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Zero-valent Platinum Complexes and their Role in the Synthesis of Di-, Tri-,

and Tetra-nuclear Metal Compounds
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Discovery of the compounds [Pt(CyH,)s] and
[Pt{C,H,)2(PR )], and new procedures for preparing
[Pt{C,H (PR3 )] and [Pt{cod),], have enabled
these species to be used in the synthesis of many new
organoplatinum compounds containing metal-metal
bonds. This article summarises recent progress in this
field.

Introduction

Major advances have been made in several areas of
organoplatinum chemistry following the discovery of
the compound [Pt(C,H,)s] [1], and the synthesis of
the complexes [Pt(C;H4),(PR3)] [2]. These reagents
are very reactive, the latter functioning as sources of
PtPR; groups, whereas tris(ethylene)platinum
behaves as a ‘ligand free’ source of platinum. These
compounds became available through a new synthesis
of [Pt(cod);] (cod = cyclo-octa-1,5-diene) [1, 3], a
complex with its own extensive chemistry. Moreover,
the results have had a synergistic effect on the
organometallic chemistry of other transition metals.
For example, the preparation of [Pty(CNBu')¢] [4]
from [Pt(cod),] prompted work which led to the
characterization of [Fe(CNBu‘)s] [5] and [Fe,-
(CNEt)s] [6], and the discovery of the bridged
fluoroalkylidenediplatinum complex [Pty {u-C(CF3),}
(cod);] [7] initiated new chemistry of the transition
metals involving alkylidene and alkylidyne ligands
[8].

In this article we shall focus on one aspect of the
chemistry of [Pt(C,Hj)s], [Pt(C2H,)2(PR3)], and
[Pt(cod);], namely the employment of these species
in the formation of complexes containing two to four
metal atoms. At first, however, it is interesting to
place the above Pt(0) complexes in the context of
earlier work.

It is generally accepted that the growth of organo-
metallic chemistry in the decade following 1952 was
due to the recognition of the structure of Ferrocene
[9—11]. However, organometallic chemistry would
not have attained its present high level of activity
without several other seminal discoveries, one of

which was made in 1960. Stemming from association
of the ‘nickel effect’ with Ziegler-Natta catalysis, the
Miilheim researchers [12] prepared several zero-valent
nickel complexes in which the only ligands present
were unsaturated olefinic molecules. These species,
which include bis(cyclo-octa-1,5-diene)nickel, (cyclo-
dodecatriene)nickel, and tris(ethylene)nickel, proved
to be very reactive since the ligands are readily
displaced by other molecules, hence reactions can
occur easily at the metal centre. Lability of the
ligands is also responsible for the high reactivity of
nickel tetracarbonyl, although its toxicity, ready
thermal decomposition, and volatility makes it less
amenable for use as a synthetic precursor than the
‘naked’ nickel complexes developed by Wilke and his
co-workers [12]. The latter, except for the very
unstable [Ni(C,H,);], are all easier to manipulate in
the laboratory than the carbonyl.

Since 1962 the various olefin-nickel complexes,
and to a lesser extent the tetracarbonyl, have been
employed as starting materials for the synthesis of a
plethora of organonickel compounds, so that our
knowledge of the organic chemistry of this element
is the most extensive of all the transition metals
except possibly iron. The wide scope of organonickel
chemistry is in marked contrast with the more nar-
rowly based organic chemistry of platinum or
palladium. At first this seems surprising since organo-
complexes of these metals have a long history
originating from the discovery of Zeise’s salt [13]
over 150 years ago. However, there has been a diffi-
culty in developing organo-platinum or -palladium
chemistry arising from the absence of suitable
precursors for synthetic work. Thus, unlike
[Ni(CO),], the tetracarbonyls of Pd and Pt have only
a fleeting existence [14, 15], and thus cannot be used
as starting compounds for chemical syntheses. The
absence of suitable precursors has been somewhat
alleviated by the facility with which platinum or
palladium in their +2 oxidation states form stable
complexes having carbon-metal o-bonds. These com-
pounds, existing in large numbers, have mostly been
prepared via reactions of metal complex halides with
Grignard or organo-lithium reagents, or by ‘oxidative-
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elimination’ reactions of d'° tertiary phosphine-pal-
ladium or -platinum species [16]. Nevertheless, the
absence until recently [1] of zero-valent platinum or
palladium compounds with olefinic groups as the
only ligands has had a major inhibiting effect on the
development of the organometallic chemistry of these
elements. Hence the discovery of [Pt(cod),] by
Miiller and Goser [17] was a very important result
since it established that for platinum such olefinic
complexes were indeed capable of existence. How-
ever, the method of synthesis of [Pt(cod),] via
[PtPr3(cod)] was not practicable for exploiting the
reactivity of the compound. Hence, during the course
of studies on the oxidative-insertion of platinum into
the cage structures of carbaboranes [18], a new
synthesis of [Pt(cod),] was successfully developed by
J. L. Spencer [3], with the object of using the com-
plex as a precursor to even more reactive Pt(0)
species. Whereas excess ethylene only partially dis-
places the cod ligands from [Ni(cod);], reaction of
ethylene with [Pt(cod),] affords the compound [Pt-
(C2Hy)3] [19] which has the useful property of
being thermally more stable than [Ni(C;H4);] [12].
Moreover, by saturating solutions of [Pt(cod),] with
ethylene and adding either one or two mols of a
tertiary phosphine it is possible to obtain the com-
plexes [Pt(C;H4)2(PR3)] [2], [Pt(C;HaXPR;),]
[20], or [Pt(PRj3),] [21]. The latter species form
only with bulky ligands [e.g. P(cyclo-C¢Hyy)s or
PButMe].

Before describing some reactions of these com-
pounds which afford complexes containing metal—
metal bonds, it is useful to review briefly the scope of
such linkages in platinum chemistry, and to comment
on the observed structures in relation to the number
of valence electrons present.

Metal—metal Bonds in Platinum Chemistry

Platinum readily forms compounds having metal—
metal bonds. The cluster anions [Pt,5(CO)36]?~ and
[Pt26(CO)3,]%", discovered by Chini and his co-
workers [22, 23], are remarkable examples of the
tendency of platinum in this respect. The mechanism
of formation of these large clusters is not understood,
but undoubtedly proceeds in a stepwise fashion.
Studies underway in various laboratories on the syn-
thesis and properties of species with fewer platinum
atoms are also useful, because much remains to be
learned about the reactivity of organic molecules at
di-, or tri-, or even tetra-nuclear metal centres. The
simplest systems with metal—metal bonds are dimetal
complexes of which three types are known: homo-
nuclear species with bridging ligands, homonuclear
species without bridging ligands, and heteronuclear
species with bridging ligands. These classes are
illustrated by the compounds [Pt;(u-S}CO}PPh;),]
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[24, 25], [Pt,Cl4(CO),]* [26, 27], and [PtW-
{u-C(OMe)Ph}(CO)s(PMe;), [20], respectively.
With trimetallic complexes, the structural possibili-
ties are greater, since either a metal sequence or a
metal triangle can be involved, and there is the pos-
sibility of homo- or hetero-nuclear metal—metal
bonds (see Fig. 1, III-VIII). As yet there appears to
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Fig. 1. Metal atom arrangements in platinum complexes con-

- taining two to four metal atoms,

be no known species involving platinum and a transi-
tion metal with the back-bone structure V. It can be
argued that the compound [Pts(u,-CF3C,CF3),{u,-
(CF3)C,(CF3)(CF3)Co(CF3)}(cod),] [28] provides
an example of structure III, however, one of the two
Pt—Pt separations is relatively long for a bond [29].
In contrast there are several platinum-containing com-
plexes known with the metal atom arrangement IV,
which can be linear without bridging ligands as in
[Mn,Pt(CO) ;] (L = py, CNR, or CO) and [Mo,Pt-
{C(OEt)}(NHC4sH 1 )}(CNC¢H; (CO4(n-CsHs)o] [30],
or bent with bridging ligands as in [Mn,Pt(u-PPh,),-
(CO)] [31] and [PtW,(u-CCsHaMe),(CO)a(n-CsHs),]
[32]. There is also a rapidly growing number of com-
plexes with the triangular arrangements VI-VIII, e.g.

VI:  [Pt3(u-CO)(PR;)s] [33-37], [Pt3(u-CO)s-
(PR3)a] [33, 34], [Pt;{u-C(OMe)CsHMe} ;-
(CO)s] [38], [Pt3{u-C(OMe)Ph},(u-CO)-
(PR3);] [36], and [Pt3(u-CNBu‘)3(CNBu");]
[4].
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VII: [FePty(CO)s {P(OPh);}5] [39], [Pt;Ru(CO)s-
(PR3);], [Pt;Ru(CO)q(PR;),] [40], and
\[VN)H?%[]#'C(OMe)Ph}(CO)(’(PR?')Z] (M = Cror

VIII: [Fe,Pt(CO)s(PR3).], [FeoPt(CO)s(PR3)] [41],
[Fe,Pt(CO)s(cod)] [42], [PtRu,(CO)g(di-
phos)] [40], [PtOs;(CO)+(PMePh,); [40], and
[PtRe2 (1-H)2(CO)o(PPh;)] [8,43].

Several tetranuclear metal complexes containing
platinum are known. Whereas homonuclear species
are rare, the number of heteronuclear compounds
reported in the literature is rapidly increasing. The
core atoms usually adopt tetrahedral, distorted tetra-
hedral or butterfly geometries (Fig. 1). It is often
difficult to decide whether a particular structure
should be classed as ‘tetrahedral’ or ‘butterfly’, based
on the metal-metal distances established by X-ray
crystallography. As more structural studies are
reported it is becoming evident that the distances
between various core atoms range over a continuum
of values corresponding to those which are clearly
bonding to those which are so great that no direct
metal-metal bonding can occur. For many molecules
there appears to be a delicate balance between the
closo-tetrahedral core and the open butterfly geo-
metry. Indeed, the dynamic behaviour frequently
observed via NMR spectroscopy in solution for the
peripheral ligands may involve in some cases flexing
of the metal cage between T4 and C,, symmetries.

Tetranuclear platinum complexes were first ob-
tained by Chatt and Chini [33] by treating the tri-
nuclear [Pt3(CO)3(PR;)s] compounds with carbon
monoxide. An X-ray diffraction study [44] on [Pt,-
(CO)s(PMe,Ph),] showed that the core atoms adopt
a butterfly arrangement IXb, since one Pt-Pt
distance [3.543(8) A] is clearly non-bonding. The
compound [Pt4(CO)s(AsPh,);] was also prepared
[33] and with two fewer cluster valence electrons
(see below) may be an example of a molecule having
the tetrahedral core IXa.

As yet no compounds with tetrahedral or butterfly
geometries have been reported containing three
platinum atoms and an atom of another metal (Fig. 1,
Xa or Xb) [45]. There is, however, an increasing
number of complexes with the core structure M,Pt, .
X-ray crystallographic studies have revealed that in
the following species the metal atoms adopt the
butterfly geometry, with the distances between the
two platinum atoms forming the wing tips of the
butterfly being given in brackets:

[Os;Pt,(u-H),(CO)s(PPh3),] [3.206(1) A] [46]

[Co,Pt,(1-CO)3(CO)s(PPhs),] [2.987(4) A] [47]

[Fe, Pt (1-H) (1-CO)3(CO)s(PPh3), ]~ [2.966(1) A]
[42]

[FezPty(u-H),(CO)s (PPh;),] [2.998(2) A] [42]
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The Pt—Pt separations are all greater by 0.4 A than
twice the covalent radius of platinum. However, in
[Pt4(u-CO)s(PMe,Ph),] a Pt—Pt distance of 2.790-
(7) A is regarded as bonding [44], so that in the
above Os,Pt,, Co,Pt,, and Fe,Pt; species, only with
the diosmium-diplatinum complex is there unam-
biguous evidence from the metal atom separations of
the absence of Pt—Pt bonding, although such bonding
in the other complexes must be weak if it occurs
[29].

The complex [MoyPt,(1-C0)4(CO).(PPhy).(n-
CsHs),] may have a butterfly arrangement for the
core atoms, but an X-ray crystallographic study of
the related compound [Mo,Pt,(u-CO)¢(PEt;),(n-
CsHs);] revealed a planar arrangement of metal
atoms, forming two triangles sharing a Pt—Pt edge
(2.662 A) [48].

The cluster compounds (Os3Pt(u-H)2(CO),0(PR3)]
have molecular structures with the Os;Pt geometry
corresponding to X1la [49]. These complexes react
with electron pair donor ligands (see later) to give
derivatives [Os3Pt(u-H),(CO)o(PR3)L] (L = PR,,
AsPhj, or CO) in which the metal atoms adopt the
butterfly configuration X11b. Thus in [Os;Pt(u-
H),(CO),o(PPh;),] there is one Os—Pt separation
[3.530(1) A] which is substantially longer than the
other two [2.848(1) and 2.717(1) A] [50].

Application of Electron Counting Rules to Metal
Clusters Containing Platinum

In many polynuclear metal complexes it is possible
to relate the geometry of the core atoms to the
number of skeletal electron pairs required to fill the
bonding molecular orbitals of the particular cluster
[51]. Thus there is a characteristic number of valence
electrons associated with a given structure. Generally
for triangular and tetrahederal clusters, and in
contrast to the larger clusters, the 18 electron rule is
followed by the individual metal atoms, and it is
possible to assume that metal-metal bonds coincide
with the metal-metal vectors. Most organometallic
three-atom clusters have 48 valence electrons, e.g.
[0s3(CO) 2] or [Cos(CO)3(n-CsHs)s], whereas four-
atom clusters have 60 valence electrons, e.g. [Irg-
(CO)12] or [Feq(CO)a(n-CsHs)a]. However, the
number of valence electron pairs required to hold the
cluster together in a particular geometry is reduced
when platinum atoms are present. Thus for triangular
clusters involving platinum there are species known
with 42, 44 or 46 cluster valence electrons, rather
than the 48 preferred by most other metals.

42 electrons [Pt;(u-CNBu');(CNBu');], [Pta(u-
C0)3(PR3)s], [Pt; {u-C(OMe)-
CeHaMe};5(CO)s].

44 electrons [Pt3(1-CO)3(PR3)a], [Pts(CO)] ™,
[Pt,W{u-C(OMe)Ph}(CO)s(PR3).] .
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46 electrons [PtFe,(CO)g(cod)], [Pt,W{u-C(OMe)-
Ph}(CO)s(PBujMe);] .

Tetranuclear clusters also show an apparent defi-
ciency of cluster valence electrons when platinum
atoms are incorporated. Tetrahedral structures, e.g.
[Os3Pt(u-H)2(CO)10(PR3)], can exist with 58 elec-
trons rather than 60. Moreover, the compound [Pt,-
(u-CO)s(PMe,Ph),] has only 58 electrons and yet, as
mentioned above, it adopts a butterfly geometry.
This configuration is also shown by the several 58
electron clusters containing two platinum atoms
listed earlier, e.g. [Fezptz([l-H)z(Co)g(PPh:;)g]. The
folded butterfly geometry corresponds to an octa-
hedron with two adjacent vertices missing, and as
such requires 7 skeletal electron pairs according to
Wade’s rules. However, this geometry is adopted by
[FeaPta(u-H),(CO)s(PPhs),] with only 5 skeletal
electron pairs.

The apparent electron deficiencies in the tri- and
tetra-nuclear metal clusters containing platinum are
related to the fact that in many of its mononuclear
complexes platinum does not obey the 18 electron
rule but follows a 16 electron bonding scheme, due to
destabilization of a p orbital. Correspondingly, in
polynuclear species involving platinum, for given
geometries there are evidently cluster valence mole-
cular orbitals of relatively high energy which are not
filled [52]. Thus stable core structures are produced
employing fewer valence electrons than expected by
analogy with clusters formed by nickel [53], and by
other metals, particularly those of the Fe and Co sub-
groups.

Formation of Metal-metal Bonds from Zero-valent
Platinum Complexes

Dinuclear Metal Compounds

The largest class of platinum compounds with
metal—metal bonds are the dimetal species and most
have been obtained starting from the new zero-valent
platinum reagents [54].

The complexes [Pt(C;H,s)2(PR;)] undergo oxida-
tive-addition reactions with triorganosilanes SiHR to
afford binuclear compounds [Pt(u-H)(SiR3)(PR3)],
(1) [55]. An X-ay diffraction study on the com-
pound with R = cyclo-C¢H;; and R’ = Et revealed a
Pt—Pt separation of 2.692(3) A. The hydrido ligands
were not detected, but the spectroscopic properties
(IR and NMR) and chemical reactivity of the com-
pounds have led to the proposal that the bridge
bonding is multi-centre and asymmetric, involving
both Pt(u-H)Pt and Pt(u-H)Si interactions. Thus
'H NMR studies revealed the signal for the hydrido
ligands at the unusual chemical shift of circa 6 3
p.p.m. Moreover, with some reagents [P(OPh); or
CO] bridge cleavage occurs with release of HSiRj.
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However, further diffraction studies (X-ray and
neutron) are required to locate the hydrido-ligands
before firmer conclusions about the nature of the
bridge bonding can be drawn, and even these studies
may not resolve the problem since the compounds
undergo dynamic behaviour in solution. Firmer
evidence for Pt(u-H)Si interactions is found in the
complexes (2), prepared by reacting [Pt(CyH,),-
(PR3)] with diorganosilanes SiR3H, [56]. These
compounds also show in their 'H NMR spectra
hydrido ligand signals at relatively low field (circa 6
2 p.p.m.). Moreover, an X-ray diffraction study on
[PtH([J-SlMCg){P(CYClO-CGH11)3}]2 [Pt—Pt 2.708(1)
A] led to location of the hydrido ligands (Pt—H 1.78
A) trans to the shorter Pt—Si bonds at a distance of
1.72 A from the cis Si atom. The sum of the van der
Waals radii for Si and His 3.2 A.

The compounds [Pt(C,H,),(PR;3)] undergo an
unusual oxidative reaction with Si(C=CPh),Me,
resulting in C—Si bond cleavage and formation of the
species (3) [57]. One metal atom is formally Pt(III)
and the other Pt(I). An X-ray diffraction study on (3,
R = cyclo-C¢H;) established a Pt—Pt distance of
2.703(1) A, which is well within the range for a
metal—metal bond [29].

Several diplatinum compounds have been isolated
from reactions between fluorocarbon species and
Pt(0) complexes. Hexafluoroacetone and [Pt(cod),]
react to give several products including (4) [58]. The
latter has one of the shortest known metal—metal
bonds [2.585(1) A] for a diplatinum complex. Hexa-
fluoropropene and [Pt(cod),] undergo an interesting



reaction to afford compound (5) [7]. The mechanism
of this reaction may involve attack of [Pt(cod),] on a
mononuclear platinum-carbene intermediate in a
process related to those described below.

Equimolar amounts of [Pt(cod),] and [Pt(n?-
CF;C,CF;)(cod)] react to give the diplatinacyclo-
butene complex (6), and traces of its isomer (7) [59].
Many bridged alkyne-diplatinum complexes are
known [60, 61] having structures similar to (7), and
typical of these is (8), prepared by reacting [Pt-
(C;Hy)3] with Me3SiC=CSiMe;. In compounds such
as (7) or (8) it is doubtful if there is any direct
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metal-metal bonding. The Pt—Pt separation is
probably determined by the stereochemistry as-
sociated with the bonding of the platinum atoms to
the two orthogonal # orbitals of the alkyne [62].
Indeed, in [Pty(u;-PhC,SiMe;)(cod),], structurally
analogous to (7), the Pt—Pt distance (2.914 &) [61]
is at the limiting range for bonding [29]. Moreover,
for these structures in which the alkyne is perpendi-
cular to the Pt—Pt vector each metal atom adopts a
16 electron configuration as in (7) or, less commonly,
a 14 electron configuration as in (8).

The metal-metal bonds in the complexes con-
taining diplatinacyclobutene rings can be protonated
giving initially a Pt(u-H)Pt species (9) followed by an
n', n*-bridged viny! cation (10) [59].

As mentioned earlier, complex (5) is thought to
result from attack of [Pt(cod),] on a mononuclear
platinum-carbene or -ylide intermediate [PtC(CF3),-
(cod)]. This prompted the idea [63] that Pt(0)
complexes would react with mononuclear metal-
carbene and -carbyne compounds in general, to afford
species containing heteronuclear metal—-metal bonds
and bridging alkylidene or alkylidyne ligands. The
carbon—metal bonds in mononuclear metal-carbene
or carbyne complexes are known to be dipolar in
character and this would make them susceptible to
attack by Pt(0) [64]. These ideas were confirmed by
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experiment, and complexes (11)-(16) are representa-
tive of many that have been synthesized by addition
of the complexes [Pt(C,Hs)(PR3),], generated in situ
from [Pt(C;H,4)3], to the appropriate metal-carbene
or carbyne complex [20, 35, 65-67].

Structural studies on the heteronuclear dimetal
compounds have revealed a number of novel features.
Thus in (11) the alkylidene ligand asymmetrically
bridges the Pt—W bond, being closer to the platinum
[20]. This displacement is less in the complex
[(Me3P)(OC),W{u-C(OMe)CsHaMe} Pt(PMes), ],
which also has a shorter metal—metal bond than (11),
confirming that the geometry of the dimetallacyclo-
propane ring systems are susceptible to the nature of
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the ligands on the metal atoms [66]. In (16) the
W—u-C distance corresponds to that expected for a
W=C bond, and the two CO ligands lie back over the
Pt—W bond probably reflecting some interaction of
the C=0 groups with the platinum atom [65].

Preliminary results indicate that the various
heteronuclear dimetal complexes will have an exten-
sive chemistry. In this article only a brief indication
of recent research can be given.

Compounds containing bridging C(OMe)R ligands
can be converted to cationic complexes possessing
bridging CR groups by treatment with Me;O'BF;.
The salts formed in this manner react with nucleo-
philes to produce a variety of products. Thus the
neutral dimetal compound [MnPt{u-C(OMe)CsHsMe}
(CO),(PMes),(n-CsHs)] reacts with Me;O'BF; to
give the complex (17) [67] . The latter with Me;P and
LiSC¢H4Me-4  affords the compounds [MnPt{u-
C(PMeg)C6H4Me} (CO)z(PMe3)2 (n-Cs Hs)] BF4 and
[MnPt {1-C(PMe;3)CHMe} (SCsHaMe)(CO),(PMes)-
(n-CsHs)], respectively [68]. The salt [CrPt(u-CPh)-
(CO)4(PMe3);] BF,, generated from [(Me3P)(OC),-

Cr{u-C(OMe)Ph}Pt(PMes),], and Me;O'BF;, under-
goes a novel reaction with NaOMe to give the neutral
complex (18), containing a CO,Me group [67].
Evidently, a CO group migrates from chromium to
the bridging alkylidyne carbon of the salt and is
attacked by OMe™.

We referred above to the asymmetric bridging of
the carbene ligands observed in some of the com-
plexes via X-ray crystallographic studies. This reflects
partial transfer of these ligands from chromium or
tungsten to platinum. It is not surprising therefore
that complete transfer of the carbene ligands from
one metal centre to the other is observed under
certain conditions. Thus [CrPt{u-C(OMe)Ph}(CO)s-
(PMe3),] in toluene at 80 °C decomposes to give
[C1(CO)s(PMe3)] and the triplatinum compounds
(19) and (20) [20]. Reaction of [PtW{u-C(OMe)-
C¢HsMe}(CO)s(cod)] with carbon monoxide leads to
rupture of the Pt—W bond with formation of
[W(CO)¢] and the triplatinum complex (21) [38].
The latter, and (20), were produced as a mixture of
two isomers, separated by chromatography.

Trinuclear Metal Compounds

It was observed some years ago that the com-
plexes [Pt(PR3)4] or [Pt(PhCH:CHPh)(PPh;),] react
with [Fez(CO)Q] ) [RU3(CO)12] 5 and [HzOS(CO)q] to
give a variety of heteronuclear trimetal complexes,
e.g. (22)—(24) [40, 41]. Generally the yields of the
trimetal species from these reactions are very low, the
major products being tertiaryphosphine-substituted
derivatives of iron, ruthenium, or osmium carbonyls.
Because of their CO abstracting ability, discussed in
the next Section, it is likely that the complexes
[Pt(C.H,4)2(PR3)] and Fe, Ru, or Os carbonyls would
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afford trimetal species in high yields. Indeed the
[Pt(C,H4)2(PR3)] compounds react with the carbene
complexes [M{C(OMe)Ph}(CO)s] (M = Cr or W) to
afford products such as (25) in which both CO and
C(OMe)Ph ligands have been transferred from
chromium or tungsten to platinum [36].

Dimetal compounds of the kind illustrated by (16)
are unsaturated and will add another metal fragment
to give trimetal species containing an alkylidyne
ligand triply bridging three different transition metal
atoms. Thus treatment of [Pt(C,Hs);] with two
equivalents of PEt; followed by [W=CCgH;Me(CO), -
(n'CsHs)] ylelds [P’(W(/J-CCGH4Me)(CO)2(PEt3)2(n-
CsH;s)], which with [Fe,(CO)s] affords [Fe(CO),-
(PEt;)] and the cluster complex (26). Similarly,
treatment of (16) with [Fe(CO)s] gave compound
(27) [69]. These stepwise syntheses of clusters with
three different transiton elements have been carried
out with reagents other than those containing
platinum, illustrating how work with the Pt(0) com-
pounds has stimulated related research. Thus the
bridged alkylidyne complex [RhW(u-CCzH4Me)-
(CO)3(T]-C5H5)(T]-C9H7)] reacts with [Fez(CO)Q] to
give [FeRhW(u3-CCeHaMe) (12 -CO)CO)s(n-CsHs Xn-
CoH7)] [69].

Since the reagents [Pt(C,H4)(PRj);], generated
from [Pt(C,Hy)s], readily add to M=C and M=C
bonds it was of importance to establish whether
similar reactions would occur with metal--metal
multiple bonds. The first success in this area was
achieved with [Re,(u-H),(CO)s], a compound
containing a Re=Re bond [70]. The dirhenium
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species reacts with [Pt(C;H,)(PPh3),] to give the 46
electron tri-metallic compound (28) [8, 43]. It
should be noted that in the product a CO ligand is
attached to platinum, having thereby displaced a
PPh; group. This is a common feature in these cluster
building reactions, and other examples will be
described below. Interestingly, (28) is only formed in
low yield from the reactionof [Re,(u-H),(CO)g] with
[Pt(C;H,)(PPh3)] .

The compound [Rh,(CO),(n-CsMes): ], which has
a Rh=Rh bond [71], reacts with [Pt(C,H,;)PPh3);]
to give the novel complex (29), containing two asym-
metrically bridging CO ligands [72]. Bis(cyclo-octa-
1,5-diene)platinum and the dirhodium compound
react to give a structurally similar complex [PtRh,(u-
CO)z(cod)(n-CsMes), ] .

(é 25 0
C. PR
o }
(0C);,0s— —0s(C0)4
@ Q‘ PPh3 *\*50 yd
0 S
(cO),
(29) (30)
% PPh 0
AN ! R3R$ /c
Pl t
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Ph P (CO)3
(30 (32)
% pr, P\Ph; _
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U H i N
| (OC)ZFe/ —Fe(C0),
(00108 —f—os(c0) X% /|
/
H,C M
0%
(CO)4 o PPhy
(33) (34)

Tetranuclear Metal Compounds

The 46 electron triosmium compound [Os3(u-H), -
(CO)40], which formally contains an Os=0Os bond,
readily reacts with the complexes [Pt(C,H4).(PR3)]
(R = cyclo-C¢H,y; or Ph) to give 58 electron closo
tetrahedral clusters (30). These compounds undergo
dynamic behaviour in solution and engage in a
number of interesting reactions [49, 50] . Addition of
CO, PPh; or AsPh; affords 60 electron clusters with
butterfly structures (31). With carbon monoxide the
reaction is reversible, providing a good example of the
opening and closing of a cluster by addition or
removal of an electron pair donor ligand.
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Complex (30, R = cyclo-C¢Hy;) reacts with
CH,N; to give two isomeric species (32) and (33), the
structures of which have been established by X-ray
diffraction studies [73]. It is interesting that
although (32) and (33) are 60 electron clusters con-
taining platinum, they have closo rather than butter-
fly structures. The two isomers interconvert in solu-
tion in a process which involves rotation of the
Pt(CO)(PR;) group about an axis perpendicular to
the Os; plane, coupled with hydrido bridge site
exchange.

The readiness with which the Pt(0) complexes,
particularly [Pt(C,H4),(PRj)], bond a CO ligand
makes it possible to synthesize a variety of platinum-
containing cluster compounds by reaction of the
Pt(0) species with co-ordinatively and electronically
saturated metal carbonyls. In its simplest form this
reaction involves transfer of a CO ligand to a
platinum atom which becomes inserted into the
molecular framework. Thus [Pt(C,H,),(PPh;)] reacts
with the 48-electron anion [Fes(u-H)(u-CO)CO)0]™
to give the anion [Fe;Pt(u-H)(u-COXCO),o(PPhs)] .
The latter has 60 cluster valence electrons and is
probably " isostructural with compound (31) [42].
This route to cluster complexes containing platinum
is well documented in the reaction of [Fe,(u-H)(u-
C0),(CO)s] ~ with [Pt(CoHs),(PPh;)]. The product
is the diiron—diplatinum anion (34) in which the
metal framework adopts a butterfly geometry. As
discussed earlier, the Pt—-Pt distance [2.966(1) A]
probably represents little if any direct metal-metal
bonding. Protonation of (34) affords (35) in which
all the CO ligands are terminally bound [42].

Similar transfer of CO from a metal carbonyl
derivative to platinum occurs in the reactions of

(CO)3
y—Fe

/
(Ph,PXOGPt /Pc(coxpph,) w P‘_
H

\ e \
Fe—
(CO); (c0)3
(35) (36)
ot b 6
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N N2 N
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2\
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c
Ph

(38)



40

[H,0s(CO),] with [Pt(C;H,).(PR;)] (R =Me, Ph or
cyclo-C¢Hy;). The products are diosmium-—diplati-
num compounds [Os;Pty(u-H),(CO)s(PPh3),] iso-
structural with the diiron—diplatinum complex (35)
[43,46].

A novel tetranuclear metal complex (36) is formed
by reacting (37) with [Fe,(CO)s] [74]. The tri-
metallic precursor (37) can be readily prepared by
treating [W=CCcHsMe(CO),(n-CsHs)] with [Pt-
(C,Hy)s] [32]. This synthesis is analogous to the
preparation of [Pt(PhC,Ph),] from PhC=CPh and
[Pt(C;Hg)3] [75]. The structure of bis(diphenyl-
acetylene)platinum may be represented by (38)
which demonstrates the structural relationship with
(37).

Conclusions

The study of organoplatinum compounds con-
taining two, three, or four metal atoms is a thriving
subject of research which embraces several areas of
organometallic chemistry currently under very active
study. These include the activation of small organic
ligands bonded to more than one metal centre, the
core geometries of small metal clusters in relation to
their number of valence electrons, the properties of
hetero-nuclear metal-metal bonds in comparison
with their homonuclear analogues, and the mecha-
nisms of the dynamic behaviour in solution of the
peripheral ligands. Platinum can play a major r6le in
contributing to our knowledge of the above topics
now that reactive complexes of this metal have been
discovered and can be used in synthesis.
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