be-
tween various mono-, di-, tri-, or tetra-substituted derivatives

of RUB(CO)IZ'



In describing this work, reference is made to current bonding theories
of metal clusters, kinetic investigations of substitution processes,

and relevant electrochemical studies.

Chapter Two focuses on a fourth objective:

iv) the synTHesis of heterometallic clusters incorporating both
ruthenium and platinum.

The reactivity of RuB(CO)II(CNBut) t+owards suitable zerovalent platinum

reagents was investigated, leading to the synthesis of a highly un-

stable intermediate. On the basis of subsequent reactivity with fwo-

electron donor ligands, this intermediate was postulated to be

RuPTZ(CO)4(PPh3)3, containing a Pt=Pt bond.

The early work of Nyholm and Lewis showed that stable gold-osmium
clusters could be obtained by oxidative-addition of AuX(PRB) (X =halide)
to osmium carbonyl clusters. An interesting extension of this work is
the use of Group IB acetylides (as their tertiary phosphine complexes),
whereby mixed metatl-osmium ciusters containing potenfially reactive
acetylide functions would be obtained. |t was first necessary to de-
velop efficient high yield syntheses of Au(CZR)PR% compounds. Chapter
Three cutlines these synthetic sfudies, and extends them to copper and

silver complexes.

Chapter Four them outlines the reactivity of Group |B phosphine

acetylide complexes with HZOSS(CO)IO' For example, Au(CZC6F5)(PPh3)

. . _2_ .
reacts with HZOSS(CO)|O To give AUOSB(CO)IO(U n CHCHC6F5)(PPh3) in
quantitative yield. The subsequent reactivify of such clusters was
investigated. For instance, initial pyrolysis of AuOSS(CO)Ion

—n2_ a2 s H
(u-n CHCHC6F )(PPhB) gave HAuOs (CO)8(u n CHCHC6F5)(PPh3) in

5 3

good yield. The reactivity of Group |B phosphine acetylide complexes



&

toward Ru3(00)|2 was also investigated. For instance, when Cu(CzPh)(PPhB)
reacts with Ru3(00)|2 a host of products are produced, from which

HCuRu3(CO) (PPh;), CuRuB(CO)g(CzPh)(PPhB) and CUZRUB(CO)7(CZPh)2(PPh3)

10

can be isolated.

2



STATEMENT

This thesis contains no material which has been accepted for the award
of any other degree or diploma in any University and, to the best of my
knowledge and belief, contains no material previously published or writ-
ten by another person, except where due reference is made in the text of

this thesis.

Janis G. Matisons



ACKNDWLEDGEMENTS

I am most grateful to the Lord Jesus Christ, my Maker, Redeemer
and Friend, on whose advice | undertook this project, and with whose help
| finished it. | am also very grateful to my wife, Ina, whose support

and encouragement never lapsed throughout the course of this work.

| am deeply indebted fo my supervisor, Professor M.l. Bruce, for
his guidance and encouragement during the course of this research pro-
ject. The structural studies within this work were undertaken with
considerable skill by Professor A.H. White, Dr. B.K. Skeltfon, Dr. J.M,
Patrick, Dr. M. Snow, Dr. J.R. Rodgers and Mr. E. Horn. Thanks are
due to my colleagues and the staff of the Chemistry Department for
their help; in particular to Dr. B.K. Nicholson, Dr. J. Walsh and
Dr. R.C. Wallis, for their collaboration on some aspects of this
work, to Dr. A.G. Swincer, who proofed the entire manuscript, and
to Mr. R. Morris, whose skill in technical drawing is evident through-

out the script.

| wish to acknowledge the prompt replies and/or prepublished
material sent by Professor Sir J. Lewis, Professor F.G.A. Stone,
Professor R. Bau, Dr. J. Simpson, Dr. P. Braunstein, Dr. J. Takafs
and Dr. L. Garlaschelli. Finally, | am thankful for the speed and
precision of Miss E. Clark, who typed and corrected the entire manu-

script in two weeks.

A Commonwealth Postgraduate Award and University Research Grant

are both gratefully acknowledged.



ABBREVIATIONS

R angstroms

atm atmospheres

bpy 2,2-bipyridine

Bu® sec-buty!|

But tert-butyl

CDT l,5,9-cyclododecatriene (mixture 2:1 - trans:cis)
CcoT cyloocta-i,3,5,7-tetraene

Cp cyclopentadienyl

Cy cyclohexyl

dec, decomposed

diars o-phenylene bis.{(dimethyl arsine)

DMA dimethylacetylenedicarboxylate

dpae | ,2-bis (dipheny! arsino) ethane

dpam bis (diphenyl arsino) methane

dppe |,2 bis (diphenyl phosphino) ethane

dppm bis (diphenyl phosphino) methane

e.g. for example

Et ethyl

ff and following pages

ffars tetrafluorocyclobutene bis (dimethyl arsine)

| 1
(CH3)2ASC==C[A5(CH3)2]CFZCF2

ffos tetrafluorocyclobutene bis (diphenyl phosphine)
I 3
PhZPC——C(PPh2)CFZCF2
f6fos hexaf|luorocyclohexene bis (diphenyl phosphine)
I~ 1
PhZPC==C(PPh2)CFZCFZCF2
h hours
Hz Hertz
i.e. that is
i.r. infra-red

Me methyl



mg miliigrams

min minutes

ml ;mililitres

mmo | millimoles

m.p. melting point

n.m.r. nuclear magnetic resonance
p.p.m. parts per million

Ph pheny

pr" n-propyl

Thf tetrahydrofuran

Tms tetramethyl silane

Tosmic 4-toluenesulphonyimethylisocyanide

For Infra-red Spectroscopy

br broad

cmt wave numbers (reciprocal centimetres)
m medium

s strong

sh shoulder

Vs , very strong

VW very weak

W weak

For n.m.r. Spectroscopy

d doublet
m multiplet
g quartet
qu quintet
5 singlet

1 triplet



CHAPTER ONE

SYNTHESIS AND REACTIVITY OF SUBSTITUTED
DODECACARBONYLTRIRUTHENIUM CLUSTERS



INTRODUCTION \Usriiy”

Outline
This chapter contains a survey of substituted RUS(CO)IZ7nLn com-

plexes (where L = Group YB donor ligand). The results are discussed

in terms of:

i) synthesis and facile reactivity of RUS(CO)IIL (where L = isocya-
nide ligand).

i) radical ion-initiated syntheses of ruthenium cluster carbonyls
containing tertiary phosphines, phosphites, arsines, SbPh3 or
isocyanides.

iii) structural studies of substituted ruthenium carbonyl clusters.

iv) miscellaneous reactions of Ru (CO)l2 and its substituted deriva-

3

tives.

The final experimental section describes the reactions in the

sequence they appear in the text.

General Chemistry of Ru3(C0)]2

During the last two decades, there has been growing interest in
the field of the preparation and characterisation of molecular com-
plexes of transition metals with metal-metal bonds.l"8 The best known
Cluster carbonyl complex of ruthenium is dodecacarbonyltriruthenium -

RUB(CO)IZ' Since its discovery in 1961,3 the chemistry of this poly-

nuclear ruthenium complex has expanded rapidly.

Two molecular orbitals, which play an essential role in a wide
range of chemical reactions, are referred to under the general term
"frontier orbitals," and are abbreviated frequently by HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied molecular or-

bital). Electron delocalization between the HOMO and LUMO is genérally



the principal factor determining the ease of a chemical reaction, ir-

respective of whether an intra- or intermolecular process occurs.

Reactions of polynuclear metal carbonyls can be classifed accord-
ing to the type of electron transfer in the initial reaction step; that
is, electrons may either be added, subtracted, or transferred from the
frontier cluster orbitals. Nucleophilic attack and/or reduction in-
volves addition of electrons to LUMO, whereas electrophilic attack and/
or oxidation involves removal of electrons from HOMO. Pyrolysis and
photolysis reactions, however, are considered to involve an intra-

molecular transfer of electrons from HOMO to LUMO.L

The presence of carbon monoxide as a ligand allows considerable
changes in the electron density of a cluster by adjusting back-donation
between CO groups and metal atoms. Electrophilic attack (remova! of
electron density from cluster HOMO toward reagent LUMO) is compensated
by decreased 0OC —->M back-donation. Nucleophilic attack (addition of
electron density at the cluster HOMO) is also compensated by increased
0C =M back donation, 21 Therefore, the presence of CO can offset
changes in electron density, thus favouring reactivity of cluster car-

bonyls with both electrophilic and nucleophilic reagem“s.zo'22

Separation between frontier orbitals increases on passing down a
subgroup, causing the corresponding polynuclear metal carbonyls to be-
come progressively more thermostable and chemically inert. The de-
creasing reactivity is also accentuated by increasing metal-metal bond
strength in going down a subgroup. Thus, the reactivity of:meTaI clus-
ters, differing only in the metal atom of a particular subgroup, will
show this trend. Hence, FeB(CO)|2 shows a reactivity pattern consistent

with cluster degradation (breaking of metal-metal bonds) under reaction



conditions,23739 while OsB(CO)|2 retains the triangular Os3 network

40-u48

under a variety of conditions. Not suprisingly, Ru3(CO)I2 displays

reactivity intermediate between Fe3(CO)|2 and Os:,>(CO)l2.'+9

Initial reactions of Ru3(CO)|2 showed that the complex reacted
with a wide range of ligands.*3731 As the chemistry of RuS(CO)|2
emerged, it was essential to have crystallographic structure deter-
minations of not only the final products, but also of intermediates

which indicated the course of the reactions.

Many photoreactions of Ru3(00)|2 (by irradiation near the o—>o*

transition [391 nm°2] of the Ru, triangle) result in decltusterification

3
(via transfer of electrons from HOMO to antibonding LUMO).3373% The
reaction quantum yietds are little affected by CCI4, a radical trap,
but are significantly affected by the presence of weak Lewis bases
(such as thf).%® This suggests that the key intermediate(s) in the

photofragmentation is not a diradical, as thought previously,57, but

is coordinatively unsaturated.>®

Alkali metal or electrochemical reduction of Ru3(C0)|2 gen-=
erated the RUB(CO)IZ7 radical anion.%®’%3 This radical anion is
unstable above 233 K, but below 193 K satellite signals due to Ru
hyperfine coupling (9G) were seen.%8,59  The reduction of RuS(CO)|2
is more difficult than that of Fe3(CO)|2,60 but a chemically and
electrochemically irreversible reduction step appears even at 195 K

(E% -0.82V vs. Ag/AgCi). The second step at -2.0 V involves cluster

degradafion.58’59



Reactivity of Ru3(C0’)]2 with Group VB Donor Ligands
{a) Monodentate tertiary ligands

/ The chemistry of Ru3(CO)I2 has been explored far more widely than
that of any of its simple substituted derivatives [e.g. RUS(CO)IZ-n(L)n
with L = Group VB donor ligands].*® This contrasts with the situation
existing for mononuclear complexes where tertiary phosphine and arsine
comp lexes abound, and their reactions are well known.*361-75 The main
reason for these differences lies in the reactivity of Ru3(CO)|2.

High temperatures are required for Ru3(00)|2 to react with vari-

ous phosphines. The usual product from such reactions is RuS(CO)g(PR3)3.76»77
(See Table |). Mono- and di-substituted complexes (see Table |49,76-91)
are obtainable under special conditions (e.g. under C0,%2,93 or by using
sterically demanding |igands,® or alternatively as by-products from re-

actions designed to afford other products®®). Trifluorophosphine is the

only ligand known to displace more than four carbony! |igands.%

Substitution reactions of Fe3(C0)|2 with phosphines, except under
the mildest of conditions, give mononuclear comp lexes.?373%  When com-
pared with FeS(CO)IZ’ the ruthenium analogue is more robust as it re-
tains the metal triangle in most reactions (see Table |). Cluster
degradation (metal-metal bond rupture) is uncommon, and occurs only
where sufficient energy is supplied, either thermally or photochemical-

ly, to rupfure the Ru-Ru bonds,”?,97-101

Kinetic studies8%,192-105 jnqicate that the formation of
Ru3(CO)ll(PR3) is the rate-determining step in substitution reac-
Tions. Subsequent substitution steps forming Ru3(CO)IO(PR3)2 and
Rug(CO)4(PR;) 5 are fast.85» 102104 dence, it is to be expected that
RuB(CO)g(PRS)3 would be the major product formed, if not the sole

product,



Interestingly, a kinetic sTudy105 of the thermal reaction of

Ru (CO)9(PPh ) in the presence of PBut or CO, resulted in the

3 3°3° 3

construction of a mechanistic scheme having the V-shaped diradical,

v a
(PhBP)(CO)SRu-Ru(CO)B(PPhB)-Ru(CO)S

mediate. This reversible, homolytic fission of metal-metal bonds

(PPhs), as the initial inter-

by thermal or photochemical means is common.l06-12%

Poé and Twigg102 report that substitution reactions of RUB(CO)IZ
with Group VB ligands most reasonably occur through a simple dissocia-
tive mechanism, involving CO loss and formation of the coordinatively
unsaturated intermediate RUB(CO)II' Such unsaturated intermediates
are electronically not very discrimina‘l‘ing.lZS’126 Steric effects are
then of major importance, although the nucleophile is definiftely pres-
ent in the transition state.102 These substitution reactions all pro-
ceed by reaction paths that are kinetically of mixed zero and first
order in [nucteophile].!9 |n effect either unimolecular CO dissoci-

ation (kl) or bimolecular substitution (kz), respectively, is the

rate-determining step:-

k k
! 2
RUS(CO)[2 - RUB(CO)II -IT—* RUB(CO}IIL

-
kopsg = Ky +koLL]

The basicity of the ligand L becomes more significant as k, in-

2
creases. Thus, ligand basicity, steric and kinetic factors all deter-
mine the degree of substitution finally observed.® Hence, in several
instances, the mono- and di-substituted complexes have been chromato-

graphically isolated.8 Reactions between RUB(CO) and PT(PR3)4 or

12
PT(PRB)Z(C2H4) also result in the formation of these mono- and di-
substituted complexes.’7»127 Unfortunately, low yields were obtained

in both instances.



TABLE | Some Properties of Complexes [RUB(CO)IZ-nLn] (L = ERB’ CNR)

L n Colour v(CO) (cm™) " "Reference
PMez(CHZPh) 3 reddish-purpie 2043w, 2017w, 1973s, 1937m 76
PMeZPh | orange-red 2092m, 2039s, 2026s, 2010s, 1998(sh), 1991(sh), 1980m, 1973(sh), 1956(sh) 88

2 red 2069w, 2013s, 1989s(br), 1969(sh) 88

3 red 2040w, 1972(sh), 1966s, 1938m 88
PMePh,, 2 red 2070m, 2016s, 1993s(br), 1969(sh) 88

3 red 2042w, 1966s, 1939(sh) 88
PBu3 3 dark red 2035vw, 1960s, 1927(sh) 83
P(C,Bu)Ph, 3  dark red 1991vs, 1977vs, 1950m 84
PPh3 | yel low 2097m, 2046s, 2030(sh), 2023(sh), 20l4s, 1996(sh), 1986m, 1972(sh), 1960(sh) 87,90

3 dark violet 2044w, 1978(sh), 1967s(br) 77,82,83,86,88
P(C6H4Me—m)3 3 red 2044w, 1979(sh), 1967s(br) 88
P(C6H4Me—p)3 3 red 2039vw, 2017w, 1977(sh), 1965s(br) 88
P(OMe)3 3 red 2054w, 2001 (sh), 1988s, 1963(sh) 88
PPh(QMe), 2 .red 2080m, 2029s, 2005s, 1984(sh), 1972(sh) 88

4 red 2031w, 1983s, 1965s, 1913(sh) 88
P(OPh)3 2 red 2089w, 2038s, 2018(sh), 2010s, 1993(sh) 87

3 red 2070w, 2012s, 1999s, 1977(sh) 83,87
P(0C6H4Me-p) 3 red 2065w, 2009s, 1995s, 1977(sh) 87
P(NMe2)3 3 red 1987(sh), 1975s, 1937w 88
dppm (2) red-orange 2080m, 2040w, 2010s, 1988(sh), 1960m 78
dppe (2) red 2082m, 2021(sh), 2016s, 2001s, 1983(sh), 1965w, 1935w(br) 88,89
ffos (2) red 2087m, 2027(sh), 2019s, 2007s, 1989(sh), 1974w, W960w, 1950(sh) 79

(4) dark red 2048m, 1996(sh), 1978(sh), 1972s, 1944(sh), 1898w 79
(~)=diop (3)" deep violet 1995s, 1977s, 1965s, 1950(sh) 80
MeSi(PBu2)3 (3) vyellow 81
AsMeZ(CHZPh) 3 purple 2043w, 2016vw, 1982s, 197ls, 1935m, 192im 76
AsMeZPh 3 red 2050w, 1988(sh), 1976s, 1943s 88
AsPhS 2 red-purple 2099w, 2075w, 2047w, 2026s, 2015s, 1995s, 1979(sh), 1959(sh) 88,91
ffars (2) dark red 2087m, 2024(sh), 2014s, 2007(sh), 1980(sh), 1967w, 1950(sh), 1938w 79

(4) dark red 2045m, 1991(sh), 1978s, 1971s, 1948(sh), 1844w 79

2 For polydentate ligands, number in parentheses is number of CO groups displaced.

b .
[Ru3(00)9]2[(-)—d|op)]3.



Ligands present on metal clusters show an ability to accelerate
CO dissociation (see Table 2),128-136 making k| the dominant term in
the rate law. The rates of CO dissociation from several octahedral-
metal carbonyl complexes can be explained in terms of cis-labilization,
a ferm used fo describe the increased readiness of a carbony| group to

dissociate when cis to a |igand.135-146

TABLE 213 Some Relative Rates of CO Dissociation
from Transition-Metal Carbonyl| Clusters

N RuglCO)|, (PPhy) Co,(CO) , [P(OMe) ] Ir,(CO) ,_ (PPh,)_

| 55 0.9 220

2 40 .3 3500

The hypothesis that cis-labilization is operative can be used to
explain the observed substitution behaviour of Ru3(00)|2.85:102'10L+
It was observed that substitution by PPh3 leads only to the trisubsti-
tuted species RuB(CO)g(PPhB)S.BS’102 The rate law being first order in
carbonyl and zero order in ligand requires that the successive first-

brder rate constants increase with increasing degree of substitution.

The necessity for further investigation in this area has been

highlighted by recent notes by Atwood!*” and Poe.l%8a,b

An alternative approach was proposed by Darensbour‘g,129'131’133’13'+
based on steric induction arguments. Rate accelerations, ascribed to
sterically induced |igand dissociation, only require that the co-
ordination site of the leaving CO |igand be in close proximity to

the phosphorus |igand and not necessarily at the same metal site



=]
(cis-labilization effect). The origin of the steric accelerations
may be a ground state property (as reflected in the structure of
Ir4(CO)8(PMe3)41“9), though in the ftransition state the relief

of interligand steric repulsions upon ligand dissociation can
aIIow‘The remaining metal-1igand bonds to attain values closer

to their electronic equilibrium positions.133,13% Steric factors
alone, however, cannot explain why Ru,(CO) reacts with AsPh, fo

3 12 3

form the disubstituted derivative, RUS(CO)IO(ASPhS)Z’ whilst PPh3
(with a larger cone angle!®®) forms the trisubstituted derivative
RuB(CO)g(PPh3)3.88’91 Here, electronic considerations also must in-

fluence the substitution processes.

The following cis-labilization order has been established using

tetrahedral Ir, clusters: 135136

t
Co< F’(OF’h)3 < ASPh3 < PF’h3 < F’Bu3

The cis-labilization studies of Atwood and Brown!37-1%2 are directly
related to the kinetic studies by Pog,3293,102-111 congidering that the
relative cis-labilization order represents a measure of the tombined
steric capacity as well as l|igand basicity associated with each donor

ligand.

The order of cis-labilizing abilities is just the reverse of the
trans-effect order for these same |igands.!7193  However, Iigands
which are relatively small, but reasonably nucleophilic (such as OH,
ci=, Br~, I7, CN", SCN™, CNBut) show an associative pathway for substi-

tution of metal clusters. %l 144 154-156

Carbonyl i.r. spectra indicate that solutions of substituted
ruthenium clusters contain only terminal CO |igands.”? 91 The

kinetic data accumulated by Po€ indicate, however, that the struc-



Ture of Ru3(CO)9L3 intermediates should vary considerably with the

nature of L; as the greater the steric bulk of the substituting li-
gands, the higher the tendency of the Ru3 cluster to accommodate

bridging CO |igands.%2

The chemistry of phosphine substituted derivatives of RuB(CO)|2

has not been explored to a large degree. This is because thermal re-
actions of RUB(CO)IZ with phosphines ténd to generate the trisubsti-
Tuted derivative RUB(CO)Q(PRB)B’ which in turn is unreactive except
under very forcing conditions. Substituted RUS(CO)IZ—nLn comp lexes
undergo pyrolytic reactions forming ortho-metallated derivatives.87>88
For example, when Ru3<00)9[P<p-+o|y|)3]3,88 Ru3<co>9[P(0Ph)3]387 or

r 87 . R
RuB(CO)g[P(OC6H4Me p)3] were refluxed in decalin,

- &8 87
Ru3(C0)7[P(p Tolyl)zszeC6H Ru(CO)Z[P(OC6H4)(OC He) o d

3’ 6 5272
_ 87 i
and Ru(CO)Z[P(OC6H3Me p)(OC6H4Me)2]2 respectively were formed

as major products. These and other products are shown in Figure
. The characteristic feature of these pyrolytic reactions is the
elimination of one of the aryl groups to form the cyclometal lated

derivative.

The @yrolyfic reaction between OSS(CO)l2 and PPh3 resulted in the

formation of nine complexes, all retaining the Os3 framework . 157-160

Six of the compounds characterised were HOSB(CO)Q(PPhB)(PPh2C6H4),

053(00)7(PPh2)2(C6H4), HOSB(CO)7(PPh2)(PPh3

7(PPh2)(PPhZC6H4C6H3)’ OSB(CO)8(PPh2)(Ph)(PPhC6H4) and

HOSB(CO)8(PPh3)(PPh2C6H4) (see Figure 2). The retention of

the Os3 framework is not surprising, as the Os - Os bond strength

)(C6H4),

HOSS(CO)

is greater than the Ru-Ru or Fe - Fe bond _s‘rr‘eng’rhs.lm'168 The
Os3 cluster reactions do, however, parallel the Ru3 case, and so

give an indication of the nature of the reactive Ru intermediates,

3

which could not be isolated.
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For aryl phosphites, tThe following processes are occurring:
i) migration of phosphite |igands from one metal atom fo another
ii) cleavage of an ortho-C-H bond, which may occur via oxidative
addition to the Ru-Ru bond, or

iii) elimination of arene from an ArO group with concomitant formation

of the bridding ary! phosphonate group.
Processes i) - iii) can combine to form a dimetallated arene (or benzyne)

Iigand by the addition of a P-bond of a cyclometallated PR (C6H4) group

2

to the Ru-Ru bond. This can then be followed by further interaction of

the aromatic m system with the third Ru atom (see Figures | and 2)}.

The substituted derivative RuB(CO)g(PPhB)3 reacts with X2 (where

X =Cl, Br, 1) to yield Rqu(CO) (PPh,), which on heating loses CO to

3

give [Rux2<co>2<PPh3)]2.86,E9 The latter reacts with excess PPh, to

yield RuXZ(CO)z(PPhB)Z.BGs169 Similar chemistry (when X = Cl) is ob-

served with Ru (CO)g(PPh3)3 and RuB(CO) (AsPh3)2 in chlioroform or

3 10

carbon tetrachloride.8591 RUB(CO)g(PPhB)3 also reacts with RCOZH

(where R = H, Me or Et)170 or p-toluenesulphony! azidel?l

To give

U 1
Ruz(CO)4(RC02)2(PPh3)2 and Ru{N[(SOZR)CON(SOZR)]}(CO)Z(PPh3)2 (R =

C6H4Me-p), respectively. Pyrolysis of RuB(CO)g(PF’hB)3 in The presence

of oxygen results in the formation of an uncharacterised yellow preci-

pitate.l72

(b) Bidentate and tridentate ligands

Reactions of RuB(CO) with bidentate or tridentate phosphine or

12

arsine ligands produce substituted clusters (see Table 1), which are
able to withstand forcing reaction conditions without cluster degrada-

+ion,8l

These |igands are also efficient in the template synthesis of
clusters.8,17371%  The reaction of the tripod |igand [HC(PPh,) T with

Ru3(C0)|2 gives low yields of the products, as the ligand necessitates

axial substitution of three carbonyils, which is sterically unfavourable.

77
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[ ;
Bidentate phosphines, particularly bis-(diphenylphosphino) methane

(dppm), generally, give better yields of substituted Ru3(CO)I2 deriva-

tives.”8;P,88,175718l  The pidentate dppm ligand in Ru3(CO)|0(dppm)

bridges two Ru atoms in the equatorial plane.” The low temperature 13C

n.m.r. spectrum is consistent with the structure below (Figure 3), if

the Ru-Ru-P-C-P ring is puckered and flips rapidly to make the pairs

of axial%CO g}oups equivalent. A high energy process for exchange of

CO on the two types of Ru atoms assumes that the dppm |igand does not

move, and involves the concerted formation of three CO bridges on the

Ru, face.’8®

3 It is thought that this type of CO exchange serves as a

mode| for CO migration on a metal surface.l78-185

OC\ P
0C Ru cO (‘iH2
0C \
e co A _—P<>
Ru u
oc/ \

FIGURE 3 RUB(CO)'O(dppm)

An early report suggested the formation of Ru (CO)6(dppe)3,85

3

but this has not been confirmed. Only complexes of the types RUS(CO)IOL

dppm, 78 dppe, ¥ ffars,” ffos’? and f6fos79) and Ru3(C0)8L

(where L 2
(where L = dppm, 188 dpam,190 tfars,” ffos’? and f6fos79) have been fully
characterised. The structures of RuS(CO)IO(dppe),191 RuB(CO)IO(ffars),189
Ru3(CO)8(dppm)2187 and RuB(CO)S(ffars)186 have been determined (see

Figure 4). The bidentate ligands bridge two metal atoms in an equa-

torial plane in each of these structures.
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FIGURE 4 (cont.)
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In the case of a bidentate ligand the bite angle has an influence

150 192

on the metali-metal separation. Unlike ligands having a rigid frame,

dppm is known to accommodate a wide range of metal-metal distances in

193-195

binuclear species. This accommodation is related to possiblie in-

ternal rotational conformaﬂons,196

allowing the ligand fo fit the ap-
propriate metal-metal bond length. Hence, |ittle variation between Ru-Ru

bond distances in these substituted clusters is to be expected.

All structural information to this point indicates that these bi-
dentate ligands are reluctant to chelate, preferentially bridging metal-

metal bonds. 1867195197

In fact, only two examples (to the best of my
knowledge) are known where a bidentate |igand chelates preferentially
to bridging a metal-metal bond. These are Fez(bpy)(CO)7198 and
FeB(CO)IO(diar‘s),199 Cwhere bpy = 2, 2-bipyridine and diars =

o-phenylenebis(dimethylarsine)].

The Tridentate phosphine, MeSi(PBu,),, reactswifthRu;(CO) , to

yield ye!low Ru (CO)g[MeSi(PBu2)3],81 which is the only phosphine-

3
substituted ruthenium cluster known fto possess bridging CO |igands.
This observation is in agreement with the hypothesis discussed earlier
that with increasing substifution on the metal cluster there will be a
tendency toward bridging CO ligands. Little of the chemistry of bridg-
ing ligands has yet been explored.
(c) Primary and secondary phosphine and arsine ligands

Primary phosphines react with trinuclear carbonyl complexes
M3(CO)|2 (M = Fe, Ru, Os) under rather mild conditions to give
uB-PR—cappeddihydridoclusfers (UZ-H)MB(CO)g(pB-PR) in fair fo

low yields.zoo'219

These resulting substituted clusters do not
undergo cluster degradation as do the RUS(CO)IZ-nLn derivatives

[Section (a)], but cluster expansion occurs, 292,203,213
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As the carbonyl groups of Os3(CO) are far less labile to sub-

12

stitution than those of ruThenium,220 the intermediates involved in

the formation of H2M3(CO)9(PR) can be isolated. Hence, in the pres-

ence of Me_NO,2122 0s_(C0) ., reacts with PRH, to give 0s.(CO), , (PRH,)
3 3 |

12 2 3 ! 2

and HOsS(CO)'O(PRH),219 which in refluxing nonane subsequently give

HZOSB(CO)g(PR).219 At higher temperatures, 0s;(CO), (PRH,) s trans-

formed into clusters with doubly or triply bridging P ligands (see
Figure 5).219  This occurs by the stepwise loss of up to two CO
ligands and concomitant hydrogen migrations accompanied by forma-
tion of additional Os-P bonds. |t is possible that the reactions

of Ru3(CO)|2 with PRH2 proceed by similar mechanisms, since tThe Ru-Ru

bond is weaker than the 0s-Os bond,161-168

The reactive hydrogens in the complexes HMB(CO)Q(PR) undergo a

variety of base induced reactions, and offer a good synthetic route

208, 214,217, 220

to phosphine stabilised heterometallic clusters. Hence,

synthesis of heterometallic clusters is possible either by (i) re-

moving a proton from the HnRu P core, with subsequent attack by an elec-

3
Trophile containing a transition metal2%® or (ii) by reacting RUB(CO)IZ

with MezAs—M(CO)nCp (formed by deprotfonation of Me,AsH in the presence

2
of M(CO) ncp . 214,217, 220
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RESULTS AND DISCUSSION
Foreword

In undertaking a study of the ligand chemistry of Ru3(CO)|2
(particularly with respect to two electron donor ligands) the fol-
lowing objectives were formulated:

i) The preparation of mono-, di-, or tri-substituted complexes in
good yields. |

i1) The preparation of complexes containing different |igands on
adjacent Ru centres.

iii) The investigation of the reactivity of unsaturated organic
ligands with Ru3(C0)|2 and ifs substituted derivatives.

iv) The investigation of the reactivity of RUB(CO)II (CNCBut).

v) The investigation and general reactivity of mono-, di-, and
tri-susbstituted Ru3 comp lexes.

In the course of the work, thermal and radical initiation were
extensively used to activate Ru3(C0)|2 toward substiftution and further
reactivity. Radical initiation, though the more successful approach,
was only recenTIy discovered.??8 Prior to the discovery of the radical
initiated method (giving specific CO substitution by two electron donor
| igands), the only means of accomplishing most of the above objectives
was via the uniquely facile reactions of RuS(CO)ll(CNCBut).

(a) The Chemistry and Reactivity of Ru3(CO) (CNCBut)22ﬂ225

11

Substitution chemistry with carbon-donor |igands on RUS(CO)IZ is

Iimited to a brief description of the carbene complex RUB(CO)II .

[CNET(CH,) NEt]** and the complex HRu;(CO) O(CNMeZ).227a228

2 I

The former complex was formed when the electron rich

f . i ) 1 { L B 262
ole lnETN(CH2 2ETNC-—CNET(CHZ)ZNET reacts with Ru3(CO)|2,
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while the latter complex was formed by reacting Me2NCH28nMe3 with

263
Ru3(CO)12.

|socyanides form complexes with metals in low and normal oxidation
states. Within the low-valent category, the similarity to CO in terms
of both structure and reactivity has been noted.22? |socyanides ex-
hibit a variety of bonding modes (terminal, edge-bridging, face-bridging,
two, four and six electron donor).22323l  They also participate in the

fluxional site-exchange processes observed in metal clusters.2¥7239

In a remarkably facile reaction, t-Butyl isocyanide reacts with an
equimolar amount of the cluster carbonyl Ru3(C0)|2 in light petroleum at
50° for 1-2 h to give a high yield of red RuS(CO)ll(CNBut) (1). This com-
plex was readily identified by elemental microanalysis and its spectro-
scopic properties. In the infra-red spectrum, a band at 2170 em? s
readily assigned fo V(CN), and the six-band v(CO) spectrum is similar

to those of other RuB(CO) IL molecules. In the H n.m.r. spectrum,

I
the protons of the CMe3 group resonate as a sharp singlet at & 1.53,

while in the 13C n.m.r. spectrum, all CO groups give rise fo a singlet

at 6§ 201.1; the CMe3 carbons are found at § 30.! and 59.0, but fthe iso-
cyanide carbon was not detected. This simple spectrum indicates That

(1) is fluxional at room temperature, and indeed the CO resonance does

not change at -100°. In this, the complex resembles the parent RUS(CO)IZ’

which is also fluxional at low femperatures. The solid state structure of

(1) is discussed below.

Reactions with increasing amounts of ButNC have given the deep
red complexes RUB(CO)lz-n(CNBUt)n (n = 1-3). The disubstituted com-
plex (2) shows V(CN) at 2155 cm™}, and also has a six-band v(CO) spec-
trum. The 'H n.m.r. and 13C n.m.r. spectra are similar to those of
(1), although the isocyanide carbons were also observed as a singlet

at 6 144.1; again, the spectra indicate that (2) is highly fluxional.



Table 3 Spectroscopic properties

of MB(CO)

a
2_n(CNR)n comp |l exes

M Ru Os Ru Ru Ru Os Os Ru Os
Bu® Bu® 4-MeQC_H, 4-MeOCH, Cy Bu® Bu® 4-MeOC(H, 4-MeOC,H,
n r | | | | 2 2 2 2
V(CN) (cm) 2170w 2177w 2155w 2164m 2155w 2155w 2164m 2154m 2147m
v(CO) (cm) 2093w 2100m 2092w 2097s 2092w 2065w 2069m 2093m 2069m
2047s 2054s 207 lvw 2055s 207 lvw 2020s 2026(sh) 2066m 2056m
2040s  2039s 2062w 20405 2062w 2007m 2024s 2048s 2036(sh)
2016m  2021s 2049s 2022s 2049s 19965 2003 (sh) 2040s 2029s
1998m 2005s 204 1vs 2015(sh) 2041vs [990m 1996 (sh) 2030vs 2007 (sh)
20065 2001 (sh)
1995m  2000(sh) 2019m 2002 (sh) 20 19m 1986m 1987s 2022s 1992s
19885 1999m 1990s 1999m 1973s 19975 1979s
1986 (sh) 1992m 1986(sh) 1992m 19665 1990s 1974s
1y CMe; (6) |.53 b | .54 1.5
13C CMe; (&) 30. | 29.9 30.2 29.8
co (&) 201 .1 180.7 178.3 204.0 183.9 180.3

%pata for Os complexes from Reference 232.

Zc
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The trisubstituted complex (3) is much more sensitive to oxidation
than the other two derivatives, and | have not been able to obtain
satisfactory microanalytical results. The spectral properties are
consistent with substitution at all Théee metal atoms, with a three-
band v(CO) spectrum, and a singlet for the CO groups in the 3C n.m.r.

spectrum.

The mass spectra of these complexes are detailed in the Experi-
mental section. They are characterised by parent ions which fragment
by competitive loss of CO and CNBut | igands; the near-equivalence of
3CO (84 daltons) and CNBut (83 daltons) results in a series of |4 ion
clusters spaced at approximately 28 units, although overlap of the ion
clusters corresponding to [P-4C0J* and [P-CO-CNBu®T* centred on m/e 584,
and subsequent fragment ions, is apparent from the different intensity
pattern compared with those of [P-nCOJ* (n = 0-3). This suggests that
loss of CO and CNBut ligands become competitive after initial cleavage

of one Ru-CO bond on each metal atom.

Similar complexes have been obtained with other isocyanides.
Cyclohexy!| isocyanide affords RuS(CO)ll(CNCy) (4), whose infrared
spectrum closely resembles that of (1), although the frequency of
the V(CN) band is some 15 cm™t lower. The mono- (5) and di-substituted
(6) p-methoxyphenyl isocyanide derivatives are yellow and red, respec-
tively, and contain characteristic methoxy resonances in their 1y
n.m.r. spectra. Again, the v(CO) spectra are similar to those found
previously for RUB(CO)IZ—n(L)n (n =1 or 2) complexes. The reaction
between Ru:,)(CO)|2 and p-toluenesulphonylmethy! isocyanide contfrasts
with the above, in that the only product obtained under a variety of

conditions was the purple-brown Ru (CO)9(CNCHZSOZC6H4Me—p)3 (7), which

3

readily crystallises from the reaction mixture. Complex (7) is also
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unusual in that the i.r. spectrum contains only one broad but strong
v(CO) band, at 1980 em™l, in addition to the V(CN) absorption at 2168
cmL,

- The infrared and n.m.r. spectra of some of these complexes are
given in Table 3 and compared with those of similar osmium comp lexes

2 From this, it is evident that the various V(CN)

described recen‘l’ly.23
and v(CO) frequencies are similar in position, but differ markedly in
relative intensities when the two series are compared. Similarly, it
is found that the lH and !3C rescnances are not very closely related.
The osmium complex exists in two isomeric forms, with axial and equa-
torial isocyanide subsituents. The fluxional process is slowed suffi-
ciently at -60° for individual !3C resonances to be assigned, but the
weighted mean for the axial isomer is some 20 ppm to lower field than
found for (1). The v(CO) spectra of the two complexes have similar
patterns, most bands being shifted to higher frequencies by ca, 5-7
eml.  Similar comparisons between RUB(CO)IZ and OSB(CO)IZ show that

these shifts form part of a general pattern, and indeed are consistent

with the replacement of Ru by the heauvier Os.

The nature of the substitution product obtained from RUB(CO)IZ and
simple 2e donor ligands will depend on a number of factors, of which
two practically important ones are the relative magnitudes of the rate

constants for the successive reactiong

k ‘
Ru,(CO) , + L« Ru5(CO) (L) +CO (i)
i
, |
—_— [
Ru(CO), (L) + L = Rug(C0), (L), + CO (i)
3R
Ru(CO) (L), + L «=3 Ru (COG(L), +CO . . .etc (il

and the solubility of the various substituted products. In the case
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2 3

reaction (i) is the rate-determining step, and even with a deficiency

of L = tertiary phosphine, k, and k, appear to be larger than kl' i.e.

of tertiary phosphine, RuS(CO)g(L)3 is the usual product. However, if
the reaction is carried out in a closed system, the ﬁarTiaI pressure of
CO may become sufficient to enable the intermediate products to be iso-
lated.?*0 | have shown also that the solubility of the products is an
important factor, and that for L= PPhB, for example, the complex

RUB(CO)IO(PPhB)Z may be readily prepared by using hexane as solvent.

Reactions between Ru3(C0)|2 and some isocyanides evidently have
rate constants for reactions (i)-(iii) which allow successive formation
(and isolation) of the three substitution products RUB(CO)IZ—n(L)n (n =
I-3). Indeed, in most cases, reaction (iii) is so slow that forcing
conditions are required. |In one of the limited range of reactions
studied, a frisubstituted product (7) was the only product isolatfed;
in This instance the limited solubility of the complex is probably a

factor aiding its formatiocn under the reaction conditions | employed.

| have sTu&ied the reactions of RuB(CO)Il(CNBut) (1) with several
2e donor ligands, including CO and phosphorus-, arsenic- and antimony-
containing molecules. In most of these reactions, competing pathways
involving loss of CO or CNBut lead to the observed products.

Thus, with CO, the products are RuB(CO) and RuB(CO)lo(CNBut)

12 2
(2), although most of the initial complex () was recovered. Optimum
conditions were not established for any of fthese reactions. The former

is formed by displacement of isocyanide by CO, in a reaction which re-

verses the formation of (Il):

RuB(CO}H(CNBut) +CO == Ru;(CO) , + CNBu®
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The displaced isocyanide is not volatile; hence It is not removed under
these reaction conditions, and reacts with (1) to give the disubsti-

tuted complex (2).

A similar result was obtained with tertiary phosphines. With
friphenylphosphine, the known complex RUB(CO)II(PPhB) was obtained
in low yield, being formed by displacement of CNBut from (1). The
major product, however, was the new, mixed |igand cluster

RuS(CO) O(CNBut)(PPh3) (8), readily identified by analysis and

from its spectroscopic properties. In particular, the v(CN) ab-
sorption at 2161 cm™ indicated the presence of the isocyanide |igand,

while the v(CO) spectrum resembled that of other RUB(CO)IO(L) com-

2

plexes previously reported. The |:I ratio of isocyanide and tertiary
phosphine |igands was confirmed by the presence of resonances of the
appropriate chemical shifts and intensitites in the H n.m.r. spectrum.
Complex (8) may be formed by displacement of CO from (1) by the fer-
tiary phosphine, or by reaction between free CNBut and the mono-
phosphine complex. The latter is suggested by the result obtained

with tri-p-folylphosphine, which after a short time (30 min) gave
RUS(CO)II[P(C6H4Me_p)3]’ whereas affer 2 h, only the mixed |igand

complex Ru (CO)IO(CNBut)[P(C6H4Me-p)3] (9) was obtained.

3

In both cases, reactions between (!) and excess tertiary phosphine

gave the known RuB(CO)g(PRB)3 (R = Ph or p-MeC6H4), the product normal-

ly isolated from thermal reactions with Ru3(CO)

|2 with these |igands.

The reaction between ftricyclohexylphosphine and (1) gave several
complexes in minor amount, which were not satisfactorily characterised.

The major product, however, was RUBQCO) (CNBut)(PCyB) (10), also ob~-

f0

tained from the isocyanide and Ru (CO)II(PCYB)' Satisfactory analyses

3

were not obtained for the complex from either source, although their
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identity was established from i.r. and H n.m.r. spectroscopy; the
latter contained resonances arising from the cyclohexy! and CMe3
protons with correct relative intensitites. The product formed
by displacement of isocyanide by tertiary phosphine, namely

Ru (CO)II(PCVB)’ was also isolated from the former reaction.

3

The thermal reaction between RuB(CO) and AsPh3 has long been

[2
known fto give a disubstituted complex, RUS(CO)IO(ASPhB)Z'S According-
ly, it was no surprise to find this complex among the products from
the reaction of (1) with friphenylarsine; however, we did not find

any evidence for the formation of RUB(CO)II(ASPhB)' In this case,

the mixed isocyanide-tertiary arsine complex RuB(CO)lo(CNBut)(AsPhB)

(I'l) was a minor purple product, which has similar spectroscopic pro-

perties to tThose of complex (8).

Perhaps of most interest was fthe reaction using triphenylstibine.
Attempts fto obtain derivatives of Ru3(C0)|2 containing this ligand
afforded only the mononuclear complex Ru(CO)4(SbPh3).Z”1 However,
the reaction of (1) ana SbPh3 afforded two complexes, yellow-orange
RuB(CO)IO(CNBut)(SbPhB) (12) and brown RuB(CO)g(CNBut)(SbPhB)2 (13).
The former was fully characterised by analysis and from its spectral
properties, which again resemble those of the analogous phosphorus and
arsenic derivatives. Complex (13) could only be tentatively identified
on the basis of ifts i.r. spectrum, containing a V(CN) band at 2156 cm,
and a v(CO) pattern similar to those of other RuB(CO)gL3 comp lexes, and
its IH n.m.r. spectrum, which indicated the presence of one CMe3 and six
Ph groups. These are the first stibine-containing ruthenium cluster car-
bonyls to have been described, apart from a cursory mention of an unchar-

acterised complex RuB(CO)g(SbPhB)3 said fo be formed from Ru3(CO)|2 and

SbF’h3 during a kinetic study.8
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The comp lex Ru3(CO)||(CNBut) (1) exhibits a significantly differ-
ent reactivity from that found for the parent carbonyl, RUS(CO)IZ'
Apparently competing reactions with 2e donor |igands result in dis-
placement of either CNBut or CO from (l) to give RuS(CO)'|(L) or the
new mixed-|igand complexes RuB(CO)lo(CNBut)(L), respectively; sub-
sequent reactions of initially-formed products with the displaced
isocyanide |igand also afford the mixed-ligand comp lexes (Scheme 2).
These reactions provide a new route to monosubstituted derivatives of
Ru3(CO)|2, and in somewhat higher yield, disubstituted complexes with
predetermined combinations of |igands. The ease of displacement of
either CO or isocyanide suggests fThat the isocyanide complex will be
a useful precursor for a variety of new and unusual |igand combinations
on the Ru3 cluster; the potential utility is demonstrated here by the
synthesis of the mixed isocyanide-tertiary stibine complex (12). Were
the mono- or di-substituted Group VB donor |igand complexes generally
available, one would predict that these would be even more useful, since
we should not expect an isocyanide to displace the Group VB | igand easily.

Work on this objective is described in following sections.

Pyrolysis of Ru3(CO)ll(CNBut) (1)

On heating powdered RuB(CO)II(CNBut) (1) at 120° under a 0.5
atmosphere of nitrogen (16 h), a dark brown solid is obtained.
Preparative f.l.c. gives a dark purple pentaruthenium cluster in low
yield, characterised as Ru5(CO)|4(CNBut)2 (14) by X-ray crystallography
(see Figure 6; Table 4).265  Among the four other products isolated are
residual (1), some (2) as well as a purple product, Teﬁfafively identi-
fied as Ru6(CO)|5(CNBut)2 (15) on the basis of mass spectrometric data.
Pyrolysis of RuS(CO)IO(CNBut)2 (2) also gave Ru5(CO)I4(CNBut)2 (14) and

two other uncharacterised purple fractions.
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FIGURE 6
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- TABLE 4 Interatomic distances (A)
Ru(1)-Ru(2) 2.784(1) Ru(3)-C(26) [.923(7)
Ru(l)-Ru(3) 2.833(1) C(26)-N(40) |.375(8)
Ru(l)-Ru(4) 2.776(1) N(40)-Ru(2) 2.128(4)
Ru(l)-Ru(5) 2.778(1) N(40)-Ru(5) 2.151(1)
Ru(2)-Ru(5) 2.745(1) N(40)-C(2) 1.544(7)
Ru(3)-Ru(4) 2.767(1) Ru(2)-C(3) 2.083(1)
Ru(4)-Ru(5) 2.864(1) C(3)-N(2) [.122(7)
Ru(1)-C(26) 2.156(5) Ru(l)-C(4) 1.898(7)
Ru(4)-C(26) 2.388(5) Ru(4)-C(4) 2.653(1)
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<
The crystal structure shows that the five metal atoms form an open
array of three edge-joined ftriangles, bent at these edges to form a
[+
swal low-shaped cluster, with Ru-Ru distances in the range 2.74-2.86 A.

Each metal atom is attached to three terminal 2e donor ligands (14 CO

groups and one CNBut ligand).

The attachment of the second isocyanide ligand is also noteworthy.
The cluster electron count requires that this ligand should act as a 6e
donor if the cluster is electron-precise, and this novel situation is
achieved, formally at least, by N(40) acting as a 3e bridging atom to
Ru(2)-Ru(5), while C(26) interacts with Ru(l) and Ru(3), also as a 3e
donor. The C(26)-N(40) bond length [1.375(8) K] and the But—N-C angle

[122.2(5)°] are consistent with a reduction of the CN bond order.

This formal electron book-keeping results in Ru(4) being electron-
deficient and Ru(l) electron-rich. However, if the inferaction between
these two metals takes the form of a donor bond from Ru(l) to Ru(4),
this anomaly is removed. This interpretation is also supported by the
geometry of the Ru(1)-C(4)-Ru(4) and Ru(l)-C(26)-Ru(4) interactions.
Although the Ru(4)-C(4) and Ru(4)-C(26) distances are too long to be
considered single bonds, the angles subtended by the two metal atoms
at these carbon atoms [75.1(2) and 72.9(2)°, respectively] show that they
can be considered to be new examples of semibridging interactions.

Their function is to allow a redistribution of electron density over

This part of the cluster. 198266

The formation of formidoyl ligands from isocyanide is common fo
the series MS(CO)12 (where M = Fe,233:242-247 R 248,249 apq 052507255 |
Subsequent formation of higher nuclearity clusters by pyrolysis is,
however, evident only for M=Ru and Os;256 in accord with ftheir great-

er matal-metal bond strength, 161168



31

As part of a wider S'I'udy257s258

of substitution reactions of metal
clusters initiated by PhZCOT under mild conditions B. K. Nicholson syn-

thesized Fe,(C0O) , (CNBU®) in excellent yield.259:260 Pyrolysis of this

3 Il
mono-substituted cluster at 90°-100° produces Fe3(CO)9(u3-n2—CNBut)
also in good yield.259 The isocyanide ligand lies across the face

of 'the Fe3 triangle, bonding in a o+27 fashion to all three iron

atems.

This type of bonding is unprecedented for an isocyanide |igand,
though it is known in isoelectronic nitrile?*® or acetylide |igands.2617264
Pyrolysis of Fe5(CO) | (CNCMe;) up to 140° gave not only
FeB(CO)g(UB—nZ—CNBut) but also a small amount of
FeS(CO)B(nl-CNBut)(u3—n2-CNBut), which contains a fterminal mono-hapto

t 2 t . 260 .
CNBu~™ as well as the Hz=N -CNBu~ ligand. Subsequent pyrolysis above

140° resulted in cluster degradation. No clusters of higher nuclear-

ity were detected at any stage.

Complex (14) is related to the closo-polyhedron?®’27L found in
[OSS(CO)|6]272and [H2055(CO)'5:|;273 the latter is known to react with
P(OMe)3 to give an adduct with an edge-bridged tetrahedron (B)Z" while
the former affords [055(CO)|9] whﬁh the open cluster (D) by direct re-
action with C0.27> Complex (1) occupies an intermediate position, and
completes a series of M5 clusters (A)-(D) formally related by succes-
sive addition of 2e donor l|igands and concomitant cleavage of one Ze

metal-metal bond (Scheme 1).

The Ru-Ru bond distances are distributed into two groups of five

0

between 2.745 and 2.784 A, and two considerably longer bonds of 2.833
0

and 2.864 A. The former are in the range found for Ru-Ru bonds in

Ru(CO),, or Ru3(co>||(CNBut) ,276 the shortest of these being

the result of the presence of the u—NBut group. The lengthening
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SCHEME " |

Ms(L)1¢ ' Ms(L)y»
0s5(C0), 6 H,0s5(C0),¢

—
+ L ° \\L

_—_—
break A
A
+ L | break B
C
+ L
—
break C
Ms(L)1s Ms(L)isg
.
085(C0)19 RUS(CU)“,(CI\BU )2 (14)

of the Ru(l)-Ru(3) and Ru(4)-Ru(5) bonds recalls the situation in
OSS(CO)I6’ where bonds to the unique Os(CO)4 group are longer than
the other 0s-0Os bonds; however, in the present case, there is no such

obvious explanation.

Interestingly, pyrolysis of Os (CO)I (cNBu®) affords

3 [

t . )
Os6(CO)I6(CNBu )2, which has the same metal skeleton as Os6(CO)|8,
in contrast, addition of isocyanide to the latter affords the adduct
056(CO)|8(CNR)2, in which the uz—CNR tigand acts as a 4e donor, with

a rearranged metal skeleton.277
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The highly reactive Ru5(CO) (CNBut)2 comp lex readily adds two-

14

electron ligands in a breakdown of the Ru5 cluster to yield Ru3 clus-
ters.2”®  Thus, bubbling CO through the purple hexane solutions/ of

Ru5(CO) (CNBut)2 or the tentatively identified complex Ru6(CO)|5(CNBut)2,

4

at 40-45° produces bright yellow solutions. On chromatography, these solu-

t
I(CNBu ) (1) and RUB(CO)IO

among other minor products. Infra-red spectroscopy indicates that the

tions yield RuB(CO) Ru3(CO)I (CNBut)2 (2),

12’
initial yellow solution has changed significantly after chromatography,
to produce disproportionation products. The nature of this change,

however, could not be elucidated.

(b) Thermal and Radical Ion-Initiated Synthesis of Specifically
Substituted Ruthenium Cluster Carbonyls

In the experimental section, an improved synthesis of RuS(CO)|2
is described. Previously,?’8279 carbonylation of methanol solutions
of hydrated ruthenium trichloride under moderate conditions of pres-
sure and temperature, in the presence of zinc as a reducing agent and
halogen acceptor, gave Ru3(C0)|2 in approximately 70% yield. Explora-
tion of the effects of temperature and pressure on the reaction has
shown that the conversion of ruthenium trichloride to RUB(CO)|2 pro-
ceeds efficiently if the reaction is{carried out at 125, under a CO

f
pressure of 50 atmospheres, in the assence of zinc. Under these
conditions essentially quantitative conversion occurs. The carbon
monoxide acts both as a reducing and carbonylating agent; by-products
of the reacfiéh are presumably hydrogen chloride and methyl formate.
Recycling the mother |iquor enables 55-60 gms of ruthenium
trichloride to be converted into RUB(CO)IZ' Further recycling results
in formation of more Ru3(C0)|2 together with significant guantities of
H4Ru4(CO)I2 (10-23%). Initially the mother liquor is orange-yellow,

but recycling this solution (10-25 gms of RuCI3) gives a green colour,

which after further turnovers produces an intermediate red-brown colour
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o
leading finally to a dark brown solution. The poor solubility of
Ru3(00)|2 in methano! enables its isolation from each solution by
filtration. Under milder conditions (less than 10 atmospheres C0/70°C)
the major product is [RuCIZ(CO)3]2, but this may be accompanied by up

278
to 18% RUB(CO)IZ'

As mentioned in the introduction to this chapter, the reaction
between RuB(CO)'2 and substituted phosphines usually proceeds without
the isolation of mono- or di-substituted derivatives. Substitution of
carbonyl ligands in metal clusters is generally effected under thermal
or photochemical conditions, and often leads to incomplete reactions

and/or to a mixture of mono- and poly-substituted compounds.

Recently it was shown that specific carbony! substitution can be
electrochemically induced.??3 The application of this reaction to the
sequential incorporation of various |igands allows designed syntheses
of a wide range of cluster complexes containing two or more |igands to

be achieved. 25% 258,280

These reactions proceed at or just above room
temperature with reaction times of between a few minutes and half an
hour. The progress of the reaction can be monitored conveniently by
inspection of the v(CO) region of the i.r. spectrum of the reaction
mixture. lsolation of the product is a simple routine of solvent re-

moval and crystallisation, thus avoiding tedious chromatography, which

in some cases may result in alteration or loss of product.

The large number of complexes that are obtained iS5 best discussed
on a l|igand-by-ligand basis, and Figure 7 illustrates the general for-
mulae of the cluster derivatives, and lists the ligands used. A study
of substitutions promoted by heat was initially undertaken and these
results are summarised ftogether with the radical ion promoted substi-

tutions. The majority of complexes obtained via the latter route (ad-
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dition of sodium diphenylketyl to a stoichiometric mixture of Ru3(CO)|2
and the ligand in tetrahydrofuran) are described in the Experimental
section. The substitution chemistry of H4Ru4(CO)|2, as completed by

Dr. B. K. Nicholson, is discussed briefly, but not incorporated in the

Experimental section.

(a) Trimethylphosphine. To my knowledge, no complexes of types Il6-I9
containing PMe3 have been described hitherto. First studied was the
thermal ly induced reaction which at Australian summer room temperature
proceeded readily to give (l6a) and (I17a), and on moderate heating,
complexes (18a) and (19a), the relative proportions depending on the
relative amounts of reactants present. This behaviour contrasts with
the usual reactions between Ru:,)(CO)12 and PRS’ which afford the tri-
substituted derivative; the Experimental section records the best of

a limited number of experiments designed to optimise the yields of each
complex. A minor product from a relatively large scale reaction employ-

ing ca. four mole equivalents of the phosphine was (l%a), obtained as a

dark-red solid.

As with all complexes described herein, the PMe3 derivatives were
readily characterised by analysis and spectroscopy: gThe i.r. spectra are
discussed below. The H n.m.r. spectra of (l6a), (17a) and (18a) con-
tained characteristic doublets for the PMe groups; that of (19a) con-
tained two equal intensity doublets, suggesting a structure in which

two Ru atoms each bear one equatorial PMe, substituent, while The

3
third has two PMe3 substituents, either both axial or both equatorial.
Since (18a) is known to have the three PMe3 ligands attached one to

281

each Ru in an equatorial position, the latter is preferred. Pre-

sumably steric interaction of the fourth PMe, ligand with the other

3

PMe3 and CO groups on the cluster renders the formation of (19a) dif-

ficult, leading fo its isolation in only very low yield. The mass
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(VR

spectrum of (19a) contains a parent ion cluster centred on m/e 833,

which fragments by stepwise loss of the eight CO groups.

(b) Dimethylphenylphosphine. Complexes (I16b), (17b) and (18b) have
been described previously,88 being obtained from thermal reactions
between RUB(CO)IZ and the phosphine [ (16b), 3%; (17b), 17%; (18b),

19%4)]. Thepresent method offers a significant improvement in yield.

(c) Triphenylphosphine. Complex (18c) is perhaps the best-known of

the Group V ligand derivatives of RuB(CO) having been studied on

[2°
numerous occasions.”’» 839890282 The mono- and di-substituted complexes
(16c) and (17c) have also been described by several workers, being ob-
tained from (18c) and CO*? or from Ru;(CO) , and Pt(nZ-stilbene) (PPhy),.%
The radical ion-initiated reactions afford these complexes specifically
and in high yield. It is also of interest that we have found that fhese
materials can also be obtained from short thermally induced reactions
between Ru3(CO)|2 and PPh

graphic purification if (l6c) or (l7c) are required.

37 albeit with the necessity for chromato-

(d) Tris(p-tolyl)phosphine. Previous reports have described (|8d),88
and | obtained this complex, free from either (16d) or (17d), from a

reaction between Ru3(CO) and P(C6H4Me—p)3 in refluxing hexane. The

[2
previously unreported (17d) was obtained in 79% yield from the radical-

jon initiated reaction in thf.

(e) Tris(o-tolyl)phosphine. This sterically demanding |igand does not
give simple substitution products in thermal reactions with RUB(CO)IZ‘
Only low yields of (l6e) were obtained from the radical-ion initiated

reaction.
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(f) Tricyclohexylphosphine. A maximumof two CO groups can be displaced
by the bulky PCy3 ligand in either thermally or radical ion-induced re-
actions. Complex (I17f) is unusual in being eluted before the mono-
substituted complex (16f), perhaps as a result of the hydrocarbon-Iike
envelope of cyclohexy! groups in the former complex which reduces its
affinity for the chromafog#aphic adsorbent. With a large excess of

PCy3 breakdown of the cluster occurs to give a low yield of a complex of
composition Ru(CO)z(PCyB)B; the two v(CO) bands indicate a cis—Ru(CO)2
arrangement. The high v(CO) frequencies, oxidative stability and high
melting point suggest that it is not a simple ruthenium(0) derivative,

however.

(g) Tris(2-cyanoethyl)phosphine. The addition of sodium diphenylketyl

to the stoichiometric mixture of RuB(CO) and P(CHZCHZCN)3 produced a

[2
deep red solution (after I-2 min.) with considerable effervesence (CO
evolution). These reactions were unusual as continued stirring (5-10
min.) gives a yellow-orange (17g) or orange (18g) precipitate. Fil-
tration afforded the new complexes (17g) and (18g). Infra-red and
other data (see Experimental section) are consistent with these com-
plexes being the di- and tri-substituted derivatives. Infra-red spec-
tra of the initial deep red solution, however, were not c%mpafible
with the final complexes isolated. The mono-substituted complex (16g)
could not be obtained. The data suggests that the CN functional group
interacts with the Ru3 triangle during the course of the reaction, and

possibly in the final products. The extent and nature of this inter-

action can only be determined by X-ray structural studies.

The low solubility of complexes (17g) and (18g) suggests a pos-
sible multi-centre interaction |inking Ru3 triangles by alternate P~

and C = N— coordination toRu centres on the different Ru triangles.

3

The analytical data, however, does not affirm this. The thermal re-
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activity of P(CH,CH,CN), was not studied. It is noteworthy that the

VS

unusual nature of P(CHZCHZCN)3 has been observed both with respect to

its stability toward oxidation,283

284

its low basicity and its unique

85

reactivity with Ni(CO), to yield a tetrahedral nickel cluster.?

4
(h) Trimethylphosphite. The advantages of the new route to these sub-
stituted compleges are again illustrated in the reactions of P(OMe)B,
from which high yields of specifically mono-, di- or tri-substituted
products were obtained. These contrast with the low yields of mixtures
of products obtained on heating the two reactants, and this reaction is
one example where the tri-substituted complex is not formed as a pre-

ferred product.

(i) Dimethylphenylphosphinite. Complexes (17i) and (19i) containing
PPh(OMe)2 have been obtained previously in low yield from thermal re-

actions between RuS(CO) and the ligand.88 Moderate to high yields

12
of the pure complexes (16i) and (18i) were obtained by the reactions

described here.

(i) Tri-p-tolyl phosphite. Each of the complexes (l6j)t (17]) and
(18j) was obtained pure from stoichiometric proportions of reactants;
the solubility of (17j) proved fo be higher than usual, resulting in

only 26% isolated yield of this complex.

(k) 4-Ethyl-2,6,7-trioxa-l-phosphabicyclo[2.2.2] octane. The constrain-
ed phosphite P(OCHZ)BCET reacted similarly to give the first triruthen-

ium carbony! complexes containing this |igand.

(1) Triphenylarsine. Only the disubstituted complex (l71) was obtained
from heating RuS(CO)12 and AsPh3 in refluxing hexane.889l  The radical

ion-initiated reaction of appropriate proportions of reactants afforded
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(t71) and (181), the latter identified by comparison with a known

sample, but no tri-substituted complex could be obtained.

(m) Triphenylstibine. The only product isolated from the reaction be-
tween Ru3(C0)|2 and SbPhS, on irradiation in hexane solution, was the

mononuc lear Ru(CO) (SbPhB), formed by breakup of the Ru cluster.?t

4 3
In contrast, our reaction conditions enabled isolation of orange (l16m)

as the first organostibine derivative of RUB(CO)IZ to be described.

(n) t-Butyl isocyanide. The present results show that these complexes
may also be obtained in high yield by the radical ion-initiated reac-

tion. The CNBut derivatives (1) and (2) were obtained.

(o) Cyclohexyl isocyanide. As found for most of these reactions, the
yield of (4) was considerably greater than that obtained by thermal

reaction. 28!

(p) R-(+)-a-methylbenzyl isocyanide. Complex (16p), containing an op-
tically active isocyanide ligand, was so soluble in hexane that only

a poor isolated yield was obtained.

(q) Bis(diphenylphosphino)methane. The reaction between RuS(CO)|2 and
dppm has been described recenﬂy.188 In xylene at 80-85, complex (20q)
was obtained in 73% yield, while at 130, oxidative addition of the I|i-

gand to the Ru, cluster occurred to give RuS(US—PPh)(u-CHPth)(CO)7(dppm).

3
A similar reaction in refluxing cyclohexane afforded both (20q) and (21q),
together with some of the phosphinidene complex. Complexes (20g9) and

21g) were obtained as the sole products in stoichiometric reactions
carried out according to our general procedure; no alteration product

was produced in these reactions which went to completion in a few min-

utes at room temperature. As found with the related bidentate |igand
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dppe, 1! reaction of Ru3(CO)|2 with 0.5 mole equivalent of dppm afford-
ed a complex containing two Ru3(CO)ll units bridged by a dppm |igand

(22q).

(r) Bis(diphenylarsino)methane. A mixture of (20r) and (2Ir) can be
obtained from reactions carried out in refluxing toluene, although
some evidence for fur%her reaction on longer heating was cobtained.
The radical ion-initiated syntheses proceeded well for (20r), but
unusual ly only a very low yield of (2Ir) was isolated from the |:2

reaction.

(s) 1,2-Bis(diphenylarsino)ethane. With this ligand, the complex
(20s) has been isolated as the only product of the reaction ini-
tiated by Na[PhZCO]. The thermal reaction of RuB(CO)12 and ligand

requires chromatographic purification.

Reactions of H4Ru4(co) . Thermally-induced reactions of H4Ru (CO)|2

with a number of tertiary phosphines and phosphites have been described,

and are characterised by the formation of most, if not all, of the sub-

stitfution products H4Ru (CO) Ln. Similar reactions carried out in

the presence of Na[Ph200] radical initiator gave smooth reactions af-
fording high yields of a single pure complex, the composition of which
reflected the molar ratio of the reactants. Thus, whereas the reaction
between H4Ru (CO) and P(OMe)3 gave a complex mixture of

H4Ru4(CO) [P(OMe) ] = 0-4) complexes which required extensive

chromatography to obtain pure complexes,?® two of these compounds

can be obtained pure in room ftemperature reactions between H4Ru4(CO)|2
and one or three molar equivalents of P(OMe)B. Interestingly, increasing
amounts of initiator are required as the degree of substitution in-

creases. Similar results were obtained with PPh P(OC6H4Me—p)

39 3 and
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CNBuf the products being characterised by comparison with reported

spectroscopic data. 249,287

Preparation of mixed ligand derivatives of Ru3(CO)12 and H4Ru4(CO)12

As far as | am aware, the only references to derivatives of

twe oF wore v“cﬁcrent
Ru3(00)|2 containing wmeme—thar=one. tertiary phosphinesare to the

| igand exchange reactions between Ru (CO)9{PPh ). and PEt in which

3 33 3’

all possible complexes RuB(CO)g(PETB)n(PPhB)B_n (n = I-3) were detect-

ed spectroscopically, but not otherwise characterised.?®2 A reaction
between RuB(CO)g(PPh3)3 and PBu3 is reported to give RUB(CO)9(PBUS)3’

but no intermediate complexes were described.10%

The ready availability of specifically substituted derivatives of
Ru3(CO)12 and H4Rq4(CO)|2, such as those described above, suggested that
successive reactions with different ligands might afford designed syn-
thesis of new complexes containing two or more different |igands, other
than CO. The appropriate experiments showed this to be the case, and
complexes can be méde containing several different combinations of li-

gands.280

The new complexes were characterised by the usual combination
of analytical and spectroscopic methods, the significant data being sum-
marised in Tables 8-11 (see Experimental section). As with poly- 2
substitution with one |igand, reactions leading to tri-substituted
complexes require somewhat more radical icn initiator than those giv-
ing mono- or di-substituted derivatives; These reactions are also best

carried out by warming the reaction mixture (to ca. 40-50°) for 15-30

minutes.

In one instance, a ligand other than CO is replaced. The radical-

initiated reaction between RuS(CO)il(AsPh3} (161) and P(OCHZ)BCET gives

the two complexes Ru3(CO)|2_n[P(OCH )3CE+:]n [(n =1 and 2) (l6k) and

2
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o)
(0F ;

(17k)J in addition to the expected Ru (CO)IOEP(OCH2)3CE+](AsPh ) (26kl).

3 3

The total conversion amounts to 92% (based on separated isolated pro-
ducts). The formation of the phosphite=substitution products can be
explained by competitive loss of CO and AsPh3 from the intermediate
radical anion (vide infra). Indeed, free AsPh3 was detected on the
thin-layer chromatogram of the reaction products. Not surprisingly,
when CNBut was added Tb Thé above reaction mixture (in the initial
expectation that the mixed phosphite-arsine complex was the only
product), six complexes were isolated. The major product was
RuB(CO)g(CNBut)[P(OCHZ)BCET]2 (30kn) and the expected
RuS(CO)g(AsPhB)(CNBut)[P(OCHZ)BCET] (27k!In) was obtained only in
trace amounts. These results indicate that although the radical-
anion initiated route to mixed-ligand clusters can be used success-
fully in many cases, caution must be exercised in the synthesis of
complexes containing |igands of widely differing basicity. In these
cases, it is likely that high yields of the desired products will be
obtained by only one of the several permutations of the individual syn-

thetic routes, which will be determined by the relative basicities of

the |igands employed.

Reactions of 053(60)12 and H4Os4(CO)12. Thermal |y induced reactions

of OSB(CO)IZ or H4Os4(CO)|2 with tertiary phosphines and arsines have

been described, and are characterised by the formation of most, if not

159,288-23%  gimijar reactions carried

all, of the substitution products.
out in the presence of Na[PhZCO] resulted in an analogous product dis-
tribution. Thus, no improvement over the thermal reactions has occur-
red. The lower temperature required for these reactions, however,

gives improved yields of primary substitution products, with litfle

or no decomposition (see Experimental section).
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Reactions of HRu3(CO)9(CEEC—But). The hydride complex, HRus(CO)g(CZBut),
reacted with t-butylisocyanide or triphenylphosphine, in the presence of
sodium diphenylkety!l, to give a host of products, among which could be
identified HRus(CO)B(CNBut)(CZBut) (53) or HRu(CO)g(PPh)(C,Bu%) (52),
respectively. Both reactions were followed by i.r. and t.l.c., and there
appeared to be several competing reactions taking place; the mono-
substituted derivatives being isolated in low yield. Better yields

can be obtained by reacting the appropriate phosphine-substituted
Ru3(00)|2 derivative with the acetylene in refiuxing hydrocarbon

solvents (vide infra).

Preparation of Ru6(CO)182'. Introduction of fwo equivalents of
Na[PhZCO] to RUB(CO)IZ in a Thf solution results in considerable
effervescence. Subsequent addition of a large cation fo the result-
ant deep red solution gives Ru6(CO)|82' (54) in 94% yield. This
product was characterised by comparison with previous data.2352%8

The yield obtained [(ET4N+)2 counterion] is the best thus far report-
ed. The synthesis is also quick (15 min.), and fthe subsequent work-up
of the reaction only involves solvent removal and recrystalisation

(CH2C12/n—hexane); thus representing an improvement over previous

reports,23572%8 !

Discussion of Mechanism

There is ample precedent in the extant |iterature that odd-
electron species are more labile toward substitution than their
diamagnetic organometallic precursors.299 Pletcher and Pickett300,301
found the cation radical Cr(CO)é’ to be substantially more persistent
in trifluoroacetic acid than in the more nucleophilic acetonitrile.
Furthermore, the substitution of CO ligands by phosphines and phos-
phites is accelerated in several cobalt and iron carbony! complexes

upon one-electron reduction.?23,302  The cyclic voltammetric data
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presented by Rieger et a1.22%302 jndjcated rapid substitution of the
anion radical. The radical produced by the reversible homolytic scis-
sion of the Mn-Mn bond is responsible for ligand exchange in
[Mn(CO)4(PPh3)]2.303"306 In a series of elegant studies, Brown

and co-workersti? 117,118,307 haye demonstrated the chain substitution

of HM(CO)5 (where M = Re, Mn) to form HM(CO)4L via the M(CO)5- radical.
Similarly subsTi+u+i§n of‘HM(CO)BCp (where M = Mo, W) involves the an-
alogous M(CO)BCp- radicals.!1® Furthermore, the radical Co(CO)4° is the

substitution-labile species in the chain reactions of CIBSnCo(CO)4 and

002(00)8 (L = PRB’ ASRB) to form [CO(CO)3L2] SnCIS’ and [CO(CO)BL] re-

spectively. 120-124, 308,309

The results to hand are similar to an electron transfer catalysis
process (ETC),310-312 yhich proceeds via a SRNI mechanism [equations (|}~

(3)7,310-316  common in organic chemical reactions.

[(RX]®™ — R" + X e . D

R* +Y — [RY] o im ¢ (2)
[RY]™ + RX — RY + [RXT" ... (3D

When [RY]" is a reasonably long-lived radical anion (correspond-
ingly RY is then an easily reduced species), and equation (3) occurs
rapidly, then an electron-transfer chain catalysed process is establish-
ed. The proposed mechanism for the electron transfer process with

RuB(CO)|2 is outlined in equations (4)-(6).

RuB(CO) + [PhZCO]' . [RuB(CO)IZJV + PhZCO A D)

12

[Ru3<00)|2] + L — [RUB(CO)”L]' + CO e % & (5)

[RUB(CO}HL]T + Ru, (CO) —  Ru(CO)

3 12 L + [RUS(CO)lZJ ... (6)

I

The process relies on the increased susceptibility of the radical anion
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of RuS(CO)|2 toward nucleophilic attack, as compared with the neutral

parent cluster. This probably results from the extra electron entering
a Ru=Ru: antibonding orbital, thus facilitating Ru-Ru bond cleavage to
generate a labile 17 electron metal centre. An alternative mechanism

is iproposed for a reaction involving CO loss from an intact Fe3 clus-
ter; 37 +the evidence presented is more applicable to an ETC chain pro-
cess.318:319 0n the basis of a brief elecfrgchemical study of Ru(CO)

12°

where it was shown that the [Ru3(CO) J7 radical anion has a very short

|2
lifetime (in acetone), Robinson et al.,33 have suggested that substi-
tution at Ruz(CO) , initiated by [PhZCO]T does not involve an ETC pro-
cess, but occurs by an alternative, unspecified route. Any mechanism
incorporating cluster degradation, however, must account for the ready
formation of Ru6(CO)|82' (54) and the specific generation of Ru3 deriv-
atives containing mixed ligands in high yield. For organic systems the

ETC process is known to be highly selective and generally gives a major

product in high yield.310

The following general points can be made about the substitution
reactions studied: -

(1) For RUB(CO)IZ’ mono-, di- and tri-substitution can be brought
about by catalytic amounts of PhZCOT, although efficiencies
decrease with higher substitution. For example, formation
of Ru3(CO)|2_n[P(OCH2)3CE+]n required 2 mol % (n = 1), 3 mol
% (n=2) and 30 mol % (n = 3) of initiator. This is not un-
expected; reduction of a cluster to the corresponding anion
is rendered more difficult as CO is replaced by poorer m-
acceptor |igands PRS’ presumably slowing the electron frans-
fer step (equation 6). At the same time, steric and statisti-

cal factors will tend to discourage higher substitution.

58

,59
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(2) For most examples, the infra-red spectra of the crude reaction
mixtures indicate that quantitative conversion to one product
had occurred; yields quoted are isolated yields of recrystal-.
lised products, some of which have quite high solubilities in
hydrocarbens.

(3) Reactionswith PRB’ P(OR)3 and CNR were al'l efficiently initiated

but those with AsR,, SbR, and BiR, were decreasingly so, to the

3’ 3 3

extent that no Ru:,)(CO)“(BiPh3

presumably reflects the decreasing nucleophilicity of MR3 as the

) complex is isolated. This trend

atomic weight of M increases.

(4) For neither of the ruthenium clusters studied were products aris-
ing from cluster breakdown observed as co-products.

(5) Reactions with H4Ru4(CO)l2 were noticeably less efficient than
with RUS(CO)IZ' Possible chain-termination processes of H4Ru4(CO)|2T
(the postulated intermediate) by loss of hydride ligands may be re-
sponsible for this. |t was nofed in stepwise reactions with
H4Ru4(CO)|2 that the second substitution was apparently more
facile than the first. However, this may be an artefact aris-
ing from the poor solubility of H4Ru4(CO)|2 (compared with most
H4Ru4(CO)||L complexes) which meant that reactions had to be
carried out with dilute and/or warmed solutions which are |ike-
ly tfo have an adverse effect on the reaction because of decreased
electron transfer rates or increased radical-anion decay.

(6) The maximum degree of substitution obtainable with H4Ru4(CO)|2
depends on the incoming nucleophile. Thus, with excess P(OMe)3
the trisubstituted H Ru4(CO)9[P(OMe)3]3 was the final product,

4

whereas with excess PPh3 only H4Ru4(CO)IO(PPh3)2 could be obtain-

ed despite the addition of up to 30 mmol% initiator.
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Spectroscopic studies

The isolation of a number of specifically substituted derivatives
of Ru3(00)|2 has enabled us to record definitive v(CO) spectra and to
establish some features of these spectra in relation to the degree of
substitution. Figure 8 shows some typical spectra of the complexes
Ru3(CO)|2_nLn

quencies of the main absorptions for each of the complexes studied.

, and Table 10 (see Experimental section) lists the fre-

For n = |, there are three, sometimes four, strong bands between
1985 and 2055 cm™, together with a weak to medium absorption between
2090-2100 cm™k, As expected, the frequencies of all bands decrease as
the basicity of the ligand increases. The spectra of the disubstifuted
comp lexes show two main bands, the profiles of which indicate that the
envelope contains three or more absorptions, between 1966 and 2050 cml,
with a high-energy absorption between 2070 and 2090 eml.  There is a
general decrease in frequency with the introduction of the second I|i-
gand. The trends in the tri-substituted complexes are less obvious,
with the v(CO) spectra being much less well resolved; the major ab-
sorptions again lie between 1965 and 2050 eml, as broad envelopes
which may be resolved into individual maxima, with the highest energy
band being found befyeen 2050 and 2085 cm™l.  For n = 4, where a wide
range of complexes is not available for comparison, the overall ab-

1 from

sorption pattern is shifted to lower energies by some 20 cm
the tri-substituted complexes, reflecting the distribution of electron
density from the phosphorus ligands into the CO antibonding orbitals.

There is no pronounced band at higher frequencies.

These spectra have proved useful in monitoring most of fThe re-
actions reported above, and the most diagnostically useful features
are the high frequency bands mentioned above. These tend to be separ-

ated from the major absorption, and are sufficiently different in fre-
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FIGURE 8(iii)
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quency that fthe growth or decay of a particular complex can be con-
veniently fol lowed for the mono- or di-substituted complexes.
/
Concluding remarks
Electrochemical procedures have been previously used fto synthesize
metal carbonyl| complexes. For example, the cathodic reduction of
various transition metal salts under CO pressure affords metal car-

bony | s . 320-327

This electrochemical method has been applied to the
preparation of a varieTy\of phosphine-substituted derivatives of Group

6B metal and iron carbonyls.3*3%  Cathodic reduction of M(CO)6 and
(RBP)nM(CO)6—n (where M = Cr, Mo, W) inthe presence of amines and phos-
phines produces substitution products at the anode.32:32%  Whether any of

these processes proceed by related chain mechanism (ETC processes) is un-

known.

The radical-ion initiated syntheses described above generate many
new complexes, which cannot be obtained by thermal or photochemical
reactions. The short reaction times, mild conditions and easy product
isolation all facilitate further study of these initial reactions, thus

enabling the specific effect of ligand substitution to be assessed.

(c) Structural Studies of Substituted Ruthenium Carbonyl Clusters

The molecular structure of Ru3(00)|2 (Figure 9) consists of a
triangular cluster of ruthenium atoms, each of which has four terminal
carbony| groups.330’331 The Ru-Ru bond lengths differ slightly, one
being 2.859 f\ and the remaining two being 2.85! /i.331 This slight
difference in bond length is attributed to crystal forces.33 The
axial C-0 bonds (1.942 X) are longer than the equatorial C-O bonds

0
(1.921 A) as a result of the competition for d1T electron density

between the (mutually trans) axial CO ligands. The van der Waal's
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repulsions of the carbonyl oxygens cause the axial Ru-C-0 groupings to

be bent by 7° from |inearity.33!

FIGURE 9

RUS(CO)|2

The structural differences between Fe3(00)|2,3326y* Ru_,)(CO)IZS‘e‘O’331
and OsB(CO)|2335’336 are attributed to the size of the cavity in the
polyhedron formed by the twelve CO groups.3377340  only the Fe3 triangle
can be accommodated in an icosahedron (formed by joining the oxygen

atoms of CO |igands), while the larger Ru, or Os3 triangles require

3

an anticuboctahedron. 337 340

Fluxionality is the result of a reorientation of the metal cluster
within the ligand polyhedron. A relatively minor reorientation of the
ligands about the central Mn cluster can often bring about an apparent-

ly major change in Th? overall structure. This is the case with Fe_,)(CO)|2

l
Fiuxional behaviour recently detected in crystalline Fe3(CO)|2,3L+1 is con-
!

sistent with the time averaging of the two disordered molecules observed

333,334
|
sidered interms of simple terminal-to-bridging transformations, or if

1

crystal lographically. Gross structural changes are generally con-

present, of differingaegrees of symmetry of the p-CO groups. 3% 343,381
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Nuclear magnetic resonance spectroscopy is the only technique
which gives precise information on the location and mobility of Ii-

gands bonded fo the metal framework. Ru3(CO) exhibits a single 13¢co

12

5(C0) |, has 2 peaks below 60°C. 3%

The interchange mechanism of axial and equatorial carbonyls in RuB(CO)|2

n.m.r. signal at -100°C,3" while Os

and OsB(CO)12 is not clear. The introduction of other ligands reduces
the overall symmetry of these clusters, and 13C n.m.r. studies indicate
that successive phosphine substitution lowers the activation energy for
CcOo scrambling.78’3'*6 These studies also show that polytopal rearrange-
ment (a rearrangement which exchanges axial and equaforial CO's of each
347,348

individual M(CO)4 unit) occurs in a variety of substituted clusters.

No internuclear scrambling of CO groups is detected.

Early structural investigations of cluster carbonyl derivatives
include references to disorder, where the M3 or M4 metal core fakes
up one of two orientations (related by a 60° rotation about a vector
normal to the M3 plane).333’33"“’3”9"353 Most of These examples have one
of the partial occupancy factors considerably less than 0.5.3%  Pre-
sumably, if ligand occupancy was similar, the resulting atom peaks for
the minor component in the final electron density map would be at the

limits of resolution. The disorder requires only a small rearrangement

of the M-L vectors for the Iigand polyhedron to remain unchanged. 343,30

Previous structural studies on complexes with isocyanide |igands
reveal a wide variety of coordination geometries, ranging from |inear
with short C-N bond lengths, to strongly bent conformations (CNR~ 120°),
with much longer C-N bond lengths.3%738  These longer C-N distances are
usual ly associated with edge-bridging or face-bridging isocyanides,361’36“’366’369

or alternatively, with isocyanides in electron-rich complexes.229Q31
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Disorder is observed in the structure determinations of

Ru5(CO) || (CNBU®) (1) and Ru g (CO) ,(CNBU®), (2).370371  The

10
molecular structures of (1) and (2) are shown in Figures 10 and
I'l (Table 6a). Both complexes contain a Ru3 triangle [isosceles
for (2)], in which isocyanide l igands cccupy axial sites and all

CO ligands are terminal. The observed disorder is with respect

to the ruthenium atoms only, and is refined as previously indicated.3*

In RUS(CO)IICNBut (1), two shorter metal-metal bonds [2.8477(8),
2.8575(8) R] are to Ru(l), to which is bonded the isocyanide; the longer
of these is the same as found for RuB(CO)|2 [2.854(1) K].331 The re-
maining bond, within the RuZ(CO)8 fragment, is significantly longer,
at 2.8668(I!) R; this lengthening may be associated with the twisting
of the two Ru(CO)4 groups about this bond (vide infra). The average
Ru-Ru length [2.856(1) K] is the same as that found in the parent car-
bony!.331 |p (2), the longest bond is that between the two isocyanide-
bearing metal atoms, Ru(l)-Ru(2), 2.849(2) R, whereas those to Ru(3)
are considerably shorter, at 2.837(3) A. Compared with Ru3(CO)|2,
there is a considerableiconTracTion of the metal triangle in

RUS(CO)IO NBui&(Z) [average Ru-Ru, 2.841 (]) K].

The Ru-CO distances in the Ru(CO)4 groups in (1) range from 1.923-
1.961(6) K, but there are no significant differences observed between
the axial and equaToriaﬁ bond lengths. In the parent carbonyl, such
differences are ca. 0.02 R. In both molecules, the shortest Ru-CO
distances are those cis to the isocyanide ligand on Ru(l). The iso-
cyanide ligands in both complexes are approximately linear. The Ru-C
distances [2.041(5) A& in (1), 2.042, 2.040(7) A in (2)] are longer than
those involving carbony! groups, reflecting the weaker m-acceptor pro-

perties of the isocyanide.
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TABLE 6a
t CNBu'
CNBu
Cc a
c Q
1
b ™ t
b CNBu
a 2.8575(8) 2.849(2)
b 2.8668(1) 2.837(4)
o 2.8477(8) 2.837(3)
Average 2.8574 2.84]
Ru-CO(average)
axial 1.946 .94
equatorial 1.928 .91
Ru-CNBu® 2.041(5) 2.042(7)
2.040(7)
Average 2.041(5) 2.041(7)

The structures of the isocyanide-substituted complexes are unusual
in that they show that axial substitution has occurred, in contrast to
the situation found for tertiary phosphines, for example. The only other
axially substituted M3 clusters containing simple 2e donor ligands are

the pair of acetonitrile complexes 0s5(CO),,_ (NCMe) ~(n = | and 2).3%72

12—
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Substitution of carbon monoxide by a weaker m-acceptor base, such
as t-BuNC, is expected (on electronic considerations) to favour an axial
site trans to CO rather than one trans to an Ru-Ru bond. In this way,
the m-bonding to the remaining CO ligands is maximised. Steric factors,
however, predict that bulky ligands would prefer the less crowded equa-
torial sites. Therefore, the observed pattern can be rationalised in
terms of a lower steric requirement for CNBut, allowing occupafion%of
the axial site, whereas the bulky phosphine and arsine ligands wou ld

preferentially occupy the least hindered sifes.

There is much current interest in the fluxional properties of
metal cluster carbonyls and their derivatives, and an approach to
the interpretation of these properties in terms of structure has

been made , 3467348

As noted above, complex (1) is highly fluxional,

and a considerable fopological perturbation of the parent Ru3(C0)|2
ligand anticuboctahedron is evident. This can be described as a twist
of the environment of each ruthenium about the pseudo-fwo-fold axis
which passes through it. Examination of the polyhedron formed by the
eleven CO groups and the CN part of the isocyanide ligand (Figure 12,
and comparison with that found for RUB(CO)|2, shows that the polyhedron
more closely approximates the icosahedron found for FeB(CO)IZ and sev-
eral M4(CO)|2 species. Recalling that the equivalence of the CO groups
in these cluster carbonyls has been explained in terms of rearrangement
of the icosahedron by lengthening of edges and concomitant flattening
of pairs of two edge-joined triangular faces to form the square faces

of the anti-cuboctahedron. Further distortion (by movement of the

diagonal apices towards each other) regenerates an icosahedron with

apices interchanged.
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tn (2) similarly, we find that the environments of the ruthenium
atoms are perturbed from the RuS(CO)|2 anticuboctahedral ideal by a
set of concerted twists about the two-fold axes of the triangles (Figure
I3). While the distortion of the ligand polyhedron results in disorder
of the ten CO groups, the atoms of the two isocyanide ligands in each
molecule are located in positions close to (or encompassed by Theéfherr
mal ellipsoids) of the similar ligands on the centrosymmetric aITgrna—
tive. The structure was thus found to be refinable in terms of a model
in which the asymmetric unit was a full molecule with a population 0.5,

with only one t-butyl substituent at itsperiphery but that with a popu-

lation of |.

The twisting of the Ru(CO)4 groups about the Ru(2)-Ru(3) bond in
(1) is then seen to be a method of accommodating the different require-
ments of the packing of eleven CO groups and one isocyanide | Tgand
about the Ru3 cluster, compared with the regular anticuboctahedral
arrangement adopted by the twelve CO groups in RUB(CO)IZ'

| believe that the disorder observed in these structures provides
further evidence supporting the idea that the fluxional behaviour of
metal cluster carbonyls can be rationalised, at least in part, by the
movement of the metal atom cluster within the |igand polyhedron, with
some small deformation of the latter, as proposed by Johnson.3® |n
the present case, it is %he peripheral atoms which define the polyhe-

1

dron. Conversion of one tautomer to another can occur by bending of
l

the M-C-R (R = 0 or NBu?) bond.

The axial substitution of the t-BuNC |igand also affects the
reactivity of (1), makinq it far more reactive than Ru3(CO)|2.26c
This can be attributed Té the ability of the axial isocyanide |igand

1o dissociate from the cfusfer.
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The only structurally characterised trinuclear ruthenium cluster

containing an unbridged monodentate phosphine ligand is Ru3(CO) (PPhS)

(see Figure 14).9 This complex was formed on irradiation of Ru,(CO)

3 12
in the presence of PPh3, and chromatographically isolated from
Ru(CO)4(PPh3) and Ru(CO)3(PPh3)2.9°’373 The phosphorus |igand co-
ordinates in an equatorial position, which is consistent with the

observations reported for Fe,(CO) (PPh3)~°’7l+ and 053(CO>||[P(OCH3)3]-375

FIGURE 14 -

RUB(CO)II(PPh3>

Steric factors, as indicated previously, prevail in determining
the degree of substitution in clusters. 126,127, 129-134 Structuralty,

this is refiected in ipcreasing metal-metal bond lengths as the cone

150

angle of the phosphine increases.!23134  Thys, the average Ru-Ru

distances in RuB(CO)II(PPhB)90 are predictably greater than those of

Ru3(CO)|2.330’331 A similar elongation of metal-metal bonds is also

, 332-334 or

12
<co>|2.335:336 Ligands

observed in FeB(CO)II(!gz’PhB)37L+ as compared with FeB(CO)
with OsB(CO)Il[P(OMe);IW5 as compared with 653
of lower m-acceptor sT}engTh than that of CO (such as PPhS) are less
efficient than a CO gréup at removing m antibonding electron density
from the metal clusferﬁ Hence, the higher electron density in the

metal cluster is relie?ed by metal-metal bond expansion. Thus,

electronic factors must also be responsible, in part, for the metal-
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metal bond elongation observed in Ru3(CO)||(PPh3),90 as compared with
330, 331
RUS(CO)IZ' »

No significant |igand poIYhedra! disftortion (with vertices de-
fined by the CO ligand oxygen atoms) from that of a 'twinned cubocta-
hedron, '3 is observed either for RUB(CO)II(PPhS) or for
OSS(CO)IIEP(OCHS)SJ' Such a distortion was observed, however,
when a bulky ligand was introduced into the Fe3(CO)|2 ligand

polyhedron.332

A large number of mono-, di- and fri-substituted derivatives of
RUB(CO)|2 containing Group VB donor |igands have been synthesized by
radical-ion initiated reactions, and the structural parameters of sev-
eral complexes determined. In the course of this investigation it be-
came apparent that the solid-state structures of many of these complexes
are disordered. The disorder could be refined in terms of a model in-
volving two symmetry-related positions of the Ru3 core within a ligand
polyhedron, of which the peripheral atoms (that is, the O of CO and

the P of PRB) occupy only twelve distinct sites.

Molecular Structure of Ru3(CO)ll(PCg3) (16f)376

The complex RuB(CO) I(PCYB) (see Figure 15, Table 6b) is formed

l
by replacing an equatorial CO ligand with the PCy3 ligand. Unlike

Ru3(CO)I (CNBut)(Vide supra), there is no disorder in the Ru3

triangle of RuB(CO) (PCyB) (16f). This is reflected by the man-

I
ner in which the axial carbonyl substituents lie approximately

normal to the Ru3 plane. Equatorial substitution by PCy3 of CO
reflects the greater effective bulk of the PCyB ligand. It also

indicates that electronically PCy3 is a better o donor and weaker

T-acceptor than tertiary butyl isocyanide. The ligand polyhedron
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FIGURE 15

RUS(CO)II(PCYS) (16f)
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envelope (Figure 15) is severely distorted by the presence of the PCy3

| igand.

Molecular Structure(afRu3(CO)10[P(OMe)3]2 (17h) 376

The structures of Ru3(CO)IO[P(OMe)3]2 (see Figure 16, Table 6b)
and Ru3(CO)IO(CNBut)2, are similar in that they have a cen+rosymmé+ric—
ally related pair of disordered molecules, eachwith population 0.5. Un-
| ike the case of the t-butyl isocyanide derivative, in which the two sub-
stifuents are axially disposed and attached on opposite sides of the Ru3
plane to two different Ru atoms, Figure 16 shows that the two phosphine
ligands are equatorially disposed about two different Ru atoms. The
probable cause of preferential equatorial substitution is the greater
effective bulk of P(OMe)3 as compared to t-BuNC, though phosphines are
weaker m-acceptors and stronger d-donors than isocyanides. As in (2)
all atoms were resolved into half-populated components, but the phos-
phorus atom occupies a fully populated site. This requires half-
populated substituents in two different orientations as dictated

by the direction of coordination to the respective Ru, cores [see

3
Figure 16(ii) and 18(ii)]. There are considerable concerted twist
distortions of the ruthenium environments about the two-fold axes
of the triangle, correlating again with the proportion of disorder.
Figure 16(ii) illustrates the oscillation of the equatorial |igand-
to-metal bonds about the 0 or Patoms required fo accommodate the two
orientations of the Ru3 core.
Molecular Structure of Ru3(CO)10(PPh3)2 (17c)

The structure thus far refined (see Figure |7, Table 6b) agrees
well with the observations made for Ru3(CO)|O[P(OMe)3]2 (17h) and to
a lesser extent RuS(CO)IO(CNBut)2 (2). Both phosphine substituents

occupy equatorial sites on different Ru atoms of the disordered pair

(population 0.5). The effective steric bulk associated with the PPh3
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3

FIGURE 16(i)

(CO)IO[P(OMe)3:]2 (17h)
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FIGURE 16(i1)

Ligand polyhedron of Ru

(CO)IO[P(OMe)3]2

showing both orientations of the Ru3 core

3
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FIGURE 17

(17¢)

RUS(CO)IO(PPh3)2
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ligands not only results in them being equatorially located, but also
causes considerable distortion of the CO Iigands from linearity (see
Figure 17). The inherent disorder in the molecule has hampered refine-

ment of the phenyl rings.

Molecular Structure of Ru3(CO)9(PMe3)3 (lBa)376

ThemblecularsTrucTure(afRuS(CO)g(PMeS)S is basically that of

Ru3(CO)|2 with three equatorial CO groups replaced by PMe3  igands
[(Figure 18(i), Table 6b]. Each metal has one PMe; ligand attached,
giving the molecule a 3m symmetry. As with Ru (CO)I (CNBut),-dis—

3 [

order is observed in the Ru3 core; refinement of the populations
showed these to be 0.932 and 0.068. This disorder is accompanied
by similar fwist distortions in the Ru environments about the two-

fold axes of the Ru; triangle [see Figure 18(ii)].

Molecular Structure of Ru3(CO)8[P(OMe)2Ph]4 (191)377
While Fe3(CO)|2 and several of its substituted derivatives
[FeB(CQ)IZ—nLn (n = |-3) L = monodentate ligand ] are known to

have the bridged structure (see Figure 19, Table 6b)3327334374,362,383

RuB(CO)|2 and its substituted derivatives have the nonbridged struc-

tures (see Figure 9).90:830,33L37%  0njy three Ru (CO)BL comp lexes are

3
82 PMe3258 and PPh(OMe)2.88’258

4

known; with L = PH3,

The molecular structure of RuB(CO)SEPPh(OMe) is shown in

2]4
Figure 20(i), from which it is immediately apparent that it is of

the CO-bridged Fe3(C0)|2 type (see Figure 19). OCne Ru-Ru bond of

the isosceles triangular Ru3 core is asymmetrically-bridged by two

CO groups (see Table 6b), and the Ru-Ru separation is 0.06 A shorter
than that found in RuS(CO)|2.33°’331 In contrast, the other two Ru-Ru
bonds are significantly longer [2.879(}) R; see Table 6b], as expected

when CO is Feplaced by a better o donor. Al! phosphonite ligands oc-
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FIGURE 18(i)

Ru3(CO)9(PMe3)3 (19i)
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FIGURE 19

Fe3(CO)|2: two perspectives

cupy equatorial positions; one on each of the CO-bridged Ru atoms
(trans to the nonbridgec Ru-Ru vectors), and two on the third Ru

atom. Both pairs of phosphonite |igands are disposed so that one
Ph group of each pair is above the Ru3 plane, and the second pair

| below This plane.

The peripheral atom polyhedron is still a distorted icosahedron,
tThe Ru3 plane being rotated about its two-fold axis [see Figure 20(ii)].
The observed CO-bridged structure results from a minimisation of the
combined effective steric bulk. The bridging CO ligands are difficult
to observe in the i.r. spectrum but are assigned to weak bands at 1810,

) or 1820, 1772, 1718 cm! (Nujol).

-1
.I76O cm (CHZCI2

General Structural Considerations (Refer also to Tables 6b and 7)
The size of the Ru3 core increases on increasing phosphine sub-

stitution, when compared with Ru3(00)|2.331 The increasing Ru, core

3

size reflects the increase in electron denkity occurring on replacement
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FIGURE 20(i)

RUS(CO)S[P(OMe)ZPh]4 (19i)



FIGURE 20(ii)
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TABLE 6b

Average

Ru-CO
(average)
axial

equatorial

Ru-P

Average

PPh

.907(3)

.875(3)

.876(3)

.886

.94

.89

.380(6)

.380

PCy3

2.878(2); 2.875(2)
2.859(2); 2.874(2)

2.902(2); 2.920(2)

2.885

1.936; 1.940

1.918; |.899

2.425(3); 2.420(3)

2.422

P(OMe)3

2.860(1)
2.862(2)

2.854(1)

2.859

1.935

{.900

2.330(1)
2.265(2)

2.298

NNN

PMe3

.860(1)

.862(2)

.854(1)

.859

.920

.869

.336(2)
.328(2)
.327(2)

.330

Pp

C a
ANTA
P(OMe)ZPh

2.879(1)
2.797(1)

2.879(1)

2.852

e 1.885(1); g 2.057(8)

f 2.068(8); h 2.399(8)

1.918

|.888

2.277(2)
2.281(2)
2.265(2)
2.270(2)

2.273

Ll



TABLE 7 Average interatomic CO distances/Ru-0 vectors (R)

Ru3(CO)11(PPh3) (16c) Ru3(CO)ll(PCy3) (16£)
Distances C-O(ax.) = 1.145 Distances C-O(ax.) = 1.135(5)
C-O(eq.) = 1.149 C-0(eq.) = 1.134(4)
Vectors  Ru-O(ax.) = 3.083 Vectors  Ru-0O(ax.) = 3.073
Ru-0(eq.) = 3.040 Ru-0(eq.) = 3.044
Ru,(CO),, [P (oMe) 3] , (17h)
Distances C-0O(ax.) = |.135(8)
C-O(eq.) = 1.159(5)
Vectors  Ru-O(ax.) = 3.07|
Ru-0(eq.) = 3.059
Ru3 (CO)9(PMe3)3 (18a)
Distances C~0O(ax.) = 1.141(2)
C-0O(eqg.) = 1.142(3)
Vectors  Ru-O(ax.) = 3.06l|
Ru-0(eq.) = 3.011
Ru,(CO), [P (oMe) 2Ph] g (191)
Distances C-O(ax.) = 1.139(4)
C-0O(eq.) = 1.132(7)
Vectors %U-O(ax.) = 3.057
Ru-0O(eqg.) = 3.021
Ru,(CO)  (CNBuS) (1) Ru,(CO) , (CNBu ), (2)
-3 11 3 10 2:
Distances C-O(ax.) = 1.124(5) Distances C-O(ax.) = 1.148
C-0(eq.) = 1.120(1) C-0(eq.) = 1t.177
Vectors  Ru-O(ax.) = 3.070 Vectors  Ru-0O(ax.) = 3.088
Ru-0(eqg.) = 3.098 Ru-O(eq.) = 3.087
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of CO (a good m-acceptor) with PR3 (a good ¢ donor). There is no ap-

parent correlation with basicity of phosphine (or phosphite), nor with

degree of substitution. The range of Ru-P distances from 2.265(2) A

to 2.330(1) K observed falls in the order PCy3I>PPh33>PMe3->P(OMe)2Ph2>P(OMe)3,
which follows the general trend expected on the basis of cone angles.130
Interestingly, one Ru-P distance in RUB(CO)IO[P(OMe)SJZ (17h) is 2.265(2)

R, which is at the lower |imit of all Ru-P distances observed.*® The

reason for the two large differences in Ru-P(OMe)3 distances is not

apparent.

The Ru-CO bond lengths of the various phosphine substituted clus-
ters show little variation. In all complexes, the Ru-CO(eq) distances
are shorter than the Ru-CO(ax) distances by 0.04-0.05 A. In RUB(CO)I2331

the difference in averaged values is 0.02 A. Similarly, the equatorial

R---0 vectors are shorter than the axial Ru---0 vectors (see Table 7).37%

It is interesting that the introduction of the Group V ligand re-
sults in the peripheral atom polyhedra of these comp lexes moving away
from the anticuboctahedron found in RuS(CO)|2 fowards the icosahedron
found for FGB(CO)I2° This change is generally accompanied by concerted
twist distortions about the Ru-Ru bonds. Where the combined steric bulk
of the entering Group V ligands exceeds that which may be accommodated
by concerted twist distortions of CO groups, semi-bridging or bridging
CO ligands result. Hence, RuB(CO)S[P(OMe)ZPh]4 (19i) has a structure
and |igand envelope analogous to Fe3(CO)|2.

Several other clusters are reported to have disordered structures
involving different orientations of the metal c?re within the same
ligand polyhedron; they inciude [H6Re (CO)|22'];3%3 Fe

4 3

(CO)IZ.381 To the best of my knowledge,

379
As,(CO)g,

2_ 380
OSB(CO)II(U CHZ) and Ir4
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however, this is the first occasion that this disorder has been re-
solved in cluster complexes containing such disparate |igands.
)

The rationale for these observations is that the particular crys-
talline form of a molecule, existing in two or more conformations, is
largely determined by crystal packing interactions. Generally, one form
is more stable than the other(s), and an ordered lattice results from
all molecules having the same conformation. Crystal packing inter-
actions are determined by intermolecular contacts of the peripheral
atoms of the molecule, so that if two or more conformations have the
same arrangement of peripheral atoms, random occupation of lattice
sites will result. |In the special instance of symmetry-related sites
in the polyhedron, half-occupancy may occur [e:g. MB(CO)IOLZ’ see

Figures 13, 16(ii), 18(ii)].

(d) Miscellaneous Reactions of Ru3(C0)]2 and its Substituted Derivatives
(i) Reaction of Ru3(CO)12 with dimethylacetylenedicarboxylate&%

Reactions between Ru3(C0)|2 and Cz(COZMe)2 readily afford at
least fourteen complexes, two of which can be separated easily by
chromatographic methods, to give deep red Ru3(C0)7[C2(C02Me)2]4 (55)
and yel low RUZ(CO)6[C4§COZMe)4] (56) (Figure 21). The former complex
probably has an open-chain ligand formed by oligomerisation of the
alkyne, and may be similar to complexes obtained with I-alkynes such
as HC,Bu".

Complex (56) is obtained as well-formed crystals. The composition
was indicated by analysis, the v(CO) spectrum, which was characteristic
of an MZ(CO)6 system, and by the 'H n.m.r. spectrum, which contained
two singlets for the two pairs of COZMe groups. In addition, the mass

spectrum contained a molecular ion centred on m/e 654, and fragment

ions formed by the loss of the six CO ligands. Further breakdown of
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FIGURE 21: Selected Bond Lengths and Angles

Ru(1)-Ru(2) 2.744

Ru(1)-C(1) 1.933 ch)=-o(n [.121

Ru(1)-C(2) 1.913 C(2)-0(2) l.135

Ru(1)-C(3) |.899 C(3)-0(3) I.135

Ruél)—CI 2.251

Ru(1)-C2 2.244

Ru(1)-C3 2.246

Ru(1)-C4 2.225

Ru(2)-C(1) 1.963 Cal)y-och) I.121

Ru(2)-C(2) 1.955 C(2)-0(2) [.131

Ru(2)-C(3) |.869 C(3)-0(3) I.131

Ru(2)-Cl 2.073

Ru(2)-C4 2.059

Ci-C2 1.410 C2-C3 |.424 C3-C4 [.428
Angles

Ru(2)-CI-C2 117.2(5)

Cl-C2-C3 114.5(6)

C2-C3-C4 113.2(6)

C3-C4-Ru(1) [17.3(5)
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the [Ru204(COZMe)4]+ ion occurred by loss of OMe and CO fragments.
The structure determination confirms the assignment of the molecular

formula. /

The +ricarbonylferracyclopenfadiene—Fe(CO)3 moiety (see Figure 22)
is a common‘fea+ure of many complexes obtained from reactions between
alkynes and iron carbonyls: structural studies of eleven examples
have been reporTed.385695 The osmium analogue is found in a reaction :
product from 053(C0)|2 and 2,3 dimethylbutadiene, and the bicyclic
derivative 052(C0)6(CBH6)3%’397 Few ruthenium complexes of this type
have been previously described, Though Ru3(00)|2 reacts with HCEECCRZOH

(where R = H, Me or E+)3%:3% +5 form complexes of similar structure to

RUZ(CO)6[C4(C02Me)4] (56).

FIGURE 22

RY Fe RY Fe _ _
A0 2
(a) (b)

Rl R2 R3 R*
(1) OH Me  Me OH
(2) OH Et  Et OH
(3) CHPh, H OMe  OMe

(4) Ph Ph Ph Ph
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)
L

The Fez(CO) (ligand) structure has been theoretically examined by

6
extended Hicke! methods. The Fe (CO)6 moiety may adopt the sawhorse

2
geometry (Figure 22a), or an alternative in which the Fe(CO)3 group
T-bonded to the carbons is rotated by 60°, as in Figure 22b. In this
instance, one CO group is positioned to interact with the second iron
atom, forming a semi-bridging CO group, which has been rationalised as
enabling the elecfron-deficient ferrole metal atom to recover some elec-
tron density. Energy differences between these two arrangements are
calculated as only 0.2 eV in the parent compound, favouring the structure
shown in Figure 22b; experimental results confirm that there is only
a low energy difference, since FeZ(CO)6EC4(OH)2Me2] adopts structure
(b), whereas the corresponding ethyl derivative is found To have struc-
ture (a). Of the known structures of iron compliexes of this type, only
two [Figure 22(2) and 22(3)] adopt conformation (a); on the other hand,

both osmium complexes (vide supra) have this conformation. Complex (56)

is also of this structural type [Figure 21 compared with Figure 22(a)].

The molecular structure of (56) closely resembles the archetypal
Fe2(00)6(C4H4) molecule,3®” with a tetrasubstituted tricarbonylruthena-
cyclopentadiene ligand m-bonded to +he second Ru(CO)3 group. The en-
vironment of both ruthenium atoms can be considered to be six-coordinate,
although interaction of Ru(B) with the semi-bridging CO group gives that
atom pseudo-seven coordination. The C, skeleton of the [04(COZMe)4]2'
ligand is almost planar, with all carboxy! groups tilted well out of
the C4 plane. The structure indicates that Ru(B) lies appreciably out
of the C4 plane, away from Ru(A). The CO ligands on Ru(A) are stagger-
ed with respect to those on Ru(B). The Ru(B)-CO(3) distance of 1.872(10),
I.866(8)R is found to be shorter than the other two, as found for the iron

complexes. This is a result of increased back-bonding fo ruthenium as a

partial compensation for its electron deficiency.
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It is of some interest that the two crystallographically indepen-
dent molecules differ significantly in the disposition of the three CO
groups about Ru(A), and of the semi-bridging CO group towards Ru(B).
This underlines the conclusion of Thorn and Hoffmann!® that a delicate
balance of forces affects the choice of conformation, and suggests that
the steric constraints associated with the packing of molecules of (56)
into the crystal lattice are sufficient to perturb the minimum energy

geometry. N

(ii) Reactions of Ru3(CO)10(PPh3)2 and Ru3(CO)9L (Where L = PPh_, PMe3)

3 3

The reactions of RuB(CO)gL3 (where L = PPhB, PMe3) require more

forcing conditions than reactions using RuB(CO) though the final pro-

12’

ducts are generally analogous. This indicates that Ru3(CO)9L3 is

more chemically inert than RUS(CO)IZ’ as the phosphine ligands steric-
ally inhibit further reactivity toward incoming reagents. Where suf-
ficient thermal activation is supplied, however, the reaction mechanism
does not appear to differ significantly from that of analogous Ru3(CO)I2

reactions. The complex, Ru3(CO)|O(PPh3)2, undergoes initial CO substi-

tution to give Ru (CO)9(PPh3)2X (X = 2 electron donor) before display-

3
ing similar reactivity patterns to that of RU3(CO)9L3'

Reaction of Ru3(CO)9(PMe3)3 with Cyclopentadiene

The reaction of RUS(CO)IZ

degradation, the major product being HRu(CO)z(n-C5H5) (Figure 23),'00403

with cyclopentadiene results in cluster

An alternative reaction path gives HRUS(CO)9(n_C5H5) in low yield, which
can be obtained in 67% yield, however, by reacting RUB(CO)IZ with penta-
|,3-diene in refluxing hep1‘ane.”00 This result is consistent with the
observed reaction of isoprene (2 methylbuta-1,3-diene) and RUS(CO)IZ'
where the same type of product is isolated.*®™ The reaction of Fe,(CO)g

or Fe,(CO) with cyclopen’radieneq054m8 ives products resulting from
377002 9

metal-metal bond rupture. The greafer metal-metal bond strength of
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OsB(CO)|2 Lcompared with Ru3(CO)|2 or Fe3(CO)l2]1‘51"168 is shown by its

long reaction time with cyclopentadiene (20 days) to produce

- 400
HOs (CO), (n C5H5). /

When reacted with cyclopentadiene, Ru3(CO)9(PMe3)3 is less prone

to cluster degradation. The major products all retain at least one

3 3)(n_05H5)

3(CO)5(PMe3)3(n—05H5)2 (59)}. Traces. of HRu(CO)(PMeS)(n-CSHs)

(60) and Ru(CO)z(PMeB)(n“—C5H6) (61) were also observed. The products

Ru-Ru bond; {i.e.[Ru(CO)(PMeB)(n—CSHB):I2 (57); HRu (CO)6(PMe

(58) and Ru

are phosphine substituted analogues of the RuB(CO) reaction with cyclo-

12

pentadiene (refer to Figure 23). All products are readily characterised
by mass spectroscopy; producing a molecular ion with subsequent loss of
carbony! groups. Insufficient sample prevented the location of the hy-

dride ligand in the H n.m.r. of HRu(CO)(PMeS)(n-C5H5) (60), but mul-

tiple scanning of the molecular ion in the mass spectrometer consistently

produced the highest m/e = 272. |ts dicarbonyl analogue, HRu(CO).(n-C_H.),

2{N=Csfs
was the major product when Ru3(C0)|2 reacted with cyclopentadiene.*0003  |p

fact, the products obtained from the R“3(CO)9(PM93)3 reaction are phosphine
substituted analogues of (1), (2), (3), (4) and (5) [Figure 23]. No pro-
ducts analogous to (6) or (7) were seen and higher reaction temper-

atures resulted only in increasing amounts of metal.

Reaction of Ru3(CO)9(PMe3)3 with Cyclododecatriene

Reaction of cyclododecatrienes with Ru3(CO)|2 yields HRu3(CO)9(C|2Hl5),

L 409411 i
RU4(CO)IO(CI2HI6)’ HRUB(CO)g(C|2H|7) and HRu3(CO)7(C24H34), the first

two have been structurally characterised (Figure 24).412:%13  The analogous
reaction with Fe(CO)5 causes ring closure, the product being tricarbonyl-

bicyclo[6,4,0]dodeca-9, | I-dieneiron.** The comp lex HRuB(CO)g(C]2H|7)

reacts with phosphines to give the substituted products HRu3(CO)9_nLn(C|2H|7)

[L = P(OMe) P(OCHZ)

e)z, CEt, PMe

Ph; n = [-3].411

3 2
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Cyclododecatriene reacts with Ru3(CO)9(PMe3)3 to give

HRu3(CO)6(PMe3)3(C|2Hl5) (62), HRUS(CO)4(PMe3)3(CZ4H33) (63)

and Ru4(CO)7(PMe3)4(C|2HI6) (64). These are the phosphine sub-

stituted analogues of the RuB(CO) reaction (vide supra).*l No

12

comp lex corresponding to HRuB(CO)6(PMe3)3(C|2H|7) could be recovered.

All products may be easily identified by their mass spectra, which
show the molecular ion followed by subsequent CO loss. All spectfra

recorded are consistent wi%h those discussed for the RUS(CO)IZ analogueL+11

(the PMe; resonance in the 'H n.m.r. spectrum is obscured by the massive

cyclododecatriene resonance in the region § = 3.0-1.0 ppm).

Reaction of Ru3(CO)9(PMe3)3 with Azulene
Several azulene complexes of metal carbonyls have been previously

described.*1®#23  Both Ru (CO) 2“39"*3"* and iron carbonyls [Fe(CO)

Fe,(CO)q and Fe3(00)|2]‘*2‘+“+29 react with azulene (or substituted

5’

azulenes) to give the complexes MZ(CO)6(azulene) and M4(CO)|O(azuIene)
[Figure 25], where M = Ru, Fe. Reaction of azulene with RUB(CO)|2 in
refluxing heptane gives Ru(C0),(C, oHg) [Figure 257 in high yield.'3%433
Not surprisingly, Ru3(CO)9(PMe3)3 reacts with azulene to give

RUZ(CO)S(PMGS)Z(CIOHB) (64), Ru (CO)4(PMe )2 (C Hg) (65) and

3 3°3°710 8
Ru4(CO)6(PMe3)4(CIOH8) (66); each complex displaying a character-
istic molecular ion followed by CO loss in the mass spectrum. The
infra-red spectrum of (64) shows one fterminal and one bridging CO
absorption. Steric factors would favour a terminal PMe3 (and terminal
CO) ligand on each Ru atom, with a bridging CO group located across
the Ru-Ru bond. No such bridging CO absorptions are observed in the
i.r. spectrum of RUZ(CO)6(CIOH8)' A molecular ion at m/e = 568 to-

gether with the analytical data confirms the proposed formuta. Spectro-

scopic data for Ru (CO)4(PMe ), (C, Hy) (65) and Ru4(CO)6(PMe ) (C H8)

3 3’3710 8 3°4° 710

(66) are consistent with the structures determined for the azulene

ruthenium carbonyl analogues (Figure 25).430,432  Contrary to other
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results,*3 the phosphine substitution products are more air and
moisture sensitive than their carbonyl analogues; this explains

the low yields recovered after chromatographic separation.

FIGURE 25
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Azulene derivatives of RUS(CO)IZ

Reaction of Ru3(CO)9(PMe3)3 with Cycloocta-1,3,5,7-tetraene (COT)

The reactions of cyclooctatetraenes with iron carbonyls have been
extensively studied,*3®™88 jargely as a result of the fluxional be-
haviour of the products. Ruthenium analogues of the Fex(CO)y(COT)
comp lexes have been obtained.41s463,473,479,480,482,483,187514  The major
products from the reaction of Ru3(CO)'2 with COT are: Ru(CO),(C,HL),

3'°8 8

i L87-491
Ruz(CO)5(08H8), Ruz(CO)6(08H8) and RUB(CO)ll(CBHS) (see Figure 26).
The reactions of COT with iron or ruthenium carbonyls, even under very
mild conditions, gives a number of products (some very minor), which

are very dependent on the reaction conditions. Thus, in almost every
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case, chromatography is necessary. The reactions of osmium carbonyls

Wwith COT have not been as thoroughly investigated.'83514-316

The complex RuB(CO)g(PMeB)3 reacts with COT to form the character-

3}(C8H8) (e7), Ru2(CO)4(PMe3)2(08H8) (68),

Ru2(CO)3(PMe3)2(C8H8) (69) and RUB(CO)S(PMe3)3(08H6) (70). A previous

attempt to form phosphine/COT substituted ruthenium carbonyl complexes

ised products: Ru(CO)Z(PMe

from RU(CO)B(CSHs) failed, because COT is displaced by the incoming

phosphine or phosphite."!

Hence, use of Ru3(CO)9(PR3)3 as a starting
material provides a way of incorporating both phosphine and COT on a
metal carbonyl fragment. The yields of the complexes obtained, however,
are very low. Moreover, the number of products generated in the re-
action makes isolation difficult. Column chromatography using Florisil
or silica, though enabling a good overall recovery of products, was far
less selective than alumina, which, however, showed greater decomposi-
tion. All products show characteristic molecular ions (M*) in their
mass spectra; with subsequent CO loss. 4 n.m.r. data on the phosphine-
substituted products are consistent with the ruthenium carbonyl ana-

logues, and hence imply analogous structures (Figure 26).

Interestingly, RUB(CO)8(08H6) is only formed as a very minor pro-

duct in the reaction of Ru3(CO)|2 with COT,49%507 yet (70) is isolated
in 16% yield as the major product in the reaction of RuB(CO)g(PMeB)3
with COT. Cyclooctatrene and (70) react further after prolonged heat-

ing in toluene to give RUB(CO)(PM63)3(08H6)(CBHS) (71). This complex

shows only one v(CO) vibration at 711 cm™, a frequency consistent

with a face-bridging CO group. The Iy n.m.r. confirms the existence

485

of a pentalene ring system (formed via transannular cyclisation of

COT - Figure 26) as well as showing a resonance at § = 3.63 assigned

to a COT ring [Note: the complex Ru»(CO)4(C8H8) shows a single

3
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resonance at & = 3.74 at 35°C487%% ] The mass spectrum shows a
molecular ion at m/e = 768, but no subsequent CO loss. Furthermore,
the PMe3 resonance in the H n.m.r. spectrum is a doublet, implying
that one PMe3 group is attached to each Ru atom. The exact nature
of this complex is unknown and suitable crystals for structural

characterisation have not been grown fto this point.

Reaction of Ru3(CO)9(PMe3)3 with t-Butyl Isocyanide
The complex‘RUB(CO)g(PMeB)3 reacts with t-butyl isocyanide

(t-BuNC) to give the complexes RuB(CO)B(CNBut)(PMeB')3 (12),

t
7 3 3)3(CNBu ) (74).

The complexes (72) and (73) are formed by straightforward CO

Ru, (CO), (CNBU®) , (PMe ), (73) and Ru(CO) (PMe
substitution by the isocyanide. Interestingly, these complexes
could not be obtained by the radical anion initiated method described
earlier. Both of the isocyanide substituted complexes contain bridging
CO absorptions in their infra-red spectra. This arrangement allows an
easing of the increased steric forces introduced by substitufion of CO
for t-BuNC; presumably forming the most stable ligand envelope around
the Ru3 friangle. Complex (74) is Tho&gh+ to have the isocyanide
ligand acting as a six electron donor.: This is consistent with micro-
analytical data, a low V(CN) value in the infra-red spectrum (1715 em™)
and the molecular ion at m/e = 785 in the mass spectrum. Though the
reaction mixture was stable under an inert atmosphere, chromatography,
even under nifrogen, resulted in exfenéive decomposition, hence en-
abling isolation of products only in low yields.
Reaction of Ru3(CO)9(PPh3)3 with t-Butyl Isocyanide

The complex RuB(CO)g(PPhB)3 reacff with t-butyl isocyanide
(t-BuNC) to give a host of products, f#om which only RuB(CO) (cNBu) (PPh)

8 3°3

J(CNBu®), (PPh,) - (76) could be characterised. These com-

plexes are formed in low yield and are extremely air sensitive. Their

(75) and RuB(CO)
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i.r. spectra in the carbonyl region resemble those of the analogous

PMe3 derivatives (vide supra). On standing in solution (CHZCIZ’

acetone, diethyl ether; |-2 days) a murky grey precipitate [no v(CO)
absorptions] results, indicating decoméosifion. No evidence for t-BuNC
acting as a six electron donor was found in any of the products. Eas-
ing of the steric forces associated with substituting t-BuNC for CO
apparently occurs through cluster degradation, resulting finally in

formation of the insoluble grey precipitate.

Reaction of Ru3(CO)9(PR3)3 with Dimethylacetylenedicarboxylate (DMA)

A thorough study has been made of the reactions of disubstituted

alkynes with FGB(CO)|2,385—395,517-519 RUB(CO)lzsu,zea,ssu,uou,szo-saz or

OSB(CO)IZ'a%-a%’ 532-537 A greater number of trinuclear acetylene-
substituted products are formed when Ru3(C0)|2 reacts with diphenyl-

acetylene than is the case for Fe3(C0)|2.520"522 The following Reaction

Scheme was established by varying the conditions of the reaction. 2

REACTION SCHEME 2

CZPhZ C2Ph2
RUB(CO)12 _—:66*—+ Ru3(CO)902Ph2 __Tif__+ RUS(CO)B(CZPhZ)Z

C2Ph2 C2Ph2 A

1 C,Ph
20
Ru5(C0) | o (C,Ph,), —»Ru5 (C0) g (C,Ph,) g é————Ru-(CO)4(C,Ph,),

1
!
t
t
!
1
4+

C0/80-90 atm

4

Ru(CO)4(C2Ph2)2
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The complexes Ru3(CO)9(PR3)3 (where R = Ph or Me) react to give a
variety of products, which in most cases retain the Ru3 triangle. On
+he basis of spectroscopic evidence, particularly the easy identifica-
+ion of an accurate molecular ion in fthe mass spectrum, the following
Jowith

33
DMA: Ru2(CO)6[n—CZ(COZMe)ZJ(PMG:B)2 amn, Ru3(00)7[n—02(COZMe)Z:l(PMeS)3

products were characterised from the reaction of Ru3(CO)9(PMe

(78), Ru (CO)6[n-CZ(C02Me)2](PMe3)3 (79) and Ru4(CO)8[n-Cé(COZMe)2](PMe3)4

3
(80). Compliexes (79) and (80) can be related to complexes illustrated in
the Reaction Scheme above. Complex (80) is analogous to the tetranuclear
Ru4C2 clusters obtained in low yield by heating Ru3(CO)|2 and R202 (R =
Ph, Me, ET, CHBOCHZ) at reflux in hexane.%23 l+s probable structure is.
shown in Figure 27. The first complex (77) has no known analogue, but

on the basis of its spectroscopic evidence a plausible structfure can be

assigned (Figure 27).

FIGURE 27
R
| co,Me
P 4 " COM
\ OC 2Me
PMeyCORUI=CLa, (colpMe oc_ |/ C\C\/ICO
Ru Ru
COLR / MesP” | | “Npiey
PHe Ry, oc co
(COIPMe;
(80) (77)
Ru4(CO)7(PMe3)4(CZR2) Ru2(00)6(PMe3)2[C2(COZMe)Zj

The comp lek RuB(CO)g(PPhB)3 reacts with DMA fo give
Ru3(00)7[n—cz(cone)ZJ(PPhB)3 (81, Ru3(CO)6[n-02(COZMe)Zj(PPh3)3
(82), Ru3(CO)5(EPh3)3[n-C4(COZMe)4] (83) and Ru4(CO)8[n—CZ(COZMe)2](PPh3)4
(84). Of These‘complexes only (83) has no analogue in the reaction of DMA
with RUB(CO)Q(PMGS)B' The comp lex RuB(CO)S(n-CZPhZ)(PPhB)3 has been iso-

lated, > and the v(CO) absorptions in its infra-red spectrum are almost
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identical with those of (83), except that the DMA product is consis-
tently 3-11| cm™ higher in energy. Both complexes have five ferminal

CO and three bridging CO absorptions, which is unusual for complexes
possessing énly five CO groups. The ly n.m.r. indicates two different
types of C02Me moieties; consistent with A and B in the proposed struc-
ture of Ru3(CO)5(PPh3)3[n-C4(CO2Me)4] (83) (Figure 28).' The remaining
characterised products show carbonyl infra-red spectra very similar,

in both band position and intensity, fo the well charaéferised PMe3

substituted adducts (vide ante).

FIGURE 28
(A)
PPh, co,Me
ocC | ) (B)
AN CO,Me
0C—Ru PPh4

Ru

/\

cO

oC
PPh
CO,Me (8)
(A)
(83)
RUS(CO)5(PPh3)3[C4(COzMe)4]

t [ = L 3 . = ’ = —
Reactions of Ru3(CO)12_nLn (where L PMe3, n 3; L PPh3 n 1-3)

with t-Butyl Acetylene (HC2Bu )

A reaction of RuB(CO) and t-butylacetylene in heptane gave

12

HRu (CO)g(n—C But) in good yield.5‘°’8"5'+2 The reactions of this pro-

3 2

duct have been extensively invesfigafed.53%5“355°

The complex reacts

t
(PPhB)Z(n_C Bu™)

with PPh, to give HRu3(CO)8(PPh 2

3 3 2 7

in low yield.%3® variable-temperature '3C and 'H n.m.r. studies indi-

) (n-C..Bu®) and HRu; (CO)
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FIGURE 29
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HRuB(CO)g(CZBut): two perspectives

cate that initial phosphine substitution of a CO group occurs only on

the ruthenium atoms having a 0 bond with the organic Iigand.539

The reaction of RUB(CO)II(PPhS) with an equimolar amount of HCZBut

gave HRuB(CO)B(PPh )(n-CzBut) (85) in 73% yield together with a small

3
amount of HRUB(CO)6(PPh3)(n—C|2H|9) (86). The major product was iden-

tified by comparison with literature data.>3

The minor product was
tentatively postulated to contain a dimerised acetylene moiety. The
disubstituted complex RUB(CO)IO(PPhS)Z reacts with an equimolar amount

of HC But to give three major products: HRu (CO)B(PPh ), (n-C But) (87),

2 3 37,470,
HRu 4 (C0) (PPh) (n-CZBut) (88) and HRu(CO) ;(PPhy),(N=C Bu%) (89). Com-

3°2 5 By 2 2
plex (88) was formed in the greatest yield (42%) and was readily identi-
fied by komparison with |iterature spectroscopic data [see Figure 30(2)7]. 339
The H n.m.r. spectrum of HRuB(CO)s(PPhB)Z(n—CZBut) (87) displays two
broad hydride signals, but these infegrate for only one protfon; the
exact nature of the complex still remains to be determined. A molecu-
lar formula was elucidated from vapour pressure osmomefric and analyti-

cal data. The H n.m.r. spectrum of HRuS(CO)B(PPhB)(n—CBH7), formed by

reacting Ru3(CO)|2 with 1,3 pentadiene followed by subsequent reaction
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with PPhS,“O“"539 also contains two hydride signals (both doublets).33®
No bridging CO ligands were observed in the i.r. spectrum of

HRu (CO)B(PPh3)2(n—CZBut). An electron count of the Ru,(CO) . (PPh.)

3 3 10 3°2
fragment totals 44 cluster valence electrons.>1™33  Thus, the hydride
and the CzBut contribute four electrons to the total number of 48
cluster valence electrons predicted for a Ru3 cluster,551-553 A hydride-:
is generally a one electron donor. ThisgsuggesTs a g+m interaction

for the CZBut moiety, probably bridging a Ru-Ru bond (in an analogous
way to the isoelectronic semibridging CO groupsi® ). Literature data
indicates a preference for the M = CCBut bond to form at a Ru centre
with a coordinated PPh3 group, 39 and a tendency for the acetylene-Ru
interaction to occur at the sterically less demanding Ru centre (contain-
ing no coordinated PPhB). Hencey the structure shown in Figure 30(1) is
the most feasible. The other complex isolated, HRu3(CO)5(PPh3)3(CZBut),
(89) shows five v(CO) absorptions in its i.r. spectrum, (+wo that can be
associated with terminally bound CO groups and three that can be associ-
ated with bridging or semi-bridging CO groups®%. The H n.m.r. spec-

trum indicates the presence of a hydride |igand, two PPh, ligands and

3

a tertiary butyl group associated with the initial acetylene reagent.

The M —Z— ccau® bond is likely to form at a Ru centre with co-
ordinated PPh3(vide supra), thus the structure shown in Figure 30(3)
is proposed. This means that the major products isolated differ empi-
rically'only in the number of CO groups they possess. This suggests
(in the absence of any ortho-metalation of the PF’h3 groups) that the
bonding of the CZBut moiety and tfo a minor extent the hydride |igand
must compensate for the steric as well as electronic factors associated
with a Ru3(CO)n(PPh3)2 entity. Only X-ray crystallographic data will

reveal the nature of bonding in these complexes.
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Tertiary butyl acetfylene reacts with Ru3(CO)9(PR3)3 (R = Ph or Me)
to give the major product HRu3(C0)6(PR3)3(CZBut) in low yield. The spec-
tral data associated with these complexes indicate that a phosphine-
substituted analogue of HRuB(CO)g(CZBut) [see Figure 30(4) for R =
PPhB] is formed. Whén R = Me, the reaction resulted in the formation
of a host of minor products, of which RuB(CO)S(PMe3)3(CZBut)3 could be
identified by its molecular ion at m/e = 917 in the mass spectrum. The
infra-red spectrum indicated that bridging CO ligands were present. Tri-
merisation of the aceftylene to give products with Ru3 cores in low yield
is consistent with previcus repom‘s.sm"’sq‘a’555 When R =Ph, the complexes

t
Ru(CO)Z(PPh ), (C,Bu )2 (92), HRuB(CO) (PPhB)Z(C H o) (94) and

3°2°72 5 12719
HRUB(CO)4(PPh3)2(C|8H29) (95) could also be isolated. |T appears
that HRuB(CO)6(PPh3)3(CZBut) initially forms, followed by dimerisation

or ftrimerisation of the organic ligand with excess HCzBut. This fur-
Ther reaction is easily detected in the 14 n.m.r. spectrum by the ap-
pearance of low field signals (§ = 5.40-6.40), resulting from the in-
corporation of the acetylenic hydride of the dimerisation/trimerisation

adducts. The structural nature.of these final complexes, as indicated

555

by Sappa and coworkers, must await X-ray crystallographic studies.

The only cluster degradation product isolated is Ru(CO),,(CZBut)Z(PPhB)2

(92). The presence of only one VI(C=C) and one v(CO) absorption in the
i.r. spectrum impliesanequivalent environment for both CO groups and
both CzBut groups. Three possible structures for complex (92) are giv-

en in Figure 30(5),

Reaction of Ru3(CO)10(PPh3)2 with t-Butyl Isocyanide or PMe3

Tertiary butyl isocyanide and Ru (CO)IO(PPhB)Z react in refluxing

3
n-hexane fo form RuB(CO)g(CNBut)(PPhB)2 (96) in good yield. Likewise,

RUS(CO)IO(PPhB)Z reacts with an equimolar amount of PMe3 under gentle

heating to afford RuB(CO)g(PMeS)(PPhB) (97) in good yield. This is

2



consistent with the prevalence of fri-substituted complexes in the ;J
thermal substitution chemistry of Ru3(00)|2.7791
/
Brief Summary
The following observations are made on the reactions described
above:

i) RUB(CO)IIL and Ru3(CO)|OL2 preferentially undergo CO substitution

reactions until substifution has occurred on each ruthenium centre.

ii) RuS(CO) can undergo cluster degradation, but this is not the

o3
major reaction mode.

iii) When RUB(CO)|2—nLn (L = PR = 0-3) is reacted with unsaturated

35 N
organic molecules, the yield decreases with increasing substitufion.

iv) The number of products obtained using RUB(CO)IZ—nLn (L = PR
0-3) increases with increasing substitution.

V) ortho-metalation of ary! phosphine derivatives is not observed on
heating.

vi) RuB(CO)g(PPhB)3 can lose a PPh, ligand when reacting with acety-

3

lenes.

vii) Steric interactions determined by phosphine cone angles150

pre-
dominate in deciding the nature and yields of fthe products.

viii)AceTylene% can dimerise or frimerise on the Ru3 triangle and this
type of reaéfion is apparently unaffected by the presence of phos-
phine®® (though it only occurs to a minor extent).

Effect of Chromatographic Adsorbents and/or Water on Ru3(CO)9(PR3)3
The water sensitivity of many of the reaction products of

RuS(CO)g(PMeB)3 emerged during their isolation. Unlike RUS(CO)Q(PPhS)s’

RuB(CO)g(PMeB)3 does react with water in various refluxing ether sol-

vents to give at least five uncharacterised products. The yield and

number of products isolated by chromatography is dependent on the par-

ticular ether solvent used, which can be linked to their particular
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boiling points. |In all cases (diefthyl ether, di-n-butyl ether, thf,
dimethoxyethane) a reaction takes place which, given sufficient time
(2-9 days), results in the complete disappearance of the starting
material. No reaction is observed using strictly anhydrous solvents.
Unexpectedly, no molecular ions could be located for the reaction

products of Ru (CO)9(PMe ), (highest m/e = 76). The H n.m.r. spec-

3 3’3

tra of several products show resonances between § = 3.85 and 7.80,
which are of much lower field than might be expected from the nature
of The reagents. Furthermore, the PMe3 region (8§ = 1.00-2.20) shows
numerous peaks (as many as eleven) which cannot be accounted for at
this stage. Unfortunately, consistent analytical data could not bé
obtained. The reactivity of RU3(CO)9(PM63)3 foward water is much low-
er in acetone or dimethylformamide (greater than 90% starting complex
recovered after | week of heating at reflux point). Heating
RuB(CO)g(PMeB)3 at reflux point in dry octane for 14 days resulted

in no detectable reaction. Previous studies®®:97 have shown that

water will react with MB(CO) (M = Ru, 0s) to give hydrido carbonyl

|12
clusters. Initial 'H n.m.r. studies of the reaction products of
RuB(CO)g(PMeB)3 with water, however, have failed to reveal any such
metal hydrides. Lack of suitable crystals prevented X-ray crystallo-

graphic characterisation of the products.

Both RuB(CO)g(PMeS)3 and RuS(CO)g(PPhB)3 react with chromato-
graphic adsorbents (silica gel, alumina, florisil) at room tempera-
ture over prolonged periods. The products were obfained in very low
yields, as the majority of the starting complex was recovered. Further-
more, the reaction is sensitive to the type of adsorbent and whether
solvent is present. The products obtained from both complexes show
consistent analytical data considerably higher in both carbon and
hydrogen content than either of the respective starting complexes.

Considerable difficulty is experienced inchromatographic separation
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of products. The two products obtained when RuS(CO)g(PMeS)3 reacts
with silica required elution through four feet of silica gel (ca. 8

h) to enable effective separation. Orn isolation, these ftwo products
were indistinguishable spectroscopically, or on the basis of analytical
data. The IH n.m.r. data indicate that the PMe3 ligands are present in
two separate environments in the ratio 2:1. It was not possible fo chro-
matographically separate the products obtained when RuB(CO)g(PPhB)3 ab-

sorbed onto alumina. Suitable crystals could not be obtained from these

reactions for X-ray structural studies.

Catalysis by metal clusters is being actively investigated, as
they may be valid models for metal!l surfaces and may also be good cata-
lysts themse | ves, 178-185,558,559 Anchoring metal clusters onto supports
of fers obvious advantages for catalysis, such as ease of separation,
lack of corrosion, stabilization.%0 The preparation and catalytic
activity of supported iron, ruthenium or osmium clusters has been
extensively inves,1'iga1'ed.561"581 The nature of the complexes formed
on the actual support is, however, still speculative. Furthermore,
not one of the proposed structures from these studies®1-581 agrees
with the high hydrogen and carbon content observed in the products
made on bin@ing Ru3(CO)9(PR3)3 (R = Me, Ph) to a solid support. The

emerging importance of this area of research demands new attempts be

made to solve the structural character of these complexes.

Reaction of Ru3(CO)9(PR3)3 (R = Me, Ph) with Dihydrogen

The comp lexes RuS(CO)g(PRS)3 (R = Me or Ph) react with H, at high

2

temperatures to give the complexes: H4Ru4(CO)IO(PR3)2, H4Ru4(CO)9(PR3)3

(R = Me, Ph) and H4Ru4(CO)8(PMe:,>)4 (100) among many other uncharacter-

ised products. The characterised products agree with the available

data (R = Ph, previously reported;?87 R = Me previously uncharacterised
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but good comparative CO absorptions with respect to other

H4Ru4(CO)'2_n(PR derivatives8067%,287,288,582,583 y an4 are con-

3)n
sistent with the formation of H4Ru4(CO)|2 from Ru3(00)|2 and H2.58""585
Interestingly, the products characterised have generally less than one
phosphine Ifgand per Ru atom, unlike the corresponding reagent complex-
es. No trace of phosphine was detected during or after the reaction.
The phosphine may then be either associated with the other uncharacter-

ised derivatives produced, or be associated with the complexes that de-

composed on chromatography.

Reactions of Ru3(CO)ll(CNBut)

Two equivalents of PCy3 readily react with RuB(CO)II(CNBut) in tThf
heated at reflux point to give an excellent yield of RuB(CO)g(CNBut)(PCyB)2
(101). The CO absorptions in the i.r. spectrum showed the presence of at
least one bridging CO ligand; otherwise its spectral and analytical data
were as anticipated.

The comp lex RUB(CO)I (cnBu®) also reacts with cyclopentadiene,

I
cyclododecatriene and nickelocene to give a wide variety of uncharac-
terised products. Initial H n.m.r. data indicate that some inter-
action occurs between the isocyanide ligand and the unsaturated or-
ganic moiety of the reagents, but further decoupling and/or labelling
studies, together with structural data, are needed to understand the
course of this unusual reaction +ype.586

lodine also reacts with Ru3(CO) l(CNBut) to yield Ru3l2(CO)9(CNBut)

(102) in good yield and Ru3l7(CO)||(CNBut) (103) in poor yield. The
former complex is most probably the result of CO substitution by |2.
The empirical formula of compliex (103) is established by analytical

data. The parent carbonyl, Ru3(CO)'2, reacts with halogens to yield
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Ru3X6(CO) (X = halogen).16%387  The chioride is most conveniently

12
prepared by direct chlorination of Ru3(CO)|2 in refluxing chloroform, 169,587
These trinuclear derivatives (see Figure 31) are thought to have no Ru-Ru
bonds and are stable for short periods as solids.16%587  Ccomplex (163)
presumably has asimilar structure, although the interaction of an extra
iodine is not understood at this stage. No formation of [RuI2L2]n (L =

CO or CNBut) was observed, 162 presumably due to the low temperature used

in the reaction. The lower reaction temperature may also assist in for-
mation of the major product, Ru3l2(CO)9(CNBut) (102), as insufficient

thermal energy is present to facilitate Ru-Ru bond breaking to any

major extent.

FIGURE 31
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EXPERIMENTAL
General FExperimental Conditions
All preparations and reactions were carried out in an atmosphere

of dry nitrogen. All compounds were stored in the dark.

Elemental microanalyses were determined by the Australian Micro-
analytical Service (Melbourne), the Canadian Microanalytical Service

(Vancouver), or at the South Australian Institute of Technology.

Infra-red spectra were recorded using Perkin Elmer 457, Perkin
Elmer 683 or Jasco IRA-2 double-beam Grating Infrared Spectrophoto-
meters in the range 4000-600 cm™ and were calibrated with polystyrene
(1583.1 cm™ ). The Perkin Elmer 457 instrument has incorporated into
it a scale changing mechanism at 2000 cm™, which produces a discontin-
uity in the spectrum, thus interfering with any absorptions near this
wavenumber (CO, CN, CC). The Perkin Eimer 683 or Jasco instrument has
a smooth scale changing mechanism, which does not interfere with the
recording of the spectra. These stretching frequencies were, if pos-

sible, recorded in solution between NaCl plates using a standard solu-

“tion cell.

Proton n.m.r. spectra were recorded relative to TMS on a Varian
T60 spectrometer at 60 MHz. Fourier fransformed 1H spectra were re-
corded on computer-equipped Bruker HX-90E or WP-80DS spectrometers,
at 90 and 80 MHz respectively. Carbon n.m.r. spectra were also re-
corded on the Bruker WP-80DS. The spectra were determined in deuter-
ated solvents, usually deutero-chloroform, in 10 mm tubes. Deuterated
solvents were required for the deuterium resonance lock. Concentra-
tions of the samples were in the range 0.01-1.0 M solutions. Mass
spectra were recorded on an AEI!-GEC MS 3074 spectrometer (mass, with

70 eV ionizing energy). Solution molecular weights were obtained using
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a Knauer Vapour Pressure Osmometer with attached Universal Temperature
Measuring Instrument.
/
For osmometric work, samples were weighed on a Cahn Model G2
electrobalance. For routine preparative work, weighings were done

on a Mettler HI6 balance weighing to 0.0] mg.

Chromatography was routinely carried out on columns of alumina
(BDH, Fluka or Ajax), Florisil (Strem) or silica gel (Merck, Fluka
or Ajax) initially packed in light petroleum. Thin layer chromato-
graphy was carried out using silica (Merck or Camag: Kieselgel G,
Kieselgel H or Kieselgel F254).

All solvents were dried using (i) sodium (diethyl ether, tetra-
hydrofuran, all petroleum fractions, benzene, toluene), (ii) magnesium
(methano!, ethanol), (iii) calcium chloride (dichloromethane, chioro-
form) or (iv) Linde 4 A molecular sieves (d-chloroform, ds—aceTone,

d®-benzene). Light petroleum refers to a fraction of b.p. 40-60°C.

High purity nitrogen was obtained from Commonwealth Industrial
Gases (CIG) Limited and carbon monoxide from Matheson Gas Products;

both were used as received.

Ligands were commercial products and were used as received.
t-Butyl isocyanide was prepared by methods analogous to that of

other isocyanides.588"590

High pressure reactions were carried out in a stainless steel
autoclave (Baskerville and Lindsay), internal volume 1000 mi, equipped

with a removable glass liner.
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HyRu,(CO) ., %85 H,0s,(CO) 585 and HRu Bu®)539 were pre-

4 12’ 4774 12 3 2

pared according to published procedures. RuCIB, xH20 and OsO4 were

(CO)g(C
used as received (Johnson Matthey).

Preparation of Ru3(C0)]2

A solution of RuCIS.xHZO (4 g) in methanol (300 ml), in an auto-
clave, was pressurized to 40 atmospheres with CO. The solution was
heated at 125° for 20 h, the working CO pressure increasing to approx-
imately 55 atmospheres. The reaction mixture was allowed to cool, the
CO vented, and the bright orange crystals of Ru3(CO)|2 were col lected
(2.6 g). Hydrated ruthenium trichloride (2.6 g) was added to the
mother liquor and the reaction repeated to yield 2.4 g of the ruthe-
nium carbonyl cluster. The latter procedure was followed two more
times, total yield of Ru3(CO)|2 being 9.84 g (from 11.44 g of ruthe-
nium trichloride), m.p. 144-145° (dec.) (Found: C - 22.4%; M (mass
spectrometry) - 641. C .0, ,Ru, requires C - 22.5%; M - 641). Infra-

127123
red (CgH ;) V(CO) = 2062vs, 2030s and 2004m cml,

Another series of experiments was carried out using six consecu-
tive 7.0 g charges of RuCIB.xHZO in methanol (700 ml), with an initial
CO pressure of between 53 and 60 atm, and heating at 125° for between
6.0 and 18.5 h, to give a total yield of 38.4 g Ru3(CO)I2; on another
occasion, 45.5 g RuC|3.xH20 was similarly converted to 42.4 g RuS(CO)|2

(each charge in 700 ml methano!, initial pressure 60-65 atm, heating at

125° for 17 h).

The three sets of experiments described (vide supra) result in a
virtual ly quantitative conversion of RuCIS.xHZO to RUB(CO)IZ; however,
the yield from the first charge is often only moderate to good. The

actual overall yields are ca. 91-99% based on the trihydrate.
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Reactions of Ru3(C0)]2 with isocyanides

(a) t-Butyl isocyanide, CNBut

i)

i)

A mixture of ruthenium carbonyl (706 mg, !.10 mmol) and t-butyl
isocyanide (100 mg, [.20 mmol) was heated at reflux point in
cyclohexane (110 ml) for 2 h. Evaporation of solvent and chro-
matography (Florisil) afforded two fractions. A yellow band was
eluted with light petroleum. Crystallisation (light petroleum)
then afforded'orange crystals of RUB(CO)IZ (114 mg, 16%). The
second fraction, an orange-red band, was eluted with light petro-
leum. Crystallisation (light petroleum) then afforded red crys-

tals of RuS(CO) (CNBut) (1) (576 mg, 82%), m.p. |114-116" [Found:

C-27.6, H- 1.3, N - 1.9%, M (mass spectrometry) - 696; C, _H,NO Ru

169 "I

requires C - 27.7, H - 1.3, N - 2.0%, M - 696]. Infra-red (C6H|2):

2093w, 2047s, 2040s, 2016m, 1998m and 1995m

V(CN) = 2170w; v(CO)

em™  H n.m.r. G(CDCIB) = |.53s, CMeB. B¢ n.m.r. G(CDCIB) =

201.1s, CO, 59.0s, CMe 30.1s, CMe Mass spectrum (most intense

3’ 3°
ion of cluster): m/e 696m, 667vw, 640m, 609m, 584s, 556s, 528s,
500s, 470s, 444s, 416s, 386s, 357s, 329s, 305s.

A suspension of ruthenium carbonyl (500 mg, 0.78 mmol) and t-butyl
isocyanide (130 mg, [.56 mmol) in petroleum spirit (80 mmol) was
heated at reflux point for 30 min. The solvent was removed, and
the residue was chromatographed (Florisil). An orange-red band
was eluted with petroleum spirit. Crystallisation (light petro-

leum) then afforded red crystals of RUS(CO)I (CNBut) (1) (80 mg,

I5%). A second fraction, a red-orange band, was eluted with petro-
leum spirit. Crystallisation from |ight petroleum gave deep red
crystals of pure Rug(C0), (CNBu®), (2) (410 mg, 70%), m.p. 90-91°
[Found: C - 31.5, H - 2.4, N - 3.7%, M (mass spectrometry) - 751|;
C,nH oN,O, ~Ru, requires C - 32.0, H - 2.4, N - 3.7%, M - 7511.

20182710 73

Infra-red (C6H|2): V(CN) = 2155w; v(CO) = 2065w, 2020s, 2007m,

3
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1996w, 1990m and 1986 cm™ H n.m.r. 6(CDC|3) = |.54s, CMe3.
13¢ n.m.r. §(CDCI4) = 204.0s, CO, 144.1s, C=N, 58.3s, CMe,,

30.2s, CMe Mass spectrum (most intense ion of cluster):

3
m/e 75Im, 723vw, 694m, 666m, 640s, 61ls, 582s, 556s, 526s,
498s, 467s, 44ls, 413s, 386s, 357s, 330s, 305s.

iii) A mixTure<JfRuB(CO)IO(CNBut) (48 mg, 0.06 mmol) and t-butyl iso-

2
cyanide (5 mg, 0.06 mmol) was warmed in cyclohexane (30 ml) for |0
min. The Tri-subs‘l‘iTuTedcomplexRuB(CO)g(CNBut)3 (3) was identified
spectroscopically. Infra-red (C6H|2): V(CN) = 2189m; v(CO) =
2040m, 1998s and 1971s cmL.  H n.m.r. §(CDg) = 1.04s, CMes.

13¢ n.m.r. 6(C6D6) = 208.0s, CO, 57.8s, cMe 30.0s, CMES.

2
(b) Cyclohexyl isocyanide, CNCy

A mixture of ruthenium carbonyl (650 mg, .02 mmol) and cyclohexyl
isocyanide (130 mg, 1.19 mmol) was heated in tetrahydrofuran (100 ml)
at 70°C for 135 min. Evaporation of the solvent and column chromato-
graphy on Florisil afforded four fractions. An orange band was eluted
with light petroleum. Crystallisation (light petroleum) afforded
orange crystals of RuB(CO)|2 (320 mg, 49%) identified by infra-red
spectroscopy. A second fraction, an orange band, was eluted with
light petroleum. Crystallisation (light petroleum) afforded orange

crystals of Ru,(CO)  (CNCy) (4) (iél mg, 22%), m.p. 139-141° [Found:

3 I
C - 30.0, H=- 1.5, N - 1.9%, M (mass spectrometry) - 722; CISHIINOIIRUB
requires C - 30.0, H - 1.5, N - 1.9%, M - 722]. Infra-red (C6H|2)

V(CN) = 2155w; v(CO) 2092w, 207Ivw, 2062w, 2049s, 204lvs, 2019m,
1999m and 1992 cm™.  H n.m.r. 6[(CD3)2CO] = |.14m, Cy. Mass spectrum
(most intense ion of cluster): m/e 722s, 700vw, 686m, 666w, 64ls,
613s, 582s, 555s, 529s, 50ls, 471s, 442s, 417s, 389s, 36|s, 329s,
305s. A red fraction, in very low yield, was eluted with light

petroleum. The infra-red in cyclohexane: V(CN) = 2[65m; v(CO) =

2071m, 2046m, 2037sh, 2023vs, 1994s, 1984s and 1975s cm™. The fourth
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fraction eluted with diethyl ether afforded pink translucent crystals
(14 mg), m.p. 80-83° (Found: C - 42.6, H - 5.1, N - 3.4%). Infra-red
(CGHIZ): V(CN) = 2167w; v(CO) = 2073m, 2060w, 2048s, 2040s, 2026vs,
1995s, 1987m and 1968m cm™. H n.m.r. 6[(CD3)2CO] = |.l14m, Cy. The

latter two products were not further identified.

(c) 4-Methoxyphenyl isocyanide, CNC6H4OMe-p

i) A mixture of ruthenium carbony! (200 mg, 0.3] mmol) and
p-methoxypheny| isocyanide (60 mg, 0.45 mmol) in thf (100
ml) was vigorously stirred at 65° for 3 h. Evaporation of
The solvent and chromatography (Florisil) afforded three frac-
tions. A yellow-orange band was eluted with [ight petroleum.
Crystallisation (light petroleum) afforded orange crystals of
RuB(CO)|2 (62 mg, 31%) identified by infra-red spectroscopy.
This was followed by a yellow band and crystallisation (light

OMe-p)

petroleum) afforded a yellow powder of RuB(CO) (CNC6H

M 4
(5) (45 mg, 23%). m.p. 147-148° (Found: C - 30.8, H - 0.8,

N - 1.9; C|9H7NOI2RU3 requires C - 30.7, H - 0.9, N - 1.99%).
Infra-red (C6H|2): V(CN) = 2155w; v(CO) = 2092w, 207 lvw, 2062w,
2049s, 2041vs, 2019m, 1999m and 1992 cm-L onom.r. G(CDCIB) =
7.56, 7.38, 7.10 and 6.82m (4), C6H4; 5.83s (3), OMe. A third

light red fraction was eluted with Light petroleum/diethyl ether
(1:1). Crystallisation from light petroleum/diethyl ether (the
complex is both heat and air sensitive, decomposing above 50° to
an insoluble black residue) afforded ‘a light red powder of
RuB(CO)IO(CNC6H4OMe—p)2 (6) (32 mg, 16%) [Found: C - 37.05
H-2.3, N-2.8%, ¥ (acetone) - 889; CogHi N0 ,Ru; requires

6142712773

C-36.8, H- 1.7, N - 3.3%, u - 85]]. fnfra-red (C6H|2):

2093w, 2066m, 2048s, 2040s, 2030vs,

V(CN) = 2154m; v(CO)

2022s, 1997s and 1990s em™L



112

ii) A mixture of Ru3(CO)|2 (526 mg, 0.82 mmol) and CNC6H4OMe—p (379
mg, 2.85 mmol) in thf (90 ml) was heated at reflux point, with
vigorous stirring, for 3 h. Evaporation of the solvent and
chromatography (Florisil) afforded three fractions. A yeIIoQ
fraction, eluted with light petroleum, was crystallised (light
petroleum) affording yellow crystals of RuB(CO)I!(CNC6H4OMe—p)
(98 mg, 16%) identified by infra-red spectroscopy. A red fraction,
eluted with diethyl| ether, was crystallised (light petroleum/
diethyl ether) affording a light red powder of Ru3(CO)|O(CNC6H4OMe—p)2
(361 mg, 52%) identified by infra-red spectroscopy. A third brown
fraction was eluted with methano!. Collected brown product (li7
mg)f m.p. 121°. Infra-red (CHZCIZ): v(CO) = 2054m, 2031s and
1969s(br) cm™. This product is believed to be the decomposition

product of the disubstituted complex.

(d) 4-Toluenesulphonylmethylisocyanide (tosmic), CNCH2502C6H4Me—p

i) A mixture of ruthenium carbonyl (160 mg, 0.25 mmol) and tosmic
(49 mg, 0.25 mmol) was heated at reflux point in benzene (40 ml)
for 12 h. ChromaTograp5y (Florisil) afforded two fractions. An
orange band was eluted with light petroleum and crystallisation
(1ight petroleum) yielded orange crystals of RUB(CO)IZ (85 mg,
53%). The second band, purple-brown in colour, was eluted with
methanol. Crystallisation acetone/!ight pefroleum afforded purple-

brown crystals of RUB(CO)Q(CNCHZSO C_H,Me-p), (7) (80 mg, 28%)

2764 3

(Found: C - 36.9, H - 2.9, N - 3.,8; CB6H27N30|5RU383 requires
C-37.9, H- 2.4, N-13.7%). Infra-red (Nujol): V(CN) = 2168m;

v(CO) = 1980s cm™L,

ii) A mixture of ruthenium carbonyl (160 mg, 0.25 mmo!) and tosmic
(147 mg, 0.75 mmol) was heated at reflux point in benzene (40

ml) for 12 h. The solution was allowed to cool, and the purple-
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brown crystals fthat deposited were recrystallised (acetone/light

petroleum) to afford Ru3(C0)9(CNCH2502C6H4Me-p)

identical with the product obtained above.

5 (1) (175 mg, 61%);

Reactions of Ru3(C0)1](CNBut)
(a) With CO

Carbon monoxide was passed via a glass frit into a solution of
RuB(CO)Il(CNBut) (100 mg, 0.14 mmol) in cyclohexane (20 ml) and heated
at reflux point for 75 min. After cooling, solvent was removed, and
the residue chromatographed (Florisil). Light petroleum eluted
i) RuS(CO)12 (10 mg, 11%), identified by its infra-red spectrum;

ii) recovered RUB(CO) (cnBu®) (60 mg, 60%); and

Il
iii) RuB(CO)IO(CNBut)2 (2) (15 mg, 14%), also identified by its infra-

red spectrum.

(b) With PPh3
A mixture of triphenylphosphine (70 mg, 0.27 mmol) and

RuB(CO)ll(CNBut) (186 mg, 0.27 mmo!l) dissolved in CDCI3 was heat-

ed, the course of the reaction being followed by 'H and 13C n.m.r.
After 8 h at ca. 35°, separation by preparative t.l.c. afforded

i) RUB(CO)IZ (5 mg, 3%);

i) recovered RuB(CO)ll(CNBut) (1) (60 mg, 32%);

iii) RUB(CO)II(PPhB) (10 mg, 6%)

(all three compounds being identified by their infra-red spectra)
iv) RuB(CO)IO(CNBut)(PPhB) (8), as a burnt-orange powder, (75 mg, 45%)

(Found: C - 43.6, H - 2.9, N - 1.4; C,,H, NO, PRu, requires C -

3324710 73

42,7, H - 2.6, N - 1.5%). Infra-red (C6H|2): V(CN) = 2162m;

V(CO) = 2069m, 2026vs, 2003s, 1990s(br), 1977(sh) em™ H n.m.r.:

§(CDCI5) = 1.48s (9), But; 7.39m (1), PPh .
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In another experiment, a reaction between Ru3(CO)|l(CNBut) (100 mg,
0.14 mmol) and excess PPh3 (150 mg, 0.57 mmo!) in cyclohexane (20 ml) at
reflux point gave purple RuS(CO)g(PPhB)3 (140 mg, 75%), identified by com-

1

parison with an authentic sample.

(c) With P(C6H4Me-p)3
A mixture of tri-p-tolylphosphine (110 mg, 0.36 mmol) and
RuB(CO)I|(CNBut) (250 mg, 0.36 mmol) was heated at reflux point
in light petroleum (60 ml) for 30 min. Chromatography on Florisil
gave
i) Ru3(00)|2 (15 mg, 7%);
ii) recovered RuB(CO)ll(CNBut) (110 mg, 44%); and
i) RuB(CO)ll[P(C6H4Me—p)3] (40 mg, 22%). Infra-red (C6H|2): v(CO) =
2093w, 2043s, 2029(sh), 2013s, 1987(sh) and 1974w cmﬂ; I nom.r.:
8 (CDCIB) = 2.39s (9), Me; 7.32m (12), C6H4'
A second reaction was carried on for 2 h, and similarly gave

1) recovered RuB(CO)II(CNBut) (80 mg, 35%) and

i) RuB(CO)lO(CNBut)[P(C6H4Me—p)3] (9) as an orange-red powder (120 mg,
. — p— - +— . \

51%) (Found: C 42.9, H 3.3, N [.7%, M"~ 972; C36H30NOIOPRU3

requires C - 44.5, H - 3.1, N - |.4%, M - 972). Infra-red (C6H|2)f

V(CN) = 2164w: v(CO) = 2068m, 2027vs, 2002vs, 1976(sh) cm’l; IH

n.m.r.: & (CDCIB) = |.,49s (9), But; 2.36s (9), C6H4Me; 7.26m

. 13 . = 5 .
(123, C6H4’ Cnmr.: § (CDC|3) 21.3s, C6H4Me, 30.0s, CMeB,

[28.7-140.3m, C6H4; 205.5s, CO. A third, minor purp!e product,

was not fully characterised [ Infra-red (C6H|2): V(CN) = 2148w;

v(CO) = 2041w, 1997ms, 1988vs, 1981sh emt ] but may have been

t
Ru3(CO)9(CNBu )[P(C6H4Me—p)3]2.



The reaction of Ru3(CO)l
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l(CNBut) (100 mg, O.14 mmol) with three

equivalents of the fertiary phosphine, when heated at reflux point in

cyclohexane (50 ml) for 30 min. gave purple crystals of

Ru3(CO)9[P(C6H4Me—p)3]3 (170 mg, 83%), identified by comparison

wiTh

an authentic sample.

(d) With PCy,

RuS(CO)

A mixture of tricyclohexylphosphine (80 mg, 0.28 mmol) and

II(CNBut) (200 mg, 0.29 mmol) was heated at 45° in benzene

(55 mt) for 3 h. Chromatography (alumina) gave

i)

ii)

iii)

a yellow, highly air-sensitive product (22 mg) which has not yet
been identified. [Infra-red (C6Hl2): V(CN) = 2168w; v(CO) = 2097w,
2065s, 2050s, 2043s, 2034s, 201ls, 200im, 1993m, 1979w em1 J;
RuS(CO)IO(CNBut)(PCyB) (10) as a red powder (8! mg, 30%), m.p.
210°(dec.) [Found: M(acetone) - 711; calculated M - 745]; (Found
C - 42.60, H - 5.07, N - 1.37%; 033H420|ONF’RU3 requires C - 41.86,

H - 4.47, N - 1.48%); with infra-red (C6H ): V{(CN) = 2168m;

127"
v(CO) = 2066m, 2034(sh), 2022vs, 2008s, 1996s, 1990s, 1971s,
1949s, 1922m, 1904m cm™; IH n.m.r.: & [(CD;),COJ = [.05m (33),
Cy, 1.65s (9), But. All attempts to recrystallise this material
led to the formation of an insoluble yellow powder, so far un-
identified [Infra-red (Nujol): WV(CN) = 2172m; v(CO) = 206Zs,
2020vs, 1974m(br) cm™ J.
A third fraction, eluted with 1/1 light petroleum-diethyl ether,

contained RuB(CO) I(F’Cy3) (19 mg, 7%), identified by comparison

I
with an authentic sample and by analysis (Found: C - 38.7,

H - 5.6; CZ9H330IIPRU3 requires C - 39.1, H - 5.8%).
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3

After heating at reflux point in cyclohexane (40 ml|) for 90 min.,

a mixture of RuB(CO)II(CNBut) (112 mg, 0.16 mmol) and triphenylarsine

(50 mg, 0.16 mmol), showed no further change in the infra-red spectrum.

Chromatography (Florisil) gave three minor fractions (total 30 mg),

followed by

i)

ii)

RUB(CO)IO(ASPhB)Z (48 mg, 25%), abtained as a toluene solvate,

m.p. 170~172°, from heptane-toluene (Found: C - 49.6, H - 3.2;

C46H30A520|0Ru3.C7H8 requires C - 49.4, H - 2.95%). Infra-red

(CHZCIZ): v(CO) = 2099w, 2073w, 2046w, 2025s, 20l4s, 1995s,

1979 (sh), 1954(sh) cm™L; H n.m.r.: & (COCI ) = 2.02s (3), Phume,

7.43m (35), AsPh, + PhMe,

3
t .
RuB(CO)IO(CNBu )(AsPhB).C6H|2 (11), as a purple solid (14 mg, 9%),

m.p. 113-115°, from cyclohexane-toluene (Found: C - 43.9, H -
4.4, N - 1.7; 033H24ASNOIORu3.C6H|2 requires C - 44.3, H - 3.4,
N - 1.3%). Infra-red (CHCIS): V(CN) = 2180m; v(CO) = 2098w,

2074s, 2057s, 2040vs, 2000vs, 1995(sh), 1981 (sh), 1923w cml
IHnom.r.: 6 (CDCI3) = 1.43m (12), CH ,, 1.655 (9), Bu®, 7.43m

(15), ASPhB.

(f) With SbPh3

A mixture of RuB(CO)II(CNBut) (89 mg, 0.13 mmol) and triphenyl-

stibine (50 mg, 0.14 mmol) was heated at reflux point in cyclohexane

(35 ml) for 7 h. Chromatography (Florisil) afforded

i)

ii)

recovered Ru;(CO), (ensu®) (17 mg, 19%);

I
yel low-orange RuB(CO)lo(CNBut)(SbPhB) (12}, recrystallised from

hexane (37 mg, 35%), m.p. 195-197° (Found: C - 37.5, H - 2.7,

N - 1.2; C33H24NO|ORu35b requires C - 38.3, H - 2.4, N - [.4%).
Infra-red (C6H|2): V(CN) = 2188w; v(CO) = 2099w, 2064m, 2053vs,
2002s(br), 1976(sh) cmL H n.m.r.: s(coc13) = 1.50s (9), But,

7.32m (15), SbPhy,
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iii) an unidentified green fraction;
iv) a small amount (17 mg) of a brown compound, eluted with methanol,

which may be Ru3(CO)9(CNBut)(SbPh3) (13). Infra-red (CHCI,):

2
V(CN) = 2156w; v(CO) = 2099w, 206! (sh), 2036s, 1976(sh) cm™l IH

n.m.r.: & (CDCI3) = 1.50s (9), But, 7.32m (30), SbPhS.

Reaction between Ru3(C0)”(PCy3) and CNBu®

A mixture of t-butyl isocyanide (100 mg, 1.2 mmol) and RUS(CO)I (PCyB)

I
(526 mg, 0.59 mmol) was heated at reflux point in tetrahydrofuran (100 ml)
for 2 h, the reaction being followed by t.l.c. Removal of solvent, and
chromatography (Florisil) of a diethyl ether extract afforded
RuB(CO)IO(CNBut)(PCyB) (10) as the only identifiable product, being

eluted with 95/5 |ight petroleum-diethyl ether (164 mg, 29%). This
compound was identical with the product obtained from reaction (d)

above. Unidentified carbonyl-containing compounds were eluted with

light petroleum (red, 66 mg), |ight petroleum-ether mixtures [after

(10, purple, 28 mg], and methano! (yellow-brown, 6| mg). Much de-

composition of the material adsorbed on the column was evident.

Pyrolysis of Ru3(CO)ll(CNBut)

A solution of RUB(CO)I (cnBu®) (1) (500 mg, 0.72 mmol) in acetone

f
(30 mi), in a 250 ml round-bottomed flask, was evaporated, leaving a

film of complex (1) on the glass surface. The flask, under a nitrogen
pressure of ca. 0.5 atmospheres, was heated in an oil bath, at 120°,

for 16 h. The reaction product was extracted with acetone (4 x20 ml),
leaving a grey metallic residue of ca. 180 mg. The extracts were com-
bined, concentrated and chromatographed on a preparative t.l.c. plate
(Kieselgel G adsorbent; light petroleum developer). Five bands were

obtained. Band one, vyeltow in colour, with Rf‘= 0.8, afforded

orange crystals of Ru3(CO)I2 (10 mg, 2%). Band two, orange in colour,
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!

with Rf = 0.7, afforded red crystals of RuB(CO) '(CNBut) (1) (30 mg,

!
6%). The third band, orange in colour, with Rf = 0.6, afforded red

crystals of Ru3(CO) (CNBut)2 (2) (10 mg, 2%). The fourth band was

10

purple in colour with Rf = 0.3. The product was crystallised from
light petroleum as purple crystals (20 mg, 3%) and identified tenta-

tively as Ru5(CO) (CNBut)2 (14) [Found: C - 27.6, H - 1.5, N - 2.6%,

14

M (mass spectrometry) - 1068; C24H|ON20|4RU5 requires C - 27.1, H -

1.7, N - 2.6%, M - 1068]. Infra-red (C6H|2): V(CN) = 2158vw; v(CO) =
2073w, 2044s, 2028m, 1999s, and 1995sh em™l M n.m.r. 8 (CDCIB) = ].38s,

CMe . B¢ nimor. 8 (COCl5) = 223.0s, CO, 30.3s and 29.4s, Che The

3
fifth band, purple in colour, with Rf = 0.2 was a minor fraction, which
was tentatively identified as Ru6(CO)|4(CNBut)2 (15) on the basis of
mass spectrometric evidence [Found: M (mass spectrometry) - 1168,
C24H|8N20|4Ru6 requires M - 1168]. Infra-red (C6H|2): V(CN) = 214%9w;
v(CO) = 2058w, 2032s, 2022s, 1996vs, 1977w, and 1967sh cmL.

Radical Initiated Substitutions
Tables 8-11 list yields, melting points, analytical and specfro-
scopic data for the products. Postulated structures are indicated in

Figure 7 (vide supra). Reaction details are given following the Tables?

Preparation of sodium diphenylketyl solution

Benzophenone (19 mg, 0.5 mmol) was dissolved in thf (20 ml) in a
Schlenk tube and finely cut sodium metal was added. The mixture was
stirred for two hours. The resulting deep purple solution was assumed

+o be ca. 0.025 mmol/ml in [thco]T.



LIGANDS USED (TABLES 8-11)

PMe3

PMezPh

PPh

P(C6H4Me—p)3

P(C6H Me—o)3

4
PCy3

P(CHZCHZCN)3

P(OMe)3

F’Ph(OMe)2

P(OC6H4Me—p)3

P(OCH2)3CE+

AsPh3

SbPh.
cNBu®
CNCy

R-(+)-CNCHMePh

CHZ(PPhZ)Z (dppm)
CHZ(AsPhZ)2 (dpam)
thAsCHZCHZAsPhZ’ (dpae)
CNCHZSOZC6H4Me-p
PhZPCHZCHZPPh2 (dppe)
P(OPh)

3
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TABLE 8 Preparations and analytical data for complexes Ru

3

(O ,_

(L)
n

Found (calculated)

Comp lex Colour Yield (%)% m.pt. (°C) C H Other M  Notes
16a PMe3 red 75 (15) dec 132 24.64 2.21 689 -
(24.46)  (1.32) © (689) )
|72 PMe3 red 60 (60) 192-193 26.12 2.17 737
(26.13) (2.46) (737)
I8a PMe3 red 76 (90) 168-171 27.34 3.45 785
(27.59) (3.47) _ (785)
I19a PMe3 deep red -(0.3) - 29.38 3.83 833
(28.89)  (4.36) ' (833)
16b PMe2Ph red-orange 76 (3) 104-106 30.26 1.23
(30.46) (1.48)
l6c PPh3 orange 81 (37) 131-133 40.86 .80
(39.87) (1.73)
1 7¢c PPh3 deep red 96 (76) 199-201 50.11 2.53
(49.86) (2.73)
18c PPh3 purple-red 85 (98) 178-181 57.49 3.71
(56.38) (3.38)



l6d

18d

|6e

16f

I17f

16h

I7h

18h

16i

P(C6H4Me-p)3

P(C6H Me-p)

4 3

P(C6H4Me-o)3

PCy3
PCy3

P(CH CHZCN)3

2

P(CH CHZCN)

2 3

P(OMe)

P(OMe)3

P(OMe)3

PPh(OMe)2

deep orange

purple

red

red

-yel low

orange

orange-red

orange

red

red

orange-red

79

87 (88)

37

89 (42)

55 (80)

9l

72

81 (43)

81 (35)

70 (i5)

74

185-186

184-185

>300

177-179

211-213

157-158

dec 180

61-63

72-73

Ii=114

93.5-95

42.

(41

42.

(4]

38

(39.

47

(48.
35.

(34.

38

(38.
23.
(22.
23,
(23,
22.
(23.

35.

(34

47

.97)

29

.97)

.84

06)

21

24)

61

68)

.07

10)
04
87)
02

12)

31)

41

.93)

(2.

(2.

(3.

(5.

(2.

(3.

(1

(2.

(2.

(1

31)

.33

31)

.6l

73)

.5l

81)

.49

49)

.34
19)
.74

.23)

.18

18)

.82

93)

.46

.99)

(N) 7.96
(8.67)
(N) 10.96 ~

(i

737

(737)

833

(833)

929

(929)
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18i

19i

16k

17k

18k

161

I71

PPh(OMe)2

PPh(OMe)2

PPh(OMe)2

P(OC6H4Me-p)3

P(OCéH4Me-p)3

P(OC6H4Me-p)3

P(OCH2)3CET

P(OCH )3CET

2

P(OCH2)3CET

AsPh

AsPh

red

red

purple

red

red

red

~orange

tan

yel low-brown

orange-brown

deep red

63 (14) 120-122
44 (7) 106-108
91 (57) 165-168
64

26

66 153

50 135-137
57 197-199
92 >200
66

48 (1.5)

(38.

37

(37.

39.

(39.

47

(48.
54.
(53.
26.
(26.
34.

(34.

31

(31.

42.

(42.

37)

.07

19)

31

88)

.85

49)
33
32)
78
40)
26

iy

.89

10)
88

23)

(2.

(3.

(2.

(3.

(3.

(1

(2.

(3.

(2.

.21

81)

.93

12)

.92

20)

.41

29)

90)

.24
.24)

.65

86)

.45

19)

A5 -

12)

(P)

(P)

(P)

3.32
(3.21)

4.60
(4.81)

5.73

(5.81)



16m

l6n

I7n

160

17t

20q

2iq

22q

20r

2|r-

20s

SbPh
cNBu®
CN?ut
CNCy
R- (+)-CNCHMePh

CNCH, S0,C H,Me-p

dppm
dppm
dppm

dpam

dpam

dpae

orange

red

red

red

deep red

red

red

dark red-brown

orange-red

red

red

red

44

78

6l

89

33

87

90

26

98

53

78

92-93
(86) 114-116
(41) 90-9|
(80) 122-125

61

dec 132
(28) 174-176
(12) 178-180

169-170
(75) 172-173
(21) >300
(60) dec 172

36.49
(36.12)
27.46

(27.55)

29.83
(30.01)
32.57
(32.37)
33.70
(34.84)
43.76
(43.44)
53.46
(53.75)
39.58
(40.54)
44.23

(43.95)

47.78
(47.33)
39.76

(40.43)

.31
(1.57)
.17

(1.31)

L.t
(1.54)
0.77
(1.22)
2.46
(1.86)
2.05
(2.29)
2.94
(3.42)
2.97
(3.01)
2.67

(2.63)

3.65
(3.01)
2.96

(2.26)

(Sb)

(N)

(N)

(N)

(N)

(N)

10.

(12.

(2.

(1

(1l

(2.

10.

(9.

4From radical-ion initiated reactions; values in parentheses from thermally induced reactions.

yields been optimised.

bldenfified by comparison with |iterature values.

C
CeHe

solvate.

dPhMe solvate.

88

62)

.36

02)

.36
.94)
.96
.96)

73

88)

00

56)

-696
(696)
751
(751)
722

(722)

975

(975)

in neither case have



TABLE 9 Preparations and analytical data for mixed I igand complexes

Found (calculated)

P(OC6H4Me—p)

2E+.0 solvate.

2

bldenfified from IR and NMR spectra only.

.

Comp | ex Ligand Colour Yield (%) m.pt (°C) C H Other M Notes
(a) Ruy(CO),, L
26ah PMe red 87 102-104 26.95 2.50 785 a
P(OMe)3 (26.06) (2.91) (785)
26bn PMe,Fh red 42 128-132 33.82 2.37 (N) 1.59
cNBu® (34.33)  (2.51) (1.74)
2641 P(C6H4Me—p)3 deep red 39 154-156 50.33 3.17
ASPh3 - (49.30) (3.04)
26dn P(C6H4Me—p)3‘ red 88 dec 151 44.5] 3.35 (N) 1.04
cNBu® (44.54) (3.1 (1.44)
26k P(OCH,) ;CEt red 9 B 37.33 2.59
AsPh (37.34) (2.39)
26n0 cnBu® deep red 85 dec 130 34.03 3.07 (N) 3.8I
CNCy (34.07) (2.60) (3.61)
27ach PMe3 deep ré&x 41 >300 38.70 3.66
PPh3 (38.95) (3.26)
P(OMe)3
' 30au PMe deep red 8l dec 252 47.41 3.82 B
dppe (47.70) (3.54)
30hr P(OMe)3 bright red 51 dec 223 41.40 2.99
dpam | (42.00) (3.03)
27kln P(OCHZ)BCET deep red 22 - 39.86 2.86 (N) 1.94 (P) 3.66
AsPh (39.72) (3.07) (1.22) (2.70)
cnBu® .
30kn P(OCHZ)BCET deep r?qw 37 - 32.15 3.26 (N) 0.99
P(OCHZ)BCET (32.44) (3.24) (1.45)
onBu®
(b) H4Ru4(CO)12_n(L)n (by B.K. Nicholson)
28bk PMeéPh golden yellow 66 I136-137 40.53 2.96
P(OC6H4Me-p)3 (39.74) (3.08)
28hi P(OMe)3 red 60 oil B b
PPh(OMe)2
29bhi PMeZPh red 75 oil 30.78 3.25
P(OMe) 4 (31.63) (3.02)
PF’h(OMe)2
29b jk PMeZPh bright yellow 64 153~155 40.25 3.6l (P) 5,98
P(OCHZ)BCET (40.25) (3.61) (7.08)



TABLE 10 IR and NMR spectroscopic data for complexes RUB(CO)IZ-n(L)n

L Comp | ex v(CO), cml (solvent) $
(a) n =1
PMe | 6a 2086w, 2066(sh), 2056m, 2040s, 2023s, 20l lvs, l.60d (J-11) [(003)2003
1990(sh), 1978(sh), 1943m (CgH | 5)
PMe.Ph 16b 2096m, 2044s, 2028s, 2016s, 2000w, 1987w (CgH,,)  1.97d (J 10) Me
7.52m Ph (CDC14)
PPh l6c 2097m, 2047s, 2031(sh), 2026(sh), 2017s, 200!lw, 7.48m (CDCI5)
1986w (C_H,,)
612
P(CgH Me-p), 16d 2098m, 2063m, 2048s, 2032ms, 2017vs, 200Im, 1989m, 2.35s Me
1977sh, 1955m (CgHyp)  7.28m CeHy (CDC1 )
P(C_H,Me-0) |6 2099m, 2045s, 2030s, 2016vs, 2000m, 1989m, 1955(sh) (CH,Cl,) 2.45s Me
6 4 3 272
7.30m C_H (CDCI )
6 4 3
PCy |6f 2099m, 2082m, 2047m, 2026s, 2016vs, 1996s, 1985s, 0.53, 1.42,
1970m, 1945m (CgHyp)  1.58, (CDCI 5)
2.23m(br)
!
P(OMe) 16h 2104m, 2064w, 205lvs, 2038s, 2019vs, 2001s, 1997s, 3.68d (J 12) (CDCI )
3
1984m (C_H,.,)
612
PPh(OMe)., 161 2103m, 205ls, 2035s, 2020s, 2002ms, 1997ms, ' 3.62d OMe
1990(sh), 1978(sh), 1967(sh) (CeH, ) 12.0) (CDC1 )
7.5Im Ph + CcH
6
P(OC_H ,Me-p) 16 2104m, 2088w, 2050s, 2038s, 2020vs, 2003s, 1990m (C.H, ) 2.33s Me
6 4 3 612
7.03m CeHy (CDCI ;)



.

P(OCHZ)SCET

AsPh3

SbPh3

cNBu®

CNCy

CNCHMePh

%(dppm)

P(CHZCHZCN)3

P(OMe)3

PPh(OMe)2

16k

161

1 6m

I6n

160

22q

17a

I7¢c

17

I 7h

17i

2106w, 2051s, 2043m, 2023s, 2002m, 1990w

2100w, 2048m, 2038(sh), 2018vs, 2000m, [990(sh)

2101Im, 2050s, 2032m, 2019vs, 2000w,
1965m

1989w, 1976m,

2093m, 2047s, 2040s, 2016s, 1998m, 1995m
V(CN) 2170m

2090m, 2048m, 2038vs, 2032s, 2024m, 201im, 2003m,
1994 (sh)
V(CN) 2175m

2095m, 2047s, 2041s, 2022m, 2006m, 2001m
V(CN) 2175w

2094m, 2054(sh), 2046m, 2012(sh), 1998(sh), 1978s,
1969s, 1946(sh), 1912vw

2076m, 2046w, 2019vs, 1998vs, 1976s, 1955m

2072w, 2060w;~2047m, 2034(sh), 2024s, 1990s, 1968s,
1950m

2077s, 2059w, 2045s, 2001s, 1989m, 1979m, 194|w
2076w, 2056w, 2022m, 2000s, 1988vs, 1950m, '1937m

V(CN) 2162w

2088w, 2050w, 2034s, 2008vs, 199Im, 1980(sh)

2081w, 2058w, 2005s, 1986s, 1971 (sh)

(C H|2)

(C6H|2)

(C_H,,)

(C.H )

(C6H|2)

(C6H12)

(C_H, )

(C_.H )

(C6H12)

(C.H, )

(CHZCI2

(C6H|2)

(C6H12)

)

0.84,
4.25d

7.45m

7.40m

1.53s

.19 Et
(J 5) OCH

[.78m(br) -

4.24%

7.36m

|.80d

7.50m

0.75,
.50,

(J 12) CH
Ph

2

(J 10)

1.32,
|.88m

I1.39(br)

3.66d

3.57d
7.4Im

J 12)

(J 11) OMe

2

(CDCIB)

@

(CDCIS)

(CDCI3)

(CDCIS)

[(cDp,),co]

3)2

(CDCI )

E(CDB) co]

2

(CDCI3)

(CDCI3)

[(CD3) coJ

2

(CDCl )

3



P(OC_H Me-p)3 17 2088w, 2036m, 2010s, 1993m, 1980(sh) _ (C6H|2) 2.28s Me ['('CDs)zCOJ @

6 4
7.10m CeHy
P(OCH,) ;CET 17k 2092w, 2053(sh), 2038s, 2022(sh), 2010vs, 0.8Im, |.l4m Et
1988 (sh, br) (CH.CI,) 4.20m OCH
. 272 2
7.36s C.H
66
AsPhy 171 2080m, 2050w, 2026s, 1997vs(br), 1980(sh) (CH,Cl,)  7.42m (CDC15)
oNBu® I7n 2065m, 2020vs, 2007(sh), 1996m, 1990s, 1986s |.55s C(cpy),C0]
v(CN) 2155m ’ (C_H, ) ;
612
" CNCH,SO0CyH,Me=p 17t 2095w, 2069m, 2022vs, 2005m, 1996m, 1990s, 1982s
' V(CN) 2160m (C_H,.)
612
dppm 20q  2083m, 2023w, 2013s, 2003s, 1987w, 1966m, [964(sh), 4.29% CH,
196 Im (J 10.5)
(CgH,p)  7.35m Ph (COCI 5)
dpam 20r  2083m, 2067m, 2024m, 2009vs, 1990(sh), 1964m, 1944w (C.H )  2.26s PhMe
4.11s CH, (CDCI)
) 7.36m - Ph
dpae 20s 2082m, 2066w, 2048m, 2022(sh), 2013vs, 2002vs, 1986s, 4.32m CH2
1964s, 1950(sh) (C_H,.,) 7.40m Ph (CDCI )
612 3
PMe 26ah  2081m, 206Iw, 2047m, 2024s, 2002vs, 1966s, 1958(sh), 1.69d (J 12) PMe,
1935w (C_LH, ) 2.40q, |.71t (Et20)
P(OMe) ’
e)s 712" 3l66d (4 12) P(OMe)s (CDCIS)
PMe,,Ph 26bn 2098w, 2068w, 2045m, 2029s, 2016s, 2004m, 1986w |.49s CMe
cNBut V(CN) 2168w | (CH ) 1.86d (J 9) PMe
| 7.42m Ph (CDC1 5)
P(CcH Me-p) 4 26d1 2077w, 2062m, 2047w, 2024s, 1998vs, 1989(sh), 1979s, 2.42s Me )
AsPh 1957s, 1908m (C6HI2) 7.5m Ph +C6H4 (CDCI3)

3



P(C6g4Me-p)
CNBu

3

P(OCHZ)BCET

AsPh3

CNBu®
CNCy

(c) n=3

PMe3

PPh,

P(C_H, Me-p)

64 3

P(CHZCHZCN)3

P(OMe)3

PPh(OMe)2

P(OC6H4Me-p)3

CEY

P(OCH2)3

26dn

26kl

26no

|8a
18c

18d

18h

18i

18k

2066m, 2024s, 1978m

V(CN) 2164w

19965,

2078w, 2057w, 2038s, 2027m, 2014vs, 1990m

2097w, 2065m, 2022vs, 200Im, 1995m, 1990(sh),

V(CN) 2166w, 2159(sh)

2044w, 2015(sh), 1997(sh), 1975vs, 1943s

2044m, 1978(sh), 1967(br)

2039vw, 2017vw, 1977(sh), 1965s-

2087m, 2025vs, 1920w

V(CN) 2166m

1991vs,

2062w, 2032m, 2005vs, 1993vs, 1964(sh)

2054w, 2034w, 1999s, 1988vs, 1968m, 1959(sh)

2062m, 2010s, 1998vs, 1976(sh)

2058m, 2012s(sh), 1997vs(br), 1975s(sh)

1985w

(C_H ;)

(C6H|2)

(C6H12)

(C6H|2)

(C6H6)

(CH2C|2)

(C6H|2)

(C6H|2)

(C6H|2)

(CH2012)

~N s -0 ~N N

~ N ~ W

> O

.80d (J

.64d (J

.60d (J
.48m

.80m, I,
A 7m

.53s
.38s
.50m
.83t (J 6)
33 U7
231 (U 2)
. 38m

.55s,
.65(br)

10)

.43m

.36s
.25m

.40m(br)

12)

(D)

27s
. 10m

13m

CMe

Me
C6H4
Me
CH,Me

OCH
Ph

CMe
Cy

Me

C6H4

P(OMe)
Ph

Me
C6H4
ET

OCH2

[(CD3)2CO]

(CDCIS)

(CDCIS)

[(003)2co]

(CDCIB)

(CDCl3)

[(CD3)2CO]

(CDC|3)

(CDC1,)

3

(CDCI 3)

3

®



P(OCH,),CET

2°3

2

AsPh
CNBu

P(OCH,,) .CET

2°3

P(OCH,,) .CET

2’3
CNBu®

(d) n =4
PMe3

PPh(OMe)2

dppm

dpam

27ach

30au

30hr

27klIn

30kn

9a

19i

21q

21r

2050m, 1980vs, 1957s, 1946(sh)
203Im, 2009ms, 1995s, 1987s, 1973vs, 1940m
2027w, 2012, 2003vs, 1988s, 1967s, 1959(sh),
1952 (sh)
2048m, 1989vs, 1955vs, 1945(sh)
V(CN) 2162m
2056m, 1992vs, 1960vs, 1955(sh)
V(CN) 2178m
1
2072w, 2043w, 2018m, 1990(sh), 1976vs, 1942s, 1897s

2061w, 2030mw, 2000(sh), 1986vs, 1967vs, 1920m

2056w, 2046w, 2023m, 2012(sh), 1998(sh), 198lvs,
1970s, 1945m

2054m, 204lw, 2026m, 20livs, 2006(sh), 1963vs

(C6H|2)

(C6Hl2)

(C6H|2)

(C6H|2)

(C6H|2)

(C_H, ,)

(C6Hl2)

(C_H, )

(C_H, )

1.70d (J
3.68d (J
7.50m

1.72d (J
2.76s(br)
7.46m
2.99s
5.78s
7.50m

0.92m, |I.
1.99s
4,22m
7.40m
1.05m
1.92s -
4.19m

1.82d (J
1.88d (J

.08d (J
.56d (J
.48m

~ N W

.25t (J
. 36m

~

4.19s
7.36m

12) PMe
11) POMe
Ph

12) PMe
CH,CH
Ph

CH
Ph

|6m Et

Bu
OCH
Ph
Et
Bu
OCH

~ N

12) POMe
12)
Ph

1) CH
Ph

CH
Ph

©

(CDCI )
(CDCI ;)

(CDCH ;)

(CDC|3)

(CDCI3)

E(CDS)ZCO]

(CDCI )

3

(CDCI3)

(CDCI3)



TABLE Il IR and NMR spectroscopic data for complexes H4Ru4(CO)|2_n(L)n (by B.K. Nicholson)

L Comp lex v(C0o), cml (C6Hl2 solvent) §

n=1

PPh3 23C 2095m, 2082m, 2068vs, 2059s, 2028vs, 2015m, 2009s, 1969w

P(OMe)3 23h 2097w, 2069vs, 2060vs, 203lvs, 2018m, 2009m, 1976w

CNBut 23n 2104w, 2078s, 2070s, 2042s, 2022s, 2012m, 1998w, 1984w -17.97s RuH

V(CN) 2178w |.51s CMe3

P(OPh)3 23v 2098m, 2072vs, 206ls, 2036s, 2013s

P(OC6H4Me—p)3 23] 2098m, 207!s, 206ls, 2036s, 2028w, 20l6s, 2000(sh), 1983w -17.70d (J 7) RuH
2.33s Me
7.87m C6H4

n=2

PPh3 24c 2079m, 2062s, 2052m, 2036m, 2022vs, 2013s, 2003w, 1977w, | 960w

P(OMe)3 24h

CNBut 24n 2092m, 2084w, 2060s, 2034vs, 2020s, 2000s, |1982s

v(CN) 2168m

PMeZPh 28bj 2082s, 206lvs, 2043w, 2028vs, 20!7s, 2002m, 1992w, 1955w
P(OC6H4Me-p)3
P(OMe)3 28hi 2079s, 2058vs, 2032s, 2024vs, 2018(sh), 2000s, 1983w, 1974w, 1966w
PPh(OMe)2
n=3
P(OMe)3 25h 2068m, 2036s, 2014m, [998s, 1985m, 1978s, 1963w
PMezPh 209bhi 2061ls, 203lvs, 2010s, 1992s, 1984w, 197 Im, 1956w, |94iw
P(OMe)3
PPh (OMe)

2

PMeZPh 29bjk 2065s, 2041s, 2009s, 2000m{sh), 1986(br)
P(OCHZ)BCET

P(OC6H4Me-p)3

-17.7s, -18.2s RuH

|.49s

-17.41t U

1.87d (J
2.30s
T.11s
7.42m

-17.0s(br)
.78m
.55d (J
.57d U
. 40m

~ N —

-17.3m(br)
0.82m, |
.80d (J
.3ls
74
lim
.42m

NN —

7)

9)

CMe3

RuH

PMe
Me

C_H
PR 4

RuH
PMe

12) P-OMe

N

P-OMe
Ph

RuH

.lém ET
10) PMe3

5)

Me
OCH2

C_H -
PR
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Standard Reaction Procedure

The cluster and the required amount of ligand were dissolved in
+hf (with warming to ~40°C if necessary for the less soluble clusters)
in a side-arm flask. The required amount of initiator solution was
added dropwise from a syringe, the extent of reaction being monitored
by regular infra-red examination of diluted aliquots. When reaction
was complete, thf was pumped off under vacuum and the residue re-

crystallised from an appropriate solvent.

Full details for all reactions will not be given, the examples
below being typical, and indicative of the simplicity of the method

and the high yields usually obtained therefrom.

Reactions of Ru3(CO)12
(a) Dimethylphenylphosphine

The radical ion-initiated reaction between RuB(CO)'2 (250 mg,
0.39 mmol) and PMeZPh (55 mg, 0.4 mmol) in thf (8 ml) required 0.l

ml [PhZCO]T solution for complete reaction. Recrystallisation from

warm |ight petroleum gave red-orange (l€b) (230 mg, 76%) .

(b) Triphenylphosphine

Similarly, RUB(CO)IZ (100 mg, 0.16 mmel) and PF’h3 (40 mg, 0.15
mmol) in thf (6 ml) afforded orange crystals of (l6¢c) (110 mg, 81%),
recrystallised from dichloromethane/light petroleum. Complexes (17c)
and (18c) were obtained in 96 and 85% yields as dark-red and purple-red

solids, respectively.

(c) Tricyclohexylphosphine
Reactions under the usual conditions between Ru3(CO)|2 and PCy3
in the presence of Na[PhZCO], afforded (16f) and (17f) in 89 and 55%

yields, respectively, when I:1 and |:2 molar proporfions were used.
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In an attempt to substitute a third CO ligand, a reaction with six-
molar excess PCy3 was carried out. A mixture of RuS(CO)|2 (75 mg,
0.12 mmol) and PCy3 (200 mg, 0.70 mmol) in thf (25 ml) was treated
with Na[thcO] (c;. 1.2 ml). The solution went dark red immediately
[the i.r. contained v(CO) bands of RUB(CO)II(PCYB)]’ then changed to
orange-yel low after 10 min. [the i.r. now contained v(CO) bands of
RUB(CO)IO(PCYB)ZJ; after 45 min. at 42° the solution was a clioudy
brown. Filtration removed a black solid, and preparative t.l.c.
under nitrogen (developing with 3:7 ETZO/lighT petroleum) afforded
as the only product an off-white powder (26 mg, 11%), dec. >300°,
whose analysis is consistent with the formulation RU(CO)Z(PCYB)B'
Infra-red (Nujol): v(CO) = 2030vs, 1945vs cm?  (Found: C - 67.36,

H - 9.98%; C O,P,Ru requires C - 67.74, H - 10.43%).

56H99 23

(d) Triphenylarsine

i) A mixture of RuB(CO)|2 (100 mg, 0.16 mmol) and AsPh3 (50 mg,
0.16 mmol) in thf (10 ml) was freated with Na[PhZCO] (ca. |.1
ml). Recrystallisation from a benzene/light petroleum mixture
afforded orange-brown (16m) as a benzene solvate (100 mg, 66%).

i1) Similarly, Ru3(C0)|2 (150 mg, 0.24 mmol) and AsPh3 (140 mg, 0.62
mmol) in thf (6 ml) required Na[PhZCO] (2.3 ml) for completion of
the reaction. Deep red crystals of (|7m) (134 mg, 48%) were ob-

tained from benzene/!ight petroleum.

(e) R-(+)-a-Methylbenzyl isocyanide

A mixture of Ru3(00)|2 (200 mg, 0.31 mmol) and R-(+)-CNCHMePh (453
mg, 0.33 mmol) in thf (10 ml) required 0.1 ml initiator solution for
complete reaction. The product is exfremely soluble in hexane, from

which deep-red well-formed crystals of (16q) (74 mg, 33%) were obtained.
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(f) Bis(diphenylphosphino)methane
Complexes (20s) and 21s) were obtained as the sole products in 90

and 26% yields, respectively, in stoichiometric reactions carried out

according to the general procedure outlined above, while if the ratio

RuB(CO)lz/dppm'was 2/!, the complex [RU3(CO)]|]2(U-dPPm) (22s) was

formed in 98% yield.

Reactions of H4Ru4(C0)12 (by B.K. Nicholson)
In a typical reaction, a mixture of H4Ru4(CO)12 (185 mg, 0.25 mmol)

and PPh3 (70 mg, 0.27 mmol) in thf (10 ml) required 0.5 mi of Na[PhZCO]

solution for complete reaction at room temperature. Evaporation and
recrystallisation (light petroleum) gave pale orange crystals of (23c)

(133 mg, 55%).

The following monosubstituted complexes were prepared similarly:
light orange H4Ru4(CO)l|[P(OMe)3] (23h) (90%); orange H4Ru4(CO)|I[P(OPh)3]

(23) (76%) from CHZC|2/IighT petroleum; bright crange

H4Ru4(CO)|‘(CNBut)(230) (63%) from EtOH/benzene. With two

molar equivalents of ligand, red H4Ru4(CO)IO(F’Ph3)2 (24c) (53%)

from MeOH, and red H4Ru4(CO) (CNBut)2 (240) (34%) from EtOH/benzene

10
were obtained, while a reaction between H4Ru4(CO)|2 (100 mg, 0.13 mmol)

and P(OMe)3 (87 mg, 0.7 mmol) gave orange H4Ru4(CO)9[P(OMe)3]3 (25h)
(65 mg, 47%) from-light petroleum. A!l complexes have
been described previously, and were characterised by comparison either

with authentic samples, or with the liferature values.

Preparation of ruthenium carbonyl derivatives containing different ligands
(a) Ru3(C0)9[P(OMe)3](dpam)

A mixture of Ru3(CO) (dpam) (20r) (100 mg, 0.09 mmol) and F’(OMe)3

10
(16 mg, 0.13 mmol) in thf (10 ml) was heated to 42°, and treated with

the initiator solution (0.35 m{). After 30 min, solvent was removed
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(rotary evaporator) and the residue recrystallised (benzene/EtOH) to

give bright red crystals of Ru3(CO)9[P(OMe)3](dpam) (30hu) (56 mg, S51%).

(b) Ru,(CO) ,(PMe ) (dppe)

Similarly, a mixture of RuB(CO)lo(dppe) (150 mg, 0.15 mmol) and

PMe3 (19 mg, 0.25 mmol) in thf (9 ml) was treated with 10 drops of

Na[PhZCO] solufion at room temperature. Effervescence occurred, and
the solution darkened in colour. After 15 min., the solvent was removed
and the product recrystallised (benzene/EtOH) to give deep red

Ru(CO)4(PMes) (dppe) (30at) (127 mg, 81%).

(c) Ru3(CO)9(PMe3)(PPh3)[P(OMe)3]

A mixture of Ru3(CO)||[P(OMe)3] (16h) (100 mg, 0.14 mmol) and PMe3

(19 mg, 0.25 mmo!) in thf (9 ml) was treated with 8 drops of initiator
solution. After 10 min. gas evolution had ceased, and the i.r. spectrum
indicated that reaction was complete. Solvent was then removed, and

the product was recrystallised (ETZO/penTane) Yo give pure

RUS(CO)IO(PMGS)[P(OMG)SJ. Et,0 (26ah) (93 mg, 87%). lIsolation

2

of the intermediate complex is not necessary: addition of PPh3

(32 mg, 0.12 mmol) to the product in thf (8 ml), warming to 47°,
and addition of Na[PhZCO] solution (0.95 ml) gave, after 40 min.,

deep red RUB(CO)g(PMeB)[P(OMe)3](PPh ) (27ach) (50 mg, 41%), which

3

was recrystallised from an EtOH/benzene/heptane mixture.

(d) H Ru4(CO)9(PMe2Ph)[P(OMe)3][PPh(OMe)Z] (by B.K. Nicholson)

4

Addition of 0.1 ml initiator solution to H4Ru4(CO)l|[P(OMe)3] (13h)

(246 mg, 0.29 mmol) and PPh(OMe)2 (50 mg, 0.29 mmol) was sufficient to
complete The reaction. The product formed a red oil (from Ilight petro-

leum) (170 mg, 60%), and was identified as H Ru4(CO)lO[P(OMe)Sj[PPh(OMe)Zj

4
(28hi) from its i.r. and lH n.m;r. spectra. Further reaction of (28hi) (169
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mg, O0.!7 mmol) with PMezPh (25 mg, 0.18 mmol) in thf (3 ml) occurred
after addition of 0.3 ml initiator solution. Evaporation of a warm
light petroleum extract of the residue afforded a red oil which sfowly
solidified, shown to be H4Ru4(co>9(PMé2Ph)[P(OMe>3][PPh(OMe)2] (29bhi)

(140 mg, 75%).

(e) H4Ru4(CO)9(PMe2Ph)[P(OC6H4Me-p)3][P(OCH2)3CEt] (by B.K. Nicholson)

A mixture of H4Ru4(CO)|I[P(OC6H4Me-p)3] (23k) (735 mg, 0.69 mmol)
and PMeZPh (95 mg, 0.69 mmol) in thf (6 ml) reacted after addition of
0.12 ml initiator solution. Recrystallisation (hexane) gave golden
needles of H4Ru4(CO)IO(PMezPh)[P(OC6H4Me-p)3] (28bk) (540 mg, 66%).
This complex (330 mg, 0.28 mmol) reacted wifh P(OCHZ)BCET (45 mg, 0.28
mmol) in thf (4 ml), requiring 3 ml of Na[PhZCO] solution. Evaporation
and recrystallisation (benzene/light petroleum) gave bright yel low

microcrystals of H4Ru4(CO)9(PMe2Ph)[P(OC6H4Me—p)3][P(OCH2)SCET] (29bk1)

(230 mg, 64%).

Thermally induced reactions of Ru3(CO)]2

(a) Trimethylphosphine

i) PMe3(55 mg, 0.72 mmol) was distilled into a solution of RUB(CO)IZ
(450 mg, 0.70 mmol) in benzene (65 ml). After 9 h at room temper-
ature, chromatography (neutral alumina) gave recovered RuB(CO)|2
(379 mg, 84%) and red (l6a) (72 mg, (5%), both eluted with Iight
petroleum.

ii) Similarly, amixtureof Ru3(C0)|2 (150 mg, 0.23 mmol) and PMe3 (76
mg, |.0 mmol) in benzene (65 m!) after 4.5 h at room temperature
gave RUS(CO)IZ (50 mg, 33%), red (i6a) (75 mg, 43.5%) (eluted
with 5:95 E+20/|ighT petroleum) and red (l7a) (29 mg, 16%)

(eluted with 1:1 Et,0/1ight pefroleum).
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The reaction between Ru3(00)|2 (100 mg, 0.16 mmol) and PMe3 (25
mg, 0.33 mmol) in benzene (50 ml) afforded RUS(CO)IZ (26 mg, 26%),
(16a) (9 mg, 8.4%) and (17a) (69 mg, 60%).

A mixture of Ru3(CO)I2 (1750 mg, 2.74 mmol) and PMe3 (822 mg,

10.8 mmol) was heated at reflux point in degassed pentane to

give (18a) (1930 mg, 90%) and (1%9a) (7 mg, 0.3% (eluted with

bl E+20/|ighf petroleum).

(b} Triphenylphosphine

i)

i)

iii)

RUB(CO) (100 mg, 0.16 mmol) and PPh, (41 mg, 0.6 mmol) were

|2 3
heated in hexane (50 ml) at 45° for | h. Chromatography (silica
gel) gave recovered RUB(CO)IZ (36 mg, 36%), (16c) (50 mg, 36.6%)
and (17c) (40 mg, 23%), eluted with light petroleum or benzene.
RUS(CO)IZ (900 mg, !.41 mmol) and PPh3 (740 mg, 2.82 mmol) in
cyclohexane (500 ml) at 55° for 4 h afforded (16¢c) (90 mg,
7.3%), (17¢) (1190 mg, 76.3%) and (18c) (186 mg, 9.8%).
RUB(CO)IZ (100 mg, 0.16 mmo!) and PPh3 (120 mg, 0.46 mmol) in
hexane (50 ml) at reflux point for 2 h gave, after cooling, an

insoluble purple solid, which was filtered off to give (18c) (205

mg, 97.7%).

(c) Tris(p-tolyl)phosphine

The reaction between RUB(CO)|2 (356 mg, 0.56 mmol) and P(C6H4Me—p)3

(462 mg, 1.52 mmol) in hexane at reflux point for 3 h gave purple (18d)

(727 mg, 88%) after recrystallisation (CHZCIz/hexane).

(d) Tricyclohexylphosphine

i)

After 2.5 h in hexane (70 ml) at reflux point, a mixture of
Ru5(CO) , (211 mg, 0.33 mmol) and PCy. (282 mg, |.01 mmol)

was chromatographed (neutral alumina) to give:
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1) yellow (17f) (30t mg, 80%), eluted with light petroleum;

ii) red (16f) (38 mg, 13%), eluted with 3:7 dichloromethane/diethyl
ether;

iii) a small amount of an‘unidenfified green complex, eluted with
[:1 CHZCIZ/ETZO; Infra-red (CHCIB): v(CO) = 2094m, 2075w,
2055s, 2033(sh), 1988vs, 1960(sh) cm™.

ii) A similar reaction between RuB(CO)|2 (202 mg, 0.32 mmol) and PCy3
(95 mg, 0.34 mmol) in heptane (50°, | h) afforded:

i)  recovered RuB(CO) (71 mg, 35%);

12
ii) complex (17f) (22 mg, 6%);

iii) complex (16f) (118 mg, 42%).

(e) Trimethyl phosphite

i) A mixture of RUS(CO)IZ (400 mg, 0.63 mmol) and F’(OMe)3 (70 mg,
0.56 mmol) in hexane (150 ml) was heated (50°, 3 h), and the
products separated by chromatography (Florisil) to give:

i)  recovered RuB(CO) (78 mg, 20%);

12
ii) orange (16h) (198 mg, 43%);
iii) red (l17h) (92 mg, 18%), eluted successively with light
petroleum.
ii) A similar reaction between RuB(CO)|2 (200 mg, 0.31 mmol) and
P(OMe)3 (70 mg, 0.56 mmol) in hexane (100 ml) at 50° for 5 h
afforded:

i)  recovered RuB(CO) (10 mg, 5%);

|12
ii) complex (l6h) (67 mg, 29%);
iii) complex (17h) (91 mg, 35%);
iv) red (18h) (43 mg, 15%), eluted with [:3 ETZO/IighT petroleum.
i7i) A Third experiment used RuS(CO)12 (400 mg, 0.63 mmol) and P(OMe)3

(220 mg, .77 mmol); heating in cyclohexane at reflux point for 3

h resulted in deposition of some dark-coloured material. Chroma-
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tography of the filfered reaction mixfure gave only complex (18h)

(81 mg, 14%).

(f) Bis(diphenylphosphino)methane

The reaction between Ru3(CO)12 (480 mg, 0.75 mmol) and dppm (600
mg, 1.56 mmol) in cyclohexane (200 ml) at reflux point for 16 h afford-
ed the following compounds by chromatography (alumina) of Thé fil%ered
solution:

i) recovered Ru3(C0)|2 (42 mg, 9%);

ii) red (20q), eluted with light petroleum, and obfained as a

toluene solvate (201 mg, 28%) from toluene/light petroleum;

iii) dark red-brown (21q) (82 mg, 12%), eluted with 95:5 ETZO/C6H6.
A yellow solid deposited during the reaction was shown to be
Ru3(u3—PPh)(u—CHPPh2)(CO)7(dppm) (220 mg, 25%) by comparison

with the | iterature. 88

(g) Bis(diphenylarsino)methane

i) A reaction between RUB(CO)IZ (100 mg, 0.16 mmol) and dpam (76 mg,
0.16 mmol) in toluene (20 ml) at reflux point for .5 h gave, '
after chromatography (Florisil):
i) recovered RuB(CO)|2 (1l mg, 11%);
ii) red (20r) (123 mg, 75%).

ii}y Similarly, RuS(CO) (400 mg, 0.63 mmo!) and dpam (610 mg, 1.29

|2

mmol) in toluene (50 ml) at reflux point for 24 h afforded:

i) complex (20r) (291 mg, 44%), obtained as a toluene solvate
from toluene/octane;

ii) red (ZIri (196 mg, 21%), eluted with benzene;

iii) an unidentified deep red complex (41 mg), eluted with MeOH.
Infra-red (CHZCIZ): v(CO) = 2020s, 1995(sh), 1975vs, 1946(sh)

em™L
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(h) 1,2-Bis(diphenylarsino)ethane
Chromatography (alumina) of the mixture obtained by heating

Ru3(CO)l2

(75 m1) at reflux point for 23 h gave:

(100 mg, 0.16 mmol) and dpae (76 mg, 0.16 mmol) in toluene

i) recovered Ru3(CO)I2 (29 mg, 29%), eluted with light petroleum;

ii) red (20s) (100 mg, 60%), eluted with Iight pefroleum. ‘

Reactions of 053(00)]2
(a) Triphenylphosphine

A mixture of OsB(CO) (122.4 mg, 0.135 mmol) and PPhB,(5I.O mgs,

12
0.194 mmol) in thf (10 ml) reacted after addition of 0.65 mi of initi-
ator solution. The solvent was removed in vacuo and chromatography
using preparative t.l.c. (Kieselgel GF254 adsorbent, n-hexane develop-
er) gave 4 bands as follows:

i) yel low OSB(CO)|2 (48 mg, 39%), identified by comparison
with an authentic sample.

ii) vyellow OSB(CO)II(PPhS) (31) (37 mgs, 24%); m.p. 178°C.
Infra-red (C6H12): v(CO) = 2108w, 2058m, 2038vs, 2005m,
1998m, 1988m, 1979m cm™; H n.m.r. & (CDCl5) = 7.5Im, PPhy;
identified by comparison with | iterature. 199559

iii) yellow OSS(CO)IO(PPhS)Z (32) (39 mgs, 21%); m.p. 198-201°C.
Infra-red (CCI4): v(CO) = 2088w, 2072vw, 2056w, 203Zs,
2012m, 2002vs, 1997sh, 1969m, 1955w cm; 'H n.m.r.
$ (CDCIB) = 7.5l m, PPh

with literature.

33 identified by comparison

159
iv) orange-ye!llow OsS(CO)g(F’PhS)3 (33) (35 mgs, 16%); m.p. 189-
192°C. Infra-red (CCI4): v(CO) = 2070sh, 2056w, 2040sh,

2030w, 1994sh, 1969m, 1950s cm™’; H n.m.r. §(CDCI5) = 7.50

m, PPh identified by comparison with | iterature.

3;
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(b) Tertiary butyl isocyanide

A mixture of OSB(CO)

|2 (103 mgs, 0.114 mmol) and t-BuNC (17 mgs,

0.204 mmol) in thf (10 ml) reacted after addition of 0.74 ml| of intTti-

ator solution. The solvent was removed in vacuo and preparative f.l.c.

(Kieselgel GF254 adsorbent, n-hexane developer) gave 8 bands, of which

the following could be characterised:

1)

ii)

1ii)

iv)

v)

yel low OSB(CO)IZ (37 mg, 36%), identified by comparison

with an authentic sample.

vel low 053(00)||(CNBUF5 (34). (19 mgs, 17%); m.p. 163-165°C.
Infra-red (C6H|2): V(CN) = 2175 m; v(CO) = 2100m, 2054s,
2039s, 2019vs, 2005s, 1988s, 1985sh cm™; H n.m.r. & (CDCI)

.58s Me. [M (mass spectrometry) = 961; C|6H90|INOS3 requires
M - 961]; identified by comparison with literature.?23% 591

vel low OSB(CO)IO(CNButf2 €35) (12 mgs, 10%); m.p. 236-238°C.
Infra-red (C6H|2): V(CN) = 2162m; v(CO) = 2069m, 2026sh,
2024s, 2003sh, 1996sh, 1987s, 1973s, 1966s emy H nom.r.

$ (CDClB) = |.58s Me, [M (mass spectrometry) = [016;
CZOHIBOIONZOSB requires M - |016]; identified by comparison
with literature.232 |

vel low OSS(CO)Q(CNBut)3 (36) (10 mgs, 8%); d. 305°C. Infra-

red (C.H,.): V(CN) = 2154m; v(CO) = 2065m, 2050m, 2035m,

6 12°°
2010s, 1985m cm'% Hon.mor. & (CDCIS) = |.58s Me, [# (mass
spectrometry) = 1071; C24H2709N3053 requires M - 1071];

identified by comparison with literature.?32
yel low OsB(CO)S(CNBut)4 (37) (3 mgs, 2%); m.p. >305°C.

Infra-red (C6HI2): V(CN) = 2138s; v(CO) = 2042sh, 2034m,

2013m, 1997s, 1992m, 1971s, 1955s, 1943s, 1933s eml (M

(mass spectrometry) = [126; C28H36O8N4053 requires M -

[126]; identified by comparison with literature.23?
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(c) Trimethylphosphite

A mixture of 053(CO) (160 mg, 0.176 mmol) and P(OMe)3 (56 mg,

12
0.451 mmol) in thf (15 ml) reacted after addition of 1.2 ml of initi-

ator solution. The solvent was removed in vacuo and preparative T.l.c.
(Kieselgel GF254, 30% diethyl ether: cyclohexane developer) gave 5
bands, of which the following were characterised:

i) yellow 0s3<00)l|[P(0Me)3] (38) (30mg, 17%); m.p. 52-54°C.

infra-red (C6H|2): v(CO) = 2110m, 2055s, 2039m, 2021s,

2002w, 1992m, 1981w, 1967w eml; H n.m.r. 6 (CDCIS) = 3.78d

[p_yy = 10.5 Hz] P(OMe) 5., [Found C - 17.29, H - 1.00%, M

(mass spectrometry) = 1002; C|4H90|4F’Os3 requires C - 16.77,

H - 0.90%, M - 1002]; identified by comparison wifh litera-

ture. %9t

ii) vyellow 053(co>|O[P(0Me)3]2 (39) (33 mg, 16%); m.p. 63-64°C.

Infra-red (C6H|2): v(CO) = 207Im, 2055mw, 2038w, 2018s,

1994vs, 198Ish, 1957m, 1948 sh em™t IH nom.r. 8 (CDCIB) =
3.78d [JP—H = 1.0 Hz] P(OMe)S_ CFound C - 17.93, H - 1.50%,
M (mass spectrometry) = 1098; CI6H|8OI6P2053 requires C -
17.49, H - 1.65%, M - 1098].

iii) yellow OSS(CO)Q[P(OMe)BJ3 (40) (23 mg, 10%); m.p. 126-127°C.
Infra-red (C6H|2): v(CO) = 2070w, 2058w, 2026s, 2000vs,
[967m, 1962sh, 1949sh, 1930w cemy IH n.m.r. 6 (CDC|3) =
3.78d EJP-H = 1.0 Hz] P(OMe)B, [Found C - 18.13, H - 1.84%,

M (mass spectrometry) = |.194; C|8H27O|8P3053 requires C -

18.09, H - 2.28%, M - 1194].

(d) Triphenylphosphite

A mixture of OSB(CO) (190 mg, 0.210 mmol) and P(OPh)3 (130 mg,

|2
0.419 mmo!) in thf (25 m!) reacted after addition of 1.3 ml of initi-

ator solution. The solvent was removed in vacuo and preparative t.l.c.
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(Kieselgel GF254, 30% diethyl ether: cyclohexane developer) gave 7
bands, of which the following were characterised:
i)  vyellow Os3(CO)||[P(OPh)3] (41) (22 mg, 9%); m.p. 181-183°C.
Infra-red (C6H12): v(CO) = 2114m, 2061s, 2046s, 2026vs,
2007m, 1998s, 1992m, 198Im, 1954vw cm™y; H n.m.r. 8 (CDCIS) =

7.60m, P(OPh), [Found C - 29.55, H - 1.89%, M (mass spectro-
metry) = 1156; C29H|50|4P053-requires C - 29.30, H - 1.27%,
M - |156]. \

ii) vyellow OSS(CO)IO [P(OPh)3]2 (42) (96 mg, 31%); m.p. 210-214°C.

Infra-red (C6H|2): v(CO) = 2080m, 2060m, 2044s, 2025s, 2015vs,

2002sh, 1986s, 1977sh, 1960sh em™ IH n.m.r. & (CDCIB) = 7.6lm,

P(OPh)B. Found C - 37.56, H - 2.28%; C46H300|6P2053 requires

C - 37.55, H - 2.05%).

iii) yellow Os (CO)g[P(OPh)3]3 (43) (22 mg, 6%); m.p. >280°C.

3

infra-red (C6H|2): v(CO) = 2070m, 2048s, 2024s, 20l6vs,

2004sh, 1987s em™}; H n.m.r. 8 (COCl5) = 7.60m, P(OPh) .

(Found C - 43.47, H - 2.91%; C63H450I8P3053 requires C -

43.15, H - 2.58%).

Reactions of H4054(C0)12
(a) Triphenylphosphine

A mixture of H4Os4(CO)I2 (105 mg, 0.095 mmol) and PPh3 (25 mg,
0.95 mmo!l) in thf (15 ml) reacted after addition of 0.45 mi of initi-
ator solution. The solvent was removed in vacuo and preparative t.l.c.

(Kieselgel GF 40% diethy! ether: cyclohexane developer) gave 12

254°

bands, of which the following could be characterised:

i) yellow H 054(CO)||(PPh3) (44) (I3 mg, 10%). Infra-red

4

(C6Hl2): v(CO) = 2098w, 2070vs, 2060s, 2038s, 2024s,

2004m, 1990w, 1971w cmy H n.m.r. § (CDCI4) = 7.48m

(15), PPh,, -20.29d (4) [JP—H = 4 Hz], H [Found C -

3'
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26.34, H - 2.36%, C,,H, o0, ,POs, requires C - 26.09, H -

29719711 774
1.43%).
ii) vyellow H4Os4(CO)lO(PPh3)2 (45) (7 mg, 5%). Infra-red
(C6H|2): v(CO) = 2079s, 2070m, 206ls, 205ls, 2037s,

2020vs, 201ls, 200ls, 1985m, 1957m cm™L; H n.m.r.

§ (CDCI4) = 7.48m (30), PPhy, -20.50t (4) [, =

3’

8 Hz], H. (Found C - 35.32, H - 3.33%; C,.H,0,,P,0s,

requires C - 35.20, H - 2.18%).

iii) yellow H Os4(CO)9(PPh3)3 (46) (9 mg, 5%). Infra-red (C_H ,):

4 612
v(CO) = 2088m, 2066s, 205Im, 2037m, 2028vs, 2002s, 1984m,

1967s, 1949m cm™y H n.m.r. 8 (COCI ) = 7.50m (45), PPh,

-20.61q (4) [JP_H = 9 Hz], H, (Found C - 41.54, H - 2.94%;
C - 41.95, H - 2.74%).
iv) vyellow=brown H4Os4(CO)8(PPh3)4 (47) (6 mg, 3%). Infra-red

(C6H|2): v(CO) = 2069s, 2060s, 2049m, 2023vs, 2006m, 200Im,

1983m, 1976w cm™y; H n.m.r. & (CDCI5) = 7.50m (66), PPhy,

-20.60qu (4) [JP—H = 9 Hz], H. (Found C - 48.36, H - 3.32%;

CgoHealsP405,°CeHg requires C - 48.81, H - 3.33%).

(b) Trimethylphosphite

A mixture of H4Os4(CO)I2 (102 mg, 0.093 mmol) and P(OMe)3 (36 mg,

0.290 mmol) in thf (10 m!) reacted after addition of 0.68 ml of initi-
ator solution. The solvent was removed in vacuo and preparative t.l.c.

(Kieselgel GF 50% diethyl ether: cyclohexane developer) gave 7

254°

bands, of which the following could be characterised:

i) pale yel low H4Os4

red (C6H|2): v(CO) = 2099w, 2072s, 2060vs, 2022s, 2000s,

1991w cm™; *H n.m.r. § (CDCI5) = 3.79d (9) [y, , = 13 Hzl,

(CO)IIEP(OMe)Bj (48) (18 mg, 16%). Infra-

P(OMe),, -20.38d (4) EJP-H = 4 Hz], H. [¥ (mass spectro-

3!
metry) = [196; C|4H|30|4POS4 requires M - 1196]; identified

by comparison with {iterature.2%
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ii) pale yellow H4Os4(CO)|O[P(OMe)3]2 (49) (6 mg, 5%). Infra-red

(C6H|2): v(CO) = 2080m, 2069m, 2060m, 2050m, 2039s, 2024vs,

2016s, 2004s, 199im, 1960sh cm™t. [M (mass spectrometry) =

1292, CI6H22016P2054 requires M 1292]; identified by compari-

son with authentic sample.592
iii) yellow H,0s,(CO), [P(OMe)3]3 (50) (8 mg, 6%). Infra-red

(C6H|2): v(CO) = 2086m, 2066s, 2042w, 202lvs, 1999vs,

_1 , |\=
1986m, 1959w cm™, [ (mass spectrometry) = |388, C\gM=0,5P305,

requires M - 1388]; identified by comparison with authentic

sample.592

iv) vyellow-brown H4Os4(CO)8[P(OMe)3:|4 (51) (4 mg, 3%). Infra-red
(CH2C|2): v(CO) = 2069m, 2050m, 2022vs, 2000s, 1982sh,

_1 =
1950sh, 1924sh cm™. [M (mass spectrometry) 1484, CZOH4OOZOP4OS4

requires M - 1484]; identified by comparison with authentic

sample.592

; t
Reactions of HRu3(C0)9(CzBu )
(a) Triphenylphosphine

A mixture of HRuB(CO)g(CZBut) (104 mg, 0.163 mmol) and PPh3 (46

mg, 0.175 mmol) in thf (6 ml) reacted after addition of 0.550 ml of

initiator solution. The solvent was removed in vacuo and preparative
I

t.l.c. (Kieselgel GF254, cyclohexane developer) gave 8 bands, of which

only the following red band could be characterised: red
t
_HRUB(CO)S(PPhS)(CZBu ) (52) (41 mg, 29%). Infra-red (C6H|2).
V(CO) = 2092m, 2064s, 2017vs, 2005s, 1996s, 1953m, 1948sh cm’}

4 n.m.r. & (CDCI,) = 7.50m (I5), PPh,, 1.29s (9), Bu®, -19.8s

3 3’
(1), H; identified by comparison with literature.>3°

(b) Tertiary butyl isocyanide
A mixture of HRUB(CO)g(CZBut) (113 mg, 0.177 mmol) and t-BuNC

(0.200 mmol - standard | mmol/ml solution: 0.2 ml) in thf (10 m!)
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reacted after addition of 0.65 ml of initiator solution. The solvent
was removed in vacuo and preparative t.l.c. (Kieselgel GF254: cyclo-
hexane developer) gave 6 bands, of which only the following deep red
band could be characterised: red HRuS(CO)8(+—BuNC)(CZBut) (53) (39

mg, 32%). Infra-red (CHZCIZ): V(CN) = 216Im; v(CO) = 2044s, 1980vs,br
t

50 1.50s (9), CBu,

-21.2d (1) [JP-H = 3 HzJ], H. [Found C .- 32.07, H - 2.0l, N - 1.92%,

em™ 1H n.m.r. 8 [(003>zco] = [.17s (9), CNCMe

M (mass spectrometry) = 694, C|9H|908NRU3 requires C - 32.95, H -

2.26, N - 2.02%, M - 694].
Preparation of Ru6(CO)]82-

RUS(CO)IZ (250 mg, 0.391 mmol) in 25 ml of thf had injected
dropwise 0.42 ml of initiator solution at 42° Effervescence was
noted and the solution gradually darkened (45 mins.). The infra-red
spectrum of this solution confirmed the existence of Ru6(CO)|82' (54).
L Infra-red (CHZCIZ): Vv(CO) = 2003vs, 1982ms, 1925sh em? ], identified
by comparison with literature.??® The product could be isolated in
best yield (94%) as its tetraphenyl phosphonium salt. The solution

containing the anionic product can be used for subsequent reactions

without prior isolation and purification.

Miscellaneous Reactions

Reaction between Ru3(CO)]2 and C2(C02Me)2
Isolation of Ru2(CO)6[C4(COZMe)4]

A mixture of RuB(CO) (600 mg, 0.94 mmol) and CZ(COZMe)2 (400 mg,

12
2.82 mmol) in tetrahydrofuran (50 ml) was heated at reflux point for 5
h. Evaporation and separation of the products by thin layer chromato-

graphy (adsorbent: Kieselgel H; developed in 85:15 ethyl| acetate/acetone)

gave the following fractions:
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i) a yellow band which moved with the solvent front;

ii) an orange band (Rf = 0.79) which afforded RuB(CO)7ECz(CO)2Me)2]4
(55) (45 mg, 4.4%), purified by recrystallisation from hexane/
dichloromethane mixtures [Found: C - 35.13, H - 2.93%, M

(acetone) - 1110; C31H24023Ru3 requires: C - 34.86, H - 2.25%,

M-1067]. Infra-red (CH2CI2): v(CO) = 21!Im, 2085s, 2058vs,
2042vs, 2020s, 1986(sh) cm? ;

iiil) an orange band (Rf = 0.22), presently unidentified [3] mg.

Infra-red (CHZCIZ): v(CO) = 2104(sh), 2087m, 2050vs, 1982vs
emt .
The brown baseline (144 mg) also contained metal carbonyl| complexes.
Further separation of fraction (i) (using 70:30 cyclohexane/acetone)

gave Ru (CO)I2 (21 mg, 3.5%) and a pale yellow fraction (Rf = 0.48)

3

which afforded pure Ru (CO)6[C4(COZMe)4] (56) (5; 78 mg, 13%) from

2
hexane or on sublimation (65°/0.01 mm) [Found: C - 33.29, H - |.59%,

M (mass spectrometry) - 654; C|8H|20|4Ru2 requires: C - 33.04, H -

1.85%, M - 654]. Infra-red (cyclohexane): Vv(CO) = 2|14m, 2090vs,

2050s, 2038s, 202lvs cm™L

Ru3(C0)9(PMe3)3 + C5H5

Cyclopentadiene (100 mg, 1.53 mmol) was added to RuB(CO)g(PMe3)3
(250 mg, 0.319 mmol) and heated in toluene (70 ml) at reflux point for
I5 h. The reaction was followed by t.l.c. The solvent was removed in

vacuo, and preparative t.l.c. (Kieselgel HF adsorbent, 30% diethyl

254

ether:cyclohexane developer) isolated the following products:

i) yel low [Ru(CO)(PMeB)(n-CsHB)]2 (57) (37 mg, 21%), R, = 0.1,

f

recystallised from isopentane, m.p. 121°. Infra-red (C6H|2):

v(CO) = 2023s, 1865sh, 1850vs cm™?, [Found: C - 39.81, H - 5.85%,

M (mass spectrometry) = 542; C'8H2802P2Ru2 requires C - 40.00, H -

5.22%, M - 5427; H n.m.r.: 6 (CDCIB) = 4.73s (10), C5H5, |.80d

= || Hz] (18), PMe

Dy 35
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!

orange HRu (CO)6(PMe ) (n—C5H ) (58) (72 mg, 29%), R, = 0.28,

3 3'3 5 f
recrystallised from CHZCIZ/isopenTane, m.p. = 142-146°. Infra-red

(C6H|2): v(CO) = 2033m, 2005w, 1982m, 1970w, 1957w, 1932vs cml

[Found: C - 32.02, H - 4.43%, M (mass spectrometry) = 767;

. _ _ _ . 1
CZOH3306P3RUS requires C - 31.38, H - 4.34%, M - 767]1; ‘H n.m.r.

S (CDCIB) =5.19s (5), C

-15.93s (1), H;

5H5, | .90d [JP—H = 12 Hz] (27, PMe3

white HRu(CO)(PMeB)(n-CSH ) (60) (9 mg, 10%), R, = 0.60,

5 f

recrystallised from isopentane/isopropanol. Infra-red (C6H12):

v(CO) = 1911Im(br) eml. [Found: C - 39.15, H - 5.86%, M (mass

spectrometry) = 272; Cng OPRu requires C - 39.85, H - 5.57%,

5
M - 2727;

yvel low Ru(CO)Z(PMeB)(n—C5H6) (61) (10 mg, 10%), Rf = 0.82

recrystallised from CHZCIz/n—hexane. Infra-red (C6H12):

Vv(CO) = 1987s, 1967s cm™, [Found: C - 40.80, H - 5.56%,

M (mass spectrometry) = 300; C PRu requires C - 40.13,

IOHISOZ
H - 5.05%, M - 300];

orange brown RuB(CO)5(PMeB)(n—CSH5)2 (59) (43 mg, 17%), R =

0.00, [Baseline extracted with diethyl ether, further preparative
t.1.c. in 50% acetone/cyclohexane yielded orange-brown band Rf =
0.72] recrystallised from acetone/isopropanol. Infra-red (CH2CIZ):
v(CO) = 2000w, 1980vs, 1970s, 1962sh, 1947m Em'% [Found: C -

36.63; H - 5.04%, M (mass spectrometry) = 804; CZ4H3705F’3Ru3 re-

quires C - 35.96, H - 4.65%, M - 804]; 4 n.m.r. 68 (CDCIB) = 5.39s

(5, C5H5, 4.96s (5), C | .83d [JP—H = || Hz] (27), PMe,.

557 3

3t Cyclododecatriene (CDT)

Cyclododecatriene [300 mg, |.85 mmol (2:] - cis:trans isomeric

3(CO)9(PMe3)3 (300 mg, 0.383 mmol) in benzene

(120 ml) and heated at reflux point for 3 days. Preparative t.l.c. of
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the resultant solution on Kieselgel GF25 in 30% acetone/cyclohexane

4

isolated the following products:

i) clear cyclododecatriene - R, = 0.98 (identified by mass spectro-

f
scopy);
ii) red HRUB(CO)6(F’M63)3 (C|2H|5)<(62)(l45 mg, 44%); Rf = 0.53,
recrystallised from benzene/n-heptane, m.p. 149-151°, Infra-red

(CeH ) V(CO) = 2070vw, 2044m, 2025m, 1999sh, 1969vs, 1940s cml,

[Found: C - 37.64, H - 5.13%, M (mass spectrometry) = 862;

i - - - .1
C27H4306P3Ru3 requires C - 37.72%, H - 5.04%, M - 862]; 'H

n.m.r. ¢ (CDCIB) = 6.42d (1), 5.34m (2), 7.0-9.0m,br (39),

C|2H15+-PMe3, =21.561t (1), H;
iii) red HRuB(CO)4(PMe3)3(CZ4H33) (63) (42 mg, 10%); Rf = 0.35,
recrystallised from benzene/n-heptane, m.p. = 293-302°. |Infra-

red (C6H|2): V(CO) = 2012s, 1994s, 1965vs, 1955sh em™t. [Found:

C - 48.85; H - 6.24%, M (mass spectrometry) = 968; CS7H6|O4P3Ru3-C6H6

requires C - 49.47, H - 6.46%, M - 96871; H n.m.r. § (CDCIS) = 6.43m

(1), 6.21s (2), 4.34s (2), 3.0-1.4m,br (55), C,,Hyx+PMey, -24.01s

(1), H;

iv) orange Ru,(CO).(PMe;),(C H ) (64) (19 mg, 5%); Re = 0411,

3)4 127716

recrystallised from CHZClz/eThanoI, m.p. = 212°. Infra-red
(CHZClz): v(CO) = 2050m, 2025s, 1985vs, 1957sh cml, [Found:
C-34.11, H=-4.21, 0 - 10.31%, M (mass spectrometry) = 1067;
CBIH52O7P4RU4 requires C - 34.96, H - 4.92, 0 - 10.52%, M -
1067]; H n.m.r. & (CDC|3) = 5.80s (1), 4.0ls (1), 3.0-1.0m,br

(50), C|2H|6+-PMe3;
v) brown baseline, 35 mg, extracted with boiling acetone, then
boiling ethyl acetate, recrystallised from isopropanol/acetone.

Infra-red (CHZCIZ): v(CO) = 2050s, 1980vs, 1957sh cm™}; product

was not characterised further.
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(s

Ru3(C0)9(PMe3)3 + Azulene

Azulene (100 mg, 0.78 mmo!) was added to Ru3(CO)9(PMe3)3 (600 mg,
0.766 mmo!) in toluene (200 ml) and heated at reflux point for 5.25 h.
The solvent was then removed in vacuo and the residue chromatographed
under nitrogen on dried Florisil. The reaction residue was air and

moisture sensitive, while on the column, and no products are recovered

if care is not taken. Elution with 30% CHZCIz/n-hexane gave 23 mg

= o
(5.3%) of deep red RUZ(CO)S(PMeB)Z(CIOHS) (64), m.p. = 343°(dec)
[Found: C - 40.15, H - 4.29%, M (mass spectrometry) = 568; C|9H2603P2Ru2
requires C - 40.28, H - 4.62%, M - 568]. Infra-red (CH2CI2): V(CO) =

1990s, 1789vs cm'% 4 n.m.r. 6 (CDCI3) = 5.42d [J = 2 Hz] (2), 5.01s

(1), 4.90m (2), 4.47m (1), 3.60m (2), azulene; 1.83d [J = |2 Hz]

P-H

(18, PMe3. Further elution with 50% CHZClz/n—hexane gave 29 mg

— _ o .
(3.8%) of black Ru4(CO)6(PMe3)4(CIOH8) (66), m.p. = 253-255° [Found:

C - 33.72, H - 4.80%, M (mass spectrometry) = 1007; 028H44O6P4Ru4 re-

quires C - 33.46, H - 4.41%, M - 1007]. Infra-red (CHZCIZ): v(CO) =
2042m, 1994sh, 1959vs cm™; 1H n.m.r. § (CDCIB) = 5.81d [J = 3 Hz] (2);
4.91d [J = 3 Hz] (1); 4.20m (2), 3.83m (2), 3.0lm (1), azulene; 1.95d
(J = 11 Hz] (36), PMeB; recrystal|isation of sample from CHZCIZ/
benzene gave the complex as its benzene solvate (Found: C - 37.89,

H-4.40, P - 12.18%; CZ8H44O6P4RU4°C6H6 requires C - 37.71, H - 4.65,

P - 11.44%): +the solvent molecule is readily detected in the IH n.m.r.

spectrum at § = 7.52m (6). Further elution with 50% CHZCIZ/ n-hexane

. [}
gave 55 mg (9.3%) of red-black Ru3(00)4(PMe3)3(C|OH8) (65), m.p. >320

A N - q - "
[Found: C - 36.04, H - 3.83%, M (mass spectrometry) 773; 023H3504P3Ru3

requires C - 35.80, H - 4.47%, M - 773.] Infra-red (CH2C|2): v(CO) =

1998m, 1962sh, 1856vs cm™l H n.m.r. GE(CDB)ZCO] = 5.45d [J = 2 Hz] (2),
5.15m (1), 4.95m (2), 4.6Im (1), 3.43m (2), azulene; 1.87d [J = 10 Hz]

(27), PMe,.
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Ru3(C0)9(PMe3)3 + Cycloocta-1,3,5,7-tetraene
i) A mixture of freshly distilled cycloocta-1,3,5,7-tetraene (COT)

(200 mg, 1.92 mmol) and RuS(CO)g(PMeB)3 (1.06 gm, .35 mmol) in

toluene (250 ml) was heated at 80-85° for 38 h. The solution
was then filtered and chromatographed on an alumina column.

Elution with 15% toluene/cyclohexane gave pale orange crystals of

Ru(CO)Z(PMe )(C8H8) (67) (48 mg, -10.5%); m.p. = 156-161°

3
[Found: C - 45.56, H - 5.26, P - 8.37%, M (mass spectroscopy) =

338; C 4H ,0,PRu requires C - 46.29, H - 5.07, P - 9.18%, u - 338.]
Infra-red (CH,,): V(CO) = 2015s, 1968s cmy IH n.m.or. 8 (CDCI5) =
5.0ls (8), C8H8’ .81d [JP—H = 1.5 Hz] (9), PMeB. Further elution

with 35% toluene/cyclohexane gave 35 mg (4.5%) of yellow

Ru,(C0), (PMe;), (CgHg) (68); m.p. = 179°(dec) [Found: C -

37.99, H - 4.37%, M (mass spectrometry) = 572; C|8H26O4P2Ru2

requires C - 37.90; H - 4.59%, M - 572.] |Infra-red (C6H|2):

v(CO) = 2050s, 2032vs, 200lvs, 1969s, 1959sh cm™; 1H n.m.r.
) (CDCIB) = 5.66m (2), 4.25m (4), 2.80m (2), cyclooctatetrene;
z- Continued elution with 35%

toluene/cyclohexane gave yellow Ru

1.89d [J = 12 Hz] (18), PMe

Z(CO)S(PMeB)Z(CSHS) (69)

(52 mg, 7.1%); m.p. = 129°(dec) [Found: C - 44.99, H - 4.88,

P - 10.22%, M (mass spectrometry) = 544; CI7H2603P2RU2.C6H6

requires C - 44.52, H - 4,88, P - 9.98%, M - 544.] Infra-red

(C6H|2): V(CO) = 2030vsu, 2009vs, 2001vs, 195lvs, 1806m cm™L

1 =
Hnmr. § (CDCIB) 7.60m (6}, C6H6’ 4.69s (8), C8H8, i.81d

[JP—H = || Hz] (18), PMeB. Elution with 5% CH2C|2/Tquene gave

31 mg of a red complex (which remained uncharacterised), fol lowed
by another red complex - 22 mg (also uncharacterised), and by 169

mg (16.1%) of crimson Ru (CO)S(PMe ). (C,H.) (70); m.p. = 278-280Q°

3 3’3’86
[Found C - 33.79, H - 3.7l, 0 - 10.30%, M (mass spectrometry) =

779; 022H3305P3Ru3 requires C-34.16, H - 4.30, O - 10.34%, M -
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779.] Infra-red (CgHg): v(CO) = 2015s, 1978m, 1923vs,br cmL 14
n.m.r. & (CDCI3) = 6.15m (2), 4.75m (4), cyclooctatetrene; |.78d
[JP—H = 11 Hz] (27), PMe3. Elution with increasing proportions
of CHZCIZ/Tquene eluted a further |12 complexes all in minor
amounts (less than 20 mg), and these complexes remain uncharac-
terised.

i) A mixtureof freshly distilled cycloocta-1,3,5,7-tetraene (COT)
(35 mg, 0.34 mmol) and (70) (120 mg, 0.75 mmol) in toluene (75
ml) was heated at reflux point for 8 days. The resulting solu-
tion was filtered (paper) and chromatographed on an alumina column.
Elution with 75% CH2C|2/benzene gave crimson-black
RUS(CO)(PMeS)(C8H6)(08H8) (71) (36 mg, 32%); m.p. >320°
[Found: C - 39.93, H - 4.80%, M ( mass spectrometry) = 768;

C,.H,. OP,Ru, requires C - 40.65, H - 5.64%, M - 768.] Infra-red

26 417 33
(CH,Cl,): v(CO) = |71}m em™ H on.m.r. 8 (COCIZ) = 6.15m (2),
4.75 (4), CgH; 3.63s,br (3), CgHg; 1.75d [JP_H = |l Hz] 27),

PMeB. This complex decomposes slowly in chloroform (ca. 5 days)

and is mildly air sensitive.

Ru3(C0)9(PMe3)3 + t-butyl isocyanide (t-BuNC)

A mixture of t-BuNC (34 mg, 0.41 mmol) and Ru (CO)| (200 mg,

3 2
0.26 mmol) in foluene (70 ml) was heated at 55° for 3 h. The solvent
was then removed in vacuo, and the residue chromatographed under nifro-’
gen on Florisil. Elution with 15% benzene/heptane gave deep crimson
RuB(CO)B(CNBut)(F’MeB)3 (72) (29 mg, 13%); m.p. >300° [Found: C -
32.07, H - 4.01, N - 1.92%, M (mass spectrometry) = 841; C,,H, O NP.Ru

223678 3 73

requires C - 31.51, H - 4.32, N~ |.67%, M - 841.] |Infra-red (C6H|2):
V(CN) = 2156m; v(CO) = 2055m, 2030w, 2020m, 1975vs, 1938s, 1885vs,

-1, 1 = = |
1845w cm™; *H n.m.r. 6 [(CD5),COT = 1.84d [Ug_, = |1 Hz] (27), PMeg,

|.44s (9), But. Further elution with 75% benzene/heptane gave deep
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crimson Ru3(CO)7(CNBut)2(PMe ). (73) (54 mg, 29%); m.p. >300° [Found:

3°3
C - 39.82, H - 6.0, N - 2.68%, M (mass spectrometry) = 896;

CZ6H4507N2P3RU3'C6H6 requires C - 39.55, H - 5.28, N - 2.88%,

M - 896.] Infra-red (CgHgd: VICN) = 2145vw; v(CO) = 2023m,
198im, 1940vs, 1821w cm™y H n.m.r. & [(cos)zco] = 7.60m (6),

C.H |.84d [JP-H = 12 Hz] (27), PMe I.51s (18), But. Elution

66’ 3’

with benzene gave red-black Ru3(CO)6(PMe3)3(CNBut) (74) (18 mg,

9%); m.p. >300° [Found C - 30.24, H - 4.38, N

|.19, M (mass

spectrometry) = 785; CZOH36O6NP3RU3 requires C

N - 1.79%, M - 785.] infra-red (CHZCIZ): v

30.69, H - 4.63,

oy = 1715W; v(CO) = 200im,
1982s, 1965m, 1942m, 1935sh cm™ 1H n.m.r. 8 [(CDS)ZCO] = 1.88d [J =

12 Hz] (27), PMe., 1.60s (9), Bu®.

27
Ru3(C0)9(PPh3)3 + t-BuNC

A mixture of t-BuNC (19 mg, 0.23 mmol) and RuB(CO)g(PPhB)3 (175
mg, 0.130 mmol) in benzene (100 ml) was heated at reflux point for 6
h. The reaction was monitored by t.l.c. The solvent was removed in
vacuo and preparative t.l.c. (Kieselgel H adsorbent; 30% diethy! ether/
cyclohexane developer) Qnder nitrogen resulfted in separation of eight

products, leaving a dark brown baseline.

. t -

i) dark red RUB(CO)S(CNBU )(PPh3)3 (75) (27 mg, 15%); Rf = 0.68,
recrystallised from n-hexane. Infra-red (C6H|2): V(CN) = 2158m;
v(CO) = 206!Im, 2040m, 2032sh, 2024m, 2003vs, 1976vs, 1888vs,

-1 . - - - .
1865s cm™. (Found: C - 57.90, H - 3.74, N |.27%; C67H54NO8P3RU3
requires C - 57.59, H - 3.89, N - 1.00%); 'H n.m.r. 6[(CD3)2C0] =
7.55m (45), PPhy, 1.49s (9), BuS;

o ; t _

ii) crimson Ru3(00)7(CNBu )Z(PPh3)3 (76) (42 mg, 25%); Rf = 0.54,
recrystallised from n-hexane. Infra-red (C_H ,): V(CN) = 2{58m;

612"
v(CO) = 2028m, 2005m, 1999sh, 1988vs, 1944vs, 1939sh, |867s,

-1 ) - - - 5
1833sh e (Found: C - 59.17, H - 4.16, N = 2.19%; Cq HN,O,P5Ru;
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requires C - 58.71, H - 4.37, N - 1.93%); H n.m.r. & E(CDB)ZCO] =

7.53m (45), PPh,, 1.52s (18), BuF.

3!

1ii) six other bands and a baseline were only partially characterised.

Ru3(CO)9(PMe3)3 + Dimethylacetylenedicarboxylate (DMA)

A mixture of dimethylacetylenedicarboxylate (600 mg, 4.22 mmol)
and R“3(CO)9(PMe3)3 (790 mg, 1.0l mmol) in toluene (200 m!) was heated
at reflux point for 15 days. The solvent was then removed in vacuo

and preparative t.l.c. (Keiselgel HF254 adsorbent, 75% benzene/hexane

developer) isolated the following products:

i) vyellow Ruz(CO)6[n—C2(COZMe)2](PMe3)2 (77) (61 mg, 10%); R, = 0.88,

recrystallised from benzene/n-hexane; m.p. = 272-274°. Infra-red
(C6HI2): V(CO) = 2034s, 2009vs, 1981s, 1966sh, 1690vs cm’l.
[Found; C -~ 38.79, H - 4.38%, M (mass spectrometry) = 666;
C,gHo40gPoRuzCoH, requires C - 38.81, H - 4.07%, M - 666];
IH n.m.r. 6 (CDCIB) = 7.53m (6), C6H6’ 3.12s (6), Me, 1.89d
[JP—H = 10 Hz] (18), PMe3;

ii)  red Ru3(C0)7[n-C2(COZMe)Zj(PMe3)3 (78) (31 mg, 4%); R, = 0.70,
recrystallised from CHZCIz/n-penTane; m.p. = 147-148°. Infra-red
(CHZCIZ): v(CO) = 205Im, 1988s, 1890sh, (875w, 1725s cm™}. [Found:

C - 30.15, H - 3.70%, M (mass spectrometry) = 872; 022H330||P3RU3

requires C - 30.39, H - 3.82%, M - 8727; H n.m.r. § (CDCI4) =

2.96s (6), Me, 1.85d [JP-H = 10 Hz] (27), PMeS.

iii) red Ru3(CO)6[n—CZ(CO Me)zj(PMe3)3 (79) (97 mg, 12%); R, = 0.44,

2 f

recrystallised from CHZCIZ/n-hexane; m.p. = |80-181°. Infra-red

(CHZCIZ): v(CO) = 2052m, 2017s, 2010sh, 1991m, 196ls, 1710s cm,

[Found: C - 29.58; H - 4.26, P - 11.86%, M (mass spectrometry) =

844; CZ|H330|0P3RU3 requires C -~ 29.96, H - 3.95, P - |1.04%, M -

8447; H n.m.r. § (CDCl,) = 30ls (6), Me, !.82d [Vp_y = 10 Hz]
[ -

3

(273, PMeS.
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iv) brown Ru4(CO)8[n-Cz(COZMe)Z:I(PMe3)4 (80) (38 mg, 4%); R, = 0.19,

f

recrystallised from ethanol/benzene; m.p. >300°. Infra-red

(CHZCIZ): v(CO) = 2090m, 2080m, 2035vs, 1974vs, 1710vs cm,

[Found: C - 28.77; H - 3.01%, M (mass spectrometry) = 1077;

i - - - .1
C26H420|2F’4Ru4 requires C - 29.06, H - 3.93%, M 1077]; *H

n.m.r. 8 E(CDB)ZCOJ = 2.75s (6), Me, 1.91d [JP—H = 12 Hz] (36),

PMeB;

V) seven other bands were observed but remained uncharacterised.

Ru3(C0)9(PPh3)3 + Dimethylacetylenedicarboxylate (DMA)
A mixture of dimethylacetylenedicarboxylate (120 mg, 0.844 mmol)

and RuB(CO) (PPh:,))3 (400 mg, 0.298 mmol) in benzene (100 ml) was heated

9

at reflux point for two days. The solvent was then removed in vacuo,

and preparative t.l.c. (Kieselge! GF adsorbent, 30% diethyl ether/

254

cyclohexane developer) isolated the following products:

i) orange-red Ru3(CO)7[n—C2(COZMe)zj(PPh3)3 (81) (30 mg, 7%); Rf =

0.61, recrystallised from CHZCIz/n—hexane; m.p. = 304-307°. Infra-

red (CHZCIZ): V(CO) = 2046s, 1979vs, 1875vw, |710s cm™ ., (Found:

C - 55.87, H - 4.03%; C67H5|O||P3Ru3 requires C - 56.34, H -

3.60%); solution M.Wt = 1381 (acetone), required M.Wt = |,428;

IH n.m.r. G(CDCIB) = 7.55m (45), PPh,, 3.16s (6), Me;

3’
il) red Ru3(C0)6[n—C2(COZMe)Zj(PPh3)3 (82) (62 mg, 15%); Rf = 0.44,
recrystallised from CHZCIZ/n—hexane; m.p. >300°. Infra-red

(CH2CI2): v(CO) = 2046m, 2013s, 2009sh, 1988m, 1952s, 17l1s

-1 ) - - - g
cm™, (Found: C - 56.62, H - 3.91, P - 6.47%; C66H5|0IOP3RUS

requires C - 56.66, H - 3.67, P - 6.63%); solution M.Wt = 1433

(acetone), requires M.Wt = 1,400; lH n.m.r. § (CDCI4) = 7.56m

(45), PPh,, 3.21s (6), Me;

3,
iii) dark crimson Ru3(00)5[n-C2(COZMe)ZJZ(PPhB)3 (83) (62 mg, 14%);

Ry = 0.40, recrystallised from CHZCIZ/n-hexane; m.p. >300°.
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Infra-red (CHZCIZ): v(CO) = 2062m, 2023s, 2019sh, 1999m, 1970s,

1890m, 1865m, 1832m, 1720s cml. (Found: C - 55.12, H - 3.99%;

C7|H570I3P3Ru3:0.5CHZCI2 requires C - 55.16, H - 3.75%); solution

M.Wt = 1,498 (acetone), required M.Wt = 1,514; H n.m.r. §

3.73s (1), CH,CI 2.84s (6),

[(CDS)ZCO] = 7.54m (45), PPh Ly,

3’
2.62s (6), Me;

iv) brown Ru4(CO)8[n-C2(COZMe)Zj(PPh3)4 (84) (38 mg, 7%); R, = 0.10,

f

recrystallised fromethanol/benzene; m.p. = 232-236°. Infra-red

(CH2C|2): v(CO) = 2110m, 2090m, 2043vs, 198lvs, 1726sh, 1710vs

-1 . - _ : . :
cmt, (Found: C - 57.91, H - 4.35%; C86H66O|2P4RU4'C6H6 requires

C - 58.23, H - 3.82%); solution M.Wt = 196! (acetone), required

M.Wt = 1898; 'H n.m.r. § [(CD5),C0] = 7.60m (66), PPhy, 2.82s

3’
(6), Me;

V) six other bands were observed but remained uncharacterised.

Ru3(C0) g(PMe,) 5 + HC=C-Bu®
A mixture of tertiary butyl acetylene (270 mg, 3.29 mmol) and

RuB(CO)g(PMeB)3 (300 mg, 0.383 mmol) in benzene (150 ml) was heated

at reflux point for 5 days. The solvent was then removed in vacuo

and preparative t.l.c. (Kieselgel G adsorbent, 25% acetone/cyclohexane

developer) gave 12 brightly coloured bands, from which the following

products could be characterised:

i) red HRUB(CO)6(PMe3)3(CZBut) (90) (57 mg, 19%); Rf

recrystallised fromn-hexane. Infra-red (CHZCIZ): v(CO) =

= 0.71,

2048m, 2012m, 198lvs, 1968sh, 1956sh cm™, [Found: C - 32.44,

H - 4.64, M (mass spectrometry) = 784; CZIH37O6P3RUB requires

C - 32.27, H - 4.77%, M - 784]; H n.m.r. & [(CDS)ZCO] = |.95d

CJP—H = 12.5 Hz] (27), PMeS,

" ,
5(PM63)3(CZBU )3 (91) (18 mg, 5.1%); R,

recrystall ised fronICHZCIZ/n—hexane. Infra-red (CHZCIZ): v(CO) =

I.41s (9), Bu®, -21.9m (1), H;

il) brown Ru3(CO) = 0.21,

2054s, 2023s, 1981vs, 1954, 182lvw cml [Found: C - 42.46, H -
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5.88%, M (mass spectrometry) = 917; 032H54O5P3Ru3 requires C -

42.01, H - 5.94%, M - 917].

t

A mixture of tertiary butylacetylene (40 mg, 0.487 mmol) and

RU3(CO)9(PPh3)3 (200 mg, 0.149 mmol) in benzene (75 ml) was heated

at reflux point for 3.5h. The solvent was then removed in vacuo, and

preparative t.l.c. of the residue (20% diethy| ether/cyclohexane de-

veloper, Kieselgel H adsorbent) resolved 5 brightly coloured bands,

together with a brown baseline:

i)

ii)

i)

iv)

t
yel low RU(CO)Z(PPhB)Z(CZBU )2 (92) (16 mg, 13%); R,

recrystallised from n-pentane. Infra-red (C6H]2): v(CZ) =

2096 vw cm™y V(CO) = 1942m cm™. (Found C - 71.04, H - 5.37%;

= 0.96,

i - = .1
CSOH4802P2RU requires C - 71.16, H - 5.73%); *‘H n.m.r. §

(CDCIS) = 7.56m (30), PPh I.36s (18), But;

3'

t -
red HRUB(CO)6(PPh3)3(CZBu ) (93) (39 mg, 20%); Rf = 0.69,
recrystallised from n-hexane. Infra-red (C6H|2): v(CO) =

2080m, 2023m, 200lvs, 1972m, 1955sh cm™ . (Found C - 58.46,

H - 4.50%; C66H5506P3Ru3 requires C - 59.15, H - 4.13%);

solution M.Wt = 1301 (acetone), required M.Wt = |340; 1y

n.m.r. ¢ [(CDB)ZCOJ = 7.48m (45), PPh |.38s (9), But, -22.1m

3}
(1), H;

red-orange HRUB(CO)S(PPhB)Z(CIZHI9) (94) (13 mg, 8%); Rf = 0.37,

recrystallised from ethanol/benzene. Infra-red (CH2C|2): v(CO)

2060s, 201lvs, 1985m, 1932w, 1850 vw cm™ . (Found: C - 56.82, H

4.22%; Cy3M5o05P Ru; requires C - 56.23, H - 4.45%); 4 nomor. §

[(CDB)ZCO] = 7.50m (30), PPh, 5.48s (1), 1.36s (18), C =21.7m

3 12719’

(t)y, H;

crimson HRUS(CO)4(PPh ),(C, H,q) (95) (18 mg, 7%); R, = 0.08,

3°2°718 29 f

recrystallised from ethanol/benzene. Infra-red (CHZCIZ): v(CO)
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{995vs, 1984s, 1957s, 1930m cm™, (Found: C - 58.56, H - 6.00%;

H - _ R | =
CggHg04PpRu3 requires C - 58.73, H 5.09%); ‘H n.m.r. § [(CDB)ZCO]

7.5Im (30), PPhB, 6.35s (1), 5.72s (1), 1.36s (27), C|8H29’ -19.1m (1),
H;
v) yel low uncharacterised band observed at Rf = 0.75.

— t
Ru3(CO)]0(PPh3)2 + HC=C-Bu

A mixture of HCZBut (22 mg, 0.268 mmol) and RUB(CO)IO(PPhS)Z (200
mg, 0.181 mmol) in n-hexane (75 ml) was heated at reflux pcint for | h.
The reaction was followed by t.1.c. The solvent was then removed in
vacuo, and preparative t.l.c. (20% diethyl ether/cyclohexane developer,
Kieselgel G adsorbent) gave nine brightly coloured bands, of which the
following were characterised:
i) orange HRuS(CO)S(PPhB)z(CZBut) (87) (62 mg, 30%); Rf

recrystallised from diethyl ether/ n-pentane; m.p. = 163°.

= 0.62,

Infra-red (C6H|2): v(CO) = 2075s, 2054s, 2043w, 2012vs, 2004s,

1994sh, 1975m, 1950m cmt. (Found: C - 53.19, H - 3.57, P -

5.59%; C50H4008P2Ru3 requires C - 53.21, H - 3.64, P - 5.60%);

solution M.Wt = 1198 (acteone), 114l (benzene), required M.Wt =

11343 'H n.m.r. 8 [(CD5),COT = 7.50m (30), PPh, 1.38s (9), But,

3’
-20.8s (0.5), -21.15s (0.5), H;

i1) orange HRu;(C0),(PPh;),(C But) (88) (85 mg, 42%); R, = 0.56,

B2 v i

recrystallised from diethyl ether/n-pentane. I[nfra-red (C6H|2):

v(CO) = 2049s, 2008s, 1985vs, 1950m, 1932m, 1923m cm™y; H n.m.r.

S(CDCI,) = 7.50m (30), PPh .38s (9), But; =21.5m (1), H.

3 3’

Identified by comparison with |iterature sample.539

iiil) red HRu (CO)S(PPh ), (C But) (89) (40 mg, 21%); R, = 0.36,

3 372772 f

recrystallised from diethy! ether/n-pentane. Infra-red (C6H|2):

v(C0O) = 2076m, 2054vs, 1893vs, 1885s, 1846m cml, (Found: C -

54.1t, H - 4.06, P - 5.53%; C47H4OO5P2RU3 requires C - 53.71,
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H - 3.93, P - 5.89%); solution M.Wt = 1003 (acetone), 102]
(benzene), required M.Wf = 1050; 'H n.m.r. §[(CD;),CO] = 2.55m

(30), PPh [.40s (9), But, =21.Im (1), H;

3’

iii) six other bands (trace quantities) remain uncharacterised.

- t
Ru3(C0)]](PPh3) + HC=C-Bu |
A mixture of tertiary butylacetylene (16 mg, 0:.195 mmol) and

RUS(CO)II(PPhS) (150 mg, 0.72 mmol) in n-hexane (55 ml) was heated

at reflux point for 1.5 h. The reaction was followed by f.l.c. The
solvent was then removed in vacuo, and preparative t.l.c. (Kieselgel

GF254 adsorbent, 15% diethyl ether/cyclohexane developer) gave six

bands, of which the following were characterised:

i) red HRu;(CO)g(PPh )(C,Bu®) (85) (109 mg, 73%); R, = 0.75,

3 f

recrystallised from n-hexane. Infra-red (C6H|2): v(CO) =
2091s, 2072s, 2015vs, 1998s, 1984sh, 1960sh cm™l. (Found:

C - 43.23, H - 2.90%; C32H2508PRu3 requires C - 44.09, H -

2.89%); solution M.Wt = 855 (acetone), 879 (benzene), required

M.Wt = 872; H n.m.r. & (CDCIS) = 7.5Im (15), PPh |.32s (9),

3!
But, -21.2d [JP-H = 2.5 Hz], (1), H. Checked by comparison with

literature sample.539

i) orange-red HRu;(CO) (PPh;)(C ,H ) (86) (8 mg, 6%); R, = 0.52,

recrystallised from diethyl ether. Infra-red (C6H|2): v(CO) =

2089s, 2056s, 2018vs, 200lsh, 197Im em?, (Found: C - 46.72,
H - 3.65%; C36H3506PRU3 requires C - 46.82, H - 3.92%); solution
M.Wt = 90| (acetone), required M.Wt - 898.

iii) four other bands (trace quantities) remained uncharacterised.

Ru3(CO)]0(PPh3)2 + t-BuNC

A mixture of £-BuNC (10 mg, 0.12 mmol) and Ru5(CO)  (PPh;), (108

mg, 0.097 mmol) in n-hexane (100 ml) was heated at reflux point for 20
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min. The solvent was removed in vacuo, and preparative t.l.c.
(Kieselgel H, 30% diethy! ether/ cyclohexane) of the residue gave
one major product and four minor products (remaining uncharacterised).

't
Deep red RuB(CO)g(CNBu ) (PPh3), (96) (69 mg, 61%); R¢

crystallised from n-hexane. Infra-red (C6H|2): V(CN) = 214Im cm™;

v(CO) = 2078m, 2068m, 2042s, 2004vs, 1993s, 1988s, 1977sh, 1958sh' cmL,

= 0.79, re-

(Found: C - 51.54, H - 3.59, N - 1.30%; C50H39N09P3Ru3 requires C -
51.64, H - 3.38, N - 1.20%); 4 nom.r. 8 [(CDB)ZCO] = 7.50m (30), PPh3,
1.51s (9), Bu®.

PPh

Ru3(C0) + PMe

]0( 3)2 3
A mixture of PMeS (35 mg, 0.46 mmol) and RUB(CO)IO(PPhB)Z (100
mg, 0.90 mmo!) in benzene (45 ml) was heated at 40-43°C for 16 h.
The reaction was followed by infra-red spectroscopy. Chromatography
on alumina resulted in exfensive decomposition, though R“3(CO)9(PPh3)2(PMe3)
(97) was eluted with n-hexane. The crude product was recrystallised from
diethyl ether/n-hexane fo give (97) (71 mgs, 68%). Infra-red (C6Hl2):
v(CO) = 2053w, 2005sh, 1991sh, 1969vs, 1950sh cem™, (Found: C - 50.05,
H - 3.52%; C,.H,.0 P.Ru, requires C - 49.87, H - 3.40%); H n.m.r. §

48 3979 3 73

(CDCIB) = 2.54m (30), PPh 1.82d [J = 12 Hz] (9), PMe,.

3’ 3

Ru3(C0)9(PMe3) * Hy0

A sclution of RuS(CO)g(PMeB)3 (100 mg, 0.13 mmol) in dimethoxy-
ethane (50 ml) and water (3 ml) was heated at reflux point for 3.5 =
days. The solvent was removed in vacuo, and preparative t.l.c. of
the residue (Kieselgel H adsorbent, 30% acetone/diethyl ether develop-
er) separated 5 brightly coloured bands, including a brown baseline.
Severe decomposition occurred on chromatography. No products could
be characterised, but the following spectral information enables easy

identification of the products:
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iii)

iv)

V)
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Band one - yellow; Rf = 0.95. Infra-red (C6H|2): v(CO) = 2063m,

2022s, 1999s, 1992sh, 1987s, 1967sh, 1957vs, 1949m cm™y; 1H n.m.r.

§ (C.Fg) = 4.10d [J =7 Hz] (1), 2.2-0.8m (45); 35 mg.

Band two - vyellow; Rf = 0.67. Infra-red (C6H|2): v(CO)

2050s, 1987vs, 1942w cmy; 1H n.m.r. § [(003)2003 = 7.80s (1),

2073w,

4.18m (1), 2.0-1.0m (44); 27 mg.

Band three - orange brown; Rf = 0.44. !nfra%red (C6H|2): v(CO) =

2068m, 2037s, 1982sh, 1957vs cm'E 12 mg.
Band four - black; Rf = 0.1l. Infra-red (C6H|2): v(CO) = 2050m,
2036sh, 195lvs cm™}; 7 mg.

Baseline - brown; 18 mg.

Ru3(C0)9(PPh3)3 + Alumina

i)

ii)

A mixture of Ru3(CO)9(F’Ph3)3 (1-062 gm, 0.791 mmol) and 25 gm of

alumina (Fluka, pH = 7.0 *0.5, 100-200 mesh, Type 507C) in ben-

zene (65 ml) was stirred for 4 days. Chromatography of this mix-

Ture gave ftwo bands:

i) red Ruz(C0)4(PPh;) (889 mg, 84%) eluted with benzene

ii) yellow unknown - 49 mg (eluted with methanol). Infra-red
(C6H|2): v(CO) = 2063s, 2052sh, 2034m, 2016m, |987vs,
1958s, 1910w cm'% recrystallisation from diethyl ether/
n-hexane initially gave a white powder with yellow flakes,
further cooling of the solution to -78°C (4 days) produced
some very small orange crystals as well. Further chromato-
graphy could not separate this product mixture.

The complex RuS(CO)g(PPhB)3 (506 mg, 0.375 mmol) in CHZCI2 (60

ml) was adsorbed onto |15 gm of alumina by slowly removing the .

solvent in vacuo. The resulting solid residue was allowed to

sfakd at room temperature for 43 days. Chromatography on neutral

alumina recovered 72% RuS(CO)g(PPhB) A further yellow fraction

3

was eluted with methanol (vide supra) - 73 mg.
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The comp lex Ru3(CO)9(PPh3)3 (100 mg, 0.075 mmol) in xylene (100
ml) was heated at 130°C for 2 h with H2 vigorously bubbling through
the solution (see Figure 32). Chromatography on Florisil gave

H4Ru4(CO)|O(PPh3

Infra-red (C6H|2): v(CO) = 2079m, 2062s, 2052m, 2036m, 2022vs,

2013s, 2003w, 1977w, 1960w ceml, (Found: C - 45.57, H - 2.18%;

)250 (24c) (22mg, 24%) eluted with n-hexane.

C,.H.,0, ~P,RU, requires C - 45.55, H - 2.82%); 'H n.m.r. § (CDCI,) =

4634710 2" 4 3
7.54m (30), PPhy, -16.4m (4), H; followed by H4Ru4(CO)9(PPh350 (98)
(43 mg, 48%); eluted with n-hexane. Infra-red (C6H|2): v(CO) =

2068s, 2024vs, 2003s, 1993s, 1987sh, 1963s, 1945sh, 1940m cm™L

(Found C - 52.67, H - 4.44%; C63H49D9P3Ru4 requires C - 52.28,

H - 3.41%); 1H n.m.r. 8§ (CDCl,) = 7.55m (45), PPh,, 26.6m (4),.

3 3’
H. Two other fractions were eluted with n-hexane (vide infra),
but remain uncharacterised. One further fraction waé eluted with

acetone (also uncharacterised).

154
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i) vyellow fraction. Infra-red (C6H|2): v(CO) = 2082w, 2077sh,

206Im, 2048vs, 2033s, 2017vs, 1993s, 1987s, 1966s, 1953m, [950sh
eml (eluted with n-hexane);

ii) orange-red fraction. Infra-red (C6HI2): v(CO) = 2062m, 2048m,

2038s, 2019m, 1987s, 1964vs, 1950sh cm? (eluted with n-hexane);

iii) brown. Infra-red (C6H|2): v(CO) = 2072m, 2063m, 2040m, 1990sh,

1963vs cm™ (eluted with acetone).

Ru3(C0)9(PMe3)3 + H2

The comp lex RuB(CO)g(PMeS)3 (250 mg, 0.319 mmol) in n-octane (180

ml) was heated at reflux point for 2.5 h with H, vigorousliy bubbling

2

through the solution (see Figure 32). Chromatography on Florisil

resulted in some decomposition, but the following products were

isolated:
i) orange H,Ru,(CO) ,(PMe;), (99) (29 mg, 11%); eluted with n-hexane.
Infra-red (C6HI2): v(CO) = 2082m, 206ts, 2042w, 2023vs, 2005s,

1975w cm™l. [Found: C - 22.82, H - 2.64%, M (mass spectrometry) =

. i - - - .1
843; CI6H220IO P2Ru4 requires C - 22.86, H - 264%, M 8437; 'H n.m.r.

§ (C6F6) = |.80d [J = Il Hz] (18), PMeB, -17.82% (4), H;
ii) red-orange H4Ru4(CO)9(PMe3)3 (99) (38 mg, 13%); elufed with n-

hexane. Infra-red (C6HI2): v(CO) = 2065m, 2035vs, 2017s, 2000s,

1988m, 1977m, 1966sh cmt, [Found: C - 24.54, H - 3.40%, M (mass

spectrometry) = 891; CI8H3|O9P3RU4 requires C - 24.33, H - 3.51%,

M- 8917]; M n.m.r. & (CFg) = 1.82d [J = |1 Hz] 27, PMe-,
-17.86q (4), H;

iii) red H,Ru (CO)8(PMe ), (100) (58 mg, 19%); eluted with n-hexane.

474 34
Infra-red (C,H ,): v(CO) = 202lvs, 199Im, 19725 cm™?, [Found:
C - 25.22, H - 4.,53%, M (mass spectrometry) = 939; CZOH4008P4RU4

requires C - 24.33, H - 3.51%, u - 939]; 'H n.m.r. & (C,F,) =

[.81d [J = 11 Hz] (36), PMe,, -17.99qu (4),

I
ve

3)
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iv) vyellow unknown eluted with n-hexane. Infra-red (C6H|2): v(CO) =

2103m, 2087m, 2078s, 2068vs, 2034vs, 2020s, 2009s, 1999m, [99Ish,

1987w, 1981w cm™L

)

v) orange unknown eluted with diethyl ether; m.p. = 185-186°.

Infra-red (C6Hl2): v(CO) = 2087m, 2070s, 2062m, 2043m, 2038w,

2022vs, 2013s, 1999m, 1997sh, 1991w, 198Im cm™.

Ru3(CO)9(PMe3)5,+ Silica gel
The comp lex RuB(CO)g(F’Me3)3 (1.132 gm, 1.445 mmol) and 100 gm of

Silica gel (Ajax, 100-200 mesh, Grade !2) in benzene (175 ml) was stir-
red overnight. Chromatography (4 foot column) on Silica gel (100-200
mesh) gave RU3(CO)9(PM63)3 (1.089 gm, 96.2%); eluted with 5% benzene/
:n-hexane. Further chromatography with 50% benzene/n-hexane gave two
pale red products, both eluted almost simultaneously:

1) Infra-red (CH,Cl,): V(CO) = 2050vw, 1975vs, 1942m em™L; IH n.m.r.

$ (CDZCIZ) = 1.95d [J = 12 Hz] (9), 1.82d [J = 12 Hz] (i8), PMe

(Found: C - 40.80%, H - 5.56%), 19 mg;

3

i1) Infra-red (CH,CI,): Vv(CO) = 2050vw, 1976vs, 1942m eml IH nom.r.

S (CDZCIZ) = 1.93d [J = 10 Hz] (9), 1.81d [J = 12 Hz] (18), PMeS

(Found: C - 40.89%, H - 5.74%), 23 mg.

t
Ru3(C0)]](CNBu ) + 2PCy3

A mixture of RuB(CO) I(CNBut) (495 mg, 0.713 mmol) and PCy3 (404

I
mg, |.440 mmol) in thf (125 ml) was heated at reflux poirt for 3 h.

The reaction was followed by t.l.c. The solution was cooled, filtered
(paper), and the solvent removed in vacuo. The residue was taken up

in n-hexane and chromatographed on Florisil to give purple crystals

of Ru3(CO) (CNBut)(PCyB)2 (101) (782 mg, 91%); eluted with 5% diethyl

9

ether/n-hexane; m.p. = 263-265°, Infra-red (C6H|2): V(CN) = 2150w,

v(CO) = 2058m, 2033s, 2021s, 2009s, 1993vs, 1987vs, 1964m, 1926m,

1864w cm™l., (Found: C - 50.21, H - 6.63, N - 1.54, P - 6.31%;
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CSOH7509NP2RU3 requires C - 50.04, H - 6.30, N - 1.17, P - 5.09%);

solution MWt = 1212 (acetone), 1221 (benzene), 1190 (CHCIS), required

MW = 1199; 1H n.m.r. 6 [(CD5),C0J = 2.0-0.6m,PCy; +Bu°.

t
Ru3(CO)1](CNBu ) + I,

A mixture of RuB(CO) (400 mg,

Il 2

.58 mmol) in benzene (40 ml) was stirred for 2 h. The solvent was re-

(cNBu®) (160 mg, 0.230 mmol) and |

moved in vacuo and the products extracted with boiling n-hexane (2 x50
ml). Slow evaporation of this n-hexane solution gave orange micro-
crystals of RuSIZ(CO)g(CNBut) (102) (121 mg, 59%); m.p. >300°. Infra-

red (C6H|2): V(CN) = 2122m; v(CO) = 2099w, 2079vs, 2070s, 2050s,

2037w, 2026m, 2021sh, 2010w cm™ ., (Found: C - 18.61, H - 2.07,

N - 0.80, 0 - 13.89, | - 27.35%; C|4H909N|2RU3 requires C - 18.84,

H-1.02, N- 1.57, O - 16.14, | - 28.44%); H n.m.r. & (CDCIS) =

|.69s, But; solution M.Wt = 845 (acetone), 887 (benzene), required

M.Wt = 892. Further evaporation of the n-hexane solution gave a

mixture of products. The remaining solution had the solvent removed

in vacuo and recrystallisation by slow diffusion of isopentane into a
diethyl ether solution of the residue gave orange-brown Ru3l7(CO)I|(CNBut)

(103) (28 mg, 7.7%); m.p. >300°. Infra-red (C6H|2): V(CN) = 2156w;

v(CO) = 2089m, 2056m, 2044vs, 201ls, 1993s, 1982s, 1950m em™?, (Found:
C-14.06, H-0.82, N - 0.96, | - 58.75%; C|6H90”NI7RU3 requires
C-12.14, H-0.57, N - 0.88, J - 57.12%); H n.m.r. & (CDCIB) =

1.68s (2), 1.60s (1), But.
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INTRODUCTION
Some years ago, it was observed that the comp | exes PT(PR:,))4 or

PT(nZ-PhHC:CHPh)(PPh)2 react with Fe,(CO) Ru,(C0) or HZOs(CO)

3 2 9’ 3 12 4

to give a variety of heteronuclear trimetal comp lexes (see Figure 1).F 6

Generally, the yields of the trimetal species from these reactions are

very low, the major products being tertiary phosphine-substituted deri-

vatives of iron, ruthenium or osmium carbonyls. These results can be

attributed to two factors

i) the well established stability of the MS(CO)|2 triangle (M = Ru,
Os; cf. Chapter |), and

i) the presence of PR,, produced by dissociation of Pt(PR.)

3’ 34
sulting in preferential formation of MB(CO)IZ—n(PRB)n’ rather

, re-
than the desired heterometallic clusters.
A more favourable route to heterometallic clusters containing

platinum’»8 became available with the discovery of the complexes

PT(n-CzH4)(PR3)2,9'1L* Pt(n-C,H, ). PRI and P+(n-C.H )..% The

2423 24°3°
PT(n—C2H4)(PR3)2 complexes are stable in the solid state, although
loss of ethylene together with oxidative addition to PT(PR3)2 occurs

on freatment with a variety of reagents.!l51721  These zerovalent
platinum-ethylene reagents do not suffer the disadvantage of tertiary
phosphine dissociation as do the PT(PRS), complexes.?2 Hence,
FeCI(CO)Z(n-CsHs) reacts with PT(n-C2H4)(PPh3)2 to give a reasonable

. _ 19
yield of FePTCI(CO)Z(PPhB)Z(n C5H5).

Stone et al. have utilized the 46-electron comp lex HZOSS(CO)IO’

which formally contains an Os =0s bond,? +o generate the 58-electron

2

. _ pin — 5 -
with Pt(n CZH4)2(PR3). Similarly, HZOSS(CO)IO reacts with Pt(n CZH4)(PR3)2

to give H2053PT(CO)IO(PR3)2(see Figure 2), a 60-electron, nido, "butterfly"

closo=tetrahedral clusters H OSBPT(CO)IO(PRB) (see Figure 2) on reaction
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cluster, which is also formed by reacting the unsaturated HZOSBPT(CO)IO(PRB)

with an equimolar amount of PRS.?-S’26 The readiness with which the P+(0)

complexes [particularly PT(n—CZH4)2(PR3)] bond a CO ligand makes it

possible to synthesize a variety of platinum-containing cluster com-
pounds by reaction of the P+(0) species with coordinatively and electron-
ically saturated metal carbonyls. The reaction involves the transfer of
a CO tigand to a platinum atom, which then inserts into the molecular

8 _ . . _
framework.® Thus, Pt(n 02H4)2(PPh3) reacts with the anions [HFeZ(CO)Bj

or [HFeB(CO)Ilj' to give the anions [HF92P+2(CO)8(PPh3)2] and

[HFeBPT(CO)Il(PPhB)]', respectively.?’ Protonation of [HFeZsz(CO)a(PPhB)ZJ'

affords H2F62PT2(CO)8(PPh3)2 (see Figure 2), in which the CO ligands are

all terminally bound .27

Similar transfer of CO from a metal carbonyl derivative fo

platinum occurs in the reactions of H OS(CO)4 with P+(n-C,H,) (PRS)'

2472
OSZPT2(CO)8(PPh3)2

2

The products are the diosmium-diplatinum complexes H2

(see Figure 2).2%8 Treatment of the unsaturated complex H OSBPT(CO)IO(PCyB)2L+

2
with diazomethane affords, under kinetic control, a single isomer,
H2053P+(CO)IO(u-CHZ)(PCyB), which isomerises over several days to

a second isomer (see Figure 2).22 In an elegant stepwise synthesis,
Stone et al.30 have formed the complexes FeWPt(CO) (PEt;) (U -C.H Me-p)-
(n-C5H5) (n =1, 2; Scheme |). The reaction of PT(n-CZH4)(PPh3) with

= H — 31
HFeS(CO)IO(U COMe) was shown to give HF63P+(CO)|O(U3 COMe)(PPhB).

Recently, freatment of HZOSBPT(CO)IO(PCyB) with either H2 or CO

resuited in the I:| adducts H4053PT(CO)|O(PCy3) and HZOSBPT(CO)IIQPCyB),

respectively, being formed.32 Both these products revert to the start-

ing complex under nitrogen purge.32 Reports have appeared on the cata-

lytic activity 33:3% of many of the heterometallic complexes synthesized.
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Initial correlations between n.m.r. and structural data of some of
these complexes have also been inves+igaTed.35
/
Platinum readily forms compounds having metal-metal bonds. 36»37
The heterometallic cluster anions [FeBPT3(CO)I5]2", [Fe3P+3(CO)I5]',
[Fe4PT6(CO)22]2' and [Fe4P+(CO)I6]2' discovered by Longoni and his

coworker‘s,w—l"O

are good examples of the ftendency of platinum in this
respect. Square planar isonitrile or pyridine complexes, PTCI2L2,
also react with various carbony! metallate anions to form |inear

trimetallic complexes, such as PﬂCNR)ZEFe(CO)SNo]Z.‘*1'**7

In view of the number of complexes containing Fe/Pt or O0s/Pt
cluster units thus far characterised, it is somewhat surprising fo
see the dearth of Ru/Pt clusters synthesized. This has largely been

due to the inaccessibility of a suitable ruthenium cluster reagent.
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RESULTS AND DISCUSSION“®

Isocyanide complexes of RuB(CO)|2 have proved to be unusually re-
active sources of polynuclear ruthenium carbonyl moieties."® In con-
trast to the reactions of [RUS(CO)IZJ’ those between [RUB(CO)II(CNBut)]
and platinum (0) complexes proceed instantaneously at room temperature.
If the reactants are mixed at -30°, and the solution allowed to warm 1o
-20°, a crimson colour develops; thin layer chromatography (t.l.c.) indi-
cates that this is one compound, but its rapid decomposition above
-10°C has prevented a definitive characterisation of this complex.
In the following account, | use the descriptor "complex A" for this
intermediate. |If the solution is allowed to warm to room temperature,
at least |13 distinct products can be separated by t.l.c. methods. |t be-
came apparent that many of these comp lexes are formed by complex dis-
proportionation reactions. Simpler reaction mixtures were obtained
if the crimson intermediate complex is reacted with other 2e-donor
ligands. Further reactions with Co, ButNC and tertiary phosphines
have resulted in the isolation of twelve more complexes. It is more
convenient to discuss these reactions first, and then to return to a
description of the transformation products of the intermediate comp | ex

A.

Reaction with carbon monoxide

Interaction of [RUB(CO)II(CNBut)] and [PT(n—C2H4)(PPh3)2] (molar
ratio 1:2) at -20° gave a crimson solution; passage of CO into the
solution for 30 minutes resulted in a colour change to orange-vel low.
Separation of the products by preparative t.l.c. gave several fractions.
The first, orange band was further separated into the known complex
ERUB(CO)II(PPhB)] (4) and [RuPTZ(CO)6(CNBut)(PPhB)] (5) (see Figure
3). The latter was characterised on the basis of elemental analyses

and from its spectra (see Experimental section), in particular, the
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mass spectrum, which contained a parent ion at m/e 1004, together with
fragment ions consistent with the presence of six CO groups (lost step-
wise), as well as ButNC and PPh3 Iigénds. As with many of the complexes
to be described, the molecular weight was confirmed osmometrically (fur-
ther indication that the mass soectrum is that of the complex, and not
of some product formed by pyrolysis in the mass spectrometer). A second,
red fraction was tentatively identified as the tetranuclear complex
[RUZPTZ(CO)g(CNBut)(PPh3)] (6) mainly from mass spectrometric data
(parent ion at m/e 1190, and appropriate fragment ions), and lH

n.m.r. spectra (which confirmed the ratio of tertiary phosphine

to isocyanide ligands). A possible structure for (6) is based

on an open "butterfly" RuZPT2 skeleton (see Figure 3), which re-

quires a fotal of 22 electrons to be donated by the ligands to

achieve the usual electron count. (In many related complexes,

the platinum atoms have an effective atomic number of [6). The

major product from this reaction, isolated in 35% yield, is
[RuP+2(CO)5(PPh3)3] (2), which has been described previously.?3

This compound is a yellow sofid, and was identified from its infra-

red and 1H n.m.r. spectra; the single-crystal X-ray structure has

also been determined (vide infra). A small amount of the complex
[RUZPT(CO)%(PPhS)Sj (1) (see Figure 3) is found in the fraction of

Rf 0.35; the analogous complex [RuzPi(CO)7(PMe2Ph)3] , also described
earlier,® has a very similar infra-red spectrum. One other slower-
moving fraction remains unidentified; it is also found in the room-
temperature "decomposition" products of complex A. In all of these
reactions, a dark brown product, which is soluble only in the more

polar solvents, and which has not yet been adequately purified, is

formed. It is likely that clusters of higher nuclearity remain in

this fraction.
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Reaction with t-butyl isocyanide

A similar reaction was carried out using [RuB(CO) (cNBu®)J and

I
[PT(n-CZH4)(PPh3)2] (molar ratio [:2.4) at -20°C; addition of ButNC
resulted in a change in colour of the solution to red, followed by a
slow precipitation of an orangé powder, which was identified as the
benzene solvate of [RuP+2(CO)4(CNBut)(PPh3)3] (7) (see Figure 3) by
elemental analysis and spectroscopic methods. On chromatography, tThe
mother |iquor gave only two fractions, one orange and containing more
(7), the other dark brown and remaining at the origin. There was some
evidence of decompesition on chromatography, to give material which
would not be removed from the adsorbent. Complex (7) is slightly air-

sensitive, and not surprisingly, solutions in CHCl, decompose over

3

several hours.

Another reaction in which excess ButNC was added to the crimson
intermediate gave a dark orange, rather air-sensitive material, which
was tentatively identified as the benzene solvate of
[RuZPT(CO)6(CNBut)3(PPhB)] (8) (see Figure 3) by elemental
analysis and from its !H n.m.r. spectrum. In neither case were

satisfactory mass spectra obtained.

Reaction with trimethylphosphine
Addition of PMe3 to the crimson solution obtained from

[Ru:,)(CO)H(CNBut)] and [Pt(n-C,H,) (PPhy),] (molar ratio 1:2.4)

oMy (PPhs

at -20° resulted in no apparent change in colour. Separation of

the products by preparative t.!.c. gave three complexes. The first

of these was identified as orange [RuZPT(CO)S(CNBut)(PMeB)PPhB)Bj (9)
(see Figure 3), obtained as a cyclohexane solvate, for which appropriate
analytical, osmometric and spectroscopic data are listed in the Experi-

mental section; the H n.m.r. spectrum confirms the presence of the

isocyanide and four tertiary phosphine ligands, as well as the cyclo-



199

hexane solvate molecule. The second fraction contained red
[RuB(CO)|O(PMe3)PPh3)] (10); the similarity between the infra-

red spectra of (10) and other [RUB(CO)IO(L)ZJ comp lexes, together
with the 'H n.m.r. spectra, which contained resonances consistent
with the presence of each tertiary phosphine |igand, confirms the
formulation proposed on the basis of the analytical results. Also
isolated from this reaction was [RuPTZ(CO)5(PPh3)3] (2), obtained

as a benzene solvate, as first revealed by the X-ray study (vide

infra).

Reaction with tri-p-tolylphosphine

The only complex identified out of the four fractions separated
from the reaction between the intermediate complex A and tri-p-
tolylphospine was [RuB(CO)IO(CNBut){P(C6H4Me-p)3}] (11), identified
by comparison with an authentic sample obtained directly from

t - 49
[RUB(CO)I (CNBu )] and P(C6H4Me p)3.

I
Reaction with trimethyl phosphite

The instantaneous reaction between complex A and trimethyl phos-
phite at -40° (indicated by an immediate change in colour on mixing
the reactants) afforded two RuPT2 complexes on workup. The first was
identified as [RuPTZ(CO)4(PPh3)B{P(OMe)S}] (12) (see Figure 3) by ana-
lytical and spectroscopic methods; the infra-red spectrum was markedly
simpler than those of the penta-, hexa- or hepta-carbonyl complexes,
containing only four v(CO) absorptions. A small amount of
[RuPTZ(CO)4(CNBut)(PPhB)Z{P(OMe)B}] (13) (see Figure 3) was obtained
as its toluene solvate; this was one of the few complexes which gave
a mass spectrum which contributed to deciding its formulation, rather
than being consistent with a previously proposed composifién. In ad-

dition to the parent ion (at m/e 1335), ions resulting from competitive
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loss of CNBut, P(OMe)3 and PPh3 ligands were present; in this instance
CO groups were seen to fragment from the resulting [RuPTz(CO)4]’ ion
at m/e 604. A third product from this reaction was the monosubstituted

[quB(cml I{F>(0Me)3}:| (14), identified by comparison with an authentic

samp le. >3

Thermal behaviour of the "crimson intermediate" (complex A)

The results described above showed that the crimson complex, ob-
tained initially from [RUS(CO)II(CNBut)] and [P+(n—C2H4)(PPh3)2], is
itself quite reactive, and affords further complexes on reaction with
2e-donor ligands such as CO, CNBut or tertiary phosphines. [f the two
reagent complexes were mixed together, a yellow solid slowly precipitated,
which was shown to be RgP’rz(CO)s(PPhB)3 (1). At -40°, a mixture of
[Ru3(CO)II(CNBut)] and [PT(n-CZH4)(PPh3)2] in toluene or tetrahydro-
furan is orange-red; on warming to -20°C, the solution takes on an
intense crimson colour. Examination by t.1.c. showed the formation
of this intermediate, which ran as one spot, was best achieved with
a Ru:Pt ratio of 3:2. The intermediate comp lex decomposes rapidly
above -10°, and is also air-sensitive; the nature of the products
obtained on warming to room temperature is discussed below. At low
temperatures (ca. -78°C), a deep crimson powder can be obtained by
sfowly distilling either isobutane or methylcyclohexane into a toluene
solution. On warming, the solid changes colour to dark red-orange,
and thus far suitable crystals for a structure determination have not

been obtained.

Extensive studies of the reaction products obtained on warming
the solution of the crimson intermediate, or by carrying out the re-
action at room temperature, have shown that there are about fourteen
different complexes formed, together with the usual dark brown material

left at the origin on a +.I.c. plate. Several of these are obtained in
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only low yield, and identification is necessarily tentative in some

cases. The usual combination of elemental analysis with spectroscopic

‘methods, and both osmometric and mass spectrometric molecular weight

determinations (all of which are detailed in the Experimental section),

are consistent with the identification (see Figure 3) of the following
products (in order of decreasing Rf values):

i) a rapidly moving orange fraction which could be further separated

into unreacted [RuB(CO)|I(CNBut)], [Rus(CO), | (PPh5)] (4) and

[RuPt,,(C0) (CNBU®) (PPh)] (5);

ii) a red band, shown to contain [RUB(CO)IO(CNBut)(PPhB)] (15) by
comparison with an authentic sample obtained from [RuB(CO)ll(CNBut)]
and PPhB;

iii) red [RUZPTZ(CO)g(CNBut)(PPhB)] (6), as found in the reaction with
CO;

iv) ERu2P+(CO)7(PPh3)3] (1);

v) [RuPTZ(CO) (PPh3)3] (2);

5
vi) seven other products obtained in yields ranging from |-4%.
While identical infra-red and 1H n.m.r. spectra were obtained for

similar fractions obtained from several experiments, no further

characterisation of these has yet proved possible.

It a mixture of [Ruz(CO) | (CNBu®] and [Pt(n-C,H,) (PPh) T is
heated overnight in benzene at reflux point, a dark brown solution
is formed, from which four fractions were obtained. None of these
contained the Ru2P+ complex (l) or the RuP'I'2 complex (2), although
one is probably [RuzPT(CO)5(CNBut)(PPh3)4] (16). Combined gnalyfical
and osmometric measurements are consistent with two of the products
being the hexanuclear complexes [RuzPT4(CO)5(CNBut)(PPh3)4] (17) and

t
[Ru2P+4(CO)4(CNBu )(PPh3)5] (18).
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Other reactions
In the hope of obtaining one or more hydrido complexes, we treated
the intermediate complex A with dihydrogen. The only product character-

ised was [RuPTZ(CO) (CNBut)(PPh3)2] (19) (see Figure 3), although other

5
comp lexes were shown as present by f.l.c.; some of these were unstable
at room temperature.

On reacting [RUB(CO) (CNBut)] with [PT{P(C6H4Me—p)3}4], the

I
toluene solution turned deep red at -17°, and workup afforded yellow
[RuPTZ(CO)4{P(C6H4Me-p)3}4] (20) (see Figure 3), which had an infra-
red spectrum similar to that of complex (7), as well as analytical

and H n.m.r. spectral data consistent with the proposed formulation.

The disubstituted complex [RuS(CO)lO{P(C6H4Me—p)3}2] (21) was also

isolated.

The benzene solvate of [RuPTZ(CO)5(CNBut)(PPh3)2] (19) was The
only complex isolated from the reaction between [RuB(CO)IO(CNBut)Zj
and [PT(n—CZH4)(PPh3)2]. The mother liquors were quite air-sensitive,

suggesting fthat the product(s) contained more than one CNBut Iigand.a*

The crimson complex A also reacted instantly with 002(00)8 or
FeZ(CO)9 to give a host of products, all in low yield. Though these
products all produced definite fragmentation patterns in the mass
spectrometer, difficulty in isolating pure samples by chromatography
prevented their characterisation. Cyclopentadiene also reacted with
the crimson intermediate fto give RuP+2(CO)4(PPh3)2(n—C5H5) (22) in 30%
yield. This compound is readily characterised on the basis of spectral
and analyfical data. No hydride resonances in the high field I n.m.r.
spectrum have been located thus far. The present formulation of (22)

suggests an odd-electron count for the cluster. Further studies are

in progress to verify this result.®!
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It is quite evident from the foregoing discussion that the re-
action between [Ru5(CO) | (CNBu®)] and [Pt(n=C,H,) (PPh;),] proceeds
much more rapidly than those described earl|ier between [Ru3(CO)|2]
and related plafiﬁum (0) complexes.3 In several cases the products
retain the isocyanide Iigand, but none have a complexed olefin |igand.
The initial reaction between these two comp lexes generates a érimson
material which appears to be the source of many of the other complexes
' have isolated. [*s subsequent reactions suggest that it is a new
member of the class of "unsaturated" metal clusters, reacting by addi-
tion of ligands, rather +than by substitution. Although not fully
characterised, this intermediate appears to be one species (by t.l.c.),
and subsequent reactivity suggests it is [RuP+2(00)4(PPh3)3]; The major
products of reactions with ligands, L, being the adducts
[RuP+2(00)4(PPh3)3<L)]:

[RuPt,(CO)5(PPh;) T (2)
Co

t
CNBu
[RuP+2<CO)4(PPh3)3]

[RQP+2(CO>4(CNBut>(PPh3)3] (7)
‘(OMe)S
[RuPTZ(CO)4{P(OMe)3}(PPh3)3] (12)
In several cases, the presence of excess ligand results in further re-
action to substitute either CO or PPhS, to give, for example,

[RuPTZ(CO)4(CNBut)B(PPhB)] with ButNC. As found in other instances,

isocyanide-rich clusters tend to be more air-sensitive.®

Several structures may be written for the intermediate. | suggest
that a triangular RuPT2 cluster is formed, containing a metal-metal
double bond; the intense colour of this comp lex suggests a stronger

metal-metal interaction than found in the Ru2P+ (yellow) or RuPt, (red)

2

complexes. One possible arrangement is shown in Figure 3(A).
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Evidence for further cluster disproportionation, over that re-
quired to form the RuP+2 complexes from Ru3 and Pt components, is
given by the isolation of the RUZPT complex (1) in reasonable yield,
particularly when CO is added to the reaction mixture. This type o%
redistribution reaction has a growing importance in cluster chemistry, 78
and the example of CoZRh2 complexes being formed in the reactions be-
tween [COSRh(CO)IZJ and P(OMe)355 also suggests that this reaction is
facilitated by the presence of free donor |igands. The complete break-
down of the cluster carbonyls, such as [RUB(CO)IZJ’ to mononuclear com-

plexes by reaction with excess CO or tertiary phosphines has, of course,

long been known.®

The spectroscopic data obtained is not sufficient to enable a
definitive characterisation of the trinuclear RuPT2 and RUZPT comp lexes,
insofar as the precise distribution of the various ligands on the differ-
ent metal atoms cannot be determined. However, the general similarity of
these complexes to (1), (2) and (3), of known structure, suggests that
they contain similar structural features. Thus, it seems reasonable to
suggest that complexes (7), (95, (12), (16) and (20) contain one triaryl-
phosphine figand attached to each metal atom, and that in comp lexes (8),
(13) and (19), the triarylphosphine ligand is attached to platinum. There
is no evidence for hydrogen-platinum coupling to the POMe resonance in the
I nom.r. spectra of (12) or (13), suggesting that the trimethylphosphite

ligand is attached to ruthenium.

The formation and structure of the tetranuclear cluster described
herein is, unfortunately, not yet corroborated by any structural
studies. However, the formation of tetranuclear 052P+2 clusters
is well documented.3%8:%5:2628  The apparent preference for "butter-

fly" structures found for homo- and hetero-metallic clusters containing

ptatinum,”8 Jeads me to suggest structure (6) for this complex. No
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high-field signals from metal-bonded protons were located in the lH
n.m.r. spectra of any of the complexes described above. Similarly,
the hexanuclear complexes (17) and (18), obtained from the reaction
carried out in benzene heated to reflux point, have been formulated
only on the basis of analytical and spectroscopic data. The proposed
formulations are consistedt with the presence of an octahedral Ru2P+4
core, which requires the associated 'igands to donate 20 electrons,
allowing the metal atoms to attain the usual I16e (Pt) or I8¢ (Ru)

configurations.

The Ru3 complexes isolated from these reactions apparently arise
by substitution of either CO or cNBu® in [RUB(CO)Il(CNBut)] by tertiary
phosphine. Previous work indicates that both reactions proceed com-
peﬂﬂvely.”9 The mono- and di-substituted complexes [RUB(CO)IZ—n(PRS)n]

]

(n =1 or 2) were also first isolated from reactions between [RUB(CO)IZ

and [P+<PR3)4].3 In a similar way, Rug(CO) , reacts with
[PT(n—C2H4)(PPh3)2] to yield the mono- and di-substituted complexes.
The more reactive platinum reagent used in the latter reaction reduces

the reaction time from | week [using PT(PR3)4]3 to only 25 min.

Crystal and Molecular Structure of [RuPtZ(CO)S(PPh3)3] (?)

An earlier structure determination of RuP+2(00)5(PMe2Ph)3 showed
the phosphine ligand attached to the Ru atom to lie normal to the
plane of themetal atom triangle.® _ This is in complete contrast to
the preferential equatorial substitution of phosphines on RUB(CO)IZ’SO
or with the equatorial ("in-plane") substitution of phosphite on the

3 51,52
Fe atom of FeP+2(CO)5[P(0Ph>3]3.

The molecular structure of [RUPTZ(CO)S(PPh3)3] (2) is shown in

Figure 4. The coordination disposition of the ligands about the RuPT2
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core in (2) is the same as in [RuPt,(CO)_(PMePh )3] (3).% The in-

2 5 2

creased bulk of the ligands in complex (2) results in diminished
distortions of the angular geometry about the RuPT2 core. In com-
plex (2) the angles P(3)-Ru-Pt(1,2) are all increased relative to
those of complex (3), indicating that the phosphine ligand lies out-

{ .
ward from the core of the molecule, as a consequence of the increased

steric effect (cone angle for PMe,Ph= 136° vs. cone angle for PPh, =

3
145°57 7,

The angular geometries about Pt(1,2) indicate that, in spite of
the lower coordination numbers of the platinum (cf. the ruthenium) the
increased steric crowding has a noticeable effect. Carbonyl (1) bridges
both pltatinum atoms symmetrically. - In complex (3), however,
differences in the angles P(1)-Pt(1)-C(l,3), P(2)-Pt(2)-C(],2) were
wheseas
minor,[in complex (2) they are pronounced, and of opposite disposition

on the two platinum atoms, P(l) lying toward carbonyl (1), while P(2)

is bent fowards carbonyl| (2).

The introduction of thebulkier |igand does have considerable con-
sequence, in terms of the |igand atom deviations from the molecular

48

plane. This is particularly so in respect of the bridgin& carbony |

groups (1,2), here seen to be considerably twisted out of the RuPT2
plane. The distortion of carbonyl (2) and carbonyl (1) is due to
interactions with phenyl moieties [attached to P(3) and P(2), respec-
tively]; these being bent out of the plane in the opposite direction.
Comparison of the RuPT2 triangle in both complexes also shows a small
increase in the Ru-Pt vector when PMePh2 in complex (3) is replaced by
the more bulky PPh3 in complex (2). The C-0 distances in the terminal

carbonyl groups are collectively shorter than their counterparts in

the bridging groups.
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EXPERIMENTAL

General experimental conditions

Spectroscopic instrumentation ﬁs as outlined in Chapter 1. A
nitrogen atmosphere was used routinely during the formation and re-
actions of the crimson intermediate, which were carried out in con-
ventional Schlenk tubes. Solvents were dried and distilled before
use, and solutions of reagents were degassed (freeze-thaw) before
mixing. Trimethylphosphine was used as obtained from Strem Chemicals
Co. (Danvers, Mass.). Literature methods were used to prepare
[Ru(CO),

tiq 58 t 58 _ 12
(CNBu )], [Ru3(co> (CNBu )2], [Pt(n CZH4)(PPh3)2]

[ 10
and [PT{P(C6H4Me-p)3}4] (by a method analogous to that used for

. _ : 59 .
[PT(PPh3)4], but using P(C6H4Me3 p)3 in place of PPh3). Reactions
were monitored by t.l.c. using Kieselgel G/HF254 (2:1) on microscope

slides. Preparative t.l.c. was carried out on 20x20 cm plates coated

with | mm thick Kieselgel 60G (Merck).

Reactions between fRu3(CO)H(CNBut’)] and [Pt(n-C2H4)(PPh3)2]

Several reactions were carried out fo investigate the effect of
variations in molar ratio, temperature and solvent. Three typical ex-
periments are given below:

f
(a) Molar ratio 1:1, benzene, room temperature
Solutions of [PT(n—C2H4)(PPh3)2] (230 mg, 0.31 mmo!) and

[RUS(CO) |(CNBut)] (210 mg, 0.3 mmol) in benzene (fotal volume,

|
50 ml) were mixed, and the colour changed to deep red within 5
seconds. After stirring at room temperature for 5 min., solvent
was removed in vacuo. The reaction product was chromatographed

on a preparative t.l.c. plate [3:7 acetone/light petroleum (b.p.
40-60°) developer]. Thirteen brightly-coloured bands were obtained,

which on further purification (t.l.c. and recrystallisation) afforded
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fifteen products. A summary of Rf, yield and identification is in-
cluded in Table |, and further details of analyses, spectroscopic

properties, etc., are given below.

(b) Molar ratio 1:2, tetrahydrofuran, -20°C
Solutions of [PT(n-CzH4)(PPh3)é] (300 mg, 0.4 mmol) and

[RUS(CO) (cNBu®)J (140 mg, 0.2 mmol) in tetrahydrofuran (total

[N
volume, 60 ml) were mixed at -40° to give a red-orange solution.

On warming to -20°, the colour changed to deep crimson within five
minutes; examination by t.l.c. showed the presence of only one frac-
Tion (Rf 0.5, 3:7 ETZO/cycIohexane). This solution was allowed to
warm up to room temperature, when examination by t.l.c. showed the

formation of a similar complex mixture of reaction products (Table

).

Attempts to isolate the crimson intermediate were made

i) by running the reaction in toluene solution at -20°, followed by
evaporation of solvent until solid material began to separate.
Cooling to =-78° afforded a deep crimson solid;

ii) a similar solid material was obtained by adding either isobutane
or methylcyclohexane to the cooled toluene solution. The prpducf
was thermally unstable, and decomposed rapidly to an orange éolid,

consisting of a mixture of products (vide infra).

(c) Molar ratio 3:5, benzene, 80°

A solution of [PT(n—CZH4)(PPh3)2] (305 mg, 0.41 mmol) in benzene

(20 ml) was added tfo [RUB(CO) I(CNBut)] (160 mg, 0.23 mmol) in benzene

I
(20 ml) and heated to reflux point. The resulting deep brown mixture was
heated at reflux point under nitrogen for 18 h. Preparative f.l.c.

(1:1 cyclohexane/diethyl ether) gave four bands, and some material

remained on the baseline. Three of these were identified as



i) yellow [RUZPT(CO)s(CNBut)(PPh3)4] (16) (37 mg, 8%), R, 0.8l

f
(Found: C - 59.1, H - 5.0, N-0.56%; 082H69N05P4PTRU2 requires
C-59.0, H- 4.2, N - 0.84%). Infra-red (C6H|2): V(CN) = 2155m;

V(CO) = 2061s, 2044(sh), 2000vs, 1977s, 1952m cmy H n.m.r.: 6§

[(CDB)ZCO] = 1.79s (9), CMeS; 7.40m (60), PPh

.. t
ii) brown [RUZPT4(CO)5(CNBU )(PPh3}4]' C6H6 P

0.49 (Found: C - 44.8, H - 3.45, N - 0.45%; M (acetone) - 2308;

3;
(17) (169 mg, 21%), R

082H69N05P4PT4Ru2° C6H6 requires C - 45.3, H - 3.25, N - 0.6%;

M - 233])., Infra-red (CgHg): VI(CN) = 2160m; v(CO) = 2060(sh),
2016(sh), 1995vs, 1967m, 1945m cm™s 1H n.m.r.: & [(CDB)ZCO] =

I.71s (9), CMeB; 7.89m (66), PPhB-kC6H6;

t
iii) brown [Ru2P+4(CO)4(CNBu )(PPh3)5] C6H (18) (88 mg, 10%), R

6 f
0.38 (Found: C - 48.9, H - 3.5, N - 0.4%; M (acetone) - 2585;

099H84NO4P5P?4RUZ' C6H6 requires C - 49.1, H - 3.5, N - 0.55%; M -

2567). Infra-red (C6H6): V(CN) = 2156m; v(CO) = 2036s, 1999(sh),

1995vs, 1972vs cm™y H n.m.r.: & [(CD3)2CO] = 1.70s (9), CMe 5 ;

7.56m (81), PPh + CoH,.
Characterisation and properties of products from reactions between
[Ru3(C0);(CNBu®)] and [Pt(n-C,H,) (PPh;),] (Table 1) =

Band (2a) : [RUB(CO)ll(CNBut)] - ldentified by comparison of

infra-red and mass spectra.

Band (2b): [RUPTZ(CO)6(CNBut)(PPhB)] (5) - Found: C - 34.61,

H - 3.30, N - 1.59%; u (methyl ethy| ketone) - 989; CgHy 4NOPPT R

requires: C - 34,66, H - 2.39, N - 1.39%; M -1004. Infra-red (C6H12):

V(CN) = 2166m; v(CO) = 206Im, 2014s, 1999(sh), 1810m cm: IH n.m.r.:

.
i

§ [(CDB)ZCO] = |.63s (9), CMeS; 7.37m (15), PPhB.
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Band (2¢): [Ru3<00) (PPhB)] (4) - iInfra-red (C6H ): v(CO) =

I 12"

2099m, 2046s, 2029(sh), 2025(sh), 2016s, 1996(sh), 1986m, 1970(sh),
1958(sh) cm? [literature®® values: 2097m, 2046s, 2030(sh),
2023(sh), 2014s, 1996(sh), 1986m, 1972(sh), 1960(sh) cm™ 7.

Band (3): [RuB(CO) (CNBut)(PPhB)] (15)'= Identified by analysis

10
(Found: C - 43,6, H - 2.85, N - 1.4; 033H24NOIOPRU3 requires: C -
42.7, H - 2.6, N - 1.5%) and by comparison with an authentic sample.™?

Band (4) : [RuZPTZ(CO)g(CNBut)(PPhB)] (6) - Tentative identifica-
tion only from mass spectrum (Found: M* at m/e - 1190, calculated
M - 1190); ions formed by loss of ButNC (m/e - 1108), stepwise loss
of nine CO groups (m/e - 1080, 1052, 1032, 1004, 976, 948, 920, 892,

864), and of PPh, (m/e - 602). Found: M (acetone), 1197. Infra-red

3

(C6H|2): V(CN) = 2166m; v(CO) = 2095vw, 2067s, 2046m, 2026vs, 1998vs,

1991(sh), 1981(sh), 1967s cm’ly lHn.m.r.: & (C6D6) = |.55s5 (9}, CMeS;

7.13m (157, PPhB.

Band (5): [RUZPT(CO)7(PPh3)3] (1) = m.p. 211-212.5°, identified
by analysis [Found: C - 53.3, H - 3.4, P - 6.6, Pt - 14.6%; M (butan-

2-one) - 1318; C6|H4507P3P+Ru2 requires: C - 53.1, H - 3.3, P - 6.7,

Pt - 14.14%; M - 1379]. Infra-red (C6H|2): v(CO) = 2025vs, 1965vs,

1952(sh), 1859w, 1797s, 1783(sh); H n.m.r.: &(C.D.) = 7.29m, PPh,.

The highest ion in the mass spectrum is at m/e - 912,

Band (6) : [RUPTZ(CO)S(PPh3)3] (2) - ldentified by analysis
(Found: C - 50.8, H - 3.2%, M (butan-2-one) - |444; 059H4505P3PT2RU
requires C - 50.0, H - 3.2%; M - 1417], mass spectrum (M* at m/e -
1418, loss of five CO groups at m/e - 1390, 1362, [334, 1306, and
1278, and loss of PPh3 at m/e - |1156), and by comparison with |itera-

ture values: m.p. 220-221° (literature3 value 220-221°). Infra-red
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(C6H|2): v(CO) = 2020s, 1953vs, 1848w, |791s, Cliteratured values
(C6H6) 2020s, 1948s, 1845w, 1788s cm™ ]; H n.m.r.: & (C6D6) = 7.42m,

PPh The identity of this complex was confirmed by the X-ray struc-

3

tural analysis (vide supra).
Bands (7)-(14) inclusive were not. identified.

Reactions of the crimson intermediate
(a) wWith CO
Toluene solutions of [RuB(CO)ll(CNBut)] (140 mg, 0.2 mmol, in 20
ml) and [PT(n—C2H4)(PPh3)2] (311 mg, 0.42 mmol, in 35 ml) were mixed
at -20° to form a solution of the crimson intermediate (within eight
min. verified by t.l.c.). Carbon monoxide was then bubbled through
this solution for 30 min., maintaining the ftemperature at -20°. During
this time, the colour of the solution changed siowly to yellow-orange.
Separation of the products by preparative t.l.c. (3:7 ETZO/cycIohexane
developer) gave the following products (in order of decreasing Rf):
i) an orange band, Rf 0.61 (86 mg, 19%), further separated into
[RUS(CO)II(PPhB)] (4) and [RquZ(CO)6(CNBut)(PPhB)] (5);
0.52 (36 mg, 8%);

i) [Ru,Pt (CO)Q(CNBut)(PPhB)] 6), R

2 f
i) [RuPTZ(CO)5(PPh3)3] (2), R,0.49 (158 mg, 35%);

iv) [RUZPT(CO) (PPh3)3] (1), R, 0.35, (45 mg, 10%).

7 f

Dark brown fractions at Rf 0.08 and remaining on the baseline amounted

to 91 mg (ca. 20%).

(b) With CNBut
The crimson intermediate, prepared from [RUB(CO)II(CNBut)] (98 mg,

0.14 mmol) and [Pt(n-C )(PPh3)2] (252 mg, 0.34 mmol) in toluene (47

24
ml) at -20° was treated with ButNC (15 mg, 0.18 mmol). Within five
mins., the colour changed to red, and an orange powder precipitated

over 3.5h. at -38°. Filtration afforded 94 mg of



TABLE | Reactions between Ru3(CO) (CNBut) and Pt(n-C.H )(PPhS)

Il 24 2
RuB(CO)II(CNBut) mg/mmo | 210/0.3 101/0.15 165/0.24 ~101/0.15
PT(n—C2H4)(PPh3)2 mg/mmo | 230/0.3 248/0.33 95/0.13 163/0.22
solvent (°C/min) C6H6(25°/5) C6H6(25°/30)C6H6(25°/I20)MeCya(25°/|20)

No. Colour Identity be mg % mg % mg % mg %

| yel low 0.80 4 6 2

2a orange Ru5(CO) |  (CNBu®) - 64 25

2b orange RuPTz(CO)6(CNBut)(PPh3) - 0.60° 101 23 44 | |7
2c orange | Ru3(CO)I'(PPh3)

3 red RuB(CO)lo(CNBut)(PPhB) 0.56 94 21 85 25 52 20 86 33
4 red RUZPTZ(CO)g(CNBut)(PPh3 0.53 58 13 50 14 29 bl 16 6
5 red RUZPT(CO)7(PPh3)3 0.51 27 6 54 16 13 5
5a green 0.51 16 6

6 yel low RuPTZ(CO)S(PPh3)3 0.49 44 10 50 19
7 dark brown 0.46 9 2 20 6 I 4

8 light brown 0.45 4 |

8a brown 0.43 I5 6

9 vel low 0.37 9 2

10 orange-red 0.33 17 4

|1 pale brown . 0.31 4 |

12 dark brown 0.24 14 3 25 7 3 !

I3 brown 0.08 24 9 16 6

14 dark brown 0.0 26 6 10 3 10 4 13 5

ameThyIcycIohexane "

bin 3.7 ETZO/cyclohexane

“This band was resolved into its components by further +.I.<:.(2a,Rf = 0.37; 2b, Rf = 0.30; 2c, Rf = 0.25; cyclohexane).
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[Rquz(CO)4(CNBut)(PPh3)3] -C6H6 (7). A further 67 mg were obtained
by t.l.c. of the mother liquor, from an orange band (Rf 0.75; 1:1
acetone/cyclohexane) (total yield, 62%). Found: C - 53.5, H - 3.8,

N - 1.1%; M (acetone) - 1492; C NO,P.Pt Ru requires C - 53.4,

69H6O 43
H- 3.9, N-0.9%; M - i550. Infra-red (CHZCIZ): V(CN) = 2147m;
v(CO) = 2012w, 1986m, 1979s(br), 1830s cm™. IH n.m.r.: § [(CbB)ZCO] =

[.54s (9), CMe,; 7.45m (51), PPh3-+C6H6. This complex is slightly air-

37

sensitive, and decomposes after several hours in chloroform solution.

Another experiment, in which the crimson intermediate from
[RuB(CO)II(CNBut)] (51 mg, 0.07 mmol) and [P+(n—CZH4)(PPh3)2] (124
mg, O.17 mmol) in toluene (25 ml) at -20° was treated with ButNC (70
mg, 0.84 mmol), gave a red solution, from which a pale orange-red pow-
der deposited over several hours. Filtration afforded a dark orange
powder (37 mg, 21%), which was purified by preparative t.l.c. (Rf 0.82,

3:2 acetone/cyciohexane) to give [Ru2P+(CO)6(CNBut)S(PPhBJJ *C (8)

6H6
[Found: C - 46.8, H - 4.5, N - 3,2, 0 - 9.65%; M (butan-2-one) - 1053;
C45H48N306PP+Ru2 requires C - 46.8, H - 4.2, N - 3.6, 0 - 9.7%; M -
1154]. Infra-red (CHZCIZ): V(CN) = 2168(sh), 2151(sh), 2147s; v(CO) =
2048(sh), 2035m, 2012(sh), 1979m, 1942vs, 1879w cml. H n.m.r.: &
[(CD3)ZCO]=I.545 27, CMeB; 7.45m (45), PPh3. As in the first exper-
iment, the dark brown material which remained on the baseline could

not be re-exfracted into any solvent.

(c) With PMe3
Solid [PT(n-C2H4)(PPh3)2] (253 mg, 0.34 mmol) was added to

[RUB(CO)II(CNBut)] (98 mg, 0.14 mmol) dissolved in toluene (50

ml) at -40°. After warming to -20°, PMe3 (1l mg, 0.15 mmol) was

distilled into the crimson solution. After 3 h., solvent was removed,

and the products were separated by preparative t.l.c. (3:7 acetone/

cyclohexane developer) to give the following fractions (in order of

decreasing Rf value):
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i) [RUZPT(CO)5(CNBut)(PMe )(PPh3)3] *C_H (9), Rf 0.59, orange (39:

3 612
mg, !1%) from cyclohexane. Found: C - 55.9, H - 6.25, N - 0.5%;

M (acetone) - 1590; C73H75NO5PaP+Rg2requiresC - 55.9, H - 4.8,

N -0.9%; M - |566. Infra-red (C6H|2): V(CN) = 2196w; v(CO) =

2042m, 2014s, 2000vs, 1993s, 1965m, 18!1iw cm™, H n.m.r.: &

(CDCIB) = 1.43br (12), C6H|2; [.72s (9}, CMe3; I.9Qd (9), PMe3;

7.45m (45), PPh3;

ii) [RUB(CO)|O(PM63)(PPh3)]. 05H|2 (10); Rf

from n-pentane. Found: C - 43.5, H - 3.6; 036H36OIOP2RUS re-

quires C - 43.5, H - 3.65%. Infra-red (CGHIZ): v(CO) = 2085w,

2060m, 2047(sh), 2037s, 2012vs, 2002(sh), 1996s, 1985(sh),

0.54, red (67 mg, 19%),

1968(sh) em™L. H n.m.r.: 6 (CDCIS) = 0.92 1.32m (12), CSHIZ;

2.21d (9), PMe.; 7.33m (15), PPhS;

3
i) [RquZ(CO)S(PPhB)S] * CHg (20, R
n-pentane. Found: C - 51.75, H - 3.8, ) - 7.1; C65H5|05P3PT2RU

requires C - 52.2, H - 3.4, 0 - 5.2%. The identity of this com-

0.52 (81 mg, 23%) from benzene/

plex was confirmed by the X-ray structural determination (vide
supra). The dark brown fractions (Rf 0.43 and baseline) afforded

88 mg (ca. 25%) unidentified material.

(d) with P(C6H4Me—p)3

Tri-p-tolyiphosphine (47 mg, 0.15 mmol) in toluene (10 ml)} cooled
to -40° was added to a solution of the crimson intermediate prepared
from [Ru(C0O), (CNBu®) (101 mg, 0.15 mmo!) and [P+(n-C,H,) (PPh,) ]
(163 mg, 0.22 mmol) and held at -40°. On warming to -25°, reaction
commenced; and was allowed to go to completion in 75 mins. (followed
by f.|.C.3. During this time, the colour of the solution lightened
to red. Filtration under nitrogen and workup by preparative t.!.c.

(3:7 diethyl ether/cyclohexane) afforded four fractions; the only one

identified was the major component, Rf 0.58, which afforded
|
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[RuB(CO)IO(CNBut){P(C6H4Me-p)3}] (1) as an orange-red solid (5| mg,
36%), identified by analysis (Found: C - 43.8, H - 3.5, N - [|.5;
CB6H30NOlOPRu3 requires C - 44.5, H - 3.1, N - |.4%) and by comparison

with an authentic sample.™?

(e) With P(OMe)3
The reaction of the crimson intermediate, prepared from

[RuB(CO)II(CNBut)] (102 mg, 0.15 mmol) and [PT(n—CZH4)(PPh3)2]
(250 mg, 0.33 mmoi) in toluene (25 ml), with trimethyl| phosphite
(50 mg, 0.4 mmol) occurred instantaneously at -40°. Isopentane
(15 ml) was distilled into the solution at -30°, to precipitate

a yellow solid, which was recrystallised (benzene/isopentane) to
give pure [RuPTZ(CO)4(PPh3)B{P(OMe)B}] (12) (63 mg) [Found: C -

48.4, H - 3.6, 0 - 6.5 ; M (acetone) - 1535; C6|H54O7P4PT2RU requires

C-48.4, H- 3.6, 0 - 7.4%; M - 1514). Infra-red (CH,Cl,): v(CO) =
2029s, 1998vs, 1961m, 1945(sh) cm™. H n.m.r.: & [(CDS)ZCO] = 3.64d

(97, P(OMe)B; 7.33m (45), PPhB. Preparative t.1.c. of the remaining

solution gave four bands, one of which (Rf 0.24) contained more of the
above complex (35 mg, total yield 15%). The first band was identified

as [Ru3<co>||{P<0Me>3}] (14) from its infra-red [(C6H|2: v(CO) =

2096w, 2031s, 2018m, 199(w, 1960vs cmt ], H n.m.r. [8 (CDCI,) = 3.63d,

3

Me] and mass spectra ([P]* at m/e - 737, and ions formed by stepwise

toss of eleven CO groups). The second, yellow-brown band (Rf 0.57)

t
af forded [RuP+2(CO)4(CNBu )(PPh3>2{P(OMe)3}]- CoHg (13) (29 mg, 5%)
on recrystalliisation from toluene/isopentane (Found: C - 47.6, H -

5.3, N - 0.5; C55H56NO7P3PT2RU requires C - 46.3, H - 3.9, N - [.0%).

Infra-red (CHZCIZ): v(CO) = 2010w, 199Im, 1981vs, 1945s, 1797w cm™.

IH nomor.: 8 [(CDS)ZCO] = |.42s (3), PhMe; 1.7ls (9), CMe,; 3.67d

3;
33 7.39m (38), PPh3-+PhMe. Mass spectrum: m/e - 1335

(P*), 1252 (CP-cNBut1*), 1211 (CP-P(OMe);1*), 1128 ([P—CNBut—P(OMe)3]+),

(9), P(OMe)



217

990 ([P—CNBut—PPh3]+), 866 ([P—CNBut—P(OMe) -PPhSJ*), 604 ([867-PPh3]*);

3
ions formed by stepwise loss of four CO groups from m/e -604 occur at

m/e - 576, 548, 520 and 492.

(f) With dihydrogen
Dihydrogen was bubbled through a solution of the crimson inter-

mediate {from [Ru3(00) (cnBu®)] (95 mg, 0.14 mmol) and [PT(n%CZH4)(PPh3)2]

Il
(159 mg, 0.22 mmol) in toluene (25 ml)} for 3 h. at -30°. After this time,
warming to -5° afforded an unstable yellow solid, which darkened at room
temperature. The remaining solution afforded two major products by pre-
parative t.l.c., one of which (Rf 0.58, 35:65 acetone/cyclohexane) was
shown to be [RuPTZ(CO)S(CNBut)(PPh3)2] (19) (65 mg, 17%) (Found: C -
44,7, H - 3.8, N = 1.1; C46H39N05P2P+2Ru requires C - 44.6, H - 3.2,

N - |1.1%). Spectral data were the same as found for the benzene sol-
vate of this complex isolated from the reaction between [RUB(CO)IO(CNBut)Zj

and [P+(n-c2H4)(PPh3)2] (vide infra).

(g) With cyclopentadiene

Cyclopentadiene, (35 mg, 0.53 mmol) was added to a solution of the
crimson intermediate prepared from RuB(CO)II(CNBut) (100 mg, 0.14 mmol),
and the mixture was stirred at -21° for 4 h. During this time a yellow
powder separated; filtration and recrystallisation (toluene/isopentane)

afforded RuPTZ(CO)4(PPh3)2(n-C5H5) 'C7H8 (22) (97 mg). [Found: C -

49.3, H - 4.3, N - 0.0, P - 4.9%; M (acetone) - 1210; Cg,H,50,P Pt Ru

requires C - 48.6, H - 3.5, N - 0.0, P - 4.8%; M - 1284]. Infra-red
(C6H

|2): v(CO) = 2029vs, 1958s, 18125, 1806 vs em™  IH n.m.r. 8

[(CDB)ZCO] = 1.39s (3), PhMe; 5.19s (5), C5H5; 7.35m (35), PPh3~+PhMe.

Workup of the remaining solution by preparative f.l.c. afforded seven
products, most of which were obtained in small yield (<10%) and not

identified. However; more of the above complex (22) was obtained from
|

a band with Rf 0.62 (29 mg, total yield 30%).
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Reaction between fRu3(C0)]](CNBut)] and [PL{P(CgH Me-p) 3l

A mixture of [RuS(CO) (CNBut)] (114 mg, 0.16 mmol) and

11
[PT{P(C6H4Me—p)3}4] (400 mg, 0.28 mmol) in toluene (25 ml) at

~40° was allowed to warm slowly. ‘AT -17°, a deep red colour
developed; the solution was kept at this temperature for 3 h.,

and then allowed to reach ambient temperature. Addition of isopentane
precipitated a yel low powder, which was recrystallised (benzene/
isopentane) togive pure [RuPTZ(CO)4{P(C6H4Me)3}4] (20) (134 mg,

27%4) [Found: C - 57.1, H - 4.5, 0 - 5.5%, M (acetone) - 1888;
C88H84O4P4PT2RU requires C - 58.1, H - 4.6, 0 - 3.5%; M - l,8197].

Infra-red (CH2C|2): v(CO)

n.m.r. § [(CDB)ZCO] = 1.35s (36), Me; 7.33m (48), C.H,. Preparative

2018vs, 1994s, 1978m, 1952m cm™. !H

t.1.c. (30% diethyl ether/cyclohexane) of the remaining solution af-
forded red [RuS(CO)IO{P(C6H4Me-p)3}2] (21) (Rg 0.72), tentatively
identified from its infra-red [(C6H|2): v(C0) = 2060w, 2046m,
2030(sh), 2022vs, 1990s, 1960s, 1950m cem™? ] and 4 on.m.r. spectra

L§ (CDCIB) 2.37s (9), Me; 7.25m (12), Phl.

Reaction between [Ru(C0);o(CNBU®),] and [Pt(n2-Cxt,) (PPhs) ]
A solution of [PT(n—CZH4)(PPh3)2] (163 mg, 0.22 mmo!) in toluene

(25 ml) was added fo [RUB(CO) (CNBut)zj (76 mg, 0.1 mmoi) in toluene

i0
(25 ml) at -50°. The mixture was stirred for 5 h. at -26°, when it was
dark red-brown, addition of isopentane (30 ml) gave a dark red precipi-

tate, which was filtered and recrystallised (benzene/isopentane) to give

[RuPTz(CO)5(CNBut)(PPh3)2] «C_H_ (19) (54 mg, 13%) [Found: C - 47.3,

66
H- 3.6, N- 1.1, O -7.7%; M (butan-2-one) - 1291; 052H45N05P2P+2Ru
requires C - 47.4, H - 3.4, N - |.1, 0 - 6.1%; M - 1316]. Infra-red
(C6H|2): V(CN) = 218Im; v(CO) = 2049m, 2035vs, 2004s, 1997s, 1994s(br)

-1 1 . . .
em™ Hn.m.r.: & [(CDB)ZCO] |.69s, (9), CMeB, 7.35m (36), PPhBi-C6H6.
This complex, and the remaining solution, were air-sensitive; no fractable

materials were obtained by preparative t.l.c.
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Reaction of Ru3(C0)]2 with [Pt(n-C2H4)(PPh3)2]

A mixture of Ru3(CO)|2

(240 mg, 0.32] mmol) in benzene (60 ml) was stirred for 24 min. under

(200 mg, 0.313 mmol) and [PT(ﬁ-CzH4)(PPh3)2]

nitrogen. The reaction was followed by t.1.c. The solvent was removed
in vacuo and preparative t.l.c. (30% diethy! ether:cyclohexane) separ-

ated six brightly coloured bands (in order of decreasing Rf):

i) orange RUS(CO)IZ’ R 0.96 (42 mg, 21%);

ii) red RUB(CO)II(PPh ), Rf 0.7! (48 mg, 18%);

3

(CO)IO(PPhB)Z’ Rf 0.56 (18 mg, 5%);

(PPh3)3] (1Y, R

iii) red-purple Ru3

iv) red [RUZPT(CO) 0.49 (42 mg, 10%);

7
v)  orange [RuPTZ(CO)

£

5(PPh3)3] (2), R, 0.40 (94 mg, 20%);

(The above five products were identified by comparison with authentic

samples).

vi) a pink uncharacterised band, Rf = 0.25. Infra-red (C6H|2):
v(CO) = 2105w, 2080w, 2058m, 2040sh, 2032m, 2019s, 1997m, 1992m,
1960vs, 1800vw cm™;

vii) a brown baseline.
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CHAPTER THREE

SYNTHESIS OF GROUP IB
PHOSPHINE ACETYLIDE COMPLEXES



225

INTRODUCTION
Many transition metal d-acetylide complexes are known, but little
of their chemistry has been investigated.!™™ The chief synthetic meth-
ods in preparing o-acetylide complexes are
i) oxidative addition of an acetylene to a metal comple><;5’6
ii) metathesis reaction of metal complexes with other metal acetylide

comple><es;7'9’55

iii) reactions between anionic metal complexes and halo—aceTylenes;10
iv) reaction of a metal halide complex in triethylamine solution with
a terminal acetylene and Cul as a caJralysT;11

v) deprotonation of isolated or non-isolated vinylidene comple><es.12"28

Alkynylgold (1) complexes’»8x29:3,3351-53,% have been known since
1866, when the explosive gold () acetylide was reporfed.'+9 Both the
copper and the silver acetylide complexes are also well known,3073537:38
Studies of these complexes indicate that they are polymeric, containing
metal-alkyne T bonds. Infra-red spectra show that the metal-alkyne T
bond is weak, and the polymers are easily broken down by addition of
other ligands.31,33,39"“”’50 In this way, the Group IB phosphine acety-
lide complexes were first prepared.al’%’39 For example, phenylethynyl
gold reacts directly with one equivalent of friphenylphosphine to form
Au(CZPh)PPh .3 An alternative preparative route involves cleavage of

3

a methylgold bond by aterminal alkyne Lequation (1)].45

AuMePPh3 + PhC=CH — Au(CZPh)PPh3 + CH4 )
Crystallographic studies of Cu(CZPh)PMeB”Iiand Ag(CZPh)PMeS“e re-
vealed that formally the structures are buiit up of [M(CZPh)ZJ' and
[M(PMe3)2]+ (M = Cu, Ag) units with the ethynyls, linking adjacent metal
atoms (see Figure |). Hence, the molecular formulae of these complexes

are best written as {[Cu(PMe3)2][Cu(CZPh)Zj}Z and {[Ag(PMe3>2][Ag(CZPh>2]}n.
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FIGURE |

STRUCTURES OF GROUP IB ACETYLIDES
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No comparable crystallographic studies have been made for analogous

gold complexes. However, an X-ray crystal lographic structure for
Au(CZPh)NHZCHMe2 (see Figure 1), shows that the gold atoms lie

in infinite zig-zag chains, extending along the direction of the

C axis. The gold-gold distances between the chains are 3.27 R.

The complex may be viewed as built from monomers with discrete

gold-gold contacts (Au-Au-Au angles of 153°). The NH2 groups appears to

be engaged in hydrogen bonding with the ethynyl group.*
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RESULTS AND DISCUSSION
The g-acetylide complexes M(CzR)PRB (M = Au, Ag, Cu) have been
optimally formed by one of three synthetic routes:

a) Reaction of MCIPR'3 (M = Au, Ag) with the approp}iafe terminal al-
kyne HC2R in di- or tri-ethylamine solution. The reaction com-
menced only after the addition of CuCl! as a catalyst. This sug-
gests the formation of a copper acetylide complex, which under-
goes a metathesis reaction with MCIPR% (M = Au, Ag). This syn-
thetic route allows the isolation of M(CZR)PRB (R = ary! ligand)
in optimum yield.

b) Reaction of MCIPR% (M = Au, Ag, Cu) with the appropriate terminal
alkyne HCZR in sodium methoxide solution. This synthetic route
allows the isolation of M(C2R)PR% (R = alkyl or ester ligand) in
optimum yield.

c) Reaction of MCIPR% (M=Au, Ag, Cu) with the appropriate terminal
alkyne, HCZR, in +he'presence of sodium hydroxide. This synthetic
route allows the isolation of M(CZR)PR'3 (R = alcohol ligand).

The basic medium used in reactions (a)-(c) was needed to act as a

proton "sponge.“ Ligand exchange reactions between phosphines and

M(CZR)PPh were unsuccessful.

3

An X-ray crystal structure of Au(CZC6F5)PPh3 (1) establishes the
complex to be monomeric (see Figure 2). The P-Au-C(]) =C(2)-C(3) chain
is almost linear, with only a slight distortion [P-Au-C(!) angle of
177.9° (3) and Au-C(1)=C(2) angle of 175.4° (10)] rising as a result
of crystal packing forces. No Au-Au interaction (>5.0R) is observed.
The simplicity of the observed structure is in complete contrast fo the

zwitterionic forms of copper and silver phosphine acetylide complexes

(Figure ).
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FIGURE 2

Au(CZC6F5)PPh3

Selected Bond Lengths (R) and Angles (°)

Au-P 2.274 (3)
Au=C(1) 1.993 (14)
C(1)-C(2) 1.197 (16)
C(2)-C(3) |.442 (20)
P-C(14) [.830 (7)
P-C(20) [.814 (6)
P-C(26) .836 (9)
C(1)=-Au-P 177.9 (3)
C(1)-C(2)-C(3) 178.4 (12)
C(2)-C(1)-Au 175.4 (10)
Au-P-C(14) [11.8 (2)
Au-P-C(20) 14,1 (3)

Au-P-C(26) 113.8 (3)
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The orbitals with a predominance of d orbital character for MPR3
(M = Au, Ag, Cu) fragments are filled, and the bonding characteristics
of these fragments are determined primarily by the degenerate pair of
metal Py and py orbitals.%® 8  The Py and py o}bifals for MPR3 M =
Cu, Ag) are of lower energy than those for AuPRB, and consequently can
accept additional electron density more effectively.® The hy(s-z) or-

bital, directed linearly away from the MPR, fragment, is responsible for

3
the two-coordinate nature of Au(l) compounds,>7»5960 and forms the

g . .
Au — C(1) bond in Au(CZC6F5)PPh3 (1) (Figure 2).

The phosphine gold, silver and copper acetylide complexes were
identified by their spectral and microanalytical data. All complexes
showed a characteristic v(C=C) absorption in the infra-red spectrum.
The v(C=C) band energy increases down the group (Cu<Ag<Au, Table 1),
and reflects the decreasing M XL C2R association (compare Figures | and
2), as the HOMO Py and py orbitals also increase in energy down the same
group. The complex, Au(CZPh)PPhB‘(IO), was identified by comparing itfs
spectral and physical data with |iterature values3? (see Experimental

section).
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EXPERIMENTAL
General experimental conditions have been described in Chapter I.

‘Although AuCIPPh, can be prepared by several synthetic routes, from a

3

variety of reagents,1770:72-8 the method of Kowala and Swan’}

was chosen
for its simplicity and yield. AgC|PPh3,8589 CuCIPPh368 and AuClSMe27h86’37
were prepared according to literature methods. Acetylenes were prepared

according to methods outlined in the literature.3!» 92

Preparation of AuC1PMe, (21)

The complex was prepared, with the following modifications, from a
literature preparation.®® Trimethylphosphine (918 mg, 12.06 mmol) was
distilled into a solution of chloroauric acid (2.000 gm, 5.886 mmol)
in ethano! (100 ml) at 0° and mixed for 2.5 h. under a nitrogen atmos-
phere. The initial orange solution slowly decolourised, resulting in
the formation of a white precipitate. The solvent was removed in vacuo,
the residue taken up in CHZCI2 (50 m!), and dried over anhydrous MgSO4.
After filtration (scintered glass; under nitrogen), the solvent was re-
duced fo half its volume, and diethyl ether (50 ml) was added. The re-

sulting precipitate of AuCIPMe, was recrystallised from acetone/methanol

3
to afford fine white needles (1.65 g, 91%), m.p. = 226-228° (literature:®°®
m.p. = 231-233°). lH n.m.r. 8 [(CDB)ZCO] = 1.96d, Jg, = 14 Hz. The
product is extremely light-sensitive, and exposure fto light should be
kept fo a minimum during The preparation. The product is also mildly

air-sensitive, but can be handled for brief periods in air.

Preparation of AuC][P(OMe)ZPh] (22)
A solufion of AuCISMe2 (160 mg, 0.543 mmol) and P(OMe)ZPh (95 mg,
0.558 mmol) in CHZCI2 (20 ml) was mixed at room temperature for .5 h.

The solvent was removed in vacuo, and the residue recrystallised from

CHZClz/n—penTane to give white AuCI[R(OMe)zPh] (22) (210 mg, 96%). IH
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n.m.r. ¢ (CDC|3) = 7.2im (5), P(OMe)ZPh, 3.11d (6), JPH = |3 Hz,
P(OMe)ZPh. Complex (22) could also be prepared in 69% yield by
adding P(OMe)ZPh to an ether solution containing chloroauric acid

and PCIB; a method similar to that used bleyhoIm and workers.%8

Preparation of AgCEC-CGF5 (23)

Silver nitrate (100 mg, 0.589 mmol) in a |:| concentrated ammoni?/
water solutlon (40 m!) was mixed with HCZC6F5 (120 mg, 0.625 mmol) in
ethanol (20 ml). Filtration of the white precipitate afforded AgCZC6F5

(23) (141 mg, 80%), identified by comparison with Iiterature data. ¥

Preparation of Group IB Phosphine Acetylides

The synthetic routes (a)-(c) (vide supra) were used. Some il-
lustrative examples of each synthetic route are given below. A com-
prehensive summary of the spectral and physical data, synthesis and

yields is given in Table I.

Synthetic Route (a)
Preparation of Au(C2C6F5)PPh3 (1)

A mixture of AuCIPPh3 (495 mg, 1.00 mmol) and HCZC6F5 (208 mg,
.08 mmol) in diethylamine (40 ml) was mixed under a nitrogen atmos-
phere. To this mixture was added a catalytic amount (<8 mg) of CuCl,
and stirring was maintained for 2.5 h. The solvent was then removed
in vacuo. Water (30 m!) was added to the residue, and the product
then extracted with benzene (3x30 ml). The resultant benzene solu-
tion was dried over MgSO4 overnight, filtered (paper), and the solvent
removed in vacuo. The resulting solid was washed with diethyl ether
(30 ml) and recrystallised from toluene/n-octane, to afford white

crystalline Au(CZC6F5)PPh (1) (419 mg, 64%).

3



TABLE | Group IB Phosphine Acetylides

Compound Synthesis® Yield m.p. Analytical data v(C=C) cml M* (mass IH n.m.r.
Found (calculated) (Nujol) spectrum) ) (CDCIB)
Au(C2C6F5)PPh3 (a) 64% 235-236° C - 48.04, H - 2.34% 2130 650 7.35m,PPh3
(1 (C - 48.02, H - 2.32%)
(d) 0%
Au(CzMe)PPh3 (a) 45% 173-175° C - 49.55, H - 3.45% 2130 498 7.49m (I5),PPh3
(2) (C - 50.62, H - 3.64%) I.10s (3),Me
S (b) . 77%
Cu(CzPh)PPh3 (d) 80% C - 73.39, H - 4.84% 2043 7.43m,PPh34-Ph
(3) (C - 73.14, H - 4.72%)
(b) 92%
Ag(CZPh)PPh3 (d) 52% C-66.14, H- 3.98% 2075 7.32m,PPh3-+Ph
(4) (C - 66.26, H - 4.27%)
(b) 95%
Au(CZCMeS)PPh3 (a) 67% 181-182° C - 52.32, H - 4.39% 2140 540 7.41m (|5),PPh3
(5) (C - 53.34, H - ﬁ.48%) 1.39s (9),CMe3
(b) 93%
(d) 0%
Au(CZCOZMe)PPh3 (b) 60% 239-240° C - 48.37, H - 3.21% 2100 542 7.50m (I5),PPh3
(6) (C - 48.72, H - 3.34%) 2.47s (3),002Me
(a) 0%
Au(CZCMeB)PMe3 (b) 81% 183-186° C - 30.79, H - 5.25% 2115 354 |.80d (9),PMe3,
(13) (C - 30.52, H - 5.12%) (Upy = 12 Hz)
| .39s (9),CMe3
Au(CzMe)PMe3 (b) 28% 123°(dec.). C - 22.90, H - 3.32% 2120 312 |.80d (9),PMe3,
(14) (C - 23.09, H - 3.87%) (JPH = |2 Hz)
I.10s (3),Me
Au(CzPh)P(OMe)ZPh (b) 68% 212-215° C - 40.19, H - 3.36% 2110 468 7.56m (IO),CZPhd-P(OMe)ZPh
(15) (C - 41.04, H - 3.44%) 3.06d §6),P(0Me)2Ph,
(JPH = |3 Hz)
Ag(CZC6F5)PPh3 (a) 92% C - 56.01, H - 3.40% 2097 7.49m,PPh3
(16) (C - 55.64, H - 2.69%)
(b) 87%
(d) 82%
Cu(CZC6F5)PPh3 (b) 87% C - 58.57, H - 2.70% 2064 , 7.48m,PPh3
(17) (C - 58.46, H - 2.50%)
Ag(CZPrn)PPh3 (b) 71% C - 62.85, H - 4.39% 2070 7.50m (I5),P15h3
(18) (C - 63.18, H - 5.07%) [.60-0.70m (I5),Prn
(a) 41%
Ag(C?_Me)PPh3 (b) 86% C-6I1.13, H- 4.04% 2072 7.39m (I5),PPh3
(19) (a) 2% (C - 61.64, H - 4.43%) 0.99s (3),Me
Cu(CZMeB)PPh3 (b) 62% C - 70.89, H - 5.58% 2055 7.40m (I5),PPh3
(20) (C - 70.83, H - 5.94%) |.55s (9),CMe3

2(a)-(c) refer to synthetic methods so designated in fext (Results and Discussion); (d) refers to the method of Coates
and Parkin (Reference 39).
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Preparation of Ag(C2C6F5)PPh3 (16)

A mixture of AgCIPPh, (250 mg, 0.616 mmol) and HC.C_F_ (13I mg,

3 276 5

0.680 mmol) in ftriethyl amine (28 ml) was mixed under a nitrogen at-
mosphere. To this mixture was added a catalytic amount (<8 mg) of
CuCl, and mixing was maintained for 6 h. The solvent was removed

in vacuo. Water (15 ml) was added to the residue, and the product
then extracted with benzene (4x25 ml). The resultant benzene solu-
tion was dried over MgSO4 overnight, filtered (paper), and the sofvent
removed in vacuo. The resulting solid was washed with a |:| mixture
of diethyl ether/n-pentane (30 ml), and recrystallised from CHZCIZ/
n-pentane. White crystalline Ag(C2C6F5)PPh3 (16) (318 mg, 92%).
Synthetic Route (b)

Preparation of Au(C2C02Me)PPh (6)

3
To a solution of AuCIPPh, (200 mg, 0.404 mmol) in methanol (45

3
mi), was added a small piece (50-75 mg) of sodium. After hydrogen
evolution had ceased, a solution containing HCZCOZMe (34 mg, 0.404
mmol) in methano! (1.5 m!) was added dropwise over 15 min. The re-
sultant mixture was stirred under a nitrogen atmosphere for 3 h. The
solvent was then removed in vacuo at 15°. The residue was recrystal-
lised from methanol/diethyl ether to give light-sensitive, micro-

crystalline Au(CZCOZMe)PPh (6) (131 mg, 60%). The product is un-

3

stable in chlorinated solvents, depositing colloidal gold.

Preparation of Cu(C2C6F5)PPh3 (17)

A mixture of CuCIPPh3 (500 mg, |.38 mmol) and HCZC6F5 (269 mg,
.40 mmol) in methanol (35 ml) was stirred under a nitrogen atmosphere.
To this mixture was added a small piece of sodium (50-75 mg) and, after
hydrogen evolution had ceased, the solution was again degassed under

nitrogen. Stirring was maintained for | h. The product precipitated

as yellow granules, and was collected by filtration (scintered glass).
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After washing with methanol (50 mi), water (20 ml), methanol (20 ml)
and diethyl ether (25 ml), the product was dried in vacuo for |7 h.,

to afford Cu(CZC6F )PPh3 (17) as a ye!llow powder (625 mg, 87%).

5
Synthetic Route (c)
Preparation of Au(CZCHZOH)PPh3 (9)

A mixture of AuCIPPh3 (100 mg, 0.202 mmol) and HCZCHZOH (15 mg,
0.224 mmol) in methanol (15 ml) was stirred under a nifrogen atmos-
phere. To this mixture was added, dropwise, a solution of KOH (80 mg,
.43 mmol) in warm methanol (50 mi, 40°). Addition was discontinued
on noticing the formation of a pale orange colour. Stirring was
maintained for an additional 0.5 h. The solvent was removed in
vacuo, and the residue extracted with toluene (25 ml). Slow dif~-

fusion of n-octane into this toluene solution afforded crystals of

Au(CZCHon)F’Ph3 (9) (56 mg, 54%).

Preparation of Au(C2CH2CH20H)PPh3 (8)

A mixture of AuCIPPh, (200 mg, 0.404 mmol) and HCZCH CH,OH (30 mg,

3 AN 7

0.428 mmol) in methanol (30 ml) was stirred under a nifrogen atmosphere.
To this mixture was added, dropwise, a solution of KOH (80 mg, 143 mmol)
in warm methano! (50 ml, 40°). Addition was discontinued on the first
appearance of a pale orange-red colour. Stirring was maintained for

an additional | h. The solvent was then removed in vacuo, and the

residue recrystallised from toluene/n-octane, to afford Au(CZCHZCHZOH)PPh3

(8) (89 mg, 42%).

Synthetic Route (d)

Preparation of Ag(C2C6F5)PPh3 (16)

A mixture of Ag(CZC6F5) (23) (14} mg, 0.738 mmol) and PPhB(I85 mg,

0.705 mmol) in ethanol (40 ml) was heated at reflux point for 30 min.

Dichloromethane (40 m!) was added to the cooled solution, the solution
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filtered (paper), and the volume reduced by half in vacuo. Filtration
(scintered glass) and washing with cold diethyl ether (8 ml) gave

Ag(CZC6F5)PPh3 (16) (243 mg, 92%).
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CHAPTER FOUR

SYNTHESIS AND REACTIVITY OF GROUP IB
PHOSPHINE ACETYLIDE COMPLEXES WITH Hy0s3(C0) ¢
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INTRODUCTION
The first complexes containing transition metal-gold bonds were

described twenty-one years ago.®

Since that time, the synthesis of
Group |B heterometallic complexes has increased to incorporate most of
the transition elements (see Table |: Appendix |). The early work of
Nyho!m and Lewis showed that stable gold-osmium clusters could be ob-
tained by oxidative addition of AuX(PRB) (X = halide, R = alkyl, aryl)

55,56,152 oyer the last three years, the

To osmium carbony! clusters.
number of heteronuclear metal clusters incorporating gold atoms in

the metal core has increased rapidly (see Table | and 2, following).!®3
The current interest in these compounds was facilitated by the recog-

nition that the AuPR L% with H.75155-158

3 moiety is isolobal
Lauher's demonstration that the Au(PPh;) moiety in AuCoBFe(CO)lz(PPh3)75

occupies a similar CoB-face—bridging position to that of H in

HCOBFe(CO)IZ,lsg"161 was quickly followed by structural studies with

other gold-containing clusters.”l - Likewise, the Au(PPhB) moiety is

seen to occupy an analogous edge-bridging position in AuRuB(CO)g(PPhB)—

(CZBut)lzs’126 to that of H in HRUB(CO)Q(CZBut).WZ’l63 Hydrogen bonds

To a fFénsiTion metal by using its Is orbital, while gold primarily

used its 6s orbital.l®* Gold forms polar bonds with fransition metal

anions, 29731

This is reflected in the carbonyl infra-red spectra, which
indicate that the electron density on the transifion metal tends to be
intermediate between that of the free anion and its hydride.152 I+

should be possible, then, to preparegold phosphine analogues of most

fransition-metal hydrides.

Heterometallic gold clusters have generally been synthesized by
one of four preparative methods (see Table 1):
i) Oxidative addition of AuXPR3 (X=halide) to a fransition metal

carbony! cluster.
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ii) Addition of AuXPR, (X = halide) to a cluster carbonyl anion in

3
the presence of TIPF6 (removes X~ from solution as TIX).
iii) Addition of AuPR3 to a hydrido-carbonyl cluster by displacement
of methane from the AuMePPh., reagent.

3
iv) Reaction of [(AuPPhB)BO]BF4 with cluster carbonyl anions, result-

ing in the incorporation of up to three AuPPh3 moieties into the
cluster framework.
Method (ii) is the most synthetically useful route for the introduction
ofanAuPR3 moiety to a carbonyl cluster, largely because the hetero-
metallic cluster is formed in near quantitative yields. Few cluster
anion precursors with three or more negative charges are known, al-

though three PR Au moieties can be added to the anions M(CO)43‘ M =

3
Mn,Re) 36 and V(CO) 37,3 to form AuM(CO) (PPhs) (M = Mn, Re, n = 4;
M=V, n=5). Recently, Stone’®8l has prepared several trigold metal
clusters from reactions between AuMePPh3 and cluster hydride precursors,
which proceed by elimination of methane. The number of AuPR, moieties

3

introduced thus depends on the number of metal bound hydrides in the

reagent cluster. A far more versatile reagent is [(AuPPhB)BO]BF4,165

which can be used as a vehicle for the introduction of up fo six166
gold atoms into metal cluster anions. Structural studies of the pcly-
gold clusters76s79-81,142,143,151 royea| that the isolobal analogy between
H and AuPR3 no longer exists for these complexes.

The observed geometries of gold heterometallic clusters can be
rationalised as follows. The first AuF’R:,> group occupies a position
analogous to that occupied by H in the corresponding cluster hydride.
This may be either edge-bridging or face-capping, and it is in this
case that the isolobal relationship between the H and AuPR3 moieties
is important. However, the second and third AuPR3 moieties occupy

face-capping sites, which develop the maximum number of tetrahedral

units with Au-Au edges. This resulfs from the necessity to maximise
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the interactions between p orbitals of neighbouring gold atoms, 15,167
which fThus play a steric role in developing the geometry of the result-
ing poly-gold clusters. These interactions are relatively weak, as
shown by the wide range of observed Au-Au separations,15! and also

by the ability of the Aun fragment to accommodate steric interactions

between peripheral |igands.1°!

Synthesis of silver heterometallic clusters is generally accom-
plished (Table 1) by the addition of Ag* (from AgN03ﬂh93 or AgBF4112)
to a cluster carbonyl anion. However, unlike gold heterometallic
clusters, there is a dearth of structural information on silver
heterometallic clusters. The only structurally characterised silver
heterometallic cluster, AgFe

+
(00)6(u—PPh2)[u—CHC(NHCH )C6H5] , shows

2 3

the silver atom to be coordinated to only two iron atoms.123,124

Heterometallic carbonyl clusters containing copper are generally
synthesized by reacting Cu(CNMe)4* or CuCIPPh3 with cluster carbonyl
anions (see Table 1). Recently, however, freatment of copper (I)
chloride with LiC.Me. in tetrahydrofuran gave a reagent which has

575

proved a useful source of the Cu(n-CSMeS) fragment in the synthesis

of heterometallic clusters.!37,168  structyural information on hetero-

metallic clusters containing copper is limited to five studies,89,12,130,138
121 138

and of these, only CuZRu6C(CO)I6(CNMe)2 and CuOleC(CO)24(NCMe)

contain carbony!l ligands. The recent upsurge of interest in this

field should provide further data on the bonding of not only copper,

but also silver, in heterometallic carbony! clusters.



TABLE | Heterometallic Clusters containing Copper, Silver or Gold

Group |B reagent Other reagent Product Heterometallic Yield Referencel(s)
Bond Lengthg
(average in A)

CuCR IFC1(CO) (PPh.R), Ir,Cu, (C,R) 4 (PPHR),
R = Ph R = Ph 2.870 61% 4, 5, 6
R = CgH,Me-p R = Ph 73% 4
R = CcH,F-p R = Ph 65% 4
R = C.Fs R = Ph : 63% 4
R = Ph R = Me 90% 4
R = CcFs R = Me 9% 4
= I 4
Cu(C,Ph) (PMePh.,) R = Ph : Ir,Cu, (C Ph) g (PMePh,), 7
CuCR RhCI (CO) (PPhR )., Rh,Cu, (C,R) g (PPh.R)
R = Ph R = Ph 749 4
R = CgH Me-p R = Ph 4% 4
R = CcH,F-p R = Ph 17% 4
R = CcFs R = Ph 40% 4
R = Ph R = Me 29% 4
R = C_H,Me-p R = Me 25% 4

64

9ve



Group IB reagent

AgNO3

Ag, (N.C, Hg)

Cu(NH3)2

AuCIPPh3

AuXPPh3

X = Cl,Br,!,SCN

5
(AuPPh3)2
AuCI[P(C6H4Me—p)3]

CuCIF‘Ph3

AuCIPPh3

AuCIF’Ph3

AuCIF’Ph3

AuCIPPh3

AuCIPPh3

Other reagent

COZ(CO)8

HZFe(CO)4

HZFe(CO)4

05(00)42‘

053(CO)|2

OSB(CO)|2

OSS(CO)IZ

NaCo(CO)B(PBu3

HOSB(CO)II /TIPF6

)

HOs (CO)|3 /TIPF6

4

HFeOsS(CO)13 /TIPF6

H3054(CO)|2'/T|PF6

H3Ru4(CO)Ié /TIPF6

Product

AgCo.,(C0)g * H,0

AgZFe(CO)4(N2C|2H8)

CuzFe(CO)4(NH3)2

Au OS(CO)4(PPh )

2 3°2
AUOSB(CO)IO(PPhB)X
AUZOSB(CO)IO(PPhB)ZSZ

AuOsB(CO)IO[P(C6H4Me—p)3]CI

CuCoZ{CO)6(PBu3)2(F’Ph3)2

HAUOSB(CO)IO(PRB) R=Et,Ph

HAuOs4(CO)|3(PR3) R=Et,Ph

HAuFeOs (CO)|3(PR

3 3

3

H,AuRu , (CO) 2(F’R

3 4 | 3

) R=Et,Ph
H AUOS4(CO)|2(PR3) R=ET, Ph

) R=E+,Ph

Heterometallic Yield
Bond Lengthg
(average in A)
65%
39%
54%(C1)
10%(Br)
8%(1)
2.761 7%(SCN)
4%
50%
2.755(Ph) 64%(R = Ph)
62%(R = Et)
2.777(ET) 60-65%
60-65%
2.793(ET) 45-50%
80%

Reference(s)

49,
49
49
54
55,
55,

55,

55,
55,
59

71,

71,
71,
71,

71,

51, 52

56
56
56

56, 71, 73

56

73, 17

82

82

82

82

Lve



Group |B reagent

AuCIPEt

AuMePPh

+ -
AuF’Ph3 NO3

PPhSAuM

AuCIPR3

(R=E*t,Ph)

AuCIPEt

[(AuPPhS}BO][BF4]

AuC|PPh

[(AuPPh3)30][BF4]
[(AuPPhB)BO][BF4]
[(AuPPh3)30][5F4J

[(AuPPhB)BO][BF4]

AuMePPh
AuMePPh
AuMePPh

AuMePPh

3

3

e

3

3

3

3

3

3

Other reagent

2- +
055(00)15 /H /TIPF6

H4Os4(CO)l2

FeCoB(CO)I2

HZOSB(CO)IO

HOSB(COIH'/TIPF6

053(00)I

PPN[CORUB(CO)IBJ
]

0(OET)Z/TIPF6

Na[CoRuB(CO)|3

HCoRuB(CO)|3

H3Ru4(CO)|2'

H3Ru4(CO)|2

H3Ru4(CO)|2

H4Ru4(CO)I2

H3Ru3(C0)9(u3—COMe)

H3Ru3(CO)9(u3—COMe)

H3Ru3(CO)9(U3_COMe)

Product

HAuOs5(CO)|5(PE+3)

H3AuOs4(CO)|

AuFeCo3(CO)|2(PPh3)

,(PR;) R=Ef,Ph

HAuOsB(CO) (PPhB)

10

AUZOSB(CO)IO(PRB)Z R=Ph,ET

AuOsB(CO)IO(PETB)(OET)

AUBCORUB(CO)iZ(PPhB}B

AuCoRuS(CO) (PPhB)

I3

HAUZCORUS(CO)lz

HBAURU4(CO}|2(PPh3)

H2Au2Ru4(CO)|2(PPh3)

HAUBRU4(CO)|2(F’Ph3)3

HAUSRU4(CO)|2(PPh3)3

HZAuRUS(CO)g(PPhS)(uB-COMe)

(PPh3)2

2

HAuRuB(CO)g(PPhB)Z(uB—COMe)

Au3Ru3(CO)9(PPhB}S(UB-COMe)

Heterometallic

Bond Lengthg
(average in A)

2.714

2.761

2.836

2.88|

2.880

2.745

2.844

40-60%

(R=Et) 80%

22%
55%

45%

10%

3%
5%
55%
27%
21%
12%

Yield

Referencel(s)

71, 82

71, 74

75

76, 117, 118

77

77

79

79

79

79, 80, 82
79, 80

79, 80

81

8l

8l

8l

8¥Z



Group [B reagent

AuCIPPh3

AuCIPR3

AuCIPR3

AuCIPRy

[AglPE+3]4
[CulPEt,],
CAu(PPh;), ICPF ]
[Au(PMe,Ph), J(PF ]

CuCI2

AgNO3

AgNOs

AgNO3
CuCl
CuCl
CuCl
AgBr

CuBr

Other reagent

Na[RuCoS(CO)lzj

2-
H2054(CO)l2

2_
Fe4(CO)13 /TIPF6/HBF4

HAuFe4C(CO)IZ(PRB)/NETB/HBF4

HRUB(CO)g(US-PPh)'

HRU3(CO)9(U3-PPh)

HRU3(C0)9(U3-PPh)

HRUS(CO)9

CSZWOSB/PPhB

Na[Cr(CO)B(n-05H5)]

(uB-PPh)'

Na[Mo(CO)3(n-C5H5)]

Na[W(CO)B(n-C5H5)]

Na[0r<c0)3(n-05H5]
Na[Mo(CO)B(n-CSHS)]
Na[W(CO)3(n-CSH5)]
Cu(NMe,Ph)

Ag(C6H4NMe-o)

Product

AURUCOS(CO)IZ(PPhB) 2.721

HZAUZOS4(CO)|2(PR3)2 R=ET,Ph 2.890

HAuFeAC(CO) Z(PRB) R=Et,Ph  2.867

AuzFe4C(CO)|2(PR3)2 R=Et,Ph 2.917

HAgRu3(CO)9(PE+3)(US—PPh)

HCuRuB(CO) (PE+3)(U3'PPh)

9
HAuRuB(CO)g(PETB)(uB—PPh)

HAuRuB(CO)g(PMeZPh)(uB—PPh) 2.1757

[CUSWSBCI(PPhB)BO] 2.738

¢ (N=CgHg), T
[AgMoz(C0)6(n-c5H5)2]'

[AgW.,(CO)  (n-CgH) 517

g (M-CoHg) T

2(00)6(n-65H5)2]‘

[CuWZ(CO)6(n—C5H5)2]'

AgZCu(NMeZPh)4Br

[AgCrZ(CO)

[CuCrZ(CO)

[CuMo

2

(C_H NMe-o0) Br2

Ag,Cu, (CeHy 4

Heterometallic
Bond Lengths

(average in R)

Yield

47%

90%

80%
90%
90%
90%
85%
85%
70%

80%

Reference(s)

84
85
86
86
87
87
87
87
89
93
93,
93,
93,
93
93,
104,

106

262
262

262

262

107,

108

174



Group 1B reagent

Cu(CF3SO )

3

Ag(CF50,)

AgBF4
Cu(NCMe)4+

Fad
AUB(PPh3)7

Cu(NCMe);l'+

AuCIPF’h3

AuCIPPh3

AgCIO4

AuCIPPh3

Cu(NCMe)"i+

Cu(NCMe)4+

CuCI2

Cu(CSMe5)

Cu(NCMe)4

Other reagent

Au(C6H NMe-o0)

4

Au(C6H4NMe-o)

. 2_
[N|9(CO)|8]

2-
Rh6C(CO)|5

Li[cO(c0)4]

2
Ru6C(CO)|6

RUSC(CO)|5

Ru5C(CO)'5

Fez(CO)6[u—CHC(NRR)(C6H5)](u—PPh2)

t. =
Ru3(CO)9(CzBu )

2..
[Fe5C(co>|4]

2_
[Fe4C(CO)|2]

CSZWS4/F’Ph3

ha(CO)Z(C5Me5)2

2_
OSIOC(CO)24

Product

Au_Cu

277476 4

Au,Ag, (CH,NMé-0) , (CF

[AgNi 4 (CO) | T
Cu,Rh,C(CO) - (NCVe),,

Au6C02(CO)8(PPh3)4

Cquu6C(CO)I6(NCMe)2

AuRu5C(CO)I5(PPh3)CI

AURUSC(CO)I4(PPh3)QI

AgFeZ(CO)6[uCHC(NRR)(C6H5)]— 2.694

—_— ,_
(UPPhZ) R=H, R-—CHS,

CH(CHB)Z’ C-C6H|I;

3

503)

C,H

25

t
AuRuB(CO)g(PPhS)(CZBu )

[CuFe5C(CO) 4(NCMe)]‘

[CuFe4C(CO) (NCMe) ™

12

[CUBWSBCI(PPhB)BS]

CuRhZ(CO)Z(n—CSMe5)3

CuOsIOC(CO)24(NCMe)

(C_H NMe-o)4(CF3503)2

2

’

R=F?=02H

Heterometallic Yield

Bond Lengthg

(average in A)
95%
91%
50%

2.660 70%

2.46

2.654 77%

2.798

2,742

R=H 85-92%

J =
R CH3

2.760 80%

2.717

2.637

Reference(s)

107, 108
108
Hi2
114
116
121
122
122

123, 124

125, 126
127-129
127-129
130
137

|38

0sZ



Group |B reagent

AuCIPPh3

AuC|PPh3

AuCIPF’h3

AgPPh3[05(cone)5]

CuCIF’Ph3

AuCIPPh3

AuCIPPh3

[(AuPPh3)3O]BF4
[(AuPPh3>30]BF4

AuCIPF’h3

[(AuPPh3)3O]BF4
AuC|PPh.

AuC|PPh3

AL]CIPPh3

AuCIPPh3

Other reagent

2_
OSIOC(CO)24
Ru6C(CO)I4(NO)2

RUS(CO)Q(PPhCHZPPhZ)

RuB(CO)g(PPhCH2

Ru3(CO)9(PPhCH2PPh2)'

RUB(CO)g(AsPhCH

PPhZ)

2AsPhZ)

RUB(CO)Q(PPhCHZCHZPPhZ)'

t,-
RUS(CO)Q(CZBU )

-5)2-
RU3(CO)9(U3 S)

HRU3(CO)9(U3-S) /TIPF6

RUS(CO)Q(CIZHlS)

t,-
HRUB(CO)g(UB—SBu ) /TIPF6

t.-
HRu3(CO)9(u3-SBu ) /TIPF6

_cm ty2-
Ru(CO)g (n=SBu™)2" /TIPFg

_ t,q-
FFe3<CO)9(u3-Hc NBu )]

Product

AuOSIOC(CO)24(PPh3)

AuRu6C(CO)i5(PPh3)(NO)

AuRuB(CO)g(PPhB)(PPhCHZPPhZ)

AgRu (CO)g(PPhB)(PPhCH

3 2

CuRuB(CO)g(PPh3

AuRuB(CO) (PPh3)~

9

(ASPhCHZAsth)

AuRuB(CO)g(PPhB)—
(PPhCHZCHZPPhZ)

t
AUZRUB(CO)Q(PPhB)Z(CZBU )

AUZRUB(CO)Q(PPhB)Z(UB-S)

HAuRuS(CO)g(PPhS)(UB—S)

Au5Ru; (COLG(PPh ) ((C H

t
AuRuB(CO)g(PPhS)(us-SBu )

)

t
HAuRuB(CO)g(PPhS)(MB—SBu )

t
Au2Ru3(CO)9(PPh3)(u3-SBu )

_ t
AuFeB(CO)g(PPhS)(UB—HC-NBu )

PPhZ)

)(PPhCHZPPhZ)

Heterometallic
Bond Lengthsg
(average in A)

2.816

2.908

Yield

74%
82%

81%

75%

10%

24%
19%
28%
19%

27%

63%

Reference(s)

|38

139

140

141

140

140

140

142

143

126

143

126

126

126

151

I6C



Group |B reagent

AuMePPh3

H2Re2(CO)8

Other reagent

Product

HAuRe(CO)g(PPhB)

Heterometallic
Bond Lengths
(average in R)

Yield

Reference(s)

265

AT



TABLE 2 Reactivity of Heterometallic Compounds Containing Copper Silver or Gold

Reagent -

Fez(CO)9

L= (PPh AsPhS,py)

3!
P(OPh)3

PPh,

P(OPh)3
Bipyridyl

PPh,

P(OPh)3 )

PEt,

PPhEt,

PPh, £t

CN™

AuMePPh3

Heterometal |l ic Reagent

lr20u4(CzR)8(PPh3)2

R=Ph

R=CyH,Me-p

AuMn(CO)B(PPhS)

AuMn(CO)5(PPh3)

AuFe(CO)B(NO)(PPhs)

AuFe(CO)S(NO)(PPhB)

AgCoz(CO)8

[AuCo(CO)4(C6F5)3]'

[AuCo(CO)A(C6F5)3]'

AuPT(PPh3)3(C6CI5)

AuPT(PPhS)S(C6CI5)

AuPT(PPh3)2(06CI5)

CuMoS4(NH4)

H AuOs4(CO)

3 (PPh3)

12

Product

IrzCu4Fe2(C2R)8(CO)8(PPh3)2

AuMn(CO)4(PPh3)L

AuMn(CO)4(PPh3)[P(OPh)3]

AuFe(CO)Z(NO)(PPh3)2

(NO)[P(OPh)3](PPh )

AufFe (CO) 3

2

AgCo(CO) ,(bipyridyl)

4

[AuCo(CO)S(C6F5)3(PPh3)]'

{AuCo(CO)S(C6F5)3[P(OPh)3]}’

Aqu(PPhB)Z(PETB)(C6Cl5)

AuP+(PPh3)2(PPhE+2)(C6CI5)

AuP‘r(PPhB)Z(PPhZE‘r)(C6CI5

[0uMos4(CN)]'

)

(Cu-Mo = 2.624 R)

H.Au 054(00)

AU, 2(PPh

| 3)2

Yield

63%
53%
30%
30%
80%
55%
88%
87%
72%
95%
95%

95%

Reference(s)

25
25, 26
43
43
49, 26l
63
63
67
67
67

70

71, 74

@



AuMePET3

[N(PPh3)2]CI

Co
cNBu®
heat
heat

AuClPPh3

AuCIPE‘f3

heat/CO
heat/CO

NET3

PPh,

heat
1,10 phen

W(CO)(n-C_H:)"~

55

(n-CSH5)'

3

W(CO)3

phen

H3Au054(CO)|2(PPh3)

HAUOSS(CO)IO(PPhS)

HAUOSS(CO)IO(PPhS)

HAuOsS(CO)|O(PE13)

HAuOs3(CO)Id(PR3)

HAuOs (CO)IO(PR3)

3

AUOSB(W)II(PPhS)_

AuOsS(CO)Il(PE+3)'

Au,0s (CO)”(PPhB)2

2773

AUZOSS(CO)”(PETS)2

Au2053(CO)H(PE‘r3)2

AUZOSS(CO)II(PE+3)2

HAuOs3(CO)'O(PR3)

[Cucr(CO)S(n-CSHS)]n

[AgMo(co>3<n-c5H5)]n

[CuMo(CO) (n-CSHs)]n

T

3
[CuMz(C0)6(n-C5H5)2
(M = Cr,Mo,W)

H2Au2054(C0)IZ(PETS)(PPhS)

[H2Au056(CO)ZO][N(PPh3)2]
(Average Au-0Os = 2.808 3
| (PPh)
(cNBu®) (PPh

HAuOs3(CO)'

HAuOs 5 (CO) | )

3 0 3

HyAuOs,(CO) |, (PRy); R=Ph,Et 1%

HAuOsS(CO)|5(PR3); R=Ph,Et 8%

AUZOSS(CO)”(PPh3)2

AUZOSB(CO)Il(PE+3)2

Au2053(CO)IO(PPh3)2

AUZOSS(CO)IO(PE*B)2 '

Au2053(CO)|0(NE1'3)(PET3)2

AUZOSB(CO)IO(PETS)Z(PPhS)

HAuOsS(CO) (PR,); R=Ph,Et 21-24%

53

[CuCr(C0) 4 (n-C.H.) (phen)] 50%

5H5
(n—CSH

3
[AgMoW(CO) 5) o1
[CuMoW(CO)6(n-C5H5)2]'

(n-C.H:), (phen) T 95%

[CuMz(CO) 5Hs )5

6

71,

71,

71,
71
71,
71,
77,
77,
77
77
77
77
82
93
93
93

93

74

88

77

82

82

78



phen

phen

phen, biby

r~
]

-
n

phen, bipy

]

L = phen, bipy

dppe

PPh

KCN

E+,0 ¢ BF

KSPh

KSPh

[CuMos

[AgM(CO)3(n—CSH5)]n
(M = Cr,Mo,W)
[CuM(CO)3(n—C5H5)]n
(M = Cr,Mo,W)

[MCo(CO)Ajn

(M = Ag,Cu)

t
MCo(CO)3(PBu3)
(M = Ag,Cu)

AgFe(CO)ZEP(OPh)3](NO)
t
3)
(n—C5H5)2]

AgCo (CO) 5 (PBu
[oum, (co)
(M = Cr,Mo, W)

[MMo,, (CO)  (N-CcH ), T

(M = Cu,Ag)

" [AgM, (CO) (n-CgHy) T

4(CN)]2'/MeCN

2=
[Cu2M054(CN)2] /MeCN

CAgM(CO) (n-C5H5)(phen)]n

3

[CuM(CO)S(n—C5H5)(phen)]n

MCo(CO)4L

MCo (CO) . (PBu)L

3 3

AgFe(CO)ZEP(OPh)BJ(NO)L

AgCo(CO)3(PBu§)(dppe)

[ (PPh Cu][CuM2<co>6<n-c

34
[Mo (C0) (n-C,H:)]

[AGM(CO)5(n-CcHg )1

[CuMoS, (SPh)J2-

4
(Cu-Mo = 2.636 R)

2_
[CUZMOS (SPh)2]

4
(Cu-Mo = 2.632 R)

95%

95%

70%

100%

60%

45%

50%

93

93

93

93

93

93

93

93

93

98

98

¢



KSPh~

HBF

Standing in soln.

[Cu2M054(PPh3)3]/MeCN

AuFe(n-C.H.) (n-C_H,R) (PPh,)

55 53 3
(R = H,C1,0CHs, CH,NMe,)
Ag WS, (PPh,Me),

2...
[Cu2M054(SPh)2]

AUZFe(n-CSHS)(n-CSHBR)(PPhS)Z

(Au-Fe = 2.82 A

Ag W, Sg(PPh M),

(Ag-W = 3.002 R)

60%

96%

22%

98

109-111, 263, 264

1o,

120
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RESULTS AND DISCUSSION
Preliminary Remarks

In triosmium cluster chemistry, the addition reactions of HZOSB(CO)IO

with a wide range of nucleophiles (related to the formal unsaturationl®?:170

of The hydrido-bridged 0s=0s bond!71s172 ) has been of enormous synthetic

177-179

utility.}”  The reaction of H,0s3(CO) o with ethylenel™ 17 or acetylene

|10
gives the product HOSS(CO)IO(US_C:CHZ) (Scheme 1). The vinylidene compliex
H,085(C0) | o (u;-C=CH,) is formed by pyrolysis of HOsB(CO)IO(u—CH=CH2).175
Further reaction of the complex HOSS(CO)'O(u—CH=CH2) with acetylenel?%l75,178
leads to a complex mixture, the major component being OsB(CO)IO(u3—0H=CH)
(Scheme |). A minor product isolated from this mixture is the metalo-
cycle 053(00)9(C4H4), containing two coupled acetylene molecules. The

structure of the analogous complex, OSB(CO)Q(C4Ph4), has been determined

by an X-ray crystallographic study.!80 The symmetric saturated ethyti-
dyne complex HBOSB(CO)g(u3—CCH3) is formed by

: i 181,182

i)  hydrogenation of HZOSB(CO)9(CCH2) or

11) hydrogenation of OsB(CO)lo(u3—0H=CH) via the intermediate

- 183
HOS3(CO)9(U3 CZH).

Reactions of HZOSB(CO)IO with substituted acetylenes (or substi-

tuted alkenes) have produced a whole series of complexes related fo
those shown in Scheme |, together with some interesting new ones . 184-187
With substituted alkynes, HZOSS(CO)IO affords bridging vinyl comptexes
HOSB(CO)IO(u-CRCHﬁ) (see Figure 1), and although four isomeric fypes
are possible, only one is observed.1’® Further reactlion of

HOSS(CO) (u-CRCHR) (R = H, R = Me) leads to increased formation

0

of 0s5(C0) | ,(ug-CRCR) (see Figure 1).17%¥5 Heating HOs 5 (CO) (u-CRCHR)

10

results in decarbonylation and removal of hydrogen from the ligand to

give H,055(C0O)y (u;~CCRR) and H,0s (CO)9(u3-CRCH) (see Figure 1).173

2 9 3



SCHEME |

QSS(CO)IZ + C2H4
25°
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The electron deficient complex, HZOSB(CO)IO’ has also proven a
useful precursor in forming heteronuclear clusters.’6,188-198 o oy -

ample, the complex AuMePPh3 reacts with HZOSB(CO) to give the un-

10
saturated product HAuOsB(CO)lo(PPh ),7® which can reversibly add CO

37,
to form HAuOsB(CO),l(PPhS).71fﬂ Heteronuclear clusters provide a new
aspect of reactivity in cluster chemistry with potential interaction
at each metal centre. For the gold complexes, two of the p orbitals
in the valence shell still remain unoccupied, the gold utilising an

sp hybrid bonding mode.!® Hence, these empty p orbitals are a poten-
tial point of attack for nucleophiles. Johnson and Lewis, note, how-

ever, that many of the wide range of reactions observed for H OSB(CO) with

2 10’

acefylenes, alkenes, azides and diazocompounds, do not seem to occur
with the gold compiexes HAUOSB(CO)IO(PRB) or HAUOSB(CO)II(PRB)’ even

: H P 71,199,200
Though HAUOSS(CO)IO(PRB)’ I ike HZOSS(CO)IO’ is electron deficient.

The gold phosphine acetylide complexes, Au(CZR)PRé, are isolobal
wiTh HCZR.155 Similarly, the isoiobal concept can be extended to the
analogous copper and silver complexes, M(CZR)PR% (M = Ag, Cu), Though the
Py and py orbitals of the copper and silver moieties are of lower energy
than those of gold,!%® and, consequently, the resulting additional bond-
ing interactions can cause structural variations201222 (see also Chapter
3). It was, therefore, of some interest to investigate the reactivity
of M(CZR)PRS (M = Au,Ag,Cu) with HZOSB(CO)IO’ and determine the extent

of the isolobal analogy.

Reactions of H2053(CO)]0 with M(C PPh

2C675)PPh3
- o .
In toluene at -1(1°, HZOSB(CO)IO and Au(CZC6F5)PPh3 reacted rapidly
to give AuOsB(CO)lO(PPhB)(u—nZ—CHCHC6F5) (1) in quantitative yield.
The structure of (1) has been determined by X-ray diffraction, and

is shown in Figure 2 (see also Table 3).
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FIGURE 2
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TABLE 3 Selected Bond Lengths and Angles

2
AuOs3(CCp10(PPh3)(u n CHCHC6F5)

Au(l1)-0s(1) 2.766(1)
Au(1)-0s(2) 2.777¢1)
O0s(1)-0s(2) 2.894(1)
Os(1)-0s(3) 2.922(1)
0s(2)-0s(3) 2.054(1)
Au-P . 2.315(2)
0s(2)-C(11) 2.133(8)
Os([)=CCl1) 2.276(6)
Os(1)-C(12) 2.403(7)
ClI2)-C(13) .488(12)
P-C(24) .823(6)
P-C(30) .807(6)
P-C(36) 1.809(6)
CO Ligands
0s-C (eq.) 1.908 (ave.
C-0 (eq.) I.139 (ave.
Os-C (ax.) 1.915 (ave.
C-0 (ax.) I.143 (ave.
Angles

0s(2)~Au-0s (1) 63.0(1)
0s(2)-0s(1)-Au 58.7(1)
0s(3)-0s(1)-Au 97.7(1)
0s(1)-0s(2)-Au 58.3(1)
0s(3)-0s(2)-Au 99.0(1)
0s(3)=-0s(1)-C(11) 80.3(2)
0s(3)=-0s(1)-C(12) 114.9(2)
0s(3)=-0s(2)-C(II1)  84.2(2)
0s(2)-0s(1)=-C(11)  46.9(2)
Os(1)-C(11)-0s(2) 82.0(3)
0s(2)-0s(1)-C(12)  70.5(2)
Os(1)=0s(2)-CC(I1)  51.1(2)
Os(1)-C(12)-C(11) 67.8(4)
0s(2)-C(11)-C(12) 120.3(6)

259

2
AuOS3(CO)10(PPh3)(U n“—-CHCHPh)

Au(1)-0s(1)
Au(1)-0s(2)
Os(1)-0s(2)
0s(1)-0s(3)
0s(2)-0s(3)
Au-P
0s(2)-Ci )
Os(1)=C(H1)
Os(1)-C(12)
C(12)-C(13)
P-C(24)
P-C(30)
P-C(36)

CO Ligands

0s-C (eq.)
C-0 (eq.)
Os-C (ax.)
C-0 (ax.)

Angles
0s(2)-Au-0s (1)
0s(2)-0s(1)-Au
0s(3)-0s(1)-Au
Os(1)-0s(2)-Au
0s(3)-0s(2)~Au
0s(3)=-0s(1)-C(11)
O0s(3)-0s(1)-C(12)
0s(3)=-0s(2)-C(11)
0s(2)-0s(1)-C(I1)
Os(1)-C(11)-0s(2)
0s(2)-0s(1)-C(12)
0s(1)=0s(2)-CCI1)
Os(1)=-CCi2)-C(I1)
0s(2)-C(11)-C(12)

.738(1)
.795(1)
.882(1)
.924(1)
.864(1)
.307(4)
107(15)
.251(14)
.448(16)
1.393(24)
[.800(13)
1.809(9)
[.812(10)

NN N N NN N NN

[.907 (ave.
I.134 (ave.
1.918 (ave.
.144 (ave.

62.8(1)
59.6(1)
100.0C1)
57.7(1)
100.1C1)
78.6(4)
[12.7(4)
82.2(5)
46.5(4)
82.7(5)
70.6(4)
50.8(4)
65.2(9)
123.3(10)
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The PLUTO plot (Figure 2) shows that the meta! framework approxi-
mates a nido?327 bytterfly configuration with Au and Os(3) on the
wing tips and with Os(l) and Os(2) as the hinge atoms. The dihedral
angle between the wings is 98.3°. The alkyne is coordinated as a
u-n?-ligand on the opposite side of the plane (formed by the three
osmium atoms) to that of the AuPPh3 moiety. The C(I1)-C(12) bond
has double bond character (I.396R), with the C6F5 group located on
C(12) trans to 0s(2). Although not located directly, the structural
parameters support the trans addition of the bridging hydrides, as-
sociated with the 0s=0s bond in HZOSB(CO)IO (see Figure | and Table
3), to the acetylide moiety. |+ is apparent that the gold-acetylide
bond has been cleaved, leaving the acetylide to bond in a o+ T manner

across an 0s-0s bond. The AuPF’h3 fragment then bridges this same

0s-0s bond.

The trans addition of the two hydride ligands across the C=C
bond is unusual, as cis addition of dihydrogen is observed when un-

saturated organic moieties are hydrogenated on metal surfaces or clus-

228-231

ters. The bridging vinyl complex, HOSB(CO)lo(u—nZ—CRCH?) (Figure

), formed when HZOSS(CO)IO reacts with substituted alkynes;dis similar

to (1). Complex (1) is structurally analogous to the bridging vinyl
comp lex HOSB(CO)IO(u—nZ—CRCHH), where the AuPPh3 moiety is replaced
by the isclobal metal hydride. Ffrom this perspective, the reactivity

of Au(CZC6F5)PF’h3 with HZOSS(CO)IO

HCZC6H5 with HZOSB(CO)IO' (Reaction products ifllustrated in Figure

|.) The high electronegativity of gold,?3 concomitant with its in-

is similar to the reactivity of

complete valency shell, favours the formation of the gold-metal bonds.”!

The formation of (1) can be understood in terms of (a) the pro-

pensity of gold to form heterometallic bonds, and (b) the presence of
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an unsaturated organic moiety, able to accommodate two hydrogens from

the electron deficient H2053(CO)lO reagent.

The 1H n.m.r. spectrum of (1) confirms the existence of the trans

isomer in solution (8§ = 1.37d, J = {4 Hz, CH = CH*C6F5;

J = 14 Hz, CH* = CHC6F5). The 13C n.m.r. spectrum at room temperature

§ = 4.43d,

shows ten distinct carbonyl resonances (Table 5), indicating that the
complex is not fluxional. The alkene carbons were coupled to the trans

§ = 100.8d, J = 43

= = = *
hydrogens (8§ = 108.8d J,, » = 41 Hz, CH = C*HCF H-C

6 5’
* =
Hz, C*H = CHC/Fg).

In toluene below 0°, Ag(CZC6F5)PPh3 or Cu(0206F5)PPh3 react with
the electron deficient complex HZOSB(CO)IO to form
AgOs 5 (CO) | o (PPh;) (u-n?-CHCHC F5) (2) and CuOsB(CO)'O(PPhB)(u-nz—CHCHC6F5)
(3), respectively. The copper (3) and silver (2) heterometallic products
showed similar spectral characteristics to (I) (see Tables 4 and 5).
However, in both (2) and (3) the carbonyl |igands were completely fluxion-
al at room temperature. The positions and relative intensities of the
v(CO) absorptions show a close correspondence for (1), (2) and (3). The
high energy v(CO) band (ca. 2100-2087 cm? ) is lowered as follows:
Cu>Ag >Au (see Table 4). A weak v(C=C) absorption was also found

in all derivatives, suggesting that the molecular structures of (2)

and (3) are similar to (1).

Reactions of H20$3(CO)10 with M(C2Ph)PR3
The reactions aof Group IB phosphine phenyl acetylide complexes
|o Were not as specific as those of M(CZC6F5)PPh3. A

host of products is produced, even at low temperatures. Complexes

with HZOSS(CO)

of the following Tyﬁes were isolated: HMOSB(CO)IO(PRB)’

MOs(C0) | o (PR) (u-n2-CHCHPh), MOs(CO) g (PRy) (u=n?~CHCH Ph),
i

[ 3



TABLE 4 Comparative IR Spectral Data for MOSB(CO)IO(PRB)(u—nZ—CHCHR')

Compound

M= Au,

M= Au,

M= Au,

M= Ag,

M= Ag,

M= Cu,

M= Cu,

R=H

R=F

R=H

R=F

R=H

2094s

2087m

2090m

2097w

2096w

2099w

2100w

2072m

2068m

2070m

2078w

2070m

2076s

207tm

2063m

2058s

2060s

2063vs

2055s

2063sh

2059s

2040vs

2045vs

2047s

2046vs

2055vs

2048vs

2037vs

2040vs

2041 vs

2033m

2037vs

2033vs

2040vs

2017vs

2017m

2020m

2013m

2018s

2018s

2020s

V(CO) - cyclohexane solution (cm™l )

1992s

1998s

1999s

1998m

2006s

2003s

2005s

1987s

1985s

1989s

1996sh

1985m

1996sh

1971s

1971sh

1979m

1979m

1977m

1980m

1960s

[960m

1963m

1958m

1961m

1948vw

1966sh

v(C=C)

1618w

1604w

1610w

1602w

1615w

1608w

1621w

A I4



TABLE 5 Comparative NMR spectra in [(CDS)ZCO]

Compound IH n.m.r. (8 p.p.m.)€ 13¢ n.m.r. (8 p.p.m.)

2. = * * * * = * * — 0% % =
MOs3(CO)'0(PR3)(u n2-CHCHR) CH=CH C6R'5 PR /cﬁR’5 CH CHC6R'5 co Cq R'5 CH=C C6R’5 C*H CHC6R'5
M=Au, R=Ph, R=F 8.63d (1)  7.5Im (15) 5.57d (1) a,d 130.8m3€ 108.8d% 100.8d%

() J=14 Hz J =14 Hz J =41 Hz J =43 Hz
M=Au, R=Ph, R=H b 7.61m (21) 5.27d (1) 176.5s 131, 1m° 101.2s 92.4s
(5) J=14 Hz
M=Au, R=Me, R=H b 7.55m (6)/ 5.101d (1)
(n 8.31d (9) with J=13 Hz

J(P-H) =12 Hz

M=Ag, R=Ph, R=F 8.42d (1)  7.35m (15) 5.51d (1) 176.7s 130.5m° 109.9s 104. s
(2) J=14.5 Hz J=14.2 Hz

M=Ag, R=Ph, R=H 7.91d (1) 7.48m (20) 5.38d (1) 174.7s 132.4m° 122.0s 105. s
(15) J=14 Hz J=14 Hz

M=Cu, R=Ph, R=F 8.41d (1) 7.26m (5), 5.41d (1) 176.252 130.0m%’€ 150.2d% 142.1d2
(3) J=15.5 Hz 6.87m (10) J=14.7 Hz J =20 Hz J =20 Hz

M=Cu, R=Ph, R=H 8.19d (1)  7.25m (20) 4.30d (1) 169.2s 133.8m° 127.0s 115.9s
(20) J =10 Hz J=9 Hz

®The 13C n.m.r. was an off resonance spectrum showing carbon-hydrogen coupling (all other spectra are broad band
showing no carbon-hydrogen coupling).

bThis proton resonance occurred within the pheny| resonance (as indicated by the integration of the pheny! region).
SAll values in parentheses are integral ratios of their associated chemical shifts.
dCO values at § = 205.2, 187.1, 185.8, 184.9, (84.1, 183.5, 176.8, 175.5, 174.4, 173.8.

eAverage (p.p.m.) chemical shift given.

£9¢
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HMOSB(CO)S(CHCPh) and MOs3(CO)9

It is convenient to discuss their probable structures individually.

(PRB)Z(CHCHPh) (M = Au,Ag,Cu; R = Ph,Me).

(a) HMOSj(CO)lo(PR3) (M=Au, R=Ph, Me; M=Ag, Cu, R=Ph)

The complexes HMOSB(CO) (PR3) [M=Au, R=Ph(4), Me(10); M=Ag(l4),

10
Cu(19), R=Ph] were isolated in low yield and contain characteristic
V(CO) absorptions in their infra-red spectra (Table 6). The mass
spectrum of HAuOsB(CO)IO(PMeB) (10) showed a characteristic molecular

ion at m/e= 1124, followed by subsequent carbonyl loss. The complex,
HAuOs(CO) | (PPh), was identified by comparison with the literature, %

and its X-ray structure is shown in Figure 3.7 The lH n.m.r. spectra

of all complexes contfain metal-hydride resonances at high field.

FIGURE 3

({85}))]

c123}

HOSBAU(CO)|

O(PPhB)
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(b) MOs 3(CO) | (PR,) (u-n®-CHCHPh) (M=Au, R=Ph, Me; M=Ag, Cu, R =DPh)

The complexes MOs,(CO) (PR3)(u-n2—CHCHPh) [M=Au, R=Ph(5),

10
Me(11); M=Ag(15), Cu(20), R=Ph] were formed as the major products

of the reaction. The infra-red spectra [v(CO) absorptions] of these
comp lexes show close similarity to those of (1), (2) and (3) (see
Table 4). A wgak v(C=C) absorption was also found in all derivatives.
The H and B¢ n.m.r. spectra (see Table 5) confirmed the trans migra-
tion of hydrides from HZOSB(CO)IO to the alkyne moiety (vide supra).
The complexes all showed fluxional CO ligands in the 13C n.m.r.
spectrum. A molecular ion at m/e = 1227 was observed in the mass
spectrum of AuOsS(CO)IO(PMeB)(u-nz-CHCHPh) (11). An X-ray crystal
structure determination of AuOsB(CO)IO(PPhB)(u—nZ—CHCHPh)(5) is shown

in Figure 4. The structure is analogous to that of (!) (see Table 3).

(c) M053(CO)9(PR3)2(U'ﬂ2—CHCHPh) (M=Au, R=Ph, Me; M=34g, Cu, R=Ph)
The complexes MOSB(CO)Q(PR3)2(u-n2-CHCHPh) [M=Au, R=Ph(8),
Me(13); M=Ag(18) Cu(22), R=Ph] were isolated as minor products.
The v(CO) absorptions in theiri.r.spectra show close correspondence
(see Table 7). All compounds show (1H n.m.r. data) trans association
of two hydrides across the C=C bond. A molecular“ion at m/e = 1275
was observed in the mass spectrum of Au053(CO)g(PMeB)Z(u-nZ—CHCHPh)
(13). It is very likely that the complexes (8), (13), (I18) and (22)
are the tertiary phosphine substituted analogues of (1), (2) and (3).

As the only source of phosphine is the AuPPh, moiety, this implies

3
that the Au-P bond is cleaved during the reaction. It is significant

that these products are not formed when the reaction is warmed above

30°.
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FIGURE 4
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AuOsB(CO) O(PPhB)(u N -CHCHPh)
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(d) MOs3(CO)9(PR3) (CHCHPh) (M=Au, R=Ph, Me; M=Ag, R=Ph)

The v{(CO) and v(C=C) absorptions in the infra-red spectra of fhe
comp | exes MOsB(CO)g(PRS)(CHCHPh) [M=Au, R=Ph(6), Me(l2); M=Ag, R=
Ph(17)] are listed in Table 6. The lH n.m.r. spectra for these com-
plexes are consistent with the presence of a u-n?-benzy! moiety. The
mass spectrum of AuOsB(CO)g(PMeS)(CHCHPh) showed a molecular ion at
m/e = 1199, followed by subsequent CO loss. As the AuPR3 moiety can
contribute only one electron to the bonding of the cluster, the com-
plexes (6), (12) and (|7) are electron deficient, and may possess a
metal=metal bond within the cluster framework. The formation of elec-

tron deficient clusters incorporating both gold and osmium has been

observed recentiy.”1573,76,77

(e) HMOSB(CO)g(CHCPh) (M=A4u, Ag, Cu)

The v(CO) and v{(C=C) absorptions in the infra-red spectra of the
comp lexes MOSS(CO)S(CHCPh) [M=Au(7), Ag(l6), Cu(21)] are listed in
Table 7. The H n.m.r. spectra of (7), (i6), and (21) all show high
field resonances (8§ = -17.0 ++ -22.0) consistent with the presence of
a bridging metal hydride.23.3"236 The spectra also contain a single
resonance at §=4.5-5.5, which can be assigned to =CH, where the
carbon atom is o bonded to the clusfer (compare values in Table
5). Presumably, the original acetylide group is now bonding in
a 20+m mode to the Os3 triangle; in a way similar to that postulated
for OSB(CO)IO(CRCR5 (see Figure |) or shown to exist in the iso-
electronic complex RhB(CO)(alkyne)(n—C5H5)3.237’238 The Group B
metal probably occupies an édge or face bridging position in the
metal core. The absence of a phosphine is interesting, and indicates
that the M-P (M=Au, Ag, Cu) bond can be cleaved. The resulting
vacant coordination site may be occupied by a carbonyl ligand, as
a high energy v(CO) band is observed in the infra-red spectrum.

The infra-red spectrum also indicates the presence of a bridging



TABLE 6 Comparative IR data

HMOs3 (co)l'o(PR3)

M=Au, R=Ph 2090w
(4)

M=Au, R=Me 2095m
(10)

M= Ag, R=Ph 2092w
(14)

M=Cu, R=Ph 2094w
(19)

MOS3(CO)9(PR3)(CHCHC6H5)

M= Au, R=Ph 2095m
(6

M= Au, R=Me 209 Im
(12)

M=Ag, R=Ph 2094w

(7

2047s

2050s

205Zm

2052m

v (CO) - cyclohexane

2040m

2047m

2046m

2047m

solution (cm"1 )

2008s

2015s

2012s

" 20155

1996m

2001s

2000ms

2001Im

v(C0) - cyclohexane solution (cnfl)

.- 2073s 2069vs 2044vs

2077m 2063vs 2046s 2037m

2072s 2066vs 2045vs

201 7vs

2018vs

2018s

1999s 1983s

2009vs

2001s 1985s

1977m

1981Im

1986m

1986m

1943m

| 892m

1949m

v (C=C)

156 I vw

1607m

1592w

89¢



TABLE 7 Comparative IR data

HMOs3(CO)8(CHCPh) Vv (CO) - cyclohexane scolution (cm‘1 ) v (C=C)
M=Au 2116w 2070vs 2054w 2037s 2023m 2015m 1 800m 151 3mw
(7)
M= Ag 2120w 2076vs 2058m 2040s 2025m 2019m 1825m 1540m
(16)
M=Cu 2121w 2077vs 2060m 2043s 2029m 2021tm 181 7m 1542w
(21)
MOSJ(CO)Q(PR3)2(CHCHC6H5) V(CO) - cyclohexane solution (cm'l) Vv (C=C)
M= Au, R=Ph 2094m 2075m 2066s 2055m 2038s 2015s 1985vs 1945m 1604w
(8)
M=Au, R=Me 2092m 207 3m 2065s 2050s 2047vs 2040s 2020m 1997s 1972m 1563w
(13)
M=Ag, R=Ph 2094w 2072s 2066vs 2045vs 2040vs 2036s 1985s 1949m 1617w
(18)
M=Cu, R=Ph 2090w 2069vs 2049s 2041s 2037s 2017vs 1988sh 1955sh 1681w
(22)

692



270

CO ligand, a feature also common 1o 053(00)|0(CHCH)233 and
Rh(CO)(alkyne)(n-C5H5)3.237’238 The molecular formula of the final

product, HMOs (CO)(O(CHCPh), is derived from analytical data and

3
osmometric molecular weight determinations, and is formally electron

deficient. Suitable crystals for an X-ray structure determination

have not yet been obtained.

(f) Au_Os

2053(C0) 1, (PPR) ,

The acetylide complex, Au(CzPh)(PPhB), reacts with HZOSB(CO)IO in

benzene heated at reflux point, fo form a low yield of AUZOSB(CO)IO(PPhB)Z

(9), together with the complexes (4), (5), (6), (7) and (8). The molecu-

lar structure of (9) (see Figure 5) has recently been communicated,”’ and

the spectral characteristics of this compound are consistent with the lit-

erature data.

FIGURE 5

CU08)  ¢(105)

AUZOSB(CO)I (PET3)2

0



TABLE 8 Comparative IR data

MRu3(CO)9(PPh3)(C2Ph)

M= Au
(24)

M= Ag
(29)

M=Cu
(32)

t
AuRu3(CO)9(PPh3)(CZBu )

M Ru3(CO)7(PPh ), (C

2 32 "2

HXMRuj(CO)loﬁPPhj)
M=Au, x=0
(23)

M=Ag, x=0
(28)

M=Cu, x=]
(31)

Ph)2.

2074m

2074s

2069s

2074m

2083m

2098m

2091im

2083m

2082m

2089m

IR data:

2052vs

2057s

2052m

2051s

IR data:

2068m 2062Zm

2070w

2072m 2065m

IR data:

2066vs

2061vs

2060s

1997vs

1999vs

2003vs

1996vs

2042vs

2045sh

2043vs

2032s

2026vs

2038vs

2012m

2015w

2015m

V(C0O) cyclohexane solution in cm

1981sh

1984m

1989m

V(CO) cyclohexane solution in cm

2013m

201 4m

2010s

1

1

1999vs

2002sh

2001vs

V(CO) cyclohexane solution in cm*

1968m

1968m

1992sh

1970w

1995m

1967w

1994m

| 985m
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Reactions of Ru:,’(CO)]2 with M(C2Ph)PPh3

Reactions of M(CZPh)PPh3

complex mixture of products. Higher reaction temperatures are required

(M = Au, Ag, Cu) with Ru3(CO)I2 afford a

than those needed for reactions with HZOSB(CO)IO' The products

MRuB(CO) (PPhB)(C Ph) and M,Ru (CO)7(PPh ),(C,Ph), (M = Au, Ag,

) 2 273 3'2 72 72

Cu) were isolated from all reactions; MRuS(CO)|O(PPh3) (where

M = Au, Ag) and HCuRuB(CO)IO(PPh3) were also found. The infra-

red spectra within each general class of compounds had similar

v(CO) band patterns (see Table 8). The complex AuRuB(CO)g(PPhS)(CZBut)
has been characterised previously,!2> and its spectral characteristics
are very similar to those of MRuB(CO)g(PPhB)(CZPh) (M = Au, Ag, Cu;

see Table 8). The H n.m.r. spectrum of HCURUB(CO)IO(PPhB) (31) showed
a high field hydride resonance at §=-17.1, though attempts to find
similar hydride resonances for HAuRuB(CO)IO(PPhB) (33) or

HAgRuB(CO) O(PPhB) (28) failed. The complexes HRuB(CO)g(CZPh)

|
(26) and RUB(CO)II(PPhS) were also obtained as minor products

from the reaction between RuB(CO)'l2 and Ag(CZPh)PPhS, and were
identified by comparison with the IiTeraTure.2392“3l The isolation

of these minor products indicates that Ag-P as well as Ag—CZPh bond
cleavage can occur during the reaction. Similar derivatives were not
detected in reactions of Cu(C2Ph)PPh

or Au(CZPh)PPh with RUB(CO)IZ'

3 3

. - _ 2_
Reactivity of AuOs3(C0)]0(PPh3)(U n CHCHC6F5)

On heating (I) in n-octane (120°), a slow colour change from deep
red to bright yellow is observed. This colour change is due to the

formation of HAuOsB(CO) (PPhB)(CHCHC6F5) (34), which was isolated in

8
83% yield. The H n.m.r. spectrum of (34) confirmed that the trans
alkene moiety of (1) remained unchanged on pyrolysis. However, the
spectrum also revealed the presence of a high field signal at &§=-22.10.

Osmometric molecular weight determinations and analytical data suggest

the loss of two CO ligands from (1) in forming (34). The 13C n.m.r.
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spectrum indicated that all CO |igands were now completely fluxional
at room temperature. An X-ray crystallographic structural determina-

tion is currently under way to elucidate the structure of this unusual

255

compound: Pyrolysis of (34) by heating diglyme to reflux point

caused a colour change from yellow to deep brown, and deposition of
a brown-grey precipitate. Soxhlet extraction with ethyl acetate gave
a low yield of an uncharacterised product, with only cone signal at
§=-19.8s in the H n.m.r. spectrum. The absence of any phenyl reson-

ances suggests a polynuclear osmium cluster. However, a check of the

244-253

[iterature precludes any such known cluster. Analytical data

are consistent with a molecular formula of H4Au Os, (CO) but lack

2774 I3’

of suitable crystals has prevented complete characterisation.

On s+irring AuOsB(CO)IO(PPhB)(u—nZ-CHCHC6F5) (1) with two equiva-
tents of K-Selectride [K(HBBUSS)] in thf, the deep red solution gradu-
ally changed to purple (ca. | h.). Addition of [NET4]Br enabled the

iso!afionlof[NET4]2[H2AuOs (CO)9(CHCHC6F5)] (37) in 63% yield. The

3

14 n.m.r. spectrum showed that the trans benzyl moiety of (1) remained
intact, and also a high field resonance at -21.6 consistent with a

bridging hydride ligand.233236  g_Selectride [K(HBBU %)] is well known

3

“  The dianionic nature of (37) was confirmed by

as a source of H .2
the relative intensity of the NE‘I'4+ peaks in the 14 n.m.r. spectrum.

Acidification (H3P04) of the product obtained from (I|) and K-Selectride

results in a 40% recovery of (1), together with other uncharacterised
derivatives. Addition of [(AuPPhB)SO][BF4] to a solution of (37)

(vide supra) gives (I) (20%), together with Au OSB(CO)7(PPh3)3(CHCHC Fe)

3 6 5

(38) and AuBOs (CO)6(PPh3)3(CHCHC6F5) (39). Crystals of (39) have been

3

submitted for an X-ray structure determination.?% The ability of

[(AuPPhB)SO][BFAJ to incorporate up to three Au(PPh,) fragments intfo

3

79,80,8, 142,143

anionic clusters has been reported previously. A complex
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tentatively identified as Au6Os (CO)7(PPh3)6 (40) was also isolated in

3

the reaction.

Complex (1) reacts with an excess of Me3NO to generate an extreme~
ly unstable product (ca. 52% yield). The instability of the product
prevented characterisation. However, by bubbling acetylene through
a solution of (1) with excess MeBNO, the product,
AuOsS(CO)7(PPh3)(C4HA)(CHCHC6F5) (42), was obtained in
46% yield. The molecular formula of (42) was assigned on
the basis of analytical and specTrai data (see Experimental section).
An X-ray crystallographic study of (42) is now in progress.?® No
reaction of (1) is observed with acetylene in the absence of Me,NO.

3

Furthermore, (1) did not react with H, (80atm/60°), CO (100atm/60°),

2
C,H, or PPh..

24 3
Interestingly, pyrolysis of AgOsB(CO)IO(PPhB)(u-nZ-CHCHC6F5) (2)
in refluxing benzene (ca. |5 min.) gave a very light sensitive product.
This was initially identified as AgOsB(CO)s(CHCC6F5) (36), by compari-
son of its infra-red data with those of the general class of compound
MOSB(CO)B(CHCPh) (M = Au, Ag, Cu) (see Table 7). All other data ob-

tained are consistent with the proposed formula.
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EXPERIMENTAL

General experimental conditions have been described in Chapter |.

The reagent HZOSS(CO) was prepared as described in the literature,2%

0
using the apparatus shown in Figure 32 (Chapter |). The preparation

of gold, silver or copper phosphine acetylides is described in Chapter

3, while the preparation of Ru3(C0)|2 is described in Chapter |I.

. _2_
Preparation of AuOs3(CO)10(PPh3)(u n CHCHC6F5) (1)

A mixture of HZOSS(CO)IO (500 mg, 0.586 mmol) and Au(CZC6F5)PPh3

(380 mg, 0.584 mmol) in toluene (10 ml) at -11° was stirred for I5
min. The solvent was removed in vacuo, and recrystal [isation of the
residue from toluene/n-octane gave an initial crop of red crystals
(755 mg). Addition of n-hexane to the mother |iquor afforded a

further 123 mg of red AuOsB(CO) (PPhB)(u—nZ-CHCHC6F5) (1) (878

[0
mg, 98%). Spectral data are |isted in Tables 4 and 5. Analysis:

C - 28.67, H-0.90, P - 2.83, F - 5.44%; M (acetone) ~ 1489, M

(benzene) - 1482; CB6HI7OIOPF5AUOSS requires C - 28.77, H - 1.14,

P -2.06, F -6.32%, ¥ - |501.

Preparation of AgOs3(C0)10(PPh3)(u—nZ-CHCHC6F5) (2)

A mixture of HZOSB(CO)IO (50 mg, 0.059 mmol) and Ag(CZC6F5)PPh3

(33 mg, 0.059 mmol) in toluene (30 ml) at 0° was stirred for 45 min.
The solvent was then removed in vacuo, and the residue recrystallised
from toluene/n-octane. Two subsequent crystallisations also gave red

crystalline AgOsB(CO) (PPhB)(u—nz—CHCHC6F5) (2) (83 mg, 99%). Spec-

10
tral data are listed in Tables 4 and 5. Analysis: C - 29.80, H -

|.49%; M (acetone) - 1410, M (benzene) - 1399; CB6HI7OIOPF5A9053 re-

quires C - 30.58, H-1.21%; M - 1414.
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Preparation of Cu0s;(C0);q(PPhs) (u-n?-CHCHCF ) (3)

A mixture of HZOSS(CO) (50 mg, 0.059 mmol)} and Cu(C,C_F_)PPh

] 2765 3
(20 mg, 0.059 mmol) in toluene (30 ml) was stirred at -23° for 2 h.

The solvent was then removed in vacuo, and the residue recrystallised
from toluene/n-octane. Addition of further n-octane to the resulting

filtrate gave CuOsS(CO) o(PPhB)(u—nz-CHCHC6F5) (3) (80 mg 98%).

I
Spectral data are listed in Tables 4 and 5. Analysis: C - 31.64,

H - 0.68%; M (acetone) - 1382, M (benzene) - 1369; CB6HI7OIOPFSCUO53

requires C - 31.57, H - 1.25%; M - 1370.

Reaction between H2053(CO)]0 and Au(CzPh)PPh3

M) A mixture of HZOSB(CO)IO (203 mg, 0.238 mmol) and Au(CZPh)PPh3

(133 mg, 0.237 mmol) in toluene (50 ml) was stirred at -18° for

30 min. The solvent was then removed in vacuo. Preparative T.l.c.

(154 diethyl ether/cyclohexane developer, Kieselgel GF254 adsor-
bent gave the folilowing bands:
1) green HAuOsB(CO)lo(PPhB) (4) (28 mg, 9%), Rf - 0.6l, m.p. =

169-172°. Recrystallised from benzene/n-pentane as its ben-
zene solvate. Infra-red spectral data are listed in Table 6.
'H n.m.r. & (CDCIB) = 7.52m (21) Ph, =22.1s (1) H. Analysis:

C-29.33, H~-1.12%; C,_H,_ 0O OPAuOs3 -C6H6 requires C -

28 16" |
29.40, H - 1.59%.
ii) red AuOsB(CO)IO(PPhB)(u-nZ—CHCHPh) (5) (118 mg, 35%), Rf -
0.56, m.p. = 66-69°. Recrystallised from toluene/n-octane.

Spectral data are recorded in Tables 4 and 5. Analysis:
C - 30.55, H - 1.38, P - 2.37%; M (acetone) - 1425, M

{(benzene) - 1392; C36H220IOPAUO53 requires C - 30.58,

H-1.57, P - 2.19%; M - 1413,

1ii) yellow=brown AuOsB(CO) (PPhS)(CHCHPh) (6) (23 mg, 7%), R, -

9 f

0.52, m.p. = 130°(dec.). Recrystallised from ftoluene/n-

octane. Infra-red spectral characteristics are listed in
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Table 6. 1H n.m.r. & [(CDS)ZCO] = 8.12d (1), J = 14 Hz,
CHCHPh; 7.43m (20), Ph; 5.24d (1), J = 14 Hz, CHCHPh. Ana-
lysis: C - 30.15, H - 1.50%; M (acetone) - 1369, M (ben-

- . : _ - .
zene) |380; CB5H2209PAuOs3 requires C 30.35, H }.60%;
M - |357.

iv) vyellow HAuOs (CO)8(CHCPh) (7) (13 mg, 5%), Rf - 0.49, m.p. =

3
186°(dec.). Recrystallised from acetone/n-pentane. Infra-

red spectral characteristics are listed in Table 7. H n.m.r.

8 E(CDB)ZCO] = 7.58m (5), CHCPh; 5.10s (), CHCPh; -21.6s (I)

H. Analysis: C - 17.85, H - 0.92, 0 - |1.55%; M (acetone) -
1125, M (benzene) - |131; C|6H708AuOs3 requires C - 17.55,
H-0.64, 0 - |1.69%; M - ]095.

v) vellow uncharacterised derivative, Rf - 0.75. Infra-red

(C6H|2): v(CO) = 2106m, 2086s, 2078vs, 2069m, 2052vs, 2022m,

2009m, 2000m, 1985w cm™,

vi) vyellow uncharacterised derivative, Rf - 0.68. Infra-red

(C6H|2): v(CO) = 2108m, 2080vs, 2056vs, 2034s, 2014s, 1987m,

1967w cm™L

vii) |ight red uncharacterised derivative, Rf - 0.36. Infra-red

(C6H|2): v(CO) = 2069s, 2057m, 2045s, 2018vs, 2002sh, 1999s,

1982m, 1963w, 1955w, 1721m cm™,

A mixture of HZOSB(CO)IO (102 mg, 0.120 mmol) and Au(CZPh)PPhg

(65 mg, 0.120 mmol) in benzene (50 ml) was heated at reflux point
for 18 h. The solvent was removed in vacuo, and preparative t.|.c.
(15% diethy! ether/cyclohexane developer, Kieselgel GF254 adsor-

bent) separated the following products:

i)  green HAUOSB(CO)IO(PPhB) (4) (3 mg, 2%), R, - 0.61.

.f
ii) red AuOsB(CO)IO(PPhB)(u—nZ—CHCHPh) (5) (61 mg, 36%), R, -

0.56.

1ii) yellow=-brown AuOsB(CO)g(PPh ) (CHCHPh) (6) (5 mg, 3%), R, =

3 f

0.52.
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yel low HAuOsB(CO) (CHCPh) (7) (17 mg, 13%), R, - 0.49.

8 f

purple AuOsB(CO)g(PPhB)Z(u—nZ-CHCHPh) (8) (12 mg, 6%), Rf -
0.40, m.p. = 130°(dec.). Recrystallised from benzene/n-
hexane as its benzene solvate. Infra-red spectral character-
istics are listed in Table 7. IH n.m.r. § [(CD5),CO] = 8.16d
(1), J = 14 Hz, CHCHPh; 7.44m (36), Ph; 5.26d (1), J = 14 Hz,
CHCHPh. Analysis: C - 41.17, H - 2.22%; M (acetone) - 1592,
M (benzene) - 1629; Cg3H50gP,AUOS 5 * CeHg requires C - 41.08,
H - 2.51%; M - 1647.

red-black AUZOSS(CO)IO(PPhS)Z (9) (6 mg, 3%), R - 0.18.
Recrystal lised from CHZCIZ/n—hexane. Infra-red (C6H|2):
v(CO) = 2067m, 2055sh, 2015vs, 1988sh, 1979s, 1967m, 1943w
em™ H n.m.r. § [(CD5),COT = 7.7Im, Ph. Analysis: c -
30.81, H - 1.55%, M (acetone) - 1812; C46H30010P2Au2053 re-
quires C - 31.23, H - 1.71%; M - 1769. Complex (8) was also

identified by comparison with the literature.”’

five other products were observed in frace quantities only.

Reaction between H2053(C0)]0 and Au(CZPh)PMe3

A mixture of HZOSS(CO)

0 (200 mg, 0.235 mmol) and Au(CZPh)PMe3

(176 mg, 0.497 mmol) in benzene (20 ml) was stirred at room temperature

for 16 h.

The solvent was then removed in vacuo, and preparative

t.1.c. (45% diethy! ether/cyclohexane developer, Kieselgel H adsorbent)

separated the following complexes:

i)

green HAUOS3(CO)|O(PM63) (10) (11 mg, 4%), Ry - 0.89. Re-
crystallised from benzene/n-octane as ifs benzene solvate.

Infra-red spectral data are recorded in Table 6. 4 n.m.r.

§ (CDCIB) = 7.58s (6), Ph; |.71d (9), JPH = |2 Hz, PMeS;
-15.3s (1), H. Analysis: C - 18.54, H - 1.87%; M (mass
spectrometry) - 1124; C|3HIOO|0PAu053- C6H6 requires C -

18.97, H -~ 1.34%; M - 1124,
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ii) red AuOsS(CO)Io(PMeB)(u-nZ—CHCHPh) (11) (78 mg, 27%), Rf -
0.73, m.p. = 59-62°. Recrystallised from dichloromethane/
cyclohexane. Spectral characteristics are recorded in

Tables 4 and 5. Analysis: C - 19.83, H - 1.63%; M (mass

spectrometry) - 1227; C IHI6O| PAuOs requires C - 20.56,

H- 1.31%; M - 1227.
iii) yellow HAuOsB(CO)g(PMeB)(CHCPh) (12) (8 mg, 3%), Rf - 0.66.
Infra-red (C HIZ)' v(CO) = 209im, 2077m, 2063vs, 2046s,

2037m, 2018s, 2009s, 1892m; vw(C=C) = 1607m em™t lH n.m.r.
5E(CD3)2CO] = 2.52m (5), CHCPh; 5.02s5 (!}), CHCPh; |.74d (9),

J = 12 Hz, PMe,; —-17.6s (l) H. Analysis: C - 19.46, H -

PH 3’
1.95%; M (mass spectrometry) - [199; CZOHI OQPAuOs3 requires
C - 20.04, H - 1.34%; M - 1199.

iv) deep crimson AuOsB(CO)g(PMeB)Z(u—nz-CHCHPh) (13) (18 mg, 6%),
Rf - 0.39. Recrystallised from benzene/n-heptane. Infra-red

spectral data are tisted in Table 7. 4 n.m.r. & (CDCIB) =

7.99d (1), J = 14 Hz, CHCHPh; 7.59m (5), CHCHPh; 5.09d (I),

J = 14 Hz, CHCHPh; |.75d (18), JPH = |2 Hz, PMeS. Analysis:

C - 21.93, H - 2.14%; M (mass spectrometry) - 1275;

C23H2509P2Au05 requires C - 21.67, H - 1.97%, M - 1275.

3

A mixture of HZOSB(CO) (210 mg, 0.246 mmol) and Ag(CzPh)PPh3

(120 mg, 0.266 mmol) in toluene (50 mi) was stirred at -20° for
2.5 h. The solvent was then removed in vacuo, and preparative

t.1.c. (I15% diethyl ether/cyclohexane developer, Kieselgel H

adsorbent, conducted under nitrogen) separated four complexes:

i) red HAgOsB(CO) (PPhB) (14) (21 mg, 7%), R, - 0.76. Infra-

10 f
red spectral data are listed in Table 6. !H n.m.r. § (CCI4)

7.50m (15), Ph; -14.6s (1) H. Apalysis: C - 28.44, H -
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1. 17%; CygH, (0, PAGOs

plex (14) is light-sensitive and must be isolated with mini-

requires C - 27.51, H - 1.40%. Com-

mal exposure to |ight.

ii) red AgOSB(CO)IO(PPh3)(u-n2—CHCHPh) (15) (170 mg, 52%), Rf =

0.60, m.p. = 104°(dec). Complex (15) was recrystallised
from benzene/n-hexane. Spectral data are listed in Tables

4 and 5. Analysis: C - 33.72, H - 2.07%; C PAgOs

36122010
requires C - 32.66,"H - 1.67%. Complex (15) decomposes

3

slowly in light, but can be stored indefinitely in the
dark under nitrogen.

iii) orange HAgOsB(CO)s(CHCPh) (16) (15 mg, 6%), R, - 0.51,

f

m.p. = 122°(dec.). Recrystallised from benzene/n-hexane

as its benzene solvate. Infra-red spectral data are |isted

in Table 7. M n.m.r. § [(CDB)ZCO] = 7.54m (11), CHCPh-FC6H6;
4.88s (1), CHCPh; -19.8s (1) H. Analysis: C - 24.34, H -

; . : - = a
I.18%; C|6H708AgOs3 C6H6 requires C - 24.38, H .18%.

iv) dark orange AgOsB(CO)g(PPhB)(CHCHPh) (17) (22 mg, 7%), Rf -

0.47, m.p. = 262°(dec.). Infra-red spectral data are listed
in Table 6. 'H n.m.r. 6 [(CD5),C0] = 7.98d (1), J = 14 Hz,

CHCHPh; 7.55m (26), CHCHPhR+PPh,; 5.09d (1), J = |4 Hz, CHCHPh.

3}

Analysis: C - 35.71, H - |.71%;C PAgOsS- C6H6 requires

35H37O9
C - 35.84, H - 2.05%.

ii) A mixture of HZOSB(CO)IO (150 mg, 0.176 mmol) and Ag(CZPh)F’Ph3

(90 mg, 0.199 mmol) in benzene (35 ml) was stirred at room tem-
perature for 5 min. The solvent was then removed in vacuo, and
preparative t.l.c. (15% diethyl ether/cyclohexane developer,
Kieselgel GF254 adsorbent, under nitrogen) isolated 12 brightly
coloured bands:

1) red HAQOSS(CO)IO(PPhS) (14) (9 mg, 4%), Rf - 0.76.

ii) red AgOsB(CO)I (PPh3)(u-n2—CHCHPh) (15) (98 mg, 42%), R, -

0 f

0.6l.
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(CO),(CHCPh) (16) (16 mg, 9%), R, - 0.51.

3 8 f
orange AgOsS(CO)g(PPhS)(CHCHPh) (17) (9 mg, 4%), Rf - 0.47.
crimson A9053(CO)9(PPhS)Z(u-nZ—CHCHPh) (18) (16 mg, 6%),

R¢ = 0.30, m.p. = 251-255°C. Recrystallised from CHZCIZ/

benzene/n-heptane. Infra-red spectral data are l|isted in
Table 7. H n.m.r. ¢ (CDCIB) = 8.35d (1), J = 14 Hz, CHCHPh;

7.55m (35), CHCHpPh+ PPh,; 5.09d (1), J = 14 Hz, CHCHPh. An-

3;
alysis: C - 39.65, H - 2.39%; M (acetone) - 1563, M (benzene) -

1529; C AgOs3 requires C - 40.85, H - 2.71%; M - 1558.

5371350972
seven other products were observed, but remain uncharacter-

ised.

Reaction between H2053(CO)10 and Cu(CZPh)PPh3

i)

A mixture of H,0s,(CO) (100 mg, 0.117 mmol) and Cu(CzPh)PPh

2773 10 3

(42 mg, 0.104 mmol) in toluene (60 ml) was stirred at -30° for

3.5h.

(25% diethyl ether/cyclohexahe developer, Kieselgel GF

The solvent was removed in vacuo, and preparative t.l.c.

254 2d

sorbent) isolated two products:

1)

ii)

yel low HCUOSB(CO)IO(PPhB) (19) (18 mg, 13%), Rf - 0.56. Re-

crystallised fromdiethyl ether/cyclohexane. Infra-red spec-

tral data are listed in Table 6. H n.m.r. § (CDCIB) = 7.59m

(15), PPh3; -13.4s (1) H. Analysis: C - 27.67, H - 1.54%;
M (acetone) - 1204, M (benzene) - |142; C28H|6OIOPCUOS3 re-
quires C - 28.51, H - 1.54%; M - 1178.

yel low CuOsB(CO)IO(PPhB)(u—nZ-CHCHPh) (20) (104 mg, 69%),

Rf - 0.51, m.p. = 96-99°. Recrystallised from toluene/n-

octane. Spectral data are listed in Tables 4 and 5.
Analysis: C - 33.00, H - 1.47%; M (acetone) - 1296,

M (benzene) - 1304; C36H220|0PCuOs3 requires C - 33.79,
H- 1.73%; M - 1280.
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ii) A mixture of HZOSB(CO)IO (100 mg, 0.117 mmol) and Cu(CzPh)PPh

(50 mg, 0.124 mmol) in benzene (40 ml) was stirred at room

3

temperature for 19 h. The solvent was removed in vacuo, and
preparative t.l.c. (25% diethyl ether/cyclohexane developer,
Kieselgel GF254 adsorbent) separated eight products:

i) yel low HCUOSB(CO)IO(PPhB) (19) (4 mg, 3%), Rf - 0.56.

ii) vyellow CuOsB(CO)I (PPhB)(u—nz—CHCHPh) (20) (62 mg, 41%),

0
R, - 0.51.

£

iii) yellow HCuOsS(CO)8(CHCPh) (21) (9 mg, 8%), R - 0.42. Re-
crystallised from benzene/n-heptane. Infra-red spectral
data are listed in Table 7. lH n.m.r. & (CDCIB) = 7.49m
(5), CHCph; 4.69s (1), CHCPh; -17.3s (1) H. Analysis:
C - 19.50, H - 0.56%; M (acetone) - 1003, M (benzene) -
1021; C|6H7080u053 requires C - 19.99, H - 0.73%; M - 961.

iv) orange-red CuOsB(CO)g(PPhS)z(u-nz—CHCHPh) (22) (5 mg, 3%),
Rf - 0.23. Recrystallised from diethyl ether/n-pentane.
Infra-red spectral dataare listed in Table 7. 4 n.m.r.
§ (CDCIB) = 8.20d (1), J = |4 Hz, CHCHPh; 7.54m (35),

CHCHPh + PPh,; 5.01d (1), J = |4 Hz, CHCHPh. Analysis:

35
C - 42.13, H - 2.86%; M (acetone) - 1521, M (benzene) -
. ; _ _ q.

1490; 053H3709P20u053 requires C 42,02, H 2.53%;

M- 1515,

v) four other products were observed, but remain uncharacter-

ised.

Reaction between Ru3(C0)12 and Au(CZPh)PPh3

A mixture of RuS(CO) (200 mg, 0.313 mmol) and Au(CZPh)PPh (260

12 3

mg, 0.481 mmol) in benzene (40 ml) was heated at reflux point for 2.5

h. The solution was allowed to cool, and the solvent removed in vacuo.
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Preparative t.l.c. (15% diethyl| efher/cyclohexane developer, Kieselgel

GF adscrbent) separated the following complexes:

254

i)

ii)

iii)

iv)

\ 169.5s, ¢=CPh; 120.2s, C=cC~-Ph; 134.6m, C=C-Ph+ PPh

yellow AuRu,(CO) O(PPh ) (23) (23 mg, 7%), R, - 0.93,

3 [ 3 f
m.p. = 201-203°. Recrystallised from n-heptane. Infra-

red spectral data are listed in Table 8. 4 n.m.r. 8

(CDC|3>‘= 7.52m, PPh; B¢ n.m.r. & (CDCl5) = 182.9s,

CO; 143.1m, PPh Analysis: C - 32.33, H - 1.98%;

3
M (acetone) - 1069, M (benzene) - 1096; CZSHIBOIOPAURUB

requires C - 32.26, H - 1.45%; M - 1043.

red AuRuB(CO)g(PPhS)(CZPh) (24) (59 mg, 17%), R, - 0.75,

f
m.p. = 224-226°. Recrystallised from n-heptane. Infra-red

spectral data are listed in Table 8. IH n.m.r. § (CDCIB) =

7.50m, PPhy +C,Ph; B¢ hnom.r. § (Cocl5) = 191.2s, CO;

3
Analysis: C - 37.97, H - 2.09%; M (acetone) - 1169,

M (benzene) - 1093; 035H2009PAuRu3 requires C - 37.68,

H- 1.80%; M - [ll6.

deep red Au RUB(CO)7(PPh ), (C Ph)2 (25) (82 mg, 16%),

2 37272

R, - 0.45, m.p. >310°. Recrystallised from benzene/
n-heptane. Infra-red spectral data are listed in Table
8. 'Hn.m.r. 8 (COCl;) = 7.50m, PPh,+C,Ph; 13¢ n.m.r.

) (CDCIB) = |80.0s (4), 178.1s (2), 176.9s5 (1), 176.3s
(1), CO; 162.4s (1), ¢=CPh; 13]1.7m (24), PPh3+CECPh;
69.2s (1), C=cPh. Analysis: C - 43.45, H - 2.58%;

M (acetone) - 701, M (benzene) - 1680; C59H4OO7P2Au2Ru3
requires C - 43.74, H - 2.49%; M - 1648.

three other products were observed, but remain uncharacter-

ised.
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Reaction between Ru3(C0)12 and Ag(C2Ph)PPh2

A mixture of RUB(CO)IZ (200 mg, 0.313 mmol) and Ag(CzPh)PPh3 (440

mg, 0.975 mmol) in benzene (40 ml) was heated at reflux point for I5
min. A grey precipitate formed. Filtration (paper) removed 49 mg

of this insoluble material. The remaining so|vén+ was removed in
vacuo, and preparative t.l.c. (20% diethy! ether/cyclohexane develop-

er, Kieselgel GF adsorbent) separated the following complexes:

254
i) pale orange HRuB(CO)g(CzPh) (26) (10 mg, 5%), Re = 0.92,

m.p. = 101-102°. Recrystallised from benzene/n-hexane as

its benzene solvate. Infra-red (C6H|2): v(CO) = 2099m,

2074vs, 2055vs, 2028sh, 2026vs, 1994m emk  H n.m.r. 8

(CDCIB) = 7.26m (11), Ph; =21.4s (1) H. Analysis: C -

38.13, H - 2.36; M (mass spectrometry) - 658; C|7H609Ru3 -C6H6

requires C - 37.56, H - 1.64%; M - 658. Confirmed by compari-

son with the |iterature.?239

ii) red RUB(CO)II(PPh ) (27) (16 mg, 6%), R, - 0.8!. Recrystal-

3 f
lised from CHZCIZ/n—penTane. Identified by comparison with

the |iterature,240-242
iii) red AgRUB(CO)IO(PPhB) (28) (24 mg, 8%), Rf - 0.77, m.p. =
I56°(dec.). Recrystallised from benzene. Infra-red spectral

data are listed in Table 8. H n.m.r. 8 (CDCIB) = 7.40m,

PPhB. Analysis: C - 35.46, H - 1.25%; M (acetone) - 949,

M (benzene) - 935; c28HI5O|OPA9RU3 requires C - 35.27, H -

|.58%; M - 953.

iv) red AgRu,(CO) (PPhB)(CZPh) (29) (32 mg, 10%), Rf - 0.65,

3 9
m.p. = 209°(dec.). Recrystallised from benzene/n-heptane
as its benzene solvate. Infra-red spectral data are listed

in Table 8. 1H n.m.r. ¢ [(CDB)ZCOJ = 7.35m, PPhS-FCZPh.

Analysis: C - 45.13, H - 2.58%; M (acetone) - 998,
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M (benzene) - 1003; C35H2009F’AgRu3 requires C - 44.58,

H - 2.37%; M - 1027. Complex (29) is very light-sensitive,
and was handled in the dark. Chromatography in the presence
of light results in extensive decomposition.

v) deep red AngUB(CO) (PPhB)Z(CZPh) (30) (104 mg, 23%),

Rf - 0.50, m.p. = 315°(dec.). Recrystallised from benzene.
Infra-red spectral data are listed in Table 8. IH n.m.r. §
(CDCIB) = 7.38m, PPh3-+CZPh. 3¢ n.m.r. & (CDCI3) = 177.4s,
CO; 159.7s, ¢cCPh; 130.9m, CCpPh; 73.6s, CcPh. Analysis:

C - 50.94, H - 3.00%; M (acetone) - 1401, M (benzene) -
1395, 059 4OO PzAngu3 -C6H6 requires C - 51.21, H - 2.99%;
M - 1442.

vi) five other products were observed, but remain uncharacter-

ised.

Reaction between Ru3(C0)]2 and Cu(CZPh)PPh3

A mixture of RuB(CO)|2 (75 mg, 0.117 mmol) and Cu(CZPh)PPh3 (150

mg, 0.372 mmol) in benzene (50 m!) was stirred at room temperature for
5.5 h. The solution gradually darkened. Filtration (paper) and pre-

parative t.l.c. (10% diethyl ether/cyclohexane developer, Kieselgel GF254

adsorbent) of the resulting solution separated the following complexes:

i) yel low HCuRuB(CO) (PPhB) (31) (14 mg, 9%), R, - 0.82, m.p. =

10 f

250°(dec.). Recrystallised from n-heptane. Infra-red spec-

tral data are listed in Table 8. H n.m.r. § (CDCIB) = 7.42m

(15), PPhS; -17.1s (1) H. Analysis: C - 36.49, H - 2.27%;

M (acetone) - 915, M (benzene) - 923; C H|6O|OF’CuRu3 re-

quires C - 36.95, H - |.77%; M - 9]0.

ii) orange-yellow CuRuB(CO)g(PPhB)(CZPh) (32) (21 mg, 18%), Rf =

0.71, m.p. = 272-273°. Recrystallised from n-heptane. Infra-

red spectral data are listed in Table 8. H n.m.r. § (CDCIB)
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7.43m, PPhB-FCZPh. Analysis: C - 42.87, H - 2.49%; M (ace-

tone) - 1016, M (benzene) - 1018; CB5H2009PCuRu3 requires
C - 42.80, H - 2.05%; M - 982. /
iii) orange CquUB(CO)7(PPh3)2(C2Ph)2 (33) (50 mg, 31%), Rf .
0.52, m.p. >310°. Recrystallised from benzene/n-heptane.
Infra-red spectral data are listed in Table 8. g nom.r.

S (CDCIB) = 7.39m, PPh -+02Ph; 13¢ num.r. 6 (CDCIB) = |76.9s,

3
CO; 64.1s, cCPh; |31.2m, CCpPh; 71.2s, CcPh. Analysis: C -
51.39, H - 3.02%; M (acetone) - 1317, M (benzene) - 1343;
C59H4OO7PZCu2Ru3 requires C - 52.18, H - 2.92%; M - 1381.

iv) seven other products were observed, but remain uncharacter-

ised.

Pyrolysis of Ag0s4(C0);q(PPhs) (u-n2-CHCHCF) (2)

Heating AgOsB(CO)IO(PPhB)(u—nZ-CHCHC6F5) (2) (83 mg, 0.059 mmol)
in benzene (10 m!) at reflux point for |5 min. results in the formation
of a silver mirror. The solution was cooled and filtered under nitro-
gen, through a short silica gel column. Elution with 50% CHZCIZ/
cyclohexane gave a crimson band. This was recrystallised from
n-hexane to give HAgOsS(CO)B(CHCHC6F5) (36) (15 mg, 24%), m.p. =
106° (dec.). The product was both light aﬁd air sensitive. Infra-red
(C6H|2): v(CO) = 2095w, 2070s, 2055vw, 2044vs, 2027vs, 20l4sh,
1986m, 1855w cm™; W(C=C) = 1579w cm™. 1H n.m.r. § (CDCI;) = 8.95d
(1), J = 14 Hz, CHCHC6F5; 5.78d (1}, J = 14 Hz, CHCHC6F5;
H. Analysis: C - |7.67, H - 0.32%; C|6H308F5AgOs3 requires C - 17.54,

H - 0.18%. No further products were eluted from the column.

-19.8s (1),

Pyrolysis of Au0s,(CO),~(PPh,)(nu-n2-CHCHC F_) (1)
3 10 3 6 5

Heating AuOsB(CO) (PPhB)(u-nZ—CHCHC6F5) (1) (100 mg, 0.067 mmol)

10

in n-octane (60 ml) at 120° for 3.5 h. resulted in a gradual colour

change from deep red to bright yellow. On cooling, the solvent was
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)
removed in vacuo. The residue was recrystallised from toluene/n-octane

to give bright yellow crystals of HAuOsB(CO)S(PPh Y(CHCHC_F_) (34) (80

3 6 5
mg, 83%). Infra-red (C6H|2): v(CO) = 2087m, 2065s, 2039vs, 2007s, 1988m,
1972m, 1962m cm™; vw(C=C) = 1583m cm™. H n.m.r. & (CDCI5) = 7.50m (I5),

6 5’ 4.71s (1), CHCHC6F5;

176.2s, CO; 133.Im, PPhS-FC F 106.4s, CHCHC_F_; 92.1s, CHCHC_F

PPh; 6.28s (1), CHCHCF 13¢ n.m.r. 8 (CDCI) =

6 5° 6 5° 65
Analysis: C - 27.5!, H - 0.78%; M (acetone) - 1440; C34HI808PF5AU053

requires C - 28.20, H - 1.25%; M - 1423,

Pyrolysis of HAuOs3(C0)8(PPh3)(CHCHC6F5) (34)

Heating HAuOsB(CO)B(PPhB)(CHCHC6F5) (34) (70 mg, 0.049 mmol) in
diglyme (45 ml) at reflux point for 6 h. resulted in gradual darkening
of the initial yellow solution to a final brown-black colour. The solu-
tion was filtered (hot) and the solvent was then removed in vacuo.

Soxhlet extraction of the residue with ethyl acetate gave a dark

brown, partially characterised product (7 mg, 9%). Infra-red (CHZCIZ):

v(CO) = 2059m, 2018s, 1991s, 1979sh cm™L. I n.mor. 8 (CDCIB) -19.8s,

H. Analysis: C - 9.74, H - 0.64%; Cl30|3H4AUZOS4 requires C - 10.25,
H - 0.26%. The available data is consistent with the molecular formula
H4Au2054(CO)|3, but further confirmation is needed from crystallo-

graphic studies, before such a formula can be ascribed to this com-

pound.

-n2- S
3) (u-n?-CHCHC F¢) and K(HBBu;)

To a stirred solution of AuOsB(CO)lO(PPhB)(u-nZ-CHCHC6F5) (1) (50

Reaction between AuOs3(CO)]0(PPh

mg, 0.033 mmol) in thf (25 ml) was added [K(HBBuBS)] (0.1 ml, 0.5 M thf
solution). The reaction solution changed to an infense purple colour
instantly. Addition of (NET4)Br, and removal of solvent in vacuo,

gave an intense violet residue, which, when recrystallised from
benzene/n-octane, gave violet [H2AUOSB(CO)9(PPh3)(CHCHC6F5][NET4]2

' (37) (38 mg, 63%). Complex (37) was isolated as its benzene solvate.
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Infra-red (CHZCIZ): v(CO) = 2095m, 2080m, 2063m, 2036s, 1998vs, 1990s,

19865, 1982s, 1977s, 1973sh cm’L IH n.m.r. & [(CDB)ZCO] = 8.69d (1),

J = 14 Hz, CHCHC_Fj; 7.53m (21), PPh,+C.H.; 5.62s (1), CHCHGGFS; 3.13q
(16), J = 7 Hz, (CH,CH,),N; 1.51t (24), J = 7 Hz, (CH,CH,) N; -21.6s

(2), H. Analysis: C - 32.36, H - 3.16, N = 1.27%; Cg Hg OgN,PF Au0s « CoH,
requires C - 32.42, H - 2.50, N - |.54%.

Reaction between AuOsB(CO)]O(PPh3)(u-nz-CHCHCGFS) and (1) K(HBBU3S)/
(i) H3P04

To a solution of AuOSB(CO)lO(PPhB)(u—nz-CHCHC6F5) (1) (100 mg,
0.067 mmol) in thf (10 ml) was added K-Selectride [K(HBBUBS)] (0.2
ml, 0.5 M thf solution). To the resultant violet solution was added
H3PO4 (10 mg, 0.102 mmol), and a deep red colour formed instantly.
The solvent was removed in vacuo. Extraction of the residue with
cyclohexane (69 ml) gave (1) (40 mg, 40%). Further extraction of
the residue with dichloromethane yielded a black, highly air-sensitive

product (15 mg), which remains uncharacterised. Subsequent extraction

with isopropanol yielded an uncharacterised brown complex (28 mg).

Reaction between (1) and K(HBBu3S)/[(AuPPh3)30][BF4]

To a solution of AuOsB(CO)IO(fPhB)(u—nz-CHCHC6F5) (1) (200 mg,
0.133 mmol) in thf (10 ml) was addéd K(HBBuSS) (0.4 mi, 0.5 M thf
solution). To the resultant violet solution was added [(AuPPh3)BO][BF4]
(270 mg, 0.182 mmol). The violet colour dissipated, and an intense 'red
solution resulted. The solvent was removed in vacuo, and preparative
t.l.c. (35% dichloromethane/isopentane developer, Kieselgel GF254 ad-

sorbent) separated twelve brightly coloured bands:

i) recovered (l) (40 mg, 20%), R, - 0.79.

f
ii) red Au3053(00)7(PPhB)S(CHCHC6F5) (38) (34 mg, 11%), Rf -
0.65. Recrystallised from benzene/n-heptane. Infra-red

(C6H|2): v(CO) = 2072m, 2040s, 2022s, 1999sh, 1995vs,
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1960sh cm™; v(C=C) = 1608m cm™. H n.m.r. & (CDCI,) = 8.60d

3
(", J = 13.7 Hz, CHCHC6F5; 7.45m (45), PPh3; 5.16d (1), J =
13.8 Hz, CHCHC_F Analysis: C - 35.12, H - 2.03%; M (ace-

6 5°

tone) - 2398; C69H47O7P3F5Au3053 requires C - 35.45, H -

2.02%; M - 2338.

|
iii) red Au3053(00)6(PPh3)3(CHCHC6F5) (39) (40 mg, 13%), Rf

0.62. Recrystallised from benzene/n-heptane. Infra-red

(C6H|2): v(CO) = 2070m, 2046m, 2030s, 2019vs, 1998s, 1969m

ceml vw(C=C) = 1618w cm.  H n.m.r. 8 (CDCI5) = 8.59d (ny,

J = 14,1 Hz, CHCHC6F5;

Hz, CHCHC6F5. Analysis: C - 34.61, H - 1.85%; M (acetone) -

7.43m (45), PPhB; 5.13d (1) J = 14.0

2292; C68H47O6P3F5Au3053 requires C - 35.36, H - 2.05%; M -
2310.

iv) purple-black Au6053(CO) (Pph3)6 (40) (47 mg, 10%), R, - 0.32.

7 f

Recrystallised from dichloromethane/benzene as its benzene
solvate. Infra-red (CHZCIZ): v(CO) = 2103m, 2074vs, 2055vs,
2022s, 2005s, 1991sh cm.  H n.m.r. § [(CD,),CO] = 7.48m
PPh3-+C6H6. Analysis: C - 40.29, H - 3.19%; M (acetone) -
3590; C||5H9007P6Au6053- C6H6 requires C - 40.37, H - 2.68%;
M - 3522,

v) eight other products were observed, but remain uncharacter-

ised.

Reaction between (1) and Me3N0/C2H2

A mixture of AuOsB(CO)IO(PPhS)(u—nz-CHCHC6F5) (1) <100 mg, 0.67
mmo|) and MeBNO (15 mg, 0.200 mmol) in toluene (25 ml) was stirred at
85° for 2 h. The resultant solution was allowed to cool, and then CZHZ
was bubbled through a glass frit at 40° for 3 h. The initial black solu-
tion slowly became red. Slow diffusion of n-octane into this solution

gave bright red microcrystals of AuOsB(CO)7(PPh3)(C4H4)(CHCHC6F5) (41)

(48 mg, 46%) as its n-octane solvate. Infra-red (CHZCIZ): v(CO) =
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2094m, 2064m, 2048sh, 2038vs, 2008vs, 1989sh em Hn.m.r. §

[(CD3)Zco] = 7.36m (16), PPh3+CHCHC6F5;

3.45d (1), J = 12.2 Hz, CHCHC6F

7.08d (4), J = 7.6 Hz,
C4H4; 55 1.9-0.5m,br (18), CSHIB'
Analysis: C - 34.14, H - 2.73%; C37H2|O7PF5Au053- CSHIB requires

C - 34.09, H - 2.48%. The octane solvate can be removed by re-.
dissolving the crysfa‘ls In acetone and gently heating the resldue
to 40° in vacuo for 24 h. The lH n.m.r. spectrum showed loss of
broad bands at §=1.9-0.5. Other bands were detected in the infra-
red spectrum as follows: (CHZCIZ) - 3073m, 306Ims, 3054ms, 3003w,
2995m, 2991sh, 2980w, 2970w, 2688w, 2327w, 2306m, |716vw cm™™ An

X-ray structure determination of (41) is in progress.25
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APPENDIX ONE

GROUP IB HETEROMETALLIC COMPOUNDS
(NOT CLUSTERS)



TABLE | Heterometallic Compounds Containing Copper, Silver or Gold (Not Clusters)

Group |B reagent

AuCIPPh3

AuCIPPh3

Ag(C,CFs)

Ag(C,CyF )

Ag(C,C,Fs)

CU(CZC6F5)

Ag(C,CqF )

AuCIPPhB

AuCIPPh3

[CuCl (PMe,), 1,
AgNO/PPh
AgNO/PPh
AGNO
[Cu(ETNCHNC -

H4Me-p)]

Other reagent

MeBSnMn(CO)5

Me SnCo(CO)4

3
RhCI(PPh3)3
RhCI(PPh3)3
IrCI(CO)(PPh3)2
IrCI(CO)(PPh3)2

IrCI(CO)(PPhB)

2
KCRh (PF ), ]
KCIr(PFy), ]
CoZn(n-CgHy) (PMe3) :Cl
WS, (NH, ).,

MoS , (NH, ),

erI(CO)(PPh3)2

erI(CO)(PPh3)2

Product

AuMn(CO)5(PPh3)
AuCo(CO)4(PPh3)

RhAG, (C,CFg)g (PPhy) 5

RhAg (C,CFs) , (PPh3)

lr‘Ag(C?_C6F5)4(PPh3)3

IrCu(CzC6F5)4(PPh3)3

IrAG(C.CoFs) , (PPho)

AuRh(PF3)4(PPh3)

3

Aulr(PF3)4(PPh3)

CuCo(n-C ) (PMe )4CI

55 ) (FMe
AgMS , (PPhs)
Ag4M0288(PPh3)4

Agir‘(CO)(PPhB)Z(NOB)2

Culr(CO)(PPhB)Z(ETNCHNC

M-M Bond Lengihs
(average in A)

3.094

2.971

2.975

Yield

77%
80%
10.5%
6.5%
10%
9%
0%
60%
50%
100%
5%
51%

20%

References(s)a

|,46,47
|,46,47
2,3,7

3,7

9,9l

10 -

90¢



Group |IB reagent

[Ag(MeNCHNC6—
H4Me—p)]

ECu<MeN3Me)]4

[Cu(O CCFS):]4

2

Ag(MeNBMe)

Ag(MeNSMe)

AgCIO,

Ag(02C2F3)

Ag(0,CF5)

Ag (p-MeC H, No=
C6H4Me—p)
Ag[OZCCH-
(CH3)2]
AgLO,CCH-
(CH3)2]
[Cu(MeNBMe)]4

AuCIPPh3

AuCIPR3
(R = Ph,Cy,

OPh)

Other reagent

IrCl(CO)(PPh3)2

RhCI(CO)(PPh3)2

Ir(CO)(PPh3)2(02C2F3)

RhCI(CO)(PPh3)2

IrCI(CO)(PPh3)2

Ir(CO)(PPh,),(CIO,)

3°2
erI(CO)(PPh3)2

RhCI(CO)(PPh3)2

Ir(CO)(PPhS)Z(OZCZFB)

IF(CO) (PPhy) -
[OZCCH(CH3)2]
Rh(CO) (PPhy),-
[OZCCH(CH3)2]

IrCI(CO)(PMeZPh)2

HCr(CO)B(njCBH5)

HMo(CO)B(n-C5H5)

Product

Aglr(CO)(PPh3)2(M3NCHNC6H4Me-p)

CuRh(CO)(PPhB)z(MeNBMe)CI 2.730

Culr(CO)(PPh3)2(02C2F3)

Ath(CO)(PPhB)Z(MeNBMe)CI
Aglr(CO)(PPhB)z(MeNBMe)CI
Aglr(CO)(PPh3)2(0l04)

Aglr(CO)(PPhB)Z(QZCZFB)2

Ath(CO)(PPh3)2(0202F3)2

Aglr(CO)(PPhB)Z(p-

MeC6H4N3C6H4Me_p)(OZCZFB)

Ag | (C0) (PPh) [0,CCH(CH;), ] 2.874
Ath(CO)(PPhB)Z[OZCCH(CHB)Zj

CuerI(CO)(PMeZPh)Z(MeNBMe) 2.686

AuCr(CO)B(PPhB)(n—C5H5)

AuMo(CO)B(PRB)(n-C5H5)

Bond Length

Yield Reference(s)a

95% 13
75% 14,15
80% |4
50% 16
90% 16
75% |7
50% 17
50% |7
70% 17
75% 17,18
75% 17
75% 14,19
67% 20

83%(Ph),74%(Cy), 20
39% (OPh)

L0



Group |B reagent

AuCIPPh3

AuCIPPh3

AuCIPPh3

CuCl (o-triars)
CuCl (o-Triars)

AuCIPPh3

AuCIPPh3
CuBr(v-triars)
CuBr(o-triars)
AgBr(o-triars)
CuBr(o-triars)
AgBr(o-friars)
AuCl (v-triars)
AuCIPF’h3

CuBr(o-triars)

AuCIF’F’h3

Other reagent

HW(CO)B(n—C5H5)

NaMn(CO)5

NaCo(CO)4

HMO(CO)B(n—CSHS)
HW(CO)B(n—C5H5)

NaMn(CO)4L
L = PPhB,AsPh3

NaMn(CO)4[P(OPh)3]

NaMn(CO)5

NaMn(CO)5

NaMn(CO)5
NaCo(CO)4
NaCo(CO)4
NaMn(CO)5
NaV(CO)6
NaV(CO)6

KTa(CO)6

Product

AuW(CO)B(PPh ) (N=-CcH:)

3 55

AuMn(CO)S(PPhB)

AuCo(CO)4(PPh3)

CuMo(CO)B(o—Triars)(n-C5H5)

CuW(CO)B(o—Triars)(n—C5H5}

AuMn(CO)4(PPh3)L

AuMn(CO)4(PPh3)[P(OPh)3]

CuMn(CO)S(v-Triars)

CuMn(CO)5(o—Triars)

AgMn(CO)S(o-Triars)

CuCo(CO)4(o—Triars)
AgCo(CO)4(o-Triars)
AuMn(CO)5(V-Triars)
AuV(CO)6(PPh3)
CuV(CO)6(o—Triars)

AuTa(CO)6(PPh3)

Bond Length Yield

2.698 75%
80%

2.501 60%

2.571 80%
65%
2.561 67%
67%
100%
2.661 100%
80%
100%
100%

80%

Reference(s)a

20-22,259
22,28,29,40

22-24,28,40,42,
145-147,150

20
20

25

25,26
27,28,30
23,27,28
27,28
27,28
24,27,28
30

3]-35
31,35

32,35

80¢



Group |IB reagent Other reagent Product Bond Length Yield Reference(s)®

AUCIPPh, KNb (CO) AuNDb (CO)  (PPh) 50% 32,35
Au(PPh3),C10, KTa(CO) AuTa(CO)6(PPh3)3 60% 32,35
AuCIPPh, V(CO)5(PPh3)(NET4} AuV(CO)5(PPh3)2 40% 32,35
AUCIPPh. Ta(CO)5(PPh3)(NET4J AuTa(CO)S(PPh312 28% 32,35
AUCIPPh Nb(CO)5(PPh3)(AsPh4) AuNb(CO)S(PPhBJZ 48% 32,35
AuCIz(NZT4) [Mo(00)3(n—c5H5)]' [AuMoZ(CO)6(n-05H5)2][ZT4N] 65% 41,60
AuC|2<Nz+4) [Mn(c0)5]‘ [AuMn2(CO)|O][ZT4N] 65% 41,60
<o o
AuBr, (NZt ) [00(00)4] [AuCoZ(CO)8][2T4N] 65% 41,60
n B n

AuBrz(NBu4) [Fe(00)2<n-c5H5] [AuFe2(CO)4(n—C5H5)2][Bu4N] 65% 41,60
AuCIPRy NaFe (CO) ;N0 AuFe(CO)B(NO)(PRB) 30-60% 43

(R = OMe,Me,

Ph,p-CICcH,,

p—MeC6H4;

also PR3 =

PCy,Ph, _

PCyPhZ)

AUC1PPh NaFe(CO)Z(NO)(AsET2Ph) AuFe(CO)Z(NO)(ASETZPh)(PPh3) 45% 43
CuCIPPh, RhC1 (CO) (PPh)., CuRhC1,,(CO) (PPh;) 75% 48,94

AgZ(NZCIZHB) H2Fe(CO)4 AgFeH(CO)4(N2C|2H8) 49

60¢



Group |B reagent

AuCIPPhB

AuCIPPhB

AgNO

CuClPPh3

CuCI2 'ZHZO

AgPF6
[Au(C6F5)3—
(tht)]

I:Au(C6F5)3

(tht)]

[Au(C6F5)3-

(+tht)]

[Au(C6F5)3—

(th1)]
AU(CgFg) (tht)
Au(CFg) (tht)
Au(C4F ) (tht)

Au(C6F5)(+hT)

Other reagent

Me Si Ru, (CO)g
[MeBGeRu(CO)4]_
Co(COY,”
[Co(CO)B(PBug)]Mg—

(Thf)4

MOS4(NET4)2/PPh3

Rh(CO)(PPhB)(n-C5H5)

Co(CO) ,~

Mn (C0) "

[Mo (CO) 5 (n-CgHg) I
EW(CO)B(n—C5H5)]'

Co(CO)4_
Mn(CO)5'
[W(CO)B(n—CsHS)]‘

[MO(CO)B(H-C5H5)]

Product

AuRu(CO)4(PPh3)(SiMe

AgCo(CO),

t
CuCo(CO)B(PBUS)(PPhB)

Cu3MoSS(CI)(PPh3)35

[AthZ(CO)Z(PPhB)Z(n_C

[Auco<00)4<c6F5)3]‘

[AuMn(CO)5(C6F5)3]

[AuMo (CO) (n—CSH

3 5

[AuW(CO)B(n—C5H5)(C6F5)3]'

[AucO(CO)sj’
[AuMn(CO)lOJ'

[AuW (CO)6(n—C Ho) 1"

2 5 5)2
[AuMOZ(CO)6(n—C5H

3
AuRu(CO)4(GeMeB)(PPh3)

)<06F5)3]‘

501

Bond Length

2.700

2.644

2.509

Yield

18%

64%

>70%

91%

70%

40%

38%

46%
35%
40%

42%

Reference(s)a

53
57
58,93

59

61,95
62

63

63

63

63

63
63
63

63

ol¢



Group IB reagent Other reagent Product Bond Length Yield Reference(s)?

AUCIPPh. 0SCC H,Me-p(CO) (C1)=  AUOSCCyH,Me=p(CO) (C1), (PPh3), >75% 64
(PPh) ~

AgCl 0SCC H,Me-p(C0) (CI)=  AgOSCCyH,Me-p(CO) (C1), (PPh3), 2.799 70% 64
(PPh),

CuCl 0SCC H,Me-p(CO) (C1)-  CuOSCCyH,Me=p(CO) (C1),(PPh3), >75% 64
(PPhy)

AGC10,/CHLCN  0sCC H,Me-p(CO) (CI)- AgOSCCH,Me=p(CO) (PPhy), (C10,)- 64
(PPh), (MeCN)

AGNO5 cls P(NHg) - AgPT, (NH) , (CLHN,0,) , 2.867 19% 65
(CgHoN,0,),

AgNO cis PH(NHL) - AGPT (NH) 5 (CHoH,0,) 65% 65
(CeHoN,0,),

AgPF Mo (SCH,CH,SCH,CH,S),  AgMo(SCH,CH,SCH,CH,S) 3.053 66

d -

AUCCIgPPhy  PT(PPhy), AUPT(PPh)5(C.Cl ) 3.26 65% 67-69

AuMePPh -, Pt (PPhy) AUPT (PPh ) 5Me 60% 67

AUCIPPhy Fe(C0) 4 (C4Hg)Br/Zn AuFe (C0) 5 (PPh) (C5Hy) 2.519 43% 72

AuCIPPh Fe(CO) 5 (C HoCyHg)Br/Mg AuFe(CO), (PPhy) (CoH,Caty) 6% 72

AUCIPPh HCr (CO) .~ /TIPF HAUCF (CO) 5 (PPh.) 2.770 >70% 74

. >
AuCIPPh. HMo (CO) ;™ /TIPF, HAUCT (CO) ¢ (PPh.) 70% 74

lg



Group IB reagent

AuCI PPh.
AgIPMe3
AgIPMe
CuBr(CNBut)3
CuBr(CNBut)3
AuCIPPh.
[cucl(coo)]2
CuCl
AgNO3
“AgN03
CuCl
CuCl
CuCl
AgNO3
CuCl

AgNO

AgNO

Other reagent

HW(CO) ;™ /TIPF
HCr (C0) ™ /TIPF,
HW(CO) S~ /TIPF

Mo (sBu®),

Mo (s8u®)., (CNBu™),,
IT(C0) 5 (PPh)”
Ti(n-CgHy) (SMe),
Na[Mo (C0) 5 (n-CoHs) ]
Na[Mo(C0) 5 (n-CgHy )]
Na[W(CO)B(n—C5H5)]
Na[W(CO) 5 (n-CcHg )]
Na[Cr(C0) 5 (n-CgHg) ]
Na[Co(C0) ]

)

002(00)6(PBU 2

o+ Wt

Co5(CO)  (PBu3),
{Fe(CO)Z[P(OPh)BJ-
(NO)}ZHg

Na[HFe(co>4]

Product

HAuW(CO)5(PPh3)
HAgCr(CO)S(PMeB)
HAgW(CO)5(PMe3)

CuMo(SBut)Z(CNBut)4Br

CuMo(SBut)Z(CNBut)4Br

Aulr(CO)B(PPhB)2

[0uTi<n-C5H5)(SMe2)C|]2

- o L
[CuMo(CO)3(n C5H5) 2H2

[AgMo(CO)3<n-c5H5)]n

[AgW(CO) (n-C5H5)]n

3
[CuW(CO) 5 (N-CoHg) * H,00
[CuCr(C0) 5 (-CoH )T

[CuCo(C0), * xH,,
[AgCo(CO)B(PBug)]n

0 -xNH3]

t
[CuCo(CO)S(PBUB):In

{AgFe(CO)z[P(OPh)3](NO)}n

[HAgFe(CO)4]2 * AgNO,

ol
0 2NH3]n

Bond Length

2.615

2.615

Yield

>70%
>70%
>70%

60%

31%

504
50%
50%
50%
50%
64%

30%

70%

40%

Reference(s)a

74
74
74
83
83
90, 148
92
93
93
93
93
93
93
93
93

93

93

Z2i¢



Group IB reagent Other reagent Product Bond Length Yield Reference(s)®

CuCl V(CO) " /bipy ECuV(co>6(bipy)2]n 60% 93
CuCl| V(CO) " /phen ECuV(c0)6(phen)2]n 70% 93
CuCl,, MoS, (NET,),/PPh, CUZMoé4<PPh3)3 2.709 96
AuCIPPhg [W(u-CHR) (CO) - AW (u-CHR) (CO), (PPh) (n-CH,) 2.729 97

(n-c5H5)]'/T|PF6
(R = CgH,Me-p)

CuCN MOS4(PPh4)2 [CUMOS4CN][PPh4]2 2.630 60% 99
CuCN MoS4(NMe4)2 CuzMoS4(CN)2(NMe4)2 75% 99
AgNO3 MOS4(NH4)2/PPh3 Ag2M034(PPh3)4 95% 100
CuCI2 WOZSZ(PPh3Me)2/PR3 CU4W20256(PR3)4 2.793 2% [0l
(R = C6H4Me-p)
CuCl2 WOZSZ(PPhBMe)Z/PRB CU4W258(PR3)4 26% 101
(R = C6H4Me-p)
- 5+
AGNO, [P, (NHy) [AgPt, (NH;) g (CHeN,0,),)] 2.787 102

(C5H5N202)2](N03)2

Cul Li2Au2(C6H4CH2NMeZ—o)4 CuzAuz(C6H4CH2NMeZ—o)4 75% 103,105
AuCIPPh3 [Fe(n-C5H5)(n-CSH3R)]— AuFe(n-C5H5)(n—C5H3R)(PPh3) 100% 109

Li (R = M,CI,OCHB,CH2NMG2)
CUC2C6F5 Re(CO)B(PPhBJZCI CuRe(CO)S(E’PhB)Z(CZC6F5)2 3.078 13

EQ

¢ig



Group IB reagent Other reagent Product Bond Length Yield Reference(s)a
2_

CuCI2 WOS3 /PPh3 Cu4W286(PPh3)4O2 2.780 0% 115

CuS2 Mo7024(NH4)4- 4H20 CuMoS4(NH4) 2.70 90% 131

AgNO3 WS4(NH4)2/PPh3 AgZWS4(F’Ph3)3 2.971 132

CuS2 w7024(NH4)6 CuWS4(NH4) 2.72 133

AgNO3 MoS4(NH4)2 A92M054(PPh3)2 2.945 130,134

3- 2~ 2-
[Au(8203)2:| WS, [Au2w258] 3.169 135
3- 2- 2-

[Au(5203)2] WOS3 [AuW2S602] 3.221 |30

AgNO3 NiCIZ/SC(Me)ZCH(NHZ)— Ag8Ni6[SC(Me)ZCH§NH2)C02]I2CI | 36
002

CuCl NiCI2/SC(Me)ZCH(NH2)- Cu8Ni6[SC(Me)ZCH(NH2)C02]|ZCI 136
002

- 1

AgNO3 PdCIz/SC(Me)ZCH(NHz) A98Pd6[SC(Me)ZCH(NHZ)CO2]I2C' 136
002

CU(C5M95} W[=C(OMe)C6H4Me—p]- CuW[u—C(OMe)C6H4Me-p]— 51% |37
(CO)5 (n—C5Me5)

Cu(CSMeS) PTW(u-CC6H4Me—p)(CO)2— CuPTW(u—CC6H4Me—p)(CO)Z(PMeB)Z- 137
(PMe3)2 (n—CSMe5)(n—C5H5) 2.648

AuCIPPh3 Me6Ge2Ru2(CO)8 AuRu(CO)4(PPh3)(GeMe3) 18% 144

AuCIPPh3 PT(PPh3)20I2 AuPT(PPh3)30| 15% 149

LARY



Group 1B reagent

AuCIPPh3

CuClI

{Cu[HB(pz)Bj}n H Mo (C5Hg)

AuCIPPh3

Other reagent
PT(PPh3)28r2

Ti(SRZ)(n_CSHS)Z

5°2

HMo (CO)IO'/TIPF

2 6

Product

AuPT(PPhB)BBr

[CuTiX(SR)Z(n-CSH5)2]n

(X = Cl,Br; R = Me,Ph

H20uMo[HB(pz)3](n-c5H5>

HAuMo(CO)5(PPh3)

qreferences refer to those of Chapter 4.

Bond Length

Yield

15%
70%

40%

Reference(s)a

149

257

258

74

Gig
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CHAPTER 1

Synthesis, Structure and Photochemistry of Tetracarbonyl
(Fulvalene) diruthenium. Thermally Reversible Phgtoisomerisation

Involving Carbon-Carbon Bond Activation at a Dimetal Centre.

K. Peter, C. Vollhardt and Timothy W. Weidmann, J. am. Chem. Soc.,
1983, 105, 1676.

Preparation and Reactivity of a Dimeric Ruthenium p-Methylene

Complex with No-Metal-Metal Bond: Crystal and Molecular Structure
s ) \

of [(n°-CgHgIRu(CO), 1, (u-CH,).

Y.C. Lin, J.C. Calabrese and S.S. Wreford, J. Am. Chem. Soc.,
1983, 105, 1679.

Paramagnetic Organometallic Molecules XIV. lon-Pair and Steric
Effects in Dissociative Electron Transfer Reactions of Metal

Cluster Carbonyl Radical Anions.

Christopher M. Kirk, Barrie M. Peake, Brian H. Robinson and Jim

Simpson, Aust. J. Chem., 1983, 36, 44].

Paramagnetic Organometal lic Molecules XV. Electron Attachment

Reactions of Metal Carbonyls.-

Alan S. Huffadine, Barrie M. Peake, Brian H. Robinson and Jim

Simpson, Aust. J. Chem., 1983, 36, 613.

Radical and lonic Nucleophilic Substitution Reactions on

a-Alkyl-y=(p-nitrophenyil)allyl Derivatives.

Steven D. Barker and Robert K. Norris, Aust. J. Chem., 1983, 36,
527.

An Equilibrium between Two |somers of Ir4(CO)||PET3 and the

Pathway for Carbony!l Scrambling.

B.E. Mann, C.M. Spencer and A.K. Smith, J. Organomet. Chem., 1983,
244, CI7.
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Reactions of Metal Carbonyl Cluster Complexes with Multidentate
Phosphine Ligands; Reactions with Methyltris(dialkylphosphino)-

silanes.

Douglas F. Foster, Barry S. Nicholls and Anthony K. Smith, J.
Organomet. Chem., 1983, 244, |59.

X-Ray and Neutron Diffraction Studies on [Ru4(CO)8(u—H)4{P(OCH3)3}4]
at 293 and 20 K: Characterisation of the Vibrational Behaviour of

Two-co-ordinate Hydrogen Atoms.

A. Guy Orpen and Richard K. McMullan, J. Chem. Soc., Dalton Trans.,
1983, 463.



Addendum

To Whom It May Concern:

The following two pages of tables were omittgd during the
typing. The first is the middle of the fold-out of Table 1 -
Chapter 3 (page 233): The second is part of Table 1, Chapter 4
(and may be attached to page 252). I apologize for not noting

these missing sheets of information sooner.

Yours sincerelv.

f .
Jarfis G. Matisons B.Sc. (Hons.) Dip. Ed.



Corrections

page 166 Reference 177 should read:
see footnote (6) Reference 174.

page 250 (References 123, 124 on Table) The product should read:
AgFeZ(CO)s[u-CHC(NRR')(C6H5)](u-PPh2)

page 307 (Reference 13 on Table) The product should read:
AgIr(CO)(PPh3)2(MeNCHNCGH4Me-p)

page 309 (References 41, 60 on Table) The counter ion for both

the Group 1B reagent and the product (1ines 6, 7, 8 from top

of table) should read:
(NEt,;) not (NZt4) {in all three cases}



Compound

Au(C,C,Hg)PPhy
(7)

Au(C,CH,CH,0H)PPh,
(8)

Au(C,CH,0H)PPh,
(9)

Au(C,Ph)PPh,
(10)

Au(C,C4H,)PPhy
(11)

Au(C,Ph)PMe,
(12)

Synthesisa

(b)

(a),(d)
(c)

(b)
(a),(d)
(c)

(b)
(a),(d)
(a)

(b)
(d)
(b)

(b)

Yield

92%

0%
42%

18%
0%
54%

m.p.

279-281°

248-250°

234-235°

135-138°

256-259°

196-198°

(C

(C

(C

(C

- (C

(C

Analytical data
Found (calculated)

- 53

- 53.

- 50.
- 50.

- 52.
.48%,
.38%,
.31%,

.46%,

34%, H

20%, H
01%, H

99%,

.04%, H
.04%, H

.96%, H
.73%,

I I I I

.90%

4.47%)

3.94%
3.81%)

3.35%
3.52%)

3.46%
3.59%)

w W s

.76%
.21%)
.647%
T7%)

(Nujol)

2135

2130

2110

2120

2135

2097

v(C=C) enl Mt (mass
spectrum)

564

528

514

560

550

374

1H n.m.r.
§ (CDC13)

7.42m (15), PPh3
1.90-0.50m (9), n-Bu

7.55m (15), PPh
5.046 (1), OH
(J = 7 Hz)
3.19m (2), CHZOH

2.77m (2), CHZCHZOH

3

7.50m (15), PPh
5.10t (1), OH
(J = 7 Hz)
3.23d (2), CH20H
(J = 7 Hz)

3

7.50m, PPh3 + Ph

7.42m (15), PPh3
1.90-0.70m (7), n-Pr
7.50m (5), Ph

1.79d (9), PMe, f@éﬁTﬂEﬁgA
(Jp, = 12 Hz) /—\ T
/,'

PH o\



Group 1B reagent

AuC]PPh3

AuC]PPh3
AgNO3
Cul

Agl

AuC1(P P)

[CuC](PMe3)2]2

Other reagent

™ [Na(HMPA) 1 M(C0),

M = Mn, Re

HMPA = hexamethylphosphoramide
V(c0)>"

COZ(CO)S

COZ(CO)S

Coz(CO)8

H,Fe(CO),

CpCo(PMe3)2

Product Heterometallic Yield Reference(s)
Bond Lengths TER
(average in R) (/6§. 30;\
oy \
= o
Au3M(CO)4(PPh3)3 20%(M=Mn) 36,37 %g::_‘/,,f
6%(M=Re) e
Au3V(C0)5(PPh3)3 2.734 60% 38,39
AgCOz(CO)8 50
CuCoZ(CO)8 _ 75% 44
AgCoz(CO)8 75% 44
P
AuzFe(CO)3(P P) 46% 45
N _
where P P = (m-PPh2C6H4)2
y 5
CuCoCl(PMe3)4(n 'CSHS) 91





