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ABSTRACT

This Thesis describes the synthesis and structural
characterisation of a range of heterometallic cluster compounds of
platinum. Chapter 1 reviews the current knowledge in this area and
gives examples of the kinds of cluster compounds which have been
characterised, with some emphasis on their mode of synthesis and their
structural and spectroscopic characterisation. The structures of the
cluster compounds are rationalised in terms of the triangular Pt; unit
which dominates the cluster chemistry of platinum. The bonding in the
simplest triplatinum cluster compounds is analysed and is used as a
basis forAunderstanding the interconversion of platinum cluster
compounds and the formation of heterometallic platinum~gold cluster
compounds .

Chapter 2 describes the synthesis and characterisation of the
homometallic platinum cluster compounds which are convenient
precursors for the formation of heterometallic cluster compounds. A
general synthetic route to the platinum carbonyl phosphine clusters
has been developed and the exchange of bridging CO and SO, ligands in
this type of cluster was investigated. The synthesis of a new type of
anionic 44 electron triplatinum cluster, [Pt3(u-SO,),(u-X)(PR3)3]17, is
described.

The syntheses of heterometallic clusters from the triangulo-
platinum cluster compounds are reported in Chapter 3. The use of
[AuPR3] as a capping fragment generates clusters with a tetrahedral
Pt 3jAu framework. The synthesis and characterisation of two novel
"sandwich" compounds are reported in which a gold or copper atom is

coordinated between two parallel triplatinum units. A full single
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crystal X-ray crystallographic study has been carried out on each of
these compounds and their geometric parameters contrasted.

Chapter 4 describes the reactions of the platinum-sulphido
complex [Pt,(u-S)(CO)(PPh3)3]. This compound is found to be
chemically robust. The Pt-Pt bond has so far proved resistant to
insertion reactions and only the ligands trans to the sulphur atom are
readily exchanged. The bridging sulphido- group appears to have an
extensive coordination chemistry which has lead to the synthesis of
some heterometallic complexes. This property does not, as yet,
provide a route into cluster formation but instead produces complexes
which are aggregates of metal atoms.

The application of 3lp and 129pt NMR studies to the
characterisation of platinum cluster compounds is discussed in Chapter
5. The solution NMR spectra of compounds synthesised in the course of
this research are described and analysed in detail. A large amount of
NMR data for homometallic triplatinum clusters has been gathered and
it has been possible to characterise a number of such compounds having
relatively low symmetry. The heterometallic complexes described in
Chapters 3 and 4 have also been characterised using NMR spectroscopy
by considering the extra MPR, fragments as perturbations on the
spectra of the compounds from which they were derived. Analysis of
the complex spectra obtained for such compounds was dgreatly assisted

by the use of computer simulation techniques.



iii

The work described in this Thesis was carried out in the
Inorganic Chemistry Laboratory, Oxford, from October 1983 to May 1986,
under the supervision of Dr D.M.P. Mingos. All the work is my own,
unless stated to the contrary, and it has not previously been

submitted for a degree at this or any other University.



iv

ACKNOWLEDGEMENTS

I would like to thank my supervisor, Dr D. Michael P. Mingos, for
his ideas and encouragement during the course of my research. I am
particularly grateful for his his help and advice which was always

freely available.

I am grateful to a number of people for assistance with the
characterisation of some compounds: to Dr Mary McPartlin for the X-ray
crystallographic analyses described in Chapter 3, to Michael Luke for
the X-ray crystallographic analyses described in Chapter 4 and to Dr
Martin Grossel for obtaining the 162MHz 31p NMR spectrum described in

Chapter 5.

My thanks are also due to the various members of the research
group, past and present, whose lively discussions were a constant
stimulation. In particular, I would like to remember David Evans,
Robert Wardle, David Gilmour and Michael Luke whose research in

related areas offered much guidance in my earlier days.

Finally, I thank Sheila for assistance with the typing and
printing and for putting up with my long absences during the

preparation of this Thesis.



ABBREVIATIONS

GENERAL

atm atmosphere

Bu" n-butyl

But tertiary butyl

Bz benzyl

cod 1,5-cyclooctadiene
Cy cyclohexyl

dppe bis(1,2 diphenylphosphino)ethane
dppm bis(1l,2 diphenylphosphino)methane

dppp bis(1,2 diphenylphosphino)propane

ESCA electron spectroscopy for chemical analysis
Et ethyl

HOMO highest occupied molecular orbital

LUMO lowest unoccupied molecular orbital

Me methyl

NMR nuclear magnetic resonance

Ph phenyl

PPN bis(triphenylphosphoranylidene)ammonium
Pri iso-propyl

R alkyl

THF tetrahydrofuran

TMNO trimethylamine N-oxide

TMP trimethyl phosphite

Tol tolyl

uv ultra-violet

Xyl Xylyl



INFRA-RED ABSORPTION BANDS

(v)s (very)strong
m medium

w weak

sh shoulder

br broad

NMR DATA

) chemical shift

{lH} broad-band proton decoupled

Ng coupling constant over n bonds
ppm parts per million
S singlet

t triplet
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CHAPTER ONE

A SURVEY OF STRUCTURES AND METHODS IN PLATINUM CLUSTER CHEMISTRY

1.1 The study of cluster chemistry

Metal cluster chemistry is currently a particularly active area
of research. Some of the interest derives from the aesthetic pleasure
in predicting and then creating ever larger polyhedral clusters. A
singularly satisfying example was the synthesisl of
[Aul3C12(PMe2Ph)lO]3+ since earlier molecular orbital calculations?
had predicted the stoichiometry and structure for this molecular
cluster. On a more practical level, the aim of this type of research
is to understand the structure of metal surfaces and the catalytic
processes which can occur on them. Most catalytic processes in
chemical industries involve reactions on the surfaces of metals or
their oxides or sulphides. Such reactions require the coordination of
reactants at the surface and in terms of structure and stereochemistry
this should bear some resemblance to the coordination of small
molecules or ions to a metal atom or group of atoms in a discrete
molecular cluster. This Thesis is concerned with the synthesis and
structures of a narrow group of small cluster compounds and, to some
degree, their reactivity. A detailed examination of the "Cluster -
Surface Analogy" is outside the scope of this survey but can be found
in reviews by Muetterties and others.3’4 It is worth making a few
comments on the relevance of the types of cluster compound which have
been studied to the understanding of surface chemistry.

The surfaces of catalyst-type materials have exposed metal atoms,

each of which is bound to a number of other exposed metal atoms.

Therefore, it seems more realistic to model surface coordination



chemistry not so much on molecular complexes containing only one metal
atom but rather on molecular cluster compounds which are based on
polyhedral metal frameworks. There is no suggestion that clusters are
fully analogous to metal surfaces - there are major electronic
differences between bulk metals and molecular clusters. However,
there are sufficient similarities for the clusters to be an adequate
working model for surface catalysts. In the chemistry of platinum
there is, in fact, one example where there is a strong similarity
between cluster and bulk metal. The two largest of the characterised
clusters, the Ptag and Ptog carbonyl anions, both have close-packed
arrangements of metal atoms and the cubic structure of the Pt3g
cluster is the same as in metallic platinum.5 The average Pt-Pt bond
distance in the latter cluster is 2.832 compared with 2.77& in the
metal.

Cluster compounds serve not only as models for catalyst systems
but can also act as selective and efficient catalysts in their own
right. Of interest to this work is that some catalytic studies have
been carried out on Ptj triangular cluster compounds. Specifically,
the carbonyl anions [Pt3(u-CO)3(CO)3]g' or the neutral [Pts(u-
CO)3(PR3)4], each supported on alumina,® have been found to compare
favourably with Pt or Pt-Sn metallic catalysts traditionally used for
the isomerisation of hexanes. The latter type also showed a
particular selectivity towards demethylation of methylpentanes. This
was attributed to the phosphine ligands which block the formation of a
cyclopentane intermediate, not for steric reasons but rather by
changing the electronic environment on the metal.

The same carbonyl anions are also known to catalyse some



hydroformylation reactions.7 For example, at 120°and under a
pressure of 100atm of hydrogen and CO, l-pentene is catalytically
converted in the presence of [Pt3(y—CO)3(CO)3]£' to a mixture of
aldehydes. At the end of the reaction, the platinum is recovered as a

mixture of [Pt3(;;—00)3(00)3]£' and [Pt3(,,¢,—CO)3(CO)3]§-.

1.2 Clusters and aggregates

A metal cluster may be defined as a molecular compound containing
three or more metal atoms held together sufficiently closely that
bonding interactions are considered to exist between them.
Theoreticians may be able to calculate that the occupied multicentred
molecular orbitals encompassing the metal atoms are bonding in nature
and crystallographers may be able to show that inter-metal distances
are short enough to say that metal-metal bonds exist. Thus the series
of Ptj triangular compounds and the Pt3Au tetrahedral compounds

illustrated in Fiqure 1.1 are accepted as metal clusters.

P

Au

P
P = tertary phosphine ' \\\\\\
X X
x\
P P
X = CO, SO, m | \Pt/ \pt/
~ \\ //
x/ x\ /X

P/<\\\ P

Pt

P

Typical distances: Pt-pt 2.6-2.888 Pt-pt 2.7R9
Pt-Au 2.8R

Figure 1.1 Metal-metal bonded clusters




Transition metal-metal bonding is favoured by overlap of (n-1)d
orbitals at intermolecular distances which are sufficiently long to
avoid core-core and ligand-ligand repulsion. Elements on the left
hand side of the second and third transition series form metal-metal
bonded species with the help of good n-donor ligands such as halide,
alkoxide and amido groups.lo This Thesis is concerned with the
cluster compounds of the heavier elements on the right hand side of
the transition series. These metals rely on n-acid ligands such as
CO, phosphines and cyclic aromatic organic ligands. The metal-metal
bonding in such compounds may be attributed to a combination of low
effective nuclear charge, leading to good overlap of d orbitals, and
stabilisation of cluster molecular orbitals by interaction with
unoccupied ligand 7 orbitals.

Molecular compounds are also found in which a number of metal
atoms are held together by bridging ligands at separations greater
than accepted metal-metal bonding distances. Such compounds may be
described as aggregates and an example is illustrated in Figure 1.2

below.

L = tertiary phosphine

Internuclear distances: pt-Pt 3.27R
pt-rh 3.03%, 3.0581!

Figure 1.2 A polynuclear metal aggregate




The difference between a cluster and an aggregate at first sight may
be only in the distance separating the metal atoms since it is not
always possible to be certain of the existence of a formal metal-metal
bond simply on the basis of electron-counting. This is particularly
true in cases such as platinum where the metal atoms readily adopt
coordination geometries based on both 16 and 18 electron
configurations.12 The trinuclear complex [Pt3(u-PPhjy) 3(Ph) (PPh3) 2],13

shown below, illustrates this point.

lth

Pt

\
thp/ PPh, d(pt-pPt) (R)
N
P bt 2.785

31630
PhP” \ / SPPh,
P
Ph,

This example of a 44 electron complex is unusual in that the extra
pair of electrons over what is required for a Ptg triangle has been
localised to the extent of separating two Pt atoms beyond what is
normally considered to be a bonding distance. Many other 44 electron
platinum triangles are known and in these cases, although there is
some bond lengthening, the Pt-Pt distances remain in the range
anticipated for metal-metal bonds.

The difference between bonded and non-bonded metal atoms can
often be defined quite easily. [PtzAu(,u,—S)(CO)Z(PPh3)4]+, which is
discussed in Chapter 4, has a well defined Pt-Pt bond (2.658) and two

non-bonding Pt-Au distances of more than 3.08. This is consistent



with the observed chemistry of this and a range of similar compounds
in which changes are readily made in the coordinated ligands while the

Ptz(#'S) core remains intact.

1.3 Synthesis of cluster compounds

The synthesis of metal cluster compounds has progressed greatly
in the last two decades in that it is now possible to control reaction
conditions in favour of cluster formation rather than waiting on good
fortune. It is still very difficult to predict the precise nature of
the cluster which will result from a given reaction. Indeed, the
large number of bond breaking and bond forming steps in such reactions
often lead to a complex mixture of products which must then be

separated either by solvent extraction or by chromatographic methods.

1.3.1 Homonuclear platinum cluster compounds

The field of platinum cluster chemistry was pioneered by Chatt

and his co—workers12

who provided the first preparatively simple
synthesis of trinuclear phosphine carbonyl cluster compounds by the
hydrazine reduction of sodium tetrachloroplatinite in the presence of

a tertiary phosphine and CO (Reactions 1.1 and 1.2).

> [Pt4(u=CO)+(PPh,) 4,1
2. NoHy, KOH, CO 3 3 34 (1.1)

Na 2PtCl 4 aa——

1. PMe,Ph, MeOH

> [Pty(u-C0)c(PMe,Ph) ,]
2. NoH,, KOH, CO ‘ v (1.2)

The yields of these reactions were generally low and mononuclear by-



products had to be removed by Soxhlet extraction.

Chini and co-workers’ found that the reduction of Na,PtClg in the
presence of CO, but without phosphine, gave a series of carbonyl
anions:

Co

Na,PtCle > [Pt4(u-00)5(00)512"
NeOH, MeOH

(n = 2-51 10) (lo3)

These oligomers result from the stacking of Pt4 triangles along the
pseudo 3-fold axis and the nuclearity of the cluster formed is
critically dependent on the stoichiometry and conditions of the
reaction.

More recently, a strategy has been developed by which low-valent,
coordinatively unsaturated species are generated from mononuclear
starting materials and are then condensed to form clusters. 1In
platinum cluster chemistry the required intermediate may have the form
[PtL,X,] where L = tertiary phosphine and X = CO or SO,. It is

thought that such species are intermediates in the following

reactions.
co
[PtH,(PCy,),] >  [Pta(u—00)3(PCy3) 5]
21547372 CHle 3 31303 URVRE
1. UV, Hy, EtOH
[PE(PPhs)(C50,)] > [Pt3(u-PPhy)3(u-H) (PPhy) 1%

2. NaBF4
(1.5)16

Some mononuclear platinum(0) complexes can be isolated and these
tend to be useful precursors for platinum cluster formation. This is

particularly true of olefin complexes in which the olefin ligand is



quite labile:

cnBut
[Pt(cod),] > [Pt 3(u-cNBu®) 5(aNBu®) 5]
petrol

(1.6)17

[Pt(CyH,) 5 (PCy3)] > [Pt3(u-S0,)3(PCy3)3]
hexane 18
(107)
Once formed, platinum cluster compounds are readily

interconverted and become themselves sources of new clusters by means

of ligand exchange and by degradation and aggregation reactions.

1.3.2 Heterometallic platinum—gold cluster compounds

No examples of structurally characterised platinum—gold cluster
compounds had appeared in the literature until recently when Wardle,
in this laboratory, reported that it was possible to cap Pt,
triangular clusters with an Au-PR3 fragment.9 The products, like
previously known mixed-metal gold clusters, depended for their
synthesis on the isolobal relationship between AuPR4 and the hydrido-
ligandﬂjhzo Lewis gg_giZl had demonstrated the addition of the
cation [AuPPh3]+ to the metal carbonyl cluster anions and Stone’s
group22 had reported the elimination of methane from a metal carbonyl
hydrido- cluster and [MeAuPPh3].

It has been found that the neutral triangulo- cluster [Pt3(p,-

0)5(PCy3)3l, although unreactive towards [AuCl(PR3)], is sufficiently
nucleophilic to react with [AuPR3]+ when formed in situ from
[AuCl(PR3)] and TlPFG. There is a precedence in the literature for a
capping reaction of this type. Several platinum-mercury cluster

compounds have recently been synthesised where a mercury atom caps the



Pt, unit. Such compounds are described in detail in Chapter 3. The
product of the reaction with [AuPR3]+ is a tetrahedral cationic
cluster in which the gold fragment has symmetrically capped the Ptj

triangle.23

It has also been found that the neutral SO, cluster
[Pt3(p,-802)3(PCy3)3] reacts with [AuCl(PR3)] in two ways. In the
presence of TlPFG, the tetrahedral, symmetrically capped structure is
formed as with the carbonyl cluster. In the absence of T1PFg, there
is still a reaction in which the gold atom caps the Pty triangle.
In this case the product is neutral, with one of the bridging SO,
ligands on the Pty triangle replaced by a bridging chloride ligand.24
These syntheses are illustrated in Figure 1.3 which also shows how SO,
and CO ligands in the heterometallic PtjAu clusters may be exchanged
to a limited degree.

synthetic routes to mixed platinum-gold cluster compounds have
also been found recently in which all the starting materials are
mononuclear. Braunstein 35.3125 have reported the synthesis and

structural characterisation of a mixed triangular cluster,

[PtAu,C1(PEt3),(PPh3),1™:

pp;:1'+
/

TEt3 Au
CI——Tt
PEt
3 Au

PPh,

The starting materials for the synthesis were trans-[PtHCl(PEt3)2] and
[Au(THF)(pph3)]+, the latter generated in THF solution from the

reaction of [AuCl(PPh3)] and AgCF3SO3. Gilmour gE.QLZG have also
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reported the synthesis and characterisation of a mixed tetranuclear

cluster which adopts a "flattened butterfly" structure:

L l2+

Au
CNR \\\\\\\TNR
t———it Pt—L
lNR ////////lNR
L = PPh 3 Alu
R = Xylyl L

This compound was synthesised by adding [Au.(CN-Xylyl)Z]+ X~ (X = BFy
or PFg) to a solution of [Pt (PPh3)5(CoHy)] in acetone.

In Chapter 3 of this Thesis, the idea of capping Pt triangles
with mononuclear gold fragments is extended further in an attempt to

develop the chemistry of the Pt triangular clusters.

1.3.3 Homometallic platinum sulphido- complexes

Many homometallic sulphido- complexes of platinum have been
isolated which can be classified into two groups. One type consists
of two metal-metal bonded platinum atoms bridged by a single sulphur
and is the basis of the work described in Chapter 4. The other type
consists of two non-bonded platinum atoms held together by two sulphur
ligands. 1In both cases the sulphur atoms have the capability to bond
further to other metals.

Baird and Wilkinson first reported27 that the reaction of
[Pt(PPh3)3] with COS yielded a product which they formulated as
[Pt(PPh3)2(Cos)]. They later reported28 that on heating in

chloroform, this complex gave an orange air-stable compound, which
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they identified on the basis of infra-red spectroscopy and elemental
analysis as [Ptz(p,-s)(CO)z(PPh3)3]. Subsequently, Skapski and
Troughton29 showed by X-ray crystallography that the compound had only
one CO ligand and the following structure.

S
PhaP—_ . N, —PPhy

PPh, Co

The platinum atoms in this compound have a nominal oxidation state of
+1 which represents an oxidation by COS from the [Pt(PPh3)3] starting
material.

An analogous synthesis has been reported30 which uses CS, instead
of COS. The reaction of [Pt(dppe)(CSz)] with [Pt(PPh3)2(C2H4)] gives

the complex shown below.

Ph S
2 7N\
</\;3t O P\t —PPh,

PPh, CS
A similar complex, [Pt,(u-S)(PPh3),], has been produced by the
reaction of cis-[Pt(PPh3),Cl,] with Nazs-in NH3-EtOH. 1In this case
the Pt(II) starting material was reduced, probably by the ammoniacal

ethanol solvent.
Two compounds based on the Pt (u-S), unit were isolated from the
reaction in ethanol of cis-[Pt(PMe,Ph),Cl,] with Nazs.31 One was

white, water soluble and ionic and, on the basis of infra-red and

analytical evidence, was assigned the following structure;
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The other compound was yellow, non-conducting and was shown by X-ray

crystallography to have the stucture below:

L _,Pt7
L=

/ \\s
L

The latter compound contains two approximately square-planar platinum
centres linked by two bridging sulphido- ligands. The former product
is derived from this compound by further coordinating the sulphur
atoms to a PtL, unit and this has been confirmed by reacting [Ptz(p,-
S),(PMe,Ph),] with one mole-equivalent of cis-[Pt(PMe,Ph),Cl,] to give
[Pt (u-S),(PMe,Ph) 1%t in high yield.

Ugo32 has reported the compound [Ptz(,u-S)z(PPh3) 41, isostructural
with [Pt,(u-S),(PMe,yPh)y], and synthesised by reacting
[Pt(PPh3),(SH,)] with O, or sodium ethoxide. This particular

platinum-sulphido complex has been the subject of many studies on



14

heterometallic:aggregatesll'33'34 since both sulphur atoms readily

coordinate to other metals.

1.4 Characterisation of platinum cluster compounds

A range of techniques are available for the structural
characterisation of platinum cluster compounds. 1In the solid state,
the most definitive is the method of single crystal X-ray
crystallography. A number of forms of spectroscopy are utilised for
identifying cluster compounds in solution and in the solid state. In
the course of this work infra-red, ultra-violet(UV) and NMR
spectroscopy have been widely used, the last of these being developed
as a means of determining structure in solution. Elemental analyses
are routinely carried out on new products but the results are used
with reservation since a number of factors, such as solvation‘, can

give misleading results.

1.4.1 X-ray cystallography

sometimes the use of X-ray crystallography is the only means of
elucidating the structure of a cluster compound. This applies
particularly to/high nuclearity and complex structures. In this work
X-ray crystallography has been used to determine the structure of a
complex heterometallic cluster for which spectroscopic evidence is
deceptively simple (see Chapter 4) and has also been used to compare
solid state structures with solution structures as determined by NMR
spectroscopy (see Chapter 5). The main strength of the technique is
in determining the metal atom framework which makes up the cluster and
in placing on the framework the principal heavier ligands. 1It is

sometimes difficult, however, to locate small ligands, particularly in
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high nuclearity clusters. For example, in the Pt3g cluster,5 the
number and distribution of CO ligands is uncertain and chemical

analysis has been needed to provide an estimate of about 44 ligands.

1.4.2 Infra-red spectroscopy

The carbonyl region of infra-red spectra is useful for
identifying cluster species and for the Ptg triangular clusters it is
often possible to distinguish between the compounds [Pt3(p,-CO)3L3]
(D3,) and [Pt3(u-CO)3Ly] (Cyy). The former D3y structure is
characterised by one strong band in the bridging carbonyl region (1750
- l9500m'1) whereas the latter C,,, structure shows two strong bands.
The pentanuclear cluster [Ptg(CO)(u-CO)g(PPh3)y] is also readily
identified by its infra-red spectrum since it is one of the few
platinum phosphine carbonyl clusters having a terminal carbonyl ligand
(1990cm™1) .

Sulphur dioxide always occupies a bridging position in cluster

com.pounds35'36 and two bands in the region 1000 - 1300cm™1

correspond
to symmetric and asymmetric (S-O) stretching vibrations.

Other ligands which are found in terminal and bridging positions
and which may be detected by infra-red spectroscopy are isocyanides
and hydride ligands. In the terminal bonding mode, absorption bands
are found for both at about ZlOOCm'l. Bridging hydrides give bands in
the region 1500 - 1800cm™} and bridging isocyanides at about 1700cm™l.

Infra-red spectral data for a large number of platinum cluster

compounds containing ligands such as those described above are

collected together in a recent review by Mingos and Wardle.®
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1.4.3 Nuclear Magnetic Resonance studies

The platinum cluster compounds which are the subject of this
Thesis contain a number of easily observed NMR nuclei: lH, 13C, 31p
and 195pt - all with nuclear spin I = i.

Proton NMR has not proved to be very instructive for the
compounds described in this Thesis since it gives information mostly
about the internal structure of the phosphine ligands. It has,
however, come into its own in locating hydride ligands in compounds
for which crystallography has failed.37/38 Fpor example, in [Pts(,u,-
H)6H2(PBut2Ph)5] the relative integrated intensities of the two
signals at § = -5.45 and -14.13ppm in the 1y MR spectrum indicated
the presence of 6 bridging and 2 terminal hydride ligands as shown in

the structure below.

H
\
/t
’ \ )
t / H \
L = PBu 2Ph L\ I Pt/L

13C NMR has not been exploited in this work for a number of
reasons. As for proton NMR, most information derived would relate to
the internal structure of organic ligands. There would be some
interest in probing the 13C of carbonyl ligands but these have long
relaxation times and in practice are difficult to observe,

particularly in the presence of other organic ligands. chini and
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others39 have made use of 13C NMR to examine the carbonyl ligands of
the stacked anionic clusters [Pt3(u—CO)3(CO)3]§- and have shown
unambiguously that, over the temperature range studied, there is no
terminal/bridge intramolecular exchange.

Long relaxation times are a general problem with 13C NMR and they
result in the need for long delays between pulses on Fourier Transform
spectrometers. This difficulty is compounded by the low natural
abundance of 13¢ (1.1%) which means that long accumulation times are
also required.

On the other hand, 31P{ll-l} and 195Pt{lH} NMR are very informative
about the number, type and structural relationship of these two nuclei
in the cluster compounds under consideration. Both nuclei are easy to
observe as indicated by the data in Table 1.1 and the ability of
modern Fourier Transform spectrometers to accumulate spectra rapidly
means that even for fairly complex structures, 31P{1H} spectra with
good signal to noise ratios are produced in 15 - 20 minutes. For
platinum, tens of thousands of pulses are often required to produce a
satisfactory spectrum and the technique is only feasible because l95Pt
relaxation times are usually quite short (small fractions of a
second). This means that little or no delay is needed between pulses
which can therefore, be made at a rate of up to 200 per minute. Hence
l95Pt{1H} spectra with acceptable signal to noise ratios are possible

in only a few hours.
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Relative Observation Relative Absolute
abundance frequenc¥ (MHz) | sensitivity sensitivity
(%) scaled to “H = 100
1y 100 100 1.00 1.00
13. 1.1 25.1 1.59 x 1072 | 1.76 x 1074
31p 100 40. 4 6.63x 1072 | 6.63 x 1072
135p¢ 33.7 21.4 9.94 x 1073 | 3.36 x 103

Table 1.1 NMR parameters for some common nuclei

The application of 31P{lH} and 195Pt{lH} NMR spectroscopy in this
work as a means of structure determination is described in detail in
Chapter 5. Besides this use, the NMR technique in solution has been
applied to the observation of dynamic situations. 195p¢ studies on
the carbonyl anions [Pt3(urCO)3(CO)3]§' have demonstrated the free
rotation of Pty triangles within clusters and the facile exchange of
Pty triangles between clusters which occurred when a trace of a
cluster with n>3 was present.

In contrast to the crystallographic studies40r41 o [Pty (p~
CO)g(PMe,Ph),] which show a "butterfly" structure with approximate Coy
symmetry, the 31P{1H} and 195Pt{lH} NMR datal0 reveal equivalent 3lP
and 195Pt spins which describe a tetrahedral arrangement of platinum
atoms. The interpretation given for this is that the solution NMR
observes a time averaging of all possible edge-opened tetrahedra as

shown below:
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1.4.4 Other methods

Electron spin resonance (ESR) data have been recorded for [Pt,{u-

42 confirming that

Fe(C0)4}3(00)3]1" in solution and in the solid state,
this compound, which is a rare example of a 43 electron Pt cluster,
has a single unpaired electron. The stability of the paramagnetic
cluster probably derives from the unpaired electron being localised
mostly on the platinum atoms, and from the steric properties of the pu-
Fe(CO)4 groups which hinder spin-pairing by dimerisation. ESR
spectroscopy has not been put to use in this work because the more
usual 42 and 44 electron Pty triangles are diamagnetic.

UV spectroscopy has found good use in the cluster chemistry of
gold43. The high nuclearity clusters (Au6 - Aul3) generally show
absorption bands at between 300 - 500nm of the UV spectrum which are
very characteristic of the gold framework but vary little with small
changes in the ligands. ‘In this work UV spectroscopy has only been
used to monitor the course of a reaction in which the product shows a

characteristic absorption band which is absent in the starting

material (see Chapter 2).

1.5 Structures of platinum cluster compounds

A dominant feature of platinum cluster chemistry, which is also a
central feature of this work, is the prevalence of the Pty triangular
unit. Not only is there a large family of Pt, triangulo- clusters but
there is also a growing number of higher nuclearity clusters whose
structures may be derived from the fusion of triangles. The pattern
of metal frameworks observed in the structures of platinum clusters
seems not to depend for its existence on the ligands in use other than

that suitable ligands are necessary for cluster formation in the first
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place.

The order which exists among these structures becomes apparent
when the clusters are organised according to the total number of
valence electrons which they contain. Figure 1.4 shows a number of
platinum cluster compounds, containing 3, 5 or 7 metal atoms, with
their skeletal electron counts. Tetranuclear clusters of platinum
show a greater variation in their electron counts and some examples
are shown in Figure 1.5.

The simple [Pty(u-X)3L3] cluster has 42 skeletal electrons to
which may be added two further electrons if an extra phosphine ligand
can be incorporated or if an anionic bridging ligand is introduced.
The pentanuclear clusters with a trigonal bipyramidal framework have
68 electrons. If a suitable bond in such a structure is broken then
an edge-bridged tetrahedral structure is obtained for which the
electron count is 70. It is difficult to generalise as well about the
tetranuclear structures except to say that lower numbers of cluster
bonding electrons tend to give tetrahedral geometries whereas the
addition of more electron pairs leads to localised bond breaking and
the "butterfly" geometry.

The Pto Cluster shown in Figure 1.4 is interesting because it
demonstrates how a high nuclearity cluster is built up from a Pt,
triangle, first by capping on each side to form a trigonal bipyramid
and then by bridging two pyramid edges. 1In addition to the expected
11 terminal and bridging isocyanide ligands, this cluster also has an
extra isocyanide ligand coordinating in an unusual fashion through the
C=N group to three Pt atoms with four electrons. The effect of this

is to produce in the structure a planar cyclic NPt 3 unit.
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P 2+
° '7”\ (PL(p-H):(PBui)I(BF)
AN o 2 M4 472
\P(/ Pt 48 electrons, average d(Pt-Pt) 2.68(5) A
\ A/ N P
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/
P
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/ \ [Pty(u-H)(PBuy),]
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"
P
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+
P H P P
\Pt_H\\ é}—m/
N 7 \w [Pt(-H),Hy(PBu3),|(BPhy)
\ N 54 electrons, average d(Pt-Pt) 2.78(4) A
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. ~ /.

\\ Pt // 58 electrons, average d(Pt-Pt)
c 2.760(8) A (orthorhombic)

//C\ 2 2.735(9) A (monoclinic)

Figure 1.5 Some tetranuclear platinum cluster compounds
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1.5.1 Bonding in platinum cluster compounds

In order to rationalise the structures observed in platinum
cluster compounds molecular orbital calculations have been performed
on triangular Pt3Lg (L = tertiary phosphine) complexes.'l5 By
considering the triangle in terms of three angular PtL, fragments, two
possible conformations are found, having skeletal molecular orbitals
as shown in Figure 1.6. The calculations and theoretical basis for
this and similar results are beyond the scope of this work, but it is
instructive to note that while the latitudinal conformer (ligands in
the Pt; plane) has three bonding skeletal orbitals, the longitudinal
conformer (ligands out of the Pt3 plane) has only two. Occupation of
these molecular orbitals leads to the prediction of a 42 electron
count for the latitudinal conformer and a 40 electron count for the
longitudinal conformer, that is PyLe and Pt3L%+ respectively. Since
the former has an additional electron pair involved in skeletal
bonding, it can be expected to be the preferred structure.

The frontier orbitals of the angular PtL(CO) fragment are very
similar to those of PtL, except that the CO ligand provides extra low-
lying m-acceptor orbitals. It is not surprising, therefore, that the
molecular orbitals of the cluster [Pt3(CO)3L3], in the latitudinal
conformation, are directly analogous to those of Pt3L6. In the
context of this work the next step is to rearrange the CO ligands into
bridging positions to generate the cluster [Pt3(u-CO)3L3]. This is
possible because CO has in plane n orbitals. Further calculations
demonstrate that if each u,-CO ligand is treated as two one-electron
o-donor ligands there is little change in the frontier orbitals except
to allow a greater proportion of d character in some of them (see

Figure 1.7). The overall effect is that the bridging carbonyl
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Figure 1.6 Schematic representation of the skeletal molecular orbitals

for latitudinal and longitudinal conformers of Pt3(PH3)6.
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geometry is more stable than the latitudinal PtjLg structure, to the
extent that all known cluster compounds of this type adopt the
bridging geometry. This, then, is the rationale behind the 42 electron
Pty triangular cluster from which the other sructures are derived.

A number of Pt; triangular clusters are known which have 44
skeletal electrons. These fall into two groups. One type has the same
arrangement of ligands , three terminal and three bridging, as the 42
electron compounds except that one or more of the bridging ligands
provide the two extra electrons. The other type owes its extra
electrons to a fourth terminal ligand. The familiar examples of this
type of compound are the clusters [Pt3(u-CO)3L,] in which one of the
platinum atoms is formally an 18 electron centre compared with the
usual 16 electrons.

The key to the occurrence of 44 electron Pt triangles is the
LUMO of the [Pt3(u-X)3L3] species.4® If X has suitable »* orbitals
perpendicular to the Pt5 plane, then the a?_" orbital is the LUMO and
can often be stabilised for occupation (see Figure 1.7). The
existence of a number of compounds has been rationalised on this
basis. The anion [Pt3(u-CO)3(CO)3]2' (identified in solution at
least39) has the extra electron pair in this aZ" orbital, which plays
an important role in the formation of the stacked carbonyl anion
clusters.?’ The neutral tetrakis-phosphine clusters, [Pt3(u-CO)3L,],
are also accounted for on the basis that the fourth phosphine can
interact at a platinum centre via the a2" orbital.

For bridging ligands such as SO, the a2" orbital is not
stabilised. The 44 electron triangles can be formed by the use of the

a, orbital (see Figure 1.7). This orbital is stabilised by certain

bridging ligands to the extent that it becomes the LUMO with an energy
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low enough for occupation. The as orbital lies in the plane of the
Pty triangle and this fact is exploited in Chapter 2 for the synthesis
of the chloride bridged Pty anions. With regard to neutral clusters,
it is possible to achieve a 44 electron cluster without occupation of
the a, orbital. 1In Section 1.2 it was observed that in [Pt3(u-
PPh2)3Uﬂn(PPh3)2], there is a change of geometry from a closed to an
open triangle. The extra electron pair appears to be localised
between two platinum centres with concomitant increase in their

separation to a non-bonding distance.

1.5.2 X-ray crystallographic studies

As the discussion in Section 1.4 has indicated, the use of X-ray
crystallography is the final authority in the determination of solid
state structures, especially for high nuclearity clusters where it is
often difficult to gain much structural information by other means. A
large number of Pty triangular clusters have been characterised in the
solid state and some representative examples are shown in Table 1.2
together with their Pt-Pt bond distances.

The triangular clusters with 42 skeletal electrons are all
approximately equilateral and their pPt-Pt distances generally lie at
the lower end of the observed range. Larger Pt-Pt distances are
associated with bulkier bridging ligands such as SO,. For [Pt3(u—
Ph) (u-PPh,) (u-SO,) (PPh3)3], the Pt-Pt bond lengths reflect the number

of electrons contributed by each bridging ligand (see Table 1.3).



a(pt-pt) /&

42 electron compounds

[Pt3(u-CO) 3(PCy3) 3] 2.656, 2.656, 2.653
[Pt3(u-50,)3(PPh3)5] 2.695, 2.695, 2.712
[Pt3(u-Ph) (u-PPh,) (4-SO,)(PPh3) 31  2.781, 2.696, 2.816
[Pt 3(u-CNBu®) 5(CNBUt) 5] 2.629, 2.637, 2.629
[Pt3(u-H) (u=PPh,) ,(PPh3) ;1% 2.82 average
[Pt3(u-H) (u-PPh,), (PPh3) 517 2.796, 2.795, 2.638

43 electron compound

[Pt3{u-Fe(CO)4}3(CO)31™ 2.66 average

44 electron compounds

[Pt3(1-C0)3(PCy3) 4] 2.675, 2.736, 2.714
[Pt3(cod)3(snCls),] 2.58 average
[Pt3{p,-Fe(CO)4}3(CO)3]2- 2.75 average
[Pt 3(u-PPhy)3(Ph) (PPh3),] 2.785, 2.785, 3.630
[Pt(u-S0,)3(PCy3),(dppp) ] 2.753, 2.826, 2.811

28

reference

48
49
50
17
37
16

51

52
53
51
54
55

Table 1.2 Bond lengths in some triangulo- platinum cluster compounds
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ligand No. of electrons d(pt-pt) (R)
donated to cluster

p=Ph 1 2.70

Table 1.3 Correlation of bond length with ligand electron count
in [Pt3(u-Ph) (u—PPhy) (4-S0O,) (PPh3) 5]

An increase in the number of skeletal electrons tends to give a
corresponding increase in Pt-Pt bond lengths whether localised into
one bond as in [Pt3(p,-PPh2)3(Ph)(PPh3)2], or shared over all bonds as
in [Pt3(/,L—SOZ)3(PCy3)2(dppp)]. This same phenomenon is found in the
tetranuclear clusters illustrated in Figure 1.5. A comparison of the
four clusters based on phosphine and bridging hydride ligands reveals
a steady increase in d(Pt-Pt) as the electron count rises from 48 to
56.

From the few structurally characterised pentanuclear clusters, a
comparison of [Pt5(CO)(u-CO)Z(M—SOZ)3(PPh3)4] and [Ptg(CO)(pu~
CO)5(PPh3)4], both 70 electron clusters, highlights the question: At
what metal-metal separation does a bond cease to exist? In the former
compound the unbridged Pt-Pt distances (see Figure 1.4) have been
measured at about 2.81R and 2.88% and are sufficiently similar to the
other Pt-Pt distances (2.75 - 2.83}) to justify a description of the
Cluster as edge-bridged tetrahedral. In the latter compound the
unbridged Pt-Pt distances are quite long (average 2.92%) and it has
been suggested that the cluster is better described in terms of two

vertex sharing triangles.

X-ray crystallographic data on higher nuclearity cluster
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compounds goes further to support the idea of platinum cluster
chemistry based on the Pt unit. The carbonyl anions of chini4’ are
made up from familiar Pt, triangles stacked at separations greater
than accepted Pt-Pt bonding distances. There are also high nuclearity
three dimensional.hetworks based on Ptj triangles which lead to the
close packed structures observed for Ptog and Pt3g clusters.’

A triplatinum cluster has been characterised which does not have
a triangular structure. The compound [Pt3(PPh3)2(2,6-CNXylyl)6]
(PFg)y, Wwhich has been synthesised in two different ways,56'57 has a
linear structure with the two P atoms and the three Pt atoms making up

a five atom chain:

Each Pt atom exhibits approximate square planar geometry and the
square planes are twisted away from each other such that neighbouring
five atom planes are 8l apart. The Pt-Pt distance of (2.643) is
similar to those found in the trianqular clusters. The linear cluster

reacts with dppn\tc>give an A-frame complex:

+
nyl /CNXyI l 2
P

t
-~ ~/
p\\‘p(/é\:ism
™~ P ‘\\ p
~
CNXyl CNXyl
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The Pt atoms retain their square planar geometry but the dppm ligand
bridges the ends of the Pt; unit to give a Pt-Pt-Pt bond angle of 80°.
This compound, therefore, resembles the edge-opened triangular cluster
[Pt3(p,-PPh2)3(Ph)(PPh3)2] (see Section 1.2). Both complexes have 44
skeletal electrons and both have two Pt-Pt bonds and one long non-
bonded Pt-Pt distance. In the A-frame complex the non-bonded distance

is 3.30& which is shorter than that in the phosphido~ complex (3.631).

1.5.3 Steric and electronic effects

The emphasis in this Section placed on bonding in platinum
cluster compounds might suggest that electronic effects tend to
dominate the course of cluster forming reactions. Support for this
suggestion lies in the observation that the bridging ligands in the
clusters [Pt3UvﬁQ3(PR3)3] are coplanar with the metal triangle,
irrespective of the phosphine, giving maximum overlap of cluster
orbitals. In contrast, the SO, and PCy; ligands in [Pty(p-
SO,)3(PCy3),(dppp)] are all bent out of the plane of the metal
triangle. The long Pt-Pt bonds in this compound also suggest a strong
steric influence by the ligands.55

Steric effects have been cited as the reason for the incomplete
substitution of CO by SO, in [Pt5(CO)(u-CO)g(PPh3),158 as well as
being a major influence on the course of the reaction of [Pt3QV'
00)3(pcy3)3] with 2,6—xylyl isocyanide.59 In most platinum cluster
compounds it is found that the disposition of the bridging ligands
relative to the metal skeleton can be described in terms of idealised
fragments derived from the trigonal bipyramid or square pyramid,8 as

would be expected from consideration of electronic factors alone.
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1.6 Structures and bonding in hetermetallic platinum-gold clusters

Heterometallic platinum-gold clusters are a recent discovery and
few examples have been structurally characterised. X-ray
crystallographic analyses have been carried out on six such cluster
compounds, the syntheses of which were described in Section 1.3. The
structures of these compounds, as shown in Figure 1.8, bear a strong
resemblance to the structures described in the previous Section for
homometallic platinum clusters. All of the compounds are based on
triangular units and have similar skeletal electron counts to their

homometallic platinum counterparts.

1.6.1 Structures containing the Au-Au moiety

Structures I and II in Figure 1.8 may be seen as a combination of

T-shaped PtLs fragments and Au, Lo fragments.60 The PtLs fragment is

19

isolobal with AuPR3, CH3 and similar fragments~~ and is capable of

forming either localised or multicentred bonding as illustrated below.

__] 2+ Cl C//H
CNR CNR
" 1
L——Pt——Pt—L I
LT N
N
H

In I, the PtL3 unit symmetrically bridges the Au,(PPh3), moiety giving
a distorted trigonal bipyramidal geometry about platinum and is
structurally analogous to the olefin complex above. The main bonding

interaction between the PtL3 and Au,L, units arises from the formation
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Figure 1.8 Some heterometallic platinum-gold cluster compounds
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of a 3-centre 2-electron bond which is stabilised by bending the Au,L,
fragment such that the Au-L bonds point towards the centre of the
PtAu, triangle. This is demonstrated by the bond data for
[PtAuz(PEt3)2C1]+ given in Table 1.4.

In ITI two PtL3 fragments are coordinated to a linear AujL,
fragment. The X-ray crystallographic analysis26 of
[PtzAuz(PPh3)4(CNXyl)4]2+ has revealed that this coordination is not
symmetric and that the platinum atoms are displaced towards one of the
gold atoms. The extent of this distortion is shown by the bond data
given in Table l.4. The Au-Pt distances for one gold atom are at
least 0.2R shorter than those for the other which are at the limits of
distances for recognised metal-metal bonding. In contrast, the Au-Au
distance (2.598) is particularly short. This is because the two Au-L

bonds are constrained to lie in a plane between the two PtAu,

triangles.

1.6.2 structures based on Pt; triangular units

The platinum-gold clusters III - V in Figure 1.8 are all based on
triangular [Pt3(u~X)3(PR3)3] units which have either been capped by
one AuPR3+ fragment leading to 54 or 56 valence electron tetrahedral
clusters or alternatively by two AuPR3+ fragments leading to a 68
valence electron trigonal bipyramidal cluster. The bonding in the Pty
triangular unit was discussed in Section 1.5.1. Figure 1.7 in that
Section showed that the frontier orbitals are of a; (HOMO) and as
(LUMO) symmetry. In a capping reaction between a Pt3 triangular
cluster and an AuL’t moiety bonding interactions arise between the ay
orbitals of each component..60 These interactions are stronger if the

ligands on the Ptj triangle are bent away from the capping gold atom
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d(Au-Au)

Au Au

Au
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2.601, 2.6004

2.7378

58.2

63.5
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2.717, 2.711R
3.026, 2.922

2.5904

69.5, 58.3°
57.2, 66.9

53.3, 64.6°

135.0, 114.9°

Metal-metal bond data for two clusters containing

the Au-Au moiety
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to allow greater orbital overlap. Such distortions are observed in
the solid state for [Pt3qr4xn3(PCy3)3AuPCy3]+ and the related
clusters.?3 Since there is little interaction between the a; orbital
of the AuL' fragment with either a, orbital of the Pt, triangle, the
cluster bonding in these compounds is based on a 4-centre 2-electron
bond involving only the a) orbitals.

The a, orbitals of the Pt triangle are unaffected by aurt
capping and so retain the bonding characteristics described in Section
1.5.1. Therefore, the stabilisation of the a2’ orbital by
substitution of one bridging SO, ligand by Cl™ allows the formation of
the 56 electron cluster IV which parallels the 44 electron Pty
clusters. It isperhaps surprising that both the 54 and 56 electron
Pt3Au clusters should have tetrahedral geometries since generally the
addition of an electron pair to a tetrahedral structure results in a
skeletal rearrangment to the "butterfly" structure.

Table 1.5 summarises bond length data for the known platinum-gold
clusters and related triangulo- Pt3 clusters. The data confirm that
the PtjAu clusters have tetrahedral structures with Pt-Au bonds
slightly longer than Pt-Pt bonds. Capping of the 42 electron [Pt3Qz—
X)3L3] cluster by AuLt to generate [Pt3AquﬁO3L4]+ leads to a
lengthening of the Pt-Pt bonds. Further lengthening is caused by
addition of another electron pair into the a2' orbital which is pt-pt
antibonding.

Besides forming 54 and 56 electron PtjAu clusters it is also
possible to cap the Pt3 triangle on both sides with AuL* fragments to
generate the trigonal bipyramidal Pt,Au, cluster (V). The major

bonding interactions occur between the ay in-phase combination of

hybrid orbitals from the two AuL® fragments and the same ay orbital
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(HOMO) of the Pty triangle descibed above. There is additionally a
small interaction between the a2" combination of the AuLt fragments
and the high lying a2" molecular orbital of the Pt 3 triangle. The
Pt3Au2 cluster bonding has 4 skeletal electron pairs, the fourth being
provided by substitution of a bridging SO, ligand by Cl1™. The
delocalisation of the a; cluster orbital over five metal atoms
compared with four in the tetrahedral PtJAu clusters causes a further

lengthening of the metal-metal bond distances (see Table 1.5).

1.7 Structures of platinum sulphido- complexes

Platinum does not form any simple mononuclear sulphido- complexes
containing the unit Pt=S. The existence of such compounds would
require the formation of d,-p, bonds between the sulphur and the
metal atoms which is pre:ented by the almost complete d shell in
platinum. Consequently, the sulphido- ligand uses its electron pairs
in forming bridges, usually to other metal atoms. There are also a
number of platinum polysulphido- complexes in which sulphur
demonstrates its tendency to catenate and X-ray crystallography has
been used to confirm the existence of the platinum metallocycles shown
in Figure 1.9 below. The [PtSlS]Z' anion contains three PtSg rin9361

and a PtS, ring has been found in the complex [(dppe)PtS,;].62

s/-/_s_] *

S\s/ Pt\s P/ \s—-—s

s
l
S

S—S S——-S

S~

S\

Figure 1.9 Platinum polysulphido~ complexes
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1.7.1 Complexes derived from [Pt,(u-S),(PPh3),]

The synthesis of [Ptz(p,-s)z(PPh3)4] was described in Section
1.3.3 as an important example of a compound with the potential for
generating a wide range of heterometallic aggregates through
coordination to its two sulphur atoms. The structure of this complex
consists of two approximately square planar PtL,S, moieties "hinged"
at the bridging sulphur atoms. The angle between the planes is
approximately 125 and the separation of the sulphur atoms is
approximately 3.04R. This arrangement allows the sulphur atoms to act
either as separate ligands or together as a bidentate ligand. A
number of heterometallic complexes have been characterised in which
[Ptz(p,—s)z(PPh3)4] coordinates to other metals in a variety of ways.
It is often found that a second [Pt,(u-S),(PPh3),] molecule can be
coordinated to the same metal, resulting in aggregates of up to six
metal atoms. Figure 1.10 shows some examples in which the platinum
complex acts as a bidentate ligand. The geometry about the sulphur
atoms in all cases is approximately pyramidal. The metal atoms
attached to the chelating sulphido- ligands exhibit both square planar
[for PA(II) and Rh(I)] and tetrahedral [for Hg(II)] geometries. The
separations of the metal atoms, typically 3.1 - 3.28, are all
sufficiently large to preclude the existence of metal-metal bonding.
The structure of the hexanuclear complex (III) is noteworthy because

it resembles a range of binuclear chloro- bridged complexes:

M= Pt’ Pd 1

= PRq; Ly, =C
b1 T PR3 B2 NN
- VaVaN
Ll = Lz = CO, C2H4, é(CC)d)
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Figure 1.10 Some heterometallic derivatives of [Ptz(#-s)z(pph3)4]
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The M,Cl, bridges of such complexes are readily cleaved by donor
molecules.

[Pt,(u-S),(PPh3),] has been reacted with AgBF, resulting in the
formation of the complex illustrated below. 33

| 2+
L..'\.‘ e L

/

/.o S Ag S\

.\\ . \\ ..-"..'.
Lal Pt / \,Pt.\_\ L
prt g Pt/\ -
/ Ne—ng—5" \
L L

In this complex the p3-sulphido ligands from the same Pto(u-S), unit

are coordinated to separate silver atoms in contrast to the complexes
shown in Figqure 1.10. This allows Ag(I), a alo system, approximately
to retain its preferred linear geometry. In consequence, the geometry
about the sulphido- ligands is distorted away from pyramidal. A
striking feature of the structure is the Ag-Ag distance of 2.82&8 which
is significantly shorter than the metal-metal distance in elemental
silver (2.898) and suggests the existence of metal-metal bonding. The
Pt-Ag distances are particularly long (3.5 - 3.98) and so Pt-Ag bonds

can be discounted.

1.7.2 platinum sulphido complexes with a Pt-Pt bond

The chemistry of the complex [Pt,(u-S)(Q0)(PPh3)3] is the subject
of the investigations described in Chapter 4 and so the detailed
structure of this compound has been given some attention. An X-ray
crystallographic analysis of the structure is discussed in Chapter 4
from which only the main points will be mentioned here.

The complex [Ptz(,u,-s)(CO)(PPh3)3] is an example of a small but
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growing number of compounds containing the PtZQk{” triangular unit.
The Pt-Pt distance is 2.65R which is typical of a Pt-Pt bond. The Pt-
S distances are 2.26 and 2.278 with the slightly shorter bond lying
trans to the carbonyl group. The molecule is approximately planar but
the coordination geometry at the metal atoms is necessarily distorted
from square planar (see Section 1.3.3).

The structure of a related complex [PtZUv{”(2,4,6-But3C6H2NC)4]
has recently been reported.63 This compound also contains the Ptz(p,—
S) triangular unit with a Pt-Pt bond of 2.60& which is shorter than
that found in [Pt,(u-S)(CO)(PPh3)3]. The isocyanide ligands used in
this compound are particularly bulky but the C-N-C bond angles are

still approximately linear.

1.8 Summary

It is clear that some structural and chemical relationships exist
between transition metal cluster compounds and the coordination of
molecular species on metal surfaces. The need to understand better
the nature of cluster compounds has prompted much research into both
synthetic methods and the determination of structures. Sufficient
information is becoming available for rational syntheses of platinum
cluster compounds to be devised and this idea is taken up in this
Thesis. A variety of methods are available for characterising cluster
compounds and it is often possible to make an unambiguous structure
determination without having to resort to single crystal X-ray
crystallography. Much progress has also been made towards
understanding the bonding in cluster compounds and there is good
agreement between recent theoretical proposals and the available

structural data.
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CHAPTER TWO
SYNTHESIS AND CHARACTERISATION OF HOMOMETALLIC TRIANGULO-CLUSTER

COMPOUNDS OF PLATINUM

2.1 Introduction

A large number of homonuclear cluster compounds of platinum are
now known, of which the most abundant group is that with three metal
atoms in a triangular arrangement. A growing number of higher
nuclearity cluster compounds have been characterised containing from
four up to 52 platinum atoms. A recent review® describes the
structures of some of these compounds. The interesting feature common
to all these structures is the occurrence of the Pt, triangular unit.
In the first instance, platinum shows a strong tendency to form Pt5
triangular clusters and secondly, when higher nuclearity clusters are
formed, they seem to be built up from triangular units. Examples
illustrating this point are given in Figure 2.1. The Pty "butterfly”
cluster is built from two edge sharing triangles and the Ptg cluster
can be viewed either as an edge bridged tetrahedron or as a pair of
triangles sharing a common vertex. Specific examples lend themselves
to one or other of these descriptions according to the Pt-Pt distance
on the two unbridged edges. Shorter distances give structures which
more closely fit the tetrahedral description whereas longer distances
give structures which resemble more closely a pair of triangles.

This Chapter describes the synthesis and properties of a range of
homonuclear cluster compounds of platinum which are based on the Pt3
trianqular unit. The particular compounds of interest to this Thesis
are those which are stabilised by tertiary phosphine ligands and by

unsaturated bridging ligands such as CO or SOZ.
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2.1.1 synthesis of carbonyl phosphine cluster compounds of platinum

A number of clusters of the type [Pt3(u-CO)3(PR3),] (n = 3 or 4)
have been prepared and structurally characterisedl?s48/52 a5 well as
higher nuclearity clusters of the type [Pt4(p.-OO)5(PR3)4]12’40'41’64
and [PtS(CO)(;1.-CO)5(1>R3)4].65'66 The chemical properties of these
cluster species have not been widely reported, although Braunstein et
11_67 have investigated their interconversion on chromatographic
columns. To some extent the study of these compounds has been
hampered by the lack of a convenient high yield general synthetic
route. The reported syntheses generally start with mononuclear
platinum compounds which have two coordinated phosphines per platinum.

Some representative examples are shown below:

Co
3(PR3),PtH —>  [Pt3(u-C0)5(PRy);] + 3H, + 3PR
372542 Celg 3 3V1373 2 3 (2.1)
heat
5(PR3),Pt(CO)y, —————> [Pt,(u-CO)2(PR;)4] + 2Pt(PR1)4 + 7CO
3'2 2 EtOH 3 317374 3’3 (2.2)

(PR3)PtCly + 2NaMn(CO)g ————> [Ptg(C0)(u~C0)5(PR;),]
+ [Mny(CO); gy (PR3) 4] (2.3)
(x = 0-2)

All of these routes have certain disadvantages. Reactions of
type (2.1)14 are restricted to complexes of bulky phosphines, which
are good g-donors (eg R = Cy, Bu®) for which the dihydride complex is
known. In addition, the reaction is accompanied by the formation of
mononuclear side products, which are difficult to separate from the

cluster.68 Reactions of the type (2.2)12 employ platinum itself as a
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phosphine scavenger, leading to low yields of the cluster which must
be separated from the mononuclear by-product. Reactions of the type
(2.3)65'66 utilise air-sensitive and expensive carbonyl anions as both
reducing agents and phosphine scavengers and again the platinum
cluster must be separated from the phosphine substituted metal
carbonyls by chromatography which can cause cluster interconversion.8’

In Section 2.2 the development of a high yield synthetic route to
platinum carbonyl phosphine cluster compounds is described. The
method uses mononuclear platinum precursors with only a single
phosphine ligand. This effectively eliminates many of the problems
referred to above and is also economic in the use of the phosphine, an

important factor when the phosphine is either expensive or difficult

to obtain.

2.1.2 Synthesis of platinum phosphine cluster compounds containing the

bridging SO, ligand

Until recently, only two cluster compounds of platinum were known
which contained coordinated SO,. A few crystals of [Pt3(l,c-soz)3-
(PPh3)3] were isolated when solutions of [Pt(SOZ)Z(PPh3)2] were

allowed to stand for several months49

and [Pt3(u-Ph)(u-PPh,)(pu-S0,)-
(PPh3)3] was discovered from the thermolysis reaction of [Pt(nz-
C4H6)(SOZ)(PPh3)2].50 Since then, it has been found in this
laboratory46'58 that a range of compounds of the former type may be
prepared by passing SO, gas through through warm (60°) toluene or
acetone solutions of preformed carbonyl clusters. Cluster compounds

of the type [Pt3(//,-802)3(PR3)3] are now routinely prepared by this

method:
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[Pt3(u-C0)3(PR3) ;]

R = Cy, Bu", CH,CH,CN

SO
60°, toluene
or acetone
[Pt 4(n-CO)5(PMe,Ph) ] (2.4)

Yields are usually 70-80% based on Pt and the products are readily
characterised by means of analytical, infra-red35 and, most
conclusively, 31P{1H} NMR data. The analysis of their NMR spectra is
discussed fully in Chapter 5.

More recently, Ritchey and Moodyl8 have reported the synthesis of
[Pt3(p,—&)2)3(PCy3)3] from the reaction of [Pt(C2H4)2(PCy3)] with S0,.
It is not yet known whether this reaction will prove to be a
convenient high yield general synthetic route.

Some pentanuclear clusters containing the bridging SO, ligand
have also been prepared by the reaction of SO, gas with preformed
clusters6s58,

SO, (1 atm)

[PtS(CO) (,LL"CO)5L4] S > [Pt5(co)(,lL‘CO)2(,lL‘502)3L4]
60 toluene

L = PPh, Asphs (2.5)

In this case there is only partial replacement of the bridging
carbonyl ligands. X-ray crystallographic studies on [Ptg(CO)(p-
CO)2(#“502)3(PPh3)4] (see Figure 2.2) show that only the least

hindered carbonyl ligands are replaced and so steric factors are

likely to be important in this reaction.
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C / \
p\Pt/ - )

P = PPh
3 \ p
CO

Figure 2.2 Structure of [Ptg(C0)(u-00),(u-S0,)3(PPh3),l

2.1.3 42 versus 44 electron Pt; triangular clusters

In the case of the simple triplatinum clusters, two series of
compounds have been synthesised which differ in their skeletal
electron counts. Clusters of the type [Pt3(u-X)3(PR3)3] (X = CO or
SO,) all have 42 skeletal electrons whereas those of the type [Pt3(u-
X)3(PR3)4] have 44 electrons. The electronic differences between the
two types were discussed in Chapter 1. It is found that the observed
structures can be rationalised by considering the frontier orbitals of
the Pt4 triangle. It is apparent that both steric and electronic
factors are responsible for discriminating between the alternative
electron counts. In a few instances it has proved possible to
isolate both the 42 and 44 electron clusters. For example, some
preliminary crystallographic data have been reported48'52 for the
compounds [Pt3(u-CO)3(PCy3),], where n = 3 and 4. Molecular orbital
calculations have suggested that the n-acceptor qualities of the

bridging and terminal ligands play an important role in influencing
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the relative stabilities of the 42 and 44 electron species.69'70 In
clusters with PPh3 as a terminal ligand, the 44 electron species,
[Pt3(u-CO)3(PPh3) 4], is found with bridging CO and the 42 electron
species, [Pt3(u-SO,)3(PPh3)3], is found with bridging SOp. This may
be attributed to the weaker n-acceptor properties of SO, compared with
CO. In molecular orbital terms, the fourth phosphine in [Pt3(u-
C0)3(PPh3)y] puts two extra electrons into the unoccupied cluster azn
orbital. This orbital is suitable because it derives from the u-CO 7

orbitals which lie out of the cluster plane:

The incidence of the 44 electron cluster [Pt3(u-CO)3(PR3)4] does not
simply correlate with the electronic properties of the phosphine and
so other factors must be involved. However, the absence of analogous
44 electron clusters containing bridging SO, instead of CO is neatly
explained by this same electronic argument. Hoffmann e_t:_a_l7l have
shown that changing the bridging ligand in [Pt3(u-X)5(C0)3] from CO to
SO, destabilises the aZ" orbital and so it is reasonable that that
addition of a fourth phosphine to [Pt3(u-S0,)3(PR3)3] is disfavoured.

The possibility of using a chelating diphosphine ligand to
stabilise the 44 electron species relative to the 42 has recently

been examined.55 The reactions of dppp with the cluster compounds

[Pt4(u-X)3(PCy3)3] (X = CO, S0,) are summarised in Figure 2.3 below:
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d
[Pt 5(4=C0) 3(BCY3) 3] 333 > [Pt4{u-C0)3(PCy3),(dppp)]
red-orange CH,Cl,, 20° pin —red3
le C6H6 502, hexane
60° 60°
\V/ Y
_ dppp
[Pt3([l 502)3(PCY3)3] - > [Pt3,(p,"502)3(PCY3)2(dPPP)]
red-orange CH2C12, 20 dichroic red—-green

Figure 2.3 Routes to 44 electron cluster compounds using dppp

NMR and crystallographic studies on the products, [Pt3(;;—
X)3(PCy4),(dppp)], showed that the chelating dppp ligand bonds in a
symmetrical manner when X = CO. When X = SO,, the dppp ligand
chelates in such a manner that one Pt-P bond is almost in the plane of
the Pt triangle and the other is well out of this plane. This
structural difference has been attributed to the larger steric

repulsions which are generated in the SO, cluster.

2.1.4 Tetra- and pentanuclear cluster compounds.

With some phosphine ligands the preference for the 44 electron
species in the neutral Pt3 cluster is so strong that the 42 electron
species can not easily be isolated. Examples of this are [Pt3(p,—
CO)3(PR3)4] where PR3 = PPh3 or PMe,Ph. The compounds [Pt(u-
00)3(PR3) 4] contain § molecule of phosphine per platinum centre and so
can not be formed by simple reduction of [Pt(PR3)(CO)C12] which has
only one éhosphine per platinum. It is found that if this reduction

is carried out in the absence of additional phosphine, then higher
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nuclearity clusters are formed in which there is no more than one
phosphine per platinum centre. In the case where PR3y = PMe,Ph, the
product is the tetranuclear cluster [Pt,(u-CO)g(PMe,Ph)y] and when PRj
= PPh3, the product is the pentanuclear cluster [Ptg(CO)(u-

CO)S(PPh3)4].

2.2 A general synthetic route to platinum carbonyl phosphine cluster

compounds.

In this laboratory, Evans46 found that the compounds cis-
[Pt(PR3)(CO)C12] can be reduced under mild conditions (one atmosphere
of carbon monoxide) to give cluster compounds in good yields (60-80%).
From this work a general method has been established and is described
below by which cluster compounds of platinum which contain only
phosphine and carbonyl ligands can be synthesised reliably and
efficiently.

such is the success of this method that it was hoped that it
might also be extended to provide a route to more complex compounds
and possibly to mixed metal compounds. Unfortunately attempts in this

direction have so far not met with success.

2.2.1 The reducing agent

A variety of reducing agents were examined and the best results
were obtained with either zinc dust (in THF or acetone as solvent) or
sodium borohydride (with methanol as solvent). Both of these reducing
agents have previously proved to be effective in the synthesis of
mononuclear platinum(0) compounds when the phosphine is present in

excess, as shown in (2.6)72 and (2.7)73:
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CO/Zn
(PR3) ,PtCl, > (PR3),Pt(CO), (2.6)
THF
NaBH4
(PR3)PtCl, + 2PRy ————> Pt(PR3), (2.7)
EtOH

The BH3.THF complex also proved to be a satisfactory reducing
agent for cluster formation, but sodium amalgam was too powerful a
reducing agent and brought about reduction to the metal. Both zinc
dust and NaBH, are used as reducing agents in the syntheses described
below. The choice between them is generally based on the comparative
solubilities of starting material and product in methanol (preferred
for NaBH,) against acetone or THF (preferred for zinc dust). Inone
case, the reduction of gig-[Pt(PCy3)UINC12], it is shown that
virtually identical yields of the same cluster product can be obtained

using either reducing agent.

2.2.2 The mononuclear platinum precursor

This method has now been developed to give an efficient and
reliable synthetic route to platinum carbonyl phosphine cluster
compounds. The first step was to ensure that the mononuclear
precursors, cis-[Pt(PR3)(CO)Cl,] could be easily and efficiently
prepared for a wide range of phosphines. A number of methods are
available, for example:

(i) CHCl,

Pt(cod)Cl, + CO + PRy ————> Pt(PR3)(00)C, (2.8)74
(ii) Etzo

K+[PLCl3(C,H,) 1™ + CO + PR3 ————> Pt(PR3)(C0)Cl, (2.9)73
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CeH
656
Pt,(PR3),Cly + O —————> Pt(PR3)(C0)CL, (2.10)76
Lcl,
77
Pt(PR3),Cl, + CO ———> Pt(PR3)(CO)C1, (2.11)
CH,C1,

Reaction (2.8) was found to be the most convenient and effective
route, being straightforward and reliable for a wide range of
phosphines of the type PR3. Care was sometimes needed in isolating
the product. For example, in the synthesis of Pt(PCy3)(CO)C12, if
most or all of the solvent was removed before the product was isolated
from the 1,5-cyclooctadiene which is liberated in the reaction, then
the product reverted to the starting material, Pt(cod)clz. The known
compounds cis-[Pt(PR3)(C0)C1,], where PR3 = PPh3, PMe,Ph, PBu"; and
PCyy, Were prepared in this manner and identified on the basis of
analytical, infra-red and melting point data./>r76 (See Chapter 6) In
addition the compound cis-[Pt{P(CH,CH,CN)3}((0)Cl,], which was first
prepared in this laboratory78 was synthesised and characterised by
analytical and infra-red data.

Attempts have also been made to prepare compounds of the type
cis-[Pt(P)(CO)C1,] where (P) is a diphosphine type ligand which is
coordinated to platinum at only one end so that ancother metal such as
gold could coordinate at the other. The intention was to see whether
reduction of such compounds might be a possible route into mixed
platinum-gold cluster compounds. Reaction (2.8) seemed a promising
method for this idea since there had been only one reported74 failure
to synthesise Pt(PR3)(Q0)Cl, using a conventional phosphine - with R =

o-tolyl. This was ascribed to steric factors which inhibit
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nucleophilic attack by the bulky phosphine. Evans?® has also tried
unsuccessfully to prepare Pt[P(OPh)3](CO)C1,, both from pt(cod)Cl, as
in (2.8) and by the method of (2.9). In each case the only product to
be isolated which contained P(OPh); was Pt[P(OPh)3],Cl,. Steric
factors can not be responsible in this case since the Tolman cone
angle79 for P(OPh)3 is only 128’ compared with 145° for PPh3 and 194°
for P(o-tolyl);. The failure to isolate Pt[P(OPh)3](CO)Cl, is
probably due to the low basicity of the phosphite which prevents
coordination of CO to Pt(II) in the presence of free P(OPh)s.

In this work, a third type of failure was found with the
diphosphine ligands dppm and dppp. Both preferred to chelate on the
platinum and no CO could be incorporated even with a thorough

saturation of the gas:

Cl (@0
\Pt/
C1” “P(CH,) PPh,
Ph,
n-= 1,3 Ph2
Cl P
~
“pt” (CHy)p,
cl” Sp”
Ph,

(2.12)
In an alternative approach, the diphosphine ligand was first
reacted in 1l:1 mole ratio with Au(Me,S)Cl to produce a compound which

could generate the P(CH,),P-Au-Cl unit:

PhypP-(CH,) ,-PPh,

Au(Me,S)Cl + PhyP(CHy)PPhy ————> Cl—au Au—Cl

n=1,3 thP'(CHz)n“Pth (2.13)
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The dimeric nature of the product in (2.13) has been reported by
Schmidbaureo and both the analytical and 31P{1H} NMR data support the
structure shown.

The compounds [Au(dppm)Cl], and [Au(dppp)Cl], were then reacted
with Pt(cod)Cl, and CO according to the method of reaction (2.8).
Unfortunately, it was again not possible to isolate the compound with
both CO and P coordinated to Pt(II). The products obtained, as
identified by elemental analysis and 3lP{lH} and 195Pt{lH} NMR, were
Pt(P),Cl, (where P = Ph,P(CH,),PPh,AuCl) and the starting material

Pt(COd)Clzi

c1\Pt/co
7 N

c1” “P(CH,)PAuCl

Ph, ° Ph,
Pt(cod)Cl, + CO + [Au(dppm)Cl],

th th
1 Cl\ t/P(Cﬂz)PAUCl

AN
1

C P(CHz)PAUCl

+ Pt (cod)Cl, (2.14)

2.2.3 Synthesis and characterisation of the cluster compounds

Having established the potential of a general synthetic route to
platinum carbonyl phosphine cluster compounds starting from cis-
[Pt(PR3)(CD)C12], a series of specific reactions were carried out to
establish the conditions necessary for isolating the products in good
yield. Full experimental details are given in Chapter 6.

sodium borohydride was used to reduce CO saturated methanol

solutions of the compounds cis-[Pt(PR3)(CO)Cl,], where PRy = PBu",
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PCY3 and PMe,Ph. In the case of PCy; and PBuy, the product obtained,

in better than 60% yield, was the triangulo-Pts3 cluster [Pts(u-

CO)3(PR3)3]. These two clusters were characterised on the basis of
analytical and infra-red evidence and in particular by measurement of
their characteristic81s82 3lP{lH} and 195Pt{lH} NMR spectra. The
coupling constants obtained from these NMR spectra are given in Table
5.2 (Chapter 5), together with those of some related clusters.

Reduction of cis-[Pt(PMe,Ph)(CO)C1l,] by this method gave the
tetranuclear cluster [Pt,(u-CO)g(PMe,Ph),] in 80% yield. The product
was characterised by analytical, infra-red and 31P{1H} NMR data. In
particular the very distinctive NMR spectrum matched that reported by
Pregosin40 for the cluster obtained by allowing [Pt3(u-CO)3(PMe2Ph)4]
to decompose under an atmosphere of CO. The structure of the
tetranuclear product from the latter reaction has been determined by
X-ray crystallography. 40,41

Zinc dust was used to reduce CO saturated solutions of cis-
[Pt(PR3)(CD)C12] where PRy = P(CHZCHZCN)3, PCy; and PPh3. The product
isolated after reacting [Pt{P(CHZCHZCN)3}((I))C12] for 18 hours was the

triangulo-Pt4 cluster [Pt3(u-CO)3{P(CH,CH,CN)3}3] (73% yield), which

was characterised on the basis of analytical, infra-red and 31P{1H}
NMR data. The relevant coupling constants are given in Table 5.2.
[Pt(PCy3)(Q0)C1,] gave the same cluster product as was obtained by the
NaBH, reduction above. However, the reaction was much slower,
requiring four days to achieve a 60% yield at ambient temperature.
[Pt (PPh3)(CO)Cl,] was reduced quite quickly (within six hours)
but in this case the product, in 76% yield, was the pentanuclear
cluster [Pts(CO)(u-CO)g(PPh3)yl. This compound was identified on the

basis of analytical data and its very characteristic6® infra-red
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spectrum.

The reaction of Pt(PPh3)((I))C12 was repeated in the presence of a
one-third mole equivalent of free PPh3. In this instance the
trinuclear cluster [Pt3(y-CO)3(PPh3)4] was isolated in 80% yield.
This, too, could be identified on the basis of infra-red!? and
analytical data. 1In agreement with the observations of Chatt and
Chini, this cluster was found to convert to the tetranuclear [Pt,(u-
CO)S(PPh3)4] on standing for a period of days in acetone solution

under an atmosphere of CO.

2.2.4 Factors affecting cluster nuclearity

The results described above have demonstrated that the nuclearity
of the cluster obtained by the reduction of cis-[Pt(PR3(CO)C1,] is
sensitive to the steric and/or electronic requirements of the tertiary
phosphine. The other synthetic routes to platinum clusters have also
resulted in clusters of differing nuclearity depending on the
phosphine used.12,41,48,52,65,66

Consider first the case of the trinuclear [Pt3(u-CO)3(PR3);]
clusters. Previously it has been suggestedld'82 that such clusters
are only stable with phosphines which have a large cone angle79'83
. such as PCy; (170°) or PBut3 (182°). This work indicates, however,
that this is primarily a reflection of the mode of synthesis employed
since the dihydride precursors involved (reaction 2.1) are only
available for such bulky phosphines as discussed above. Thus both
PBu"; and P(CH,CH,CN)3 which have relatively small cone angles (132°
in each case79) have been shown to form stable clusters of the type

[Pt3(u-CO)3(PR3)3]. It is not clear exactly what factors favour the
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formation of such clusters since although PCy 3, PBut3 and PBun3 are
strong o-donor and poor n-acceptor ligands, P(CHZCHZCN)3 is anomalous
in this respect in that it has an extremely low basicity arising from
the electron-withdrawing character of the cyano groupsa4.

Use of phosphines such as PPhj and PMe,Ph with intermediate cone
angles and electronic parameters destabilises clusters of the type
[Pt3(u-CO)3(PR3)3]. Traces of [Pt3(M—CO)3(PPh3)3] have been
identified®® as minor products of the reaction of [Pt(C2H4)2(PPh3)]
with [Rh(CO)z(CSMeS)] and the 31P{1H} NMR spectrum at room temperature
was indicative of rapid phosphine exchange. This phenomenon is not
observed for the other examples of [Pt3(,u,—CO)3(PR3)3] reported above
and elsewhere817/82 but is consistent with the fact that the stable
trinuclear cluster compounds formed with these two phosphines are
[Pt4(u-00)3(PR3) 41.12

In the absence of excess ligand, these phosphines appear to
favour the formation of [Ptg(CO)(u-CO)g(PPh3)y]l and [Ptylu-
CO)5(PMe2Ph)4] respectively, an observation common to this and

ottxerlz"”()'GS'66 synthetic methods.

2.3 Reactions of triangqulo-triplatinum cluster compounds with

unsaturated inorganic molecules.

It has been seen that platinum in the zerovalent state has a
strong tendency to from triangular trinuclear cluster compounds8 and
even higher clusters are still based on the triangular Pt, unit. It
is also becoming apparent that interconversion between different
platinum triangles is quite easy and consequently the family of
triangular platinum cluster compounds is getting very large and

diverse. Bearing in mind the long term interest in platinum cluster



59

compounds as models for metal surfaces and as potential catalysts, it
is now becoming important to gain some understanding of the reactivity
of these compounds. The methods used to synthesise the cluster
compounds suggest that the first area which needs investigation is the
reactivity of the Pt triangular unit towards the small molecules
which are themselves used as ligands.

The Pt cluster compounds owe their stability to a suitable
combination of n-acceptor ligands and clusters with various
phosphines, isocyanides, CO and SO, in terminal and/or bridging modes
of bonding have been isolated (see Figure 2.4). In their pioneering
work on the synthesis of carbonyl phosphine clusters, Chatt and
Chinil? observed that some of the clusters reacted further with free

phosphine and CO, for example, reactions 2.15 and 2.16 below.

[Pt3(l,L"CO)3L4] + 5L, > 3[Pt(CO)L3]
L = PEt3, PPhoMe, PPhg (2.15)
2[pPt3(u-00) 3(PPh3) 4] + 3CO > [Pty4(u—CO)g(PPh3)4]
+2Pt(PPh3),(C0), (2.16)

It was apparent from these and other similar observations that some
unsaturated inorganic molecules can promote interconversion of
plétinum clusters which may or may not require fragmentation of the
cluster. Therefore, it was of interest to investigate a number of
reactions with such molecules to determine some of the factors which

influence the stability of platinum clusters towards fragmentation.
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Figure 2.4 The use of different n-acceptor ligands to stabilise

Pt; triangles.



61

2.3.1 Reactions for which fragmentation of the cluster is not

required

Farrar and coworkers8® have investigated the exchange of
phosphine ligands in the compounds [Pt3(u—00)3L3] where L is a bulky
phosphine such as PCy3, PPri3 or PBut3.\ They found that the
phosphines L readily and quickly exchange with a less bulky phosphine
L and, depending on how much of the free phosphine L° is used,
various amounts of mixed-phosphine triangles are formed. On the other
hand if two or more triangles [Pt3(u-CO)3L3], with different
phosphines and 13co labelling, are mixed in the absence of free
ligands, then scrambling of both 1300 and phosphine ligands is found
to take pléce, but quite slowly. It seems that phosphine exchange
occurs via an associative mechanism and does not involve breaking the
Pt, triangle:
[Pt3(C0)3L3] + L™ ——> [Pt3(C0)3L3L ] ——=> [Pt3(C0)3L,L°) + L

(2.17)

Such a mechanism is reasonable in view of the known compounds [Pt3(p,—
CO)3L4]. The slower, general scrambling reaction between different
Pt triangles is likely to involve fragmentation and evidence for this
will be discussed later. It should be remembered that Farrar’s
observations apply to very bulky phosphines. His Pt3 cluster
compounds were all stable to fragmentation in the presence of a large
excess of free phosphine and no mononuclear platinum compounds were
detected, in contrast to the results of Chatt and Chini with the
smaller phosphine PPh3.12
Secondly, Briant et 9_3159 have found that [Pt3(u-CO)3(PCy;);]

reacts readily with 2,6-xylyl isocyanide (CNC8H9) as shown in Figure
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Figure 2.5 Reaction of [Pt3(,,L—OO)3(PCy3)3] with CNCgHg

The notable features of these reactions are that they occur very
rapidly and they involve substitution of both terminal phosphine and
bridging €O ligands. The two products shown are the only two products
obtained from reacting [Pt3qV<xn3(PCy3)3] with CNCgHg and their
structures suggest that the isocyanide ligands are quite demanding in
their steric requirements. It seems, therefore, that these reactions
proceed by successive substitution around the Pt, triangle and do not
involve fragmentation.

The third case has already been described in Section 2.1.2 and is
the reaction of carbonyl phosphine cluster compounds with S0,. This
reaction is used as a facile synthetic route to SO, cluster compounds
of platinum and involves the apparently simple replacement of carbonyl

ligands by S0,. 1In all the syntheses reported so far, no intermediate
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or alternative products have been detected and there is no evidence to
suggest that the Pt triangle is broken at all in the reaction. This
is true not only for the simple Pt 3 triangles, but also for the few
known examples in higher clusters. In fact, in the reaction of SO,
with [Ptg(CO)(u-C0)5(PPh3)4] (reaction 2.5), the precise substitution
of only the three least hindered carbonyl ligands with no change in
the Ptg framework is evidence against a fragmentation mechanism,

A related SO, cluster of palladium has recently been studied in
this laboratory.87 A benzene solution of [Pd3(y-soz)3(PCy3)3] was
reacted with CO and found to give a mixture of substituted products
which were characterised on the basis of the 31P{1H} NMR spectrum
shown in Figure 2.6. The spectrum indicates only triangular Pd;
compounds and, in contrast to observations to be made in the next
Section, provides no evidence for fragmentation of the triangular
structure in the course of ligand exchange. The absence of any band
due to terminal CO ligands in the infra-red spectrum of the product
supports this assertion. The complexes identified in the NMR
spectrum are listed below in Table 2.2 together with their NMR
parameters. The chemical shift of [Pd3(u-SO,)3(PCy3)3], not present
in the spectrum, is added for comparison. The chemical shifts of the

simple, symmetrical Pd3 compounds, containing either CO or SO, but not

both, were measured from separate authent icated8’ samples.

The assignment of the two mixed structures [Pd3(,,L-CO)X(,u-
SO2)y(PCy3)3] is not conclusive. However, the chemical shifts have
been assigned on the basis that in related clusters of platinum,
bridging SO, ligands give smaller 3J(P-P) values than analogous

bridging cO ligands (see Tables 5.1 and 5.2). As with the platinum
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Figure 2.6 Products from reacting Pd3(soz)3(PCy3)3 with CO
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clusters, the major product is the mixed trinuclear cluster with two

CO ligands and one SO, .

s(31p) 37 (p,P) approximate

(ppm) (Hz) proportion
[Pd3(C0)3(PCY3)3] 22.1 - 9%
[Pd5(C0O),(S0,)(PCy3)3] §§52((t(;) 44 80%
[Pd3(00)(S0,),(PCy3)5] ?ﬁlé((ﬂé) 35 11%
[Pd3(S0,)3(PCy3)3] 35.0 (for comparison)

Table 2.1 Products from reacting [Pd3(/L—SOZ)3(PCy3)3] with CO

Data from analysis of the 31P{1H} NMR spectrum

2.3.2 Reactions involving fragmentation of the platinum cluster

It is thought that, as bridging ligands, CO and SO, have quite
similar electronic properties. S0, is the better o-donor but CO is
the better 7r-acceptor.36 Therefore, it was logical to see if the
conversion of CO bridged Pt, triangular clusters to their S0, bridged
equivalents could be reversed by treating the SO, clusters with CO
gas. Evans6 has carried out the reaction of [Pt3(p,—802)3(PPh3)3]
with CO. This is a peculiar example since the original carbonyl
compound, [Pt3(p,-CO)3(PPh3)4] , contains four phosphine ligands and,
therefore, can not be regenerated by this method. The obvious
product, [pt3(#—CO)3(PPh3)3], is electron deficient and is not easily
isolated. The product obtained in good yield (80% on Pt) from this

reaction was the pentanuclear cluster [Pt5(CO)(;L-CO)5(PPh3)4], which
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is the same as that usually synthesised in the presence of limited
triphenylphosphine (Section 2.2.3). Such conversion of a Pt3 cluster
to a Ptg cluster necessarily involves fragmentation of the Pt
triangle. In this case the cause is the relatively low basicity of
the triphenylphosphine. Little else can be deduced about the reaction
since the only platinum containing compounds observed were the
pentanuclear cluster and a mixture of unidentified mononuclear
breakdown products.

In Section 2.2.3 it was shown that [Pt3(u-CO)3(PPh3)y] can be
synthesised from [Pt(CO)(PPh3)C12] if an extra one third mole of
phosphine per mole of platinum is added. Therefore, it was decided to
repeat the reaction of [Pt3(p;—802)3(PPh3) 3] with CO in the presence of
an additional one third mole of PPh;. 1In this case there was a rapid
colour change from dark to pale orange and spectroscopic evidence
(infra red and 31P{1H} NMR) indicated that the only significant

product is the mixed S0,/CO triangular cluster shown below:

/\/\L

No product was observed which contained the extra phosphine. Nor was
there any suggestion of either a pentanuclear cluster or a binuclear
complex. It seems, therefore, that the presence of the free phosphine

in this reaction may suppress total fragmentation of the Pt3

triangle.
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In order to make a better judgement on the interconversion of CO
and SO, cluster compounds, the reaction of [Pt3(/L-SOZ)3(PCy3)3] with
CO was investigated. PCy; is a bulky and relatively basic phosphine
and it readily allows the isolation of the 42 electron carbonyl
cluster [Pt3(y-CO)3(PCy3)3]. CO gas was bubbled through a benzene
solution of [Pt3(/L-SOZ)3(PCy3)3] for 15 minutes. There was an
immediate colour change from orange to yellow. A yellow crystalline
solid was isolated, the infra-red spectrum of which contained bands
due to terminal and bridging CO as well as SO,. The 31P{lH} NMR
spectrum of this product showed it to be a mixture of two compounds.
On the basis of the spectral analysis described in Chapter 5, one of
these compounds was shown to ha_ve a platinum triangle with three
phosphine ligands, two in one chemical environment and one in another.
The other compound, however, contains only two symmetrically arranged
platinum-phosphine units and the magnitudes of the coupling constants
indicate that the compound is based on the linear P-Pt-Pt-P moiety.
On the basis of the spectroscopic and analytical evidence, the
triangular compound was characterised as [Pt;(u-C0),(u-SO5)(PCy3)3l.

Evidently, this attempt at reversing the conversion of a carbonyl
cluster to its 0, equivalent has not gone to completion. Even with
prolonged exposure to CO and warming to 60°, replacement of the final
SO, could not be achieved. Additionally a binuclear species was
observed. This compound was not isolated but, in view of the
spectroscopic evidence, the most probable structure is:

gz
N
Cy;P —Pt Pt PCy,

| I
CO CO
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The reaction of [Pt3(u-S0,)3(PCy3)3] with CO was repeated with the
exposure to CO limited to two minutes. A bright yellow crystalline
solid, soluble in benzene, ethanol and diethyl ether, was isolated.
The infra-red spectrum showed that, apart from a very small trace of a
compound containing terminal CO (presumably the binuclear species),
the yellow product was entirely [Pt3(y-CO)2(p,—SOZ)(PCy3)3]. Both of
the above reactions were reversed on treatment with SO5, giving
[Pt3(p,-802)3(PCy3)3] as the only isolable product. These results

suggest the following sequence of reactions.

CO
[Pt3([L"SOz)3(PCY3)3 ] <= - [Pt3(,LL“CO)2(,u,‘SOZ) (PCY3)3]
_ 0,
SO
2 co
SO,
[Pt3(u-CO) 3(PCy3) 3] > [Pty(u-s0,)(CO),(PCY3), ]

Recently Farrar and co-workers8® have investigated the reaction
of SO, with [Pt3(p(,"CO)3(PBU.t2Ph)3], a carbonyl cluster with a
particularly bulky phosphine which is also a good o-donor. They
observed a similar sequence of reactions which are summarised in the

scheme below.

02

[Pts(p-C0) 3(PBUtPh) 3]  ————>  [Pt,(u-505) (CO),(PBU®,Ph) ]
/]
o

standing

co )
[Pt3(p-CO) (1-S0,) 2 (PBU"2Ph) 3] S [Pt 3(u-00) 5 (u-S05) (PBa~5Ph) 3]
2

The main difference between these two schemes is that with PCyj the

fully cO - substituted cluster could not be obtained whereas for
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P(ButzPh) the fully S0, - substituted cluster was not obtained.
Farrar was also able to observe both of the mixed triangular clusters
[Pt3(4=00)y (u-50,)y (PBU® Ph)3]. It is probable that neither of the
schemes gives all of the intermediate compounds and that each
interconversion of triangular clusters occurs via a binuclear species.
Interconversion of the various observed complexes involving
fragmentation and aggregation reactions is easily achieved with modest
changes in conditions because the CO and SO, ligands react at similar
rates and give products of comparable stabilities. The influence of
the phosphine appears to be such that the smaller, less basic
phosphines allow fast and complete reaction with CO or SO, gas to
maximum substitution, possibly without the need for fragmentation.
The bulky phosphines, such as PCy; and PButZPh, which are also better
o-donors favour fragmentation of the Pt; triangle, giving both
trinuclear and binuclear products but without easily reacting to
completion. In particular, reactions of these compounds have revealed
no mononuclear products. On the other hand, in the case of PPhg,
provided there is sufficient phosphine present fragmentation of the
Pt, triangle is not necessary and, in the presence of excess
phosphine, degradation to mononuclear species is quite likely.
[pt3(#—soz)3(pcy3)3] has also been reacted with 2,6-xylyl
isocyanide, in a 1:3 mole ratio. In contrast to the reaction of the
carbonyl cluster, described in the previous Section, this reaction
yielded a mixture of products of which one had a binuclear structure.
The products of the reaction were characterised on the basis of the
31P{lH} NMR spectrum shown in Figure 2.7. This apparently complex

spectrum can be explained in terms of a mixture of two compounds. One



70

san3xTw 3onpoid Jo wni3oads ¥WN {Hyldre

:optuekoost TATAX-9/7 JO safow 991Uyl Yltm €(€XKa)E(Cos)éaa Jo uotroeay L7 9Inb1d

Wdd
Bl an




71

compound shows a strong line at 25.9ppm with associated pairs of
doublets recognisable as belonging to a near linear, symmetrical P-Pt-
Pt-P system. The coupling constants calculated from this part of the
spectrum are given in Table 2.2 and a computer simulation of the
spectrum is shown in Figure 2.8. The infra-red spectrum of the
mixture shows terminal isocyanide bands88 at least one of which is
thought likely to belong to this binuclear compound and so its

structure is probably:

(0)
S2
CysP F‘Jt Pt—PCy,
{
CNXyl CNXyl

The remaining lines in the 31P{1H} spectrum form a pattern which has
already been seen for the triangular species [Pt3(u-X),(u-Y)(PR3)5]
described earlier in this Section. Therefore, the second compound in
this mixture still contains exactly three phosphines in terminal
positions on a Pty triangle. Whether any of the bridging S0, ligands
has been replaced by the isocyanide is uncertain, since there are two
possible structures for the compound, shown below, which could

reasonably fit the data as well as being consistent with known related

compounds:
L L CNXyi
| N/
////,PL\\\\ t\\\\
[ 7;2 be Tiz
Pt Pt\ /Pt ~
L/ \C/ L L \CS)/ L

NXyl 2

X = CNXy!l or S0,
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Proposed structure: CysP—!l’t —\ ':t—'scva
CNXyl CNXyl
5 (31p) 25.9ppm
L3(pt-p) 3631Hz
23 (pt-P) 377Hz
33(p-p) 91Hz
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Table 2.2 Reaction of Pt3(S0,)3(PCy3) 3 with isocyanide:

31P{1H} NMR data for the binuclear product

Proposed structure:

(non-phosphine ligands

uncertain)
Pt Pt
e “,
Chemical shifts (ppm):
s(3p): By 38.2; P, 26.0
Coupling constants (Hz):
Ly(pt-p):  Pt;-p;  4358; Pt,-P, 4953
23(pt-P): Pt;-By- 271 Pt,-P, 243;
33(p-P):  P1-Py-  20; P1-P, 38

Table 2.3 Reaction of Pt3(s02)3(pcy3)3 with isocyanide:

31p(ly} MMR data for the trinuclear product
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Figure 2.8 Reaction of Pt3(802)3(PCy3)3 with isocyanide:

Simulation of 31P{1H} NMR spectrum for the binuclear product

"
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Figure 2.9 Reaction of Pt3(soz)3(PCy3)3 with isocyanide:

Simulation of 31P{1H} NMR spectrum for the trinuclear product
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The 42 electron cluster on the left seems the simpler and more obvious
product but the phosphine ligands are probably too bulky to allow
substitution without first fragmenting the triangle. 1In view of the
observed binuclear product discussed above, this is a reasonable
product. The 44 electron cluster on the right is an interesting
prospect because it has so far been impossible to coordinate a fourth
terminal ligand to an SO, bridged triangle without using a chelating
diphosphine.55

The NMR parameters for this compounds are given in Table 2.3 and

a computer simulation for the 31P{lH} spectrum is given in Figure 2.9.

2.3.3 synthesis of a binuclear complex by cluster fragmentation

In addition to their observations on the reaction of [Pt3(u-
CO)3(PBut2Ph)3] with SO,, Farrar et al have reported that the same
carbonyl cluster reacts readily with CS, and COS to give complexes of

lower nuclear ity.86

Their findings are summarised in Figure 2.10.
Much of the work in this Thesis has centred on clusters
containing PPhj. Additionally another part of this work, described in
Chapter 4, is concerned with the chemistry of sulphur bridged
binuclear complexes of platinum. Therefore, it was of interest to
link these areas together by investigating the reaction of [Pt3(ﬂ-
C0)3(PPh3)y] with CS, and COS. The reaction with CS, proceeded rapidly
even at -10°. The only cluster compound isolated was the now familiar
pentanuclear cluster[Ptg(CO)(u-CO)g(PPh3),], identified on the basis
of its characteristic infra red spectrum. Additionally small amounts
of some mononuclear breakdown products were observed. The reaction

with COS at room temperature eventually (after about 24 hours) gave in

good yield (84%) the binuclear complex [Pgéu—S)(CO)Z(PPh3)z], in
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agreement with the observations of Farrar described above. This
product, identified on the basis of infra red and 31P{1H} NMR
evidence, has been made by another method and the significance of the
compound is discussed in detail in Chapter 4. The 31P{lH} NMR
spectrum is discussed in Chapter 5. The importance of the reaction
with COS is that it gives an efficient synthetic route from the Pty
triangular clusters to the family of sulphur bridged binuclear

compounds .

2.4 Amine oxide labilised ligand exchange

Much attention has been given to the interconversion of u-CO and

p~SO, triangulo clusters of platinum as shown in reaction 2.18 below:

O,

~

[Pt3(,u-C0)3(PR3)3] < [Pt3(#-502)3(PR3)3]

benzene, 60° (2.18)

The forward reaction is found to proceed to completion quite readily
on passing SO, gas through the solution. However, as has been
described above, the reverse reaction can not normally be achieved.
Attempts in this direction produce mixed CO/S0, clusters and/or
binuclear species.

It is known that trimethylamine N-oxide in some circumstances can
labilise coordinated CO to substitution.89r90 The main requirement is
that the ligand be not too strongly bound to the metal and this is
usually the case when the CO stretching frequency in the infra-red

exceeds ZOOOcm"l. For example:
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XS Me3NO PR3
M(C0)g —> M(C0)g(NMe3) > M(Q)g(PR3)
-30

M=Cr, Mo, W
(2.19)

It is also known that Me3NO reacts with SO, to form the adduct Me3NSO;
which can be isblated as a white crystalline solid.?l Therefore, it
was thought that Me3NO might also be able to labilise coordinated SO,.
The reaction of [Pt3(u-S0,)3(PCy3)3] with CO was carried out in the
presence of varying amounts of Me3NO and was monitored by UV
spectroscopy. Tﬁree parallel reactions were carried out. CO gas was
bubbled for one hour through hexane suspensions of [Pt3(y—
SOZ)3CPCy3)3] containing respectively 0, 3 and 20 mole equivalents of
Me3NO, after which time the suspensions were left stirring under an
atmosphere of CO. The intended product of the reaction, [Pt3Qu-
(I»3(PCy3)3], has a characteristic UV absorption band at 385nm and the
course of the reaction was monitored by observing the growth of this
band in the UV absorption spectra. Figure 2.11 shows the spectra
obtained for these reactions. The first observation to be made is
that the presence of Me3NO is necessary for the total replacement of
the bridging SO, ligands by CO. 1In the absence of Me3NO the 385nm
absorption band is not seen even after two days. The second
observation is that a large excess of Me3NO greatly increases the
speed of the reaction.

The action of Me3NO is not strictly catalytic since it is
consumed in the reaction, presumably being converted, at least in the
first instance, to Me3NSO3. Moreover, larger amounts of Me3NO seem to
give even greater acceleration in the reaction rate. It is clear that
the Me3NO does assist in labilising the bridging SO, ligands. Without

it the reaction does not proceed to completion at all. Addition of 3
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Figure 2.11 UV spectra monitoring the conversion of [Pt3(902)3(Pcy3)3]

to [Pt3(CO)3(PCy3)3] in the presence of Me,NO
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mole equivalents of MesNO gives virtually complete reaction in about
6-8 hours and 20 equivalents will give complete reaction in about 2-3
hours.

The use of Me3NO could turn out to be a useful general method for
labilising the S0, ligand. Unlike CO, SO, can also be removed when in
the bridging mode and this finds further application in the synthesis

of the anionic Pt3 clusters described below.

2.5 Synthesis of anionic triplatinum cluster compounds

All of the triangulo-Pt4 clusters discussed so far are neutral

compounds based on neutral ligands. An alternative route is available
to the 44 electron species, involving the preparation of anionic
clusters. Some high nuclearity anionic clusters of platinum have been
known for some time. They are the chains of Pty triangles of general
formula [Pt3(u—CO)3(CO)3]n2' (n = 2,m",6,10).39'7l Evidence for
the existence of the single 44 electron triangle [Pt3(u-CO)3(CO)3]2-
has only been found in the 195pt solution NMR studies.’ It has been
predictedGO that it should generally be possible to add an electron
pair to the 42 electron cluster [Pts(u-X)3(PR3)3] if the a,” cluster
molecular orbital can be stabilised by a suitable bridging ligand.

The ar orbital is an in plane orbital which is metal-metal

antibonding:
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Bridging SO, stabilises the unoccupied az’ orbital compared with CO
since the single n-acceptor orbital of SO, lies in the Pty plane.
PR2+ and C1% have a particularly low lying n-acceptor orbital and so
can stabilise the a2’orbital even further - to the extent that an
extra electron pair can be accommodated. Thus it should be possible
to generate a 44 electron anionic cluster by substituting one bridging
S0, with PR, or Cl7.

The syntheses described below take the 42 electron [Pt3(u-
802)3(PR3)3] clusters and replace one SO, ligand with a bridging
halide ligand. These syntheses support the electronic arguments
discussed above and the provision of the extra two electrons in this
manner avoids any problem of overcrowding with the phosphine ligands
at the metal centres.

A new type of 44-electron platinum phosphine cluster compound has
been made by reacting the 42-electron [Pt3(p,-soz)3(PR3)3] (PR3 = PPhj,
PCy;) with free halide ion to give [Pt3(u-SO,),(u-X)(PR3)3]” (X = CI,

Br):

PR, |-

0,5 )

Vd N
R,P \\\\\ ////’ PR,

Ci

The reaction was carried out by adding an ethanol solution of the
halide to a benzene solution of the parent cluster compound, the
halide being chosen from a range of quaternary ammonium halides:
PPNC1, BzEt3NCl, MeyNCl, Et,NCl and Et,NBr (Full experimental details

are given in Chapter 6). Inthe case where PRy = PPhj, the reaction
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as given proceeds quickly and in good yield (84%) under ambient
conditions. For PR3 = PCyy, the reaction is very slow and incomplete
unless catalysed by the addition of Me3NO which acts by labilising an
SO, ligand to form Me3NSO3 as described in Section 2.4. In the
absence of Me3NO negligible reaction was observed in two days but
Me3NO was found to accelerate the reaction to good effect and a high
yield of the anionic product was obtained after just 15 minutes. The
apparent reactivity of the compounds [Pt;(#-SO3)3(PR3)3] towards the
halide is in agreement with that found in Section 2.3 for reactivity
towards (0. Characterisation of the products of these reactions has
been achieved using analytical and infra-red data, but particularly by
means of 31P{1H} NMR. The analysis of these NMR spectra is discussed
in Chapter 5 along with structural information derived from them.
Further evidence for the structure of this anionic cluster was
found from its reaction with the [AuPR3]+ cation. In Chapter 3 the
synthesis of some mixed platinum - gold clusters is discussed. One
particular example, shown below, is formed on reacting the neutral Pt3

triangle [Pt3(u—502)3(PCy3)3] with Au(PCy3)Cl:

PCya

SQ,
Cy3P—_ p/ ™~ or—PCY3
NN

Pt

PCys

31P{1H} NMR evidence showed that the analogous compound was formed

when the anionic Pt3 cluster, [Pt3(y—502)2(/1,—Cl)(PCy3)3]', was reacted
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with a solution containing [AuP(p—FC6H4)3]+. The gold-phosphine
cation was prepared by pre-reacting [Au{P(p—FC6H4)3}Cl] with excess
TIPF¢ in THF. In the presence of excess [AuIKp-FC6H4)3]+, the anionic
cluster reacted further to give the bicapped cluster [Pt3Au,(u-
S0,) 5 (u~C1)(PCy3) 3{P(P-FC¢Hy)} 1T, The structure of this product was

also confirmed by its 31P{1H} NMR spectrum.

2.6 Summary

The homometallic cluster chemistry of platinum is dominated by 42
and 44 electron Pt triangular clusters. Electronic and steric
effects are responsible for discriminating between the two types and
are influenced by variations in the terminal ligand (usually a
phosphine) as well as the bridging ligand (typically O, SO, and Ccl7).
Under certain conditions the triangle can be made to fragment
reversibly into binuclear species. Equally, higher nuclearity
clusters can be formed which are still based on the triangular unit.
In the case of cluster compounds containing PPh3, it is is possible to

relate all these types of reaction in the single scheme shown below.

[Ptz(,lL“S) (CO)2L2]

cos

[Pt3(pL—CD)3L4] so,
/
[Pt4([L-CO)5L4] [Pt3(/£'502)3L3]

co

[Pt5(C0) (u-C0) gLy
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CHAPTER THREE

SYNTHESIS AND CHARACTERISATION OF SOME HETEROMETALLIC CLUSTER

COMPOUNDS OF PLATINUM

3.1 Introduction

Triangular cluster compounds of platinum have been found to be
convenient starting blocks from which to develop the syntheses of some
mixed metal clusters. Chapter 1 described some recent examples in
which gold has been added in capping fashion to one or both faces of a
platinum triangle. Some clusters have also been reported in which
hetero- atoms are sandwiched between a pair of platinum triangles.
The "sandwich" type compounds will be discussed in detail later. All
of these mixed metal clusters may also be considered as complexes of
the hetero- metal atoms, in which the Pt, triangle acts as a bulky
ligand. This Chapter describes some syntheses which use the platinum
cluster [Pt3(u-CO)3(PPh3),] as a source of such a ligand. This
compound is unusual among the platinum triangles in that it has a
fourth terminal phosphine ligand and consequently 44 skeletal
electrons. Therefore, a difference in reactivity might be be expected

for both electronic and steric reasons.

3.2 The reaction of [Pt&(u—cx))l(PPh3)4] with [AuPPh3l+

As discussed in Chapter 1, it has proved possible to cap some
platinum clusters with the [AuPR3]+ fragment.23'24 The reported
examples all start from the 42 electron compounds [Pt3(u-X)3(PR3)3] (X

= CO or SO5) and result in a symmetrically capped tetrahedral

structure.
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The compound [Ptj;(u-C0);(PPh3)y] has been found to dissociate in

solution according to the following equilibrium.12

N

[Pt3([L'CO)3(PPh3)4] < [Pt3(#‘CO)3(PPh3)3] + PPh3

(3.1)
Therefore, it was of interest to see whether this platinum cluster
could be capped by [AuPR3]+ and, if so, whether the extra phosphine
ligand on the platinum triangle would be lost. If it were lost, a
tetrahedral cluster similar to those already reported would be
expected.

No reaction was observed when [Pt4(u-CO)3(PPh3)y] and Au(PPh3)Cl
in 1:1 mole ratio were stirred together in benzene solution. On
addition of excess T1PFg, an orange-brown precipitate formed as the
solution became almost colourless. Recrystallisation of the
precipitate from acetone/benzene gave an orange crystalline solid for
which elemental analyses were consistent with the formula [Pt3Au(#-
CO)3(PPh3)g(PFg)]. The infra-red spectrum of the product was similar
to that of the starting compound [Pt3(,u,-CO)3(PPh3) 4] except that the
absorption bands in the carbonyl region were shifted by 40cm™! to
higher frequency. This evidence suggests that the coordination of the
ligands around the platinum triangle is essentially unchanged and that
all the phosphine ligands are retained. In addition to any change in
the elemental analysis, the loss of a phosphine ligand would have been
expected to increase the symmetry of the platinum triangle by adding a
C3 axis. This would have been observed as a change in the infra-red
spectrum from two strong carbonyl bands to one.

31P{IH} NMR spectrum of the product at ambient

The solution
temperature indicates an equilibrium similar to that in Equation 3.1.

An analysis of this NMR spectrum is included in Chapter 5. A series
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of fairly sharp lines in the spectrum correspond to the structure
[Pt 3Au(u-C0)3(PPh3) 4]+ and there are also some broader lines, due to
another structure, which are consistent with two pairs of phosphines
coordinated to a platinum triangle as in the parent compound [Pt3(,u,-
00)3(PPh3)4]. The region of the 31P{1H} NMR spectrum corresponding to
the [AuPPh3] moiety is particularly broad, suggesting that the
coordination geometry of the gold changes significantly between the
different structures. On steric grounds, it is likely that the
platinum atom bearing two phosphine ligands is not bonded to the gold
atom and a possible solid state structure for the product of the above

reaction is as follows:

It has so far not proved possible to isolate crystals suitable for an
X-ray crystallographic analysis and so a more detailed NMR study was
made. The 31Pt{lH} NMR spectrum was recorded at lower temperatures in
an attempt to freeze out the dissociation of the extra phosphine
ligand on the NMR time scale. The best spectral resolution was
obtained at =50 , although at this temperature it was still not
possible to make any detailed analysis for the compound in question.
The spectrum is shown in Figure 3.1. The sharp line at 40.4ppm is

probably due to a small amount of [Pt3Au(u-CO)3(PPh3)4]+ which was
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observed more strongly at room temperature. The nearby doublet
(40.8ppm) with 195Pt triplet satellites may be' tentatively assigned to
the symmetric P-Pt-Pt-P unit in the above structure. The coupling
constants within this system were measured as 23 (Pt-P) = 290Hz, 3J(P--
P) = 24Hz. The two doublets may then be interpreted in terms of the
two inequivalent geminal phosphines coordinated to the third platinum

with a 2J(P—P) value of 51Hz.

3.3 Gold capping reactions of [Ptl(u,-sozl 3(PPh3l3]_

The reaction of [Pt3(u-CO)3(PPh3),] with SO, gives [Ptjlu-
S0,)3(PPh3)3] which is a 42 electron cluster. The combination of PPhj
and SO, ligands is exceptional since, according to the observations
made in Chapter 2, the two ligands are known to stabilise different
low-lying unoccupied molecular orbitals (the out of plane a2" and the
in plane az’ respectively). The reactivity of this compound towards
gold capping has, therefore, been consicered.

[Pt3(u-S0,)3(PPh3)3] was found to react with an equimolar amount
of [Au(PPh3)Cl] on stirring in benzene. Recrystallisation of the
product from CHZClz/hexane gave red microcrystals of [Pt3Au([L-SOz)2(,u,-

Cl) (PPh3)4l, shown below, which was characterised on the basis of

analytical and spectroscopic evidence.

PPh,

9
PhaP— o / T~ pt—PPh,
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In particular, the characteristic 31?{1H} and 195Pt{lﬂ} NMR spectra,
which are described in detail in Chapter 5, served to identify the
tetrahedral PtjAu structure which has already been observed in a
similar reaction involving [Pt3(/,c—soz)3(Pcy3)3].24 Thus it is
possible to cap the triangular [Pt3(p,—soz)3(PPh3)3] using [Au(PPh3)C1]
to obtain the neutral tetrahedral cluster which incorporates a
bridging chloride ligand.

[Pt3(p-SO,)3(PPh3) 3] was then introduced into a solution
containing [AuPPh3]+ in an attempt to synthesise the cationic gold-
capped cluster [Pt3Au(p-SOZ)3(PPh3)4]+. The [AuPPh3]+ moiety was
generated by reacting [Au(PPh3)Cl] with T1PFg in THF solution and then
filtering the solution to remove any chloride as T1Cl. When a
chlorinated solvent such as CH,Cl, was used to work up the reaction
mixture, the cluster product obtained was [Pt3Au(u-SOZ)2(u-
Cl)(PPh3)4). It wasshown to be identical to that obtained from the
reaction with [Au(PPh3)Cl] described above. When the reaction mixture
was worked up with the rigorous exclusion of chlorinated solvents, the
only platinum-containing material which could be identified was the
starting compound [Pt3(u-SO;)3(PPh3)3]. It seems that the simple
capping reaction with [AuPPh3]+ can not be carried out on this
platinum cluster. It is possible that without a bridging chloride

ligand to act as a n-donor this particular Pt cluster is not

sufficiently nucleophilic to coordinate to the [AuPPh;] fragment.

3.4 sandwich-type cluster compounds

A number of cluster compounds have been synthesised in which two

platinum triangular units are coordinated to a hetero- metal atom in
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"sandwich" fashion. Yamamoto et a_]._92 have characterised the compound
[Pt 5(u~CNCgHg) 3(CNCgHg) 31,Hg (I) which is a neutral complex, formed
during the Na/Hg reduction of [Pt(CNC8H9)2C12] in the presence of
excess CNCghg (2,6 Xylyl isocyanide). Another product formed in the
same reaction was the homometallic cluster [Pt7(CNC8H9)12],93 the
structure of which was described in Chapter 1. Both compounds are
unusual in containing isocyanides as the only ligand. Venanzi et 31_94
have synthesised the compound [Pt3(;L—CO)3(PPhPri2)3] oHg, (II) which is
also a neutral complex, formed from the triangular platinum cluster
[Pt3(p,—CO)3(PPhPri2)3] by reaction with metallic mercury. This
compound contains an Hg, moiety sandwiched between two platinum
triangles and may also be considered as two [Pt3(,u,-CO)3(PPhPriz)3]
units each capped by a separate mercury atom, these two units being
joined through the mercury atoms. Most recently, Venanzi et _a_a_l_95 have
reported the cationic complex [Pt3(p.-CO)‘-3(PPri3)3]zAg+ (III) which
they prepared by adding excess AgCF3S0; to a solution of the
triangular cluster [Pt3(/,L-CO)3(PPri3)3], but they could not synthesise
a related compound containing gold. The molecular stuctures of these
three sandwich-type compounds are shown in Figure 3.2.

In compound (I) the six platinum atoms define a trigonal prism
with the mercury atom approximately at the centre. There is a small
rotational distortion of 11 from the eclipsed D3, conformation. Bond
lengths and angles within each of the Pty triangles are similar to
those found in homometallic platinum isocyanide complexes.
Interactions between the two Pt3 triangles are thought to be weak
since the Hg-Pt bond distance (2.943) and the inter-triangle distance
(4.95R) are quite long. In compound (II) the two Pty triangles are

staggered and the cluster has a centre of symmetry between the mercury
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(1) [Pt 3(CNCgHg) 6] ,Hg” 2

(III) % [Pt3(oo)3(Ppri3)3]2Ag+ 95

<UTN

Figure 3.2 Molecular structures of some sandwich cluster compounds

The R groups of the PR3 and CNR ligands have been omitted for clarity
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atoms. The Pt-Hg distances are quite long and varied (2.93 - 3.083)
with one on each triangle significantly longer than the other two.
The Hg-Hg separation is even longer (3.2253) and suggests a weak
interaction. Within each Pt; triangle there is a small inequivalence
in the Pt-Pt bonds and the bridging CO ligands are bent out of the Pt
plane away from the Hg atoms. Compound (III) also has staggered Ptj
triangles and a centre of symmetry at the silver atom. Similar
distortions are found in the bond lengths with one Ag-Pt distance
being longer than the other two and one Pt-Pt distance shorter than
the other two. 1In contrast to compound (II), the bridging CO ligands
are bent towards the silver atom but the phosphine ligands are bent
out of the Pty plane away from the silver atom. Some structural data
for these sandwich compounds are given in Table 3.1.

The bonding in compounds (I) and (II) has been analysed by
Hoffmann et al as part of their study of high nuclearity chains.”?
There are two ways of counting the cluster electrons in these sandwich
compounds. If the mercury component is considered as ng"' (I) or
ngz"' (II) then the platinum triangles are, together, equivalent to
[Pt3L6]22', which is analogous to the carbonyl anion [Pt3(CO)6]22".
The sandwich compound may, therefore, be derived by insertion of an
appropriate cation into a stacked triangular cluster anion. On the
other hand, the sandwich may be considered as a combination of neutral
Hg and neutral [Pt3Lgl fragments. In this case the Pt; triangles are
separate entities which are capped by one shared or two separate Hg
atoms. ESCA studies suggest that the oxidation state of Hg in
compound (I) is close to neutral and that the latter interpretation is
better. Molecular orbital calculations based on this interpretation

show that the presence of ligands on the Pt5 triangles such as CO,
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which have low lying ~ orbitals, favour the interaction of the Pt,
triangles with Hg and, to a lesser degree, with Hgo. The energy gain
from such an intercalation reaction is not confined to a pair of
pPlatinum triangles and it is envisaged that long chain intercalates of

this type could be synthesised.

3.5 Synthesis and structural characterisation of the sandwich compound

[Pt (u-00)5(PPh3) ] Au* PF,~

It was found that the fourth phosphine ligand in [Pt3(u-
CO)3(PPh3)y4) gave rise to complications in attempts to cap the
platinum triangle with an [AuPPh3] fragment. It is known that this
extra phosphine can dissociate in solution and so an attempt has been
made to cap the platinum triangle with a gold reagent which is also a
"phosphine scavenger". The reagents chosen were Au(CO)Cl and
Au(MeZS)Cl. The CO and Me,S ligands in these compounds are labile and
are easily displaced by phosphines.

When equimolar amounts of [Pt3(u~C0)3(PPh3)s] and Au(CO)Cl were
stirred together in benzene in the presence of excess T1PFg, a dark
red solid was precipitated as the solution became colourless. Slow
recrystallisation of this solid from CH,Cl,/hexane gave deep red
crystals, which analysed correctly for [Ptg(CO)g(PPh3)cAUl(PFg), in
88% yield. The infra-red spectrum of these crystals (Nujol mull)

1

showed a single carbonyl band at 1833cm™ — which indicated an increase

in symmetry around the Ptj triangle compared with [Pt3(,u,-CO)3(PPh3)4]
to give a C3 axis. This level of symmetry was supported by the
31P{1H} NMR spectrum of a CH,Cl, solution of the product. All of the

31P nuclei were found to be chemically equivalent within Pt3L3

triangles.
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An identical product was obtained when the reaction was repeated
with Au(Me,S)Cl in place of Au(®0)Cl. 1In both cases half of the gold
used was accounted for in the cluster product and the other half
appears to have scavended the phosphine released by the [Pt3(,u-
CO)3(PPh3)4], probably in forming the complex Au(PPh3)2+.

An X-ray crystallographic analysis was carried out on a single
crystal of the cluster product, obtained by slow diffusion of diethyl
ether into an acetone solution. Details of this analysis are

summarised in Table 3.2.

Cy 1 4HoAUF cOgP7Pt ¢ M = 3254.1
Monoclinic, space group C, Jcr Z =14
a = 26.637(6)&, b = 15.371(3)&, c = 27.821(6)R
p=108.73(2)°, U =10787.7183, D, = 2.00 g cm 3

F(000) = 7450, pu(Mo-K,) = 154.05cm™l, Final R = 0.0485

Table 3.2 Crystal data for [Ptg(CO)g(PPh3)cAul(PFg)

The cluster was found to be a sandwich-type compound, similar to those
described in the previous Section and having the composition [Pt3(p,-
CO)3(PPh3)3]2Au+ PF¢ . Its molecular structure is shown in Figure 3.2
and a selection of bond data is given in Table 3.3. The cluster is
cationic and may be described as two gold capped platinum triangles
sharing a common Aaut ion. The "sandwich" compound is comparable to
the tetrahedral Pt jAu clusters discussed earlier in this Chapter if
one of the Pt3 triangles is thought of as a ligand replacing the

phosphine coordinated to the gold.



Figure 3.3 Molecular structure of [Pt3(p,-CO)3(PPh3) 3]2Au+




Intramolecular distances (R)

Pt(1l) - Pt(2) 2.683(1)
Pt(2) - Pt(3) 2.683(1)
Pt(1l) - Pt(3) 2.683(1)
Pt(l) - Au 2.731(1)
Pt(2) - Au 2.728(1)
Pt(3) - Au 2.725(1)
Pt(1l) - P(1) 2.249(5)
Pt(2) - P(2) 2.242(4)
Pt(3) - P(3) 2.250(4)
Pt(l) - C(1) 2.054(18)
Pt(1l) - C(3) 2.087(16)
Bond angles (°)
Pt(1)-Pt(2)-Pt(3) 60.0(1)
Pt(3)-Pt(1)-Pt(2) 60.0(1)
Pt(2)-Pt(3)-Pt(1) 60.0(1)
Pt(1)-Pt(2)-Au 60.6(1)
Pt(1)-Pt(3)-Au 60.7(1)
Pt(1)-Au-pPt(3) 58.9(1)
Pt(1)-Au-Pt(2) 58.9(1)
Pt (3)-Au-Pt(3") 136.1(1)
Pt (2)-Au-Pt(2°) 112.3(1)
Pt(1)-Pt(2)-P(2) 140.2(1)
Pt(1)-Pt(2)-C(2) 108.7(5)
Pt(1)-Pt(2)-C(3) 50.2(4)
Au-pPt(1)-P(1) 147.3(1)
Au-pPt(1)-C(1) 82.2(6)
Au-pPt(1)-C(3) 81.8(5)

Angle between Pty planes:  0.06

Twist angle between planes: 22.31

Table 3.3 Selected molecular dimensions for [Pt3(p,-CO)3(PPh3)3]2Au+

Estimated standard deviations in parentheses



97

The six platinum atoms in this structure define a trigonal prism,
similar to that in [Pt3(u-CNR)3(CNR)3],Hg, but different from the
cationic [Pt3(u-CO)3(PPri3)3]2Ag+ which has a fully staggered
conformation. The two Pt3 planes are parallel to within 0.06° and
there is a rotational distortion of 22.3° from the eclipsed D3h

conformation as can be seen in the diagram below.

Each Ptj;Au unit is close to a regular tetrahedron with the Pt-Au
distances quite similar (2.725 - 2.731&) and not much longer than the
Pt-Pt distances (2.683%). As a result, the separation of the Pt
triangles is only 4.28 and this suggests a stronger~interaction
between the platinum triangles and the intercalating atom than has
been observed in the three previously reported sandwich compounds.

The bridging CO ligands, which are symmetrically coordinated
around the platinum triangles, are distorted out of the plane of the
triangle towards the central gold atom. The mean deviation of the O
atoms from the Pt plane is 0.8A. The terminal phosphine ligands are
also distorted out of the Pt plane, but away from the gold atom.
This arrangement of the ligands is similar to that reported by
Venanzi95 for the sandwich compound containing Ag+. The sandwich
compound containing Hg, was different in that only the carbonyl

ligands were distorted and they were bent towards the centre of the

cluster.



98

3.6 Synthesis and structural characterisation of the sandwich compound

[Pt 3(=C0) 3(PPh3) 4] ,Cu™ PFg™

The platinum triangular cluster unit has been used as the
foundation of a number of heterometallic clusters containing gold as
described earlier in this Chapter. Venanzi’s sandwich cluster [Pts(u-
CO)3(PPri3)3]2Ag+ is a rare example of a silver containing cluster
which also derives from a Pty cluster. It was of interest, therefore,
to see if the group IB triad could be completed by the synthesis of a
mixed platinum-copper cluster.

When equimolar amounts of [Pt3(u-CO)3(PPh3)ys] and
[Cu(MeCN)4(PF6)] were stirred together in benzene, a dark red solid
was precipitated slowly as the solution became almost colourless.
Recrystallisation of this solid from CHZClz/diethyl ether gave deep
red crystals, which analysed correctly as [Ptg(C0)g(PPh3)gCul(PFg), in
80% yield. In particular, an X-ray microanalysis was performed on the
crystals which established that the Pt:Cu ratio in the cluster was
6:1. The X-ray spectrum obtained from this analysis is shown in
Figure 3.4. The infra-red spectrum of the crystals (Nujol mull) was
similar to that observed for [Pt3(_;L-CO)3(PPh3)3]2Au+ PFG'. A single
strong carbonyl band at 1833cm™! indicated bridging carbonyl ligands
on platinum triangles with a C3 symmetry axis.

An X-ray crystallographic analysis was carried out on a single
crystal of the cluster product, obtained by slow diffusion of diethyl

ether into a CH2C12 solution, with the results given in Table 3.4.



99

(pTab uoTAu uo pajunou sTe3sk1d)  no¢[¢(tuda)€(oo-n)Eaa] 30 un1303ds/ke1-x 7€ 5IBTd

DWNIAN
| Q¥
28 @2 235 = _S4A Q2A_Q
g8 roan e anrY om l«Uu..rrl.qcru..{l.ch..lhy{)wh.m‘:.uc:u.,:m/w vicﬁi.ﬂﬂrvhhrﬂ\ﬂu.)]f;ﬂ)n.‘?..ﬁr‘ri..ruc.ulc.w;w‘.. IRRAERRE K "..v\
Loy )i
..... .—. ol D
nm ~
..... i
d

& s o SO

V1l 1d 9861 0Sv*'s €
UN N3 L6862 bvo's ¢
VA d 69EY 090°2 !
INIT ANV 113 v3yY ASYINI
ONILSIT Hv3d



100

Cy14HgoCUFgOGP7Pt ¢ M = 3120.7
Monoclinic, space group C, /o« Z =4
a = 26.583(6)&, b = 15.331(3)&, c = 27.366(6)4
p=108.56(2)° U = 10554.0643 D, =1.98 g cm!

F(000) = 5851 p(Mo-K,) = 79.42cm™+ Final R = 0.0481

Table 3.4 Crystal data for [Ptg(CO)g(PPh3) gCul(PFg)

The structure was found to be totally isomorphous with that of
the cluster [Pt3(u-CO)3(PPh3)3],Au" PR~ described in the previous
Section. The molecular structure is shown in Figure 3.5 and a
selection of bond length and angle data is given in Table 3.5. The
two Pt3 triangles sandwich the Cu atom, forming approximately regular
Pt 3Cu tetrahedra. The bond angles in the metal framework are all
about 60 and the Pt-Cu distances (2.608) are marginally shorter than
the bonding Pt-Pt distances (2.654). The Pt 3 planes are parallel to
within 0.12 and show a twist angle relative to each other of 21.5 .
The separation of the Pt planes is approximately 4.28 which is the
same as in the analogous gold sandwich compound. The ligands also
show the same distortions from the Pt planes, the CO ligands being

bent towards the central Cu atom and the phosphines away from it.

3.7 Reaction of [Pt4(u-00)3(PCy3)3] with [Au(CO)Cl]

The sandwich compounds described in Sections 3.5 and 3.6 were
synthesised from the platinum cluster [Pt3(u-C0)3(PPhs3),] which has
one more phosphine ligand on the Pty triangle than does the product.

Since the platinum triangle was reacted with [Au(L)Cl] (L = CO, Me,S)

in equimolar quantities and only half of the gold was found in the the
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+
Figure 3.5 Molecular structure of [Pt;(u—CO)5(PPh3)3]l,Cu




Intramolecular distances (1)

Pt(1l) - Pt(2) 2.650(2)
Pt(2) - Pt(3) 2.648(2)
Pt(1l) - pPt(3) 2.651(2)
Pt(l) - Cu 2.598(2)
Pt(2) - Cu 2.605(4)
Pt(3) - Cu 2.599(3)
Pt(1l) - P(1) 2.234(10)
Pt(2) - P(2) 2.243(9)
Pt(3) - P(3) 2.241(8)
Pt(1l) - C(1) 2.21(4)
Pt(1l) - C(3) 2.052(23)
Bond angles (°)
Pt(1)-Pt(2)-Pt(3) 60.0(1)
Pt(3)-Pt(1)-pPt(2) 59.9(1)
Pt(2)-Pt(3)-Pt(1) 60.0(1)
Pt(1l)-Pt(2)-Cu 59.3(1)
Pt(1)-Pt(3)-Cu 59.3(1)
Pt(1)-Cu-pPt(3) 61.3(1)
Pt(1)-Cu-pt(2) 61.2(1)
Pt(3)-Cu-pt(3") 135.2(3)
Pt(2)-Cu-Pt(2°) 109. 3(2)
Pt(1)-Pt(2)-P(2) 145.8(3)
Pt(1)-Pt(2)-C(2) 112(1)
Pt(1)-Pt(2)-C(3) 49.9(6)
Cu-pt(1)-P(1) 149.2(2)
Cu-pPt(1)-C(1) 83(1)
Cu-pPt(1)-C(3) 82.5(7)
Angle between Pt, planes: 0.12
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Twist angle between planes: 21.48

Table 3.5 Selected molecular dimensions for [Pt3(#r00)3(pph3)3]2Cu+

Estimated standard deviations in parentheses
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cluster product, the extra phosphine was accounted for by the
remainder of the gold.

In an attempt to synthesise a platinum-gold sandwich compound
without this complication the tris-phosphine cluster [Pt3(p-
CO)3(PCy3)3] was reacted with a half mole-equivalent of [Au(cCo)cCl].
The two reagents were stirred together in benzene in the presence of
excess TlPFg. The solution darkened and a red crystalline solid was
precipitated. Bright red crystals were obtained on recrystallisation
from acetone/benzene and were characterised on the basis of analytical
and spectroscopic evidence as the tetrahedral cluster [Pt3Au(u-
CO)3CPCy3)4]+ PFG-. In particular, the 31P{lH} NMR spectrum was
identical to that already reported23 for this compound.

In this reaction, the gold cation has capped some of the platinum
cluster compound but the sandwich compound has not been formed.
Instead of taking a platinum triangle for its second ligand, the gold
has abstracted a phosphine ligand from the remainder of the platinum
Cluster compound. This entails degradation of some of the platinum
cluster and accounts for the darkening of the reaction solution. It
is unlikely that formation of the sandwich compound is prevented for
steric reasons since Venanzi was able to prepare such a compound using

PPri3, which is a fairly bulky ligand.

3.8 Summary

A number of recent syntheses have demonstrated that platinum
cluster compounds of the type [Pt3(u-X)3(PR3)3] are a versatile
starting point for the preparation of some heterometallic clusters.

The Pty triangle can be capped on one or both sides by [AuPR4]

fragments to give structures based on the tetrahedron or trigonal
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bipyramid respectively. It has also proved possible to cap two Pt 3
triangles simultaneously with a shared gold atom to give a trigonal
prismatic "sandwich" structure. As a result, there is now a family of
platinum-gold clusters which demonstrates a systematic build-up from

cluster fragments:

Au

/
AN

N
<>
N

In principle, it should be possible to synthesise long chain clusters
based on intercalation of hetero- metal atoms between platinum
triangles. This idea is not limited to gold as the hetero- atom since
clusters of the sandwich-type have also been synthesised with mercury,

silver and copper in the centre.
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CHAPTER FOUR

SYNTHETIC AND STRUCTURAL STUDIES OF [Pt,(u-S)(C0)(PPh3)3]

4.1 Introduction

The compound [Ptz(;;-s)(CO)(PPh3)3] is a potentially ligating
platinum sulphido- complex which is known to contain a Pt-Pt bond. It
was first synthesised by Wilkinson and Baird?’ by thermolysis of the
complex [Pt(PPh3)2(COS)]. In Chapter 1 it was reported that the
compound [Ptz(/L-S)z(PPh3) 4}, a related sulphido- complex without a Pt-
Pt bond, could function as a ligand towards other metals and thereby
generate heterometallic aggregates. It was, therefore, of interest to
investigate the ligating properties of the sulphido- group in [Ptz(p,—
S)(OO)(PPh3)3] since there was a possibility of using this complex to
generate heterometallic cluster compounds.

Balch et 9_1_96 have reported that [Pt,(u-S)(CO)(PPh3)3] has a
robust Pt,S triangular core in contrast to binuclear complexes of
platinum(I) bridged by dppm which readily undergo insertion
reactions.97'98 For example, CO, S0, and isocyanides are found to
cleave the metal-metal bond, placing a single atom between the metal

atoms (4.1).

B~ P p” p
| (1) | x|
Cl—PtI:-—P|t—Cl > . /1|>t Plt\c1
7 (i) = CH,N, X = CH, 7
s82 302 (4.1)

Attempts to insert CO or MeCN into the Pt-Pt bond of the sulphido-

bridged complex have not succeeded. [Ptz(p,-s)(CO)(PPh3)3] in solution
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is not at all reactive towards CO or Hy at 1 atm. pressure. Instead,
its chemistry is found to involve reactions of the ligands. The CO
ligand and the one labile phosphine ligand, which is coordinated to
the adjacent platinum atom, are readily displaced by isocyanides and

chelating diphosphines (e.g. 4.2).

/S\ dppm /S\
P li’t lit P > pP—pPt Pt—pP
I |
P CO P P

N~ (4.2)

The CO ligand could not be replaced by reaction with excess PPhj, even
in the presénce of excess Me3NO, which is known to labilise terminal
C0 ligands (see Chapter 2).

The nucleophilic nature of the sulphur atom in the Pt,S triangle

is demonstrated by the methylation reaction with methyl iodide (4.3).

eI

PN i) Mel 5.
p—pf Pt—P >  p—pf Pt—p
| | ii) NH,PF¢ | |
P co P co

(4.3)

When SO, was passed through a suspension of [Ptz(/L-S)(CO)(PPh3)3] in

pentane, a bright orange complex was formed. Its infra-red spectrum
showed absorption bands attributable to SO, at 1087s and 1283s cm 1.

These values are consistent with the the SO, ligand being S- bonded as

shown in the following structure.



107

1
/ SN
P Tt pt
|
P CO

An analogous product has been reported for the reaction of [Pt,(u-
S)Z(PPh3)4] with SOZ.ll The SO, ligand is very weakly bound and is

readily lost when the complex is allowed to stand in air.

4.2 Synthesis and structural characterisation of [Pt,(u-S)(CO)(PPh3)3]

The procedure used to synthesise [Pt,(u-S)(CO)(PPh3)3] was based
on the method of Balch96, which itself was a modification of that
originally reported by Wilkinson and Baird.2” This method involved
thermolysis in CHCl; solution of the complex [Pt(PPh3)2(COS)] which
was obtained by reacting [Pt(PPh3)3] with carbonyl sulphide. A
compound which analysed as [Pt,(u-S)(CO)(PPh3)3], which fitted the
3]‘P{lH} NMR data reported by Balch and which showed a carbonyl
absorption band at 2001cm"1 in the infra-red spectrum was obtained
only if the complex [Pt(PPh3)2(COS)] was stirred for a time in warm
(50°) CHC13. If the synthesis was carried out at room temperature
then another compound, also analysing as [Ptz(,u-S)(CO)(PPh3)3], but
with slightly different spectroscopic properties, was obtained. The
infra-red spectrum of this alternative product showed a small shift in
the carbonyl band to l994cm"l. The 31P{1H} NMR spectrum showed the
same pattern of lines, due to the same arrangement of 31p and 195p¢
nuclei, but with different chemical shifts and slightly different

coupling constants as shown in Table 4.1. This second f<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>