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INTROBUCTION
In this, the second part of a survey of advances in the chemistry of
compounds containing bonds between two or more different transition metals
I concentrate on advances in the chemistry of mixed-metal clusters. Although
nominally restricted to the period 1980-81, an excellent review article [1]
covers the literature to approximately the beginning of this period, and I
have attempted to continue the survey from the cut-off point in that survey.
As mentioned in the earlier part, a complete account of complexes of the
type reviewed here has appeared in Comprehensive Organometallic Chemistry [2].
The definition of "cluster complex" used below is the commonly
accepted one of those compounds containing a metal core which has three or
more atoms; however in the case of M3 or My cores, I have included a few
compounds with bent metal sequences, although the majority have at least one

triangular face.

General advances One of the most influential advances in organo-
metallic chemistry has been the recognition of the isolobal relationships

between various metal-ligand fragments and the more well-known organic CH,

* .
For Part A, see J.Organomet.Chem., 242 (1983) 147.
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CH, or CH3 groups. These have been detailed in Part A, and in a remarkably
fruitful period, their application to the synthesis of a variety hetero-
bi- and tri-metallic complexes by Stone and coworkers has resulted in a
rapid expansion of our knowledge of these complexes. This subject has been
comprehensively reviewed [3,4]. In the present context, a particularly
useful comparison has been that between the =CH and EW(CO)Z(n-C5H5) frag-

ments, which leads to the following formal relationships:

RCEW(CO) 2 (N-CgHs)

(n-CsHs) (n-CsHs)

\\\ (OC)ZW W{CO)} 2
o / ,@
(CO) 2 // (CO) 5

(C0)3

RC=CH

During the period under review, the synthesis of many heterometallic
clusters, while achieved by reactions designed to produce complexes containing
heterometallic bonds, was largely accidental in that the precise nature of
the products was unpredictable. Nevertheless, significant advances were
made by several groups, ameng which should be mentioned the controlled build-
up of metal clusters using Main Group atoms as linkage points, and the
addition of coordinatively unsaturated metal fragments [generated from
Pt(n-CyHy) 3 or photochemically] to metal-metal multiple bonds. In the course
of this work, the utility of Pt(n-CyH,)2(PR3) in removing CO from coordinatively
saturated metal carbonyls with concomitant incorporation of the Pt (CO) (PRy)
fragment in the resulting clusters, and the l6-electron configuration of Pt
in tetranuclear clusters, were recognised [5,6]. A consequence of the
latter observation is that formally analogous Ni- and Pt-containing clusters
have tetrahedral and butterfly arrangements of the M, core, respectively.

One of the most detailed investigation of mixed-metal clusters is

that of Geoffroy and his group into the synthesis, structure and properties
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of complexes containing the Fe-Ru-Os triad of elements. More recently

these studies have encompassed the structures, molecular dynamics and reac-
tions of HyM,(CO);3 and derived. compounds, and much of this work has been
reviewed ([7,8)]. Worthy of mention, too, is the Italian work on larger
heteroatom clusters, including the Fe,Ptg and FegPtg fragments, studies on

a variety of mixed-metal systems formed by metal-hydride coupling, a whole
range of mixed-metal carbide clusters, the extensive work on hydrocarbon
(mainly alkyne)-bridged clusters, and the resolution of the first tetra-
hedral cluster which is chiral by virtue of its having four different frame-
work atoms. In late 1981 came also the recognition of the complementary
relationship between H and the Au(PR3) moieties which has led to a rapid
development of the chemistry of heterometal clusters containing a Group IB
metal. We have also devoted a small section to summarising the rapid

and exciting progress being made towards the understanding of the nitrogenase
system and studies of MoFe3S,-cubane complexes and other polynuclear thiometal-
late derivatives.

This complex area of new chemistry has been surveyed under the following
headings, such a sequence leading to the least duplication and fragmentation
of coverage:

Heteronuclear metal cluster carbonyls and their derivatives

with donor ligands (PR3, AsRj3, acac, etc.)

Heteronuclear metal cluster carbonyls containing n-cyclopenta-

dienyl ligands

Heteronuclear metal carbide clusters

Heteronuclear metal clusters containing Group IB metals

Heterometallic cluster complexes containing bridging carbene,

alkylidyne, alkyne or related ligands

Heterometallic cluster complexes containing bridging P-donor,

S~donor or halogen ligands (u-PRz, u-SMe, Mu3-PR, u3-S, etc.)

Sulphur-bridged clusters of biological interest, and related

thiometallate complexes
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Other complexes containing heteronuclear clusters, including

mixed metallocarborane, and mixed metal atom clusters.
The final section summarises X-ray studies of heterometallic clusters, most
of which were essential for determining the molecular geometries of the

complexes discussed in the preceding sections.

Complexes obtained from H,0s3(C0)g The high reactivity and ready
availability of the "unsaturated" complex H;0s3(C0O);9 has made it a reagent
of choice for the synthesis of mixed-metal clusters by addition of suitable
substrates. These reactions are summarised in Scheme 1, although detailed
discussion of most of the complexes is given in the appropriatevparts of
the following Sections.

Several anionic mixed metal clusters have been prepared by simplg
addition of anionic metal carbonyls to Hp0s53(CO)jg; all are considered to
have the same basic structure (1) in which the entering metal-ligand moiety
forms a simple Os-M bond, and is not incor?orated into a larger hetero-~
metallic cluster [9]. The complexes generally decompose within an hour,

although the bright yellow MnOs3 complex could be isclated in 75% yield.

- -
(Oo);. " ML, = V(CO) 3(n-CsHs) n =2

Mo (CO) 3 (n—-CsHs) 1

Mn (CO) 5 1

H(OC) 308" e (co) 3 Fe(CO)y 2
i \H ] Fe (C0) 5 (n-CsHs) 1

(1)

1. HETERONUCLEAR METAL CLUSTER CARBONYLS AND THEIR DERIVATIVES WITH 2e-DONOR
LIGANDS

W-Hi Thermal or photolytic reactions between [ppn),[Nig(C0) ;1 and

W(CO) 5 (thf) (prepared in situ) afford the known [ppn];[W;Nij(CO)jgl (68%).

However, reaction at 0°C affords red [ppn]g(WNig(CO);7] (2) (38%); similar

anions were formed with the Cr and Mo analogues, but not isolated [10].
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(2)

Re-0s Addition of HRe(CO)s5 to 0s53(C0) jp-n (NCMe)n (n = 1,2) affords
(U-H)nOs 3(CO) ;2-n[Re(CO) 5ln [11]). Heating (u-H)2Rez0s3(CO) 3¢ in aceto-
nitrile results in quantitative conversion to (1H)ReOs3(CO)5(NCMe) (3)
[originally reported to be HReOs3(CO) 5], by elimination of the Re(CO)s
group trans to a uw-H ligand {[12}. The structure consists of an Osj triangle,
with one axial site being occupied by MeCN, and an equatorial site on an

adjacent Os by an Re(CO) s moiety; the H atom bridges the long 0s-Os vector

[131. os
\
Me M
v i\
08 —H os
/\OL/ \RL/ \H\RL’H
H /
(a)
’ \OS/
\ | L7 1N / Os
(0C) sRe —= O 0s” o o
=1 i~ v~/
n* (4) Os/_..ulil os
‘Re ~H

(b)
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Cluster (3)*reacts with CO to give (u—H)ReOs3(CO)16, and with
HRe (CO) 5 to regenerate (u-H)zReg0s3(CO),p; on heating in refluxing MeCN in
the presence of Me3NO and Hy, pale yellow (u-H)s5ReOs3{(CO);, (4) is formed
[12]. In this reaction, the open ReOs3 cluster is converted to a closed
tetrahedron. The five H atoms bridge five of the six edges; there is a
crystallographic mirror plane, so that the structure is a composite of the

two asymmetric molecules (a) and (b).

Fe-Ru-0s Reduction of the mixed metal carbonyls M3(CO), (M3 = Fe,Ru,

FeRuj) by electrolytic methods or by alkali metals affords radical anions

which have been studied by ESR methods at low temperatures [l14]. Below 233K,

the FepRu radical anion gives a sharp ESR signal at g = 1.996; at higher

temperatures, rapid decomposition gives a new paramagnetic species (g = 2.051).

The FeRuy anion similarly gives a narrow signal (g = 1.990) below 213K.
Standard enthalpies of formation, AH;, of FezRu(CO))12, FeRuz(CO)12

and Ru3(CO) 12 have been determined as -(1820*14), -(1891t16) and -(1903%*18)

xJ mol~!, respectively; the Fe-Ru bond enthalpy contribution is ca 95+20 kJ

mol~! [15].

Comparative high-resolution infrared and Raman v(CO) spectra of
Run0s3-n{CO) ;2 (n = 0-3) have been described [16]). Although the average CO
stretching force constant has the same value (16.66 mdyn 21y for each
compound, individual axial and equatorial CO stretching force constants are

characteristic of the metal atom. Since vibrational coupling between CO

In this and many others of the structural formulas, terminal CO groups are

represented by lines extending from the metal atom to which they are bonded.
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groups on different metal atoms is significant, a local symmetry analysis of
the v(CO} spectra is inappropriate. Detailed instructions for the separation
of RuOsp(CO}1p and Ruyz0s(CO) |y (prepared by heating Ruz{C0Q);p with Os3(CO);2
in xylene, or from [RuCl;{CO)3l;2, 0sO, and CO under pressure} are given.
The 13c NMR spectrum of RuOs;(CO)j2 exhibits two signals in the ratio 5:1 at
30°c, which coalesce at 70°C, and are replaced by a single resonance at 145°C.
The fluxional process indicated is suggested to cccur via an intermediate in
which twoe CO groups bridge the Ru-0s bond, while two CO groups trans to the
©s-0s bond do not exchange [17]).

A brief report mentions the reaction of PFej(CO)g with 0s5(CO) g to
give Fe,0s5{C0),, [18].

What is probably the most detailed investigation of mixed-metal
clusters is that of Geoffroy and coworkers into the synthesis, structures
and properties of tetranuclear clusters containing metals of the Fe-Ru-Os
triad. Reactions between [ppn] {HFe{CO},] and Ru3{(CO);, or Fe,Ru{CO},;, afford
the cluster anions [HFeRu3(CO);3)  (5) and [HFejRu;(C0) ;3]  (6), respectively,
in 47 and 4% yield [19]. In contrast with (HFe,(CO};3)] , which has an
unusual CO ligand acting as a 4-electron donor to the Fey butterfly core,
(5) and (6) have distorted tetrahedral My cores. In (5), two of the CO groups
on Fe semi-bridge Fe-Ru vectors, while in (6), a single CO ligand symmetri-
cally bridges the Fe~Fe bond. A neutxon diffraction study of (5) located
the H atom bridging the long Ru~Ru edge. In both complexes, the Fe(CO)y

moiety is tilted relative to the M3 basal plane.

\ / \Fle/
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Three distinct fluxional processes are revealed by the variable
temperature 'H and 13c NMR studies of HyFeRuz(cO);; (7), HyFeRu,0s (CO) 13 (8)
and HpFeRuOs;, (CO) 3 (9) {20]. The osmium-containing clusters exist as readily

interconvertible ¢) and Cs isomers in solution; isomerisation (Scheme 2) has

SCHEME 2 Isomerisation of Fe-Ru-Os hydrido-carbonyl clusters

(a) Bridge-terminal CO interchange

]
o, 70 ok %o o
e, p
Nz

(b) Cyclic movement of CO groups about an FeM; face

(c) Metal framework shift

References p. 500



426

a lower activation energy (14.2, 17.1 kcal mol~!) than H exchange localised
on the C; isomer (15.4, 17.5 kcal mol-l, respectively). The low-temperature
limiting 13¢c nmMr spectrum of (7) is obtained at -95°; on warming, bridge-
terminal interchange localised on Fe is observed, followed by a cyclic move-
ment of CO groups around the FeRu(l)Ru(2) face, beginning at -65°. The
final process, which begins at -45°, is proposed to occur by a shift in the
metal framework, specifically of Fe closer to Ru(3) and away from Ru(l).
This process, which requires only a change of ca O.li in the metal-metal
separations, is considered to be a breathing motion coupled to motions of
the CO and H ligands. It allows the two enantiomers of the ¢] isomers of
(8) and (9) to interconvert, and also the Cs:== C1 isomerisation. Similar
processes.occur with (8) and (9); the L3¢ wmr spectra are complicated by
presence of the two isomers. As the Os content increases, the activation
energy for each process also increases.

UV irradiation of HyFeRuj3(CO))3 or HyFeOs3(CO);3 in the presence of
Hy affords HyFeRuj3(CO)), and H,FeOs3(CO),, respectively [21]. The tetra-
hydrides are thermally unstable; the FeRuj complex decomposes to HyRu, (CO)i;,
while the FeOs3 cluster is even less stable, giving a complex mixture of
products.

Tetranuclear mixed-metal clusters rapidly fragment, generally to a
pair of mononuclear and trinuclear complexes, under CO (1 atm) and mild
temperatures [22]. The monomeric fragment contains the first-row transition
metal, and the products are consistent with cleavage of the weakest metal-
metal bonds. The following reactions were identified:

. .
HaFeRu3{CO);3 + CO ‘—SOC—'m" Ru3(CO),, + Fe{C0) 5 + Hy

= 0
HaFeRujy0s (Co) 13 + [e0) M‘* R\.‘leS(CO) 12 + Fe(CO)5 + Hp

50°C, 244

HaPeRuOs;, (C0) 13 + CO RuOs, (CO) 12 + Fe(CO}s + Hp

- L] -
(HFeRu3(c0) 1317 + co —22°Ce3®M,  (ypuy(c0) )17 + Fe(c0)s
25°
H,FeRu3 (CO) o + CO —22-Ce8BM, 4 Feru3(CO) ;3 + Hy

66°C,25min -
co —— [HFeRu3(CO) ;3] + Hp

+

[H3FeRu3 (CO) 151"
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Kinetic data are consistent with the rate law:

-d[clusterl/dt = {k; + ky[CO)}[cluster}
This, in conjunction with the measured activatjon parameters, suggests the
first step to be associative:

k
HoM, (CO) 13 + CO —=2, HoMy (CO) 1y

in which one of the M-M bonds in the tetrahedral core is cleaved to give a
butterfly cluster.

These reactions are the reverse of well-established substitutions of
CO by Hy to give polyhydrido complexes, such as the reaction between H,FeRuj~
(CO) 33 and Hy to give HyFeRu3(00);, [23]; indeed, this reaction was used to
prepare the [HjyFeRu3(CO)),]” anion from [HFeRuj3(CO);3]  in the work under
review. Application of the cluster fragmentation reaction to the separation
of Ruy0s(CO) ;2 and RuOs;{CO) 1, is described: these carbonyls, which are mixed
with Ru3(C0O) ;2 and 0s3(CO)15, are converted to HzFeRuy0s(CO);3 and HpFeRuOsjp-
(Co0) 13, which can be separated by liquid chromatography, and converted to
the Ruy0s and RuOs; carbonyls by treatment with CO as described above. The
fragmentation reactions can be speeded up by broad-band UV (A > 300 nm)
irradiation [21].

The FeRuj complex (7) reacts with tertiary phosphines and phosphites
to give HypFeRu3(CO)j3-nly [L = PPhj, PMePhy, PMe,Ph, PEt;Ph, P{OMe)3, P(OEt)j,
P(CEt);Ph, PMe3, PPr3i, n = 1-2, generally 20-30%; also for L = PPhj, P(OMe);,
P(OEt)3, n = 3, low yield] [24]. The mcnosubstituted complexes can exist as a
mixture of C, and C isomers (l0a and b) as shown by the IR and NMR spectra,
although the PPh3 and Pprai derivatives exist only as the Cg isomers. The
proportions of each can be correlated with ligand basicity and size; bulky
ligands limit substitution to the Cg isomer, regardless of basicity, however.
With smaller ligands, the €, isomer proportion increases with basicity.

The X-ray structure of the PMe;Ph complex is that of the Cg isomer, and shows
little change over that of the parent hydrido-carbonyl. The disubstituted
complexes have structure (11), in which the two ligands occupy the sites

which give rise to the Cg and C) isomers of the monosubstituted complexes.
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Irradiation of H;FeRu3(CO))3 or HyFeOs3(CO);3 in isooctane in the
presence of PPhj gives clean substitution of up to two CO groups in moderately
efficient reactions [21). However, the quantum yield is markedly reduced in
the presence of CO, suggesting that the latter competes with PPhj for a
photogenerated intermediate. Under CO (1 atm), cluster fragmentation of the
monosubstituted derivative occurs:

5°
HaFeRu3(CO) 12 (PMeyPh) + CO "2—"9""@"* FeRug (CO) 1) (PMesPh) + Ru(CO)s +

Ru3(CO) ;] (PMesPh) (trace) + Hjp
The PPhj derivative (which exists only as the Cg isomer) gives Fe(CO)g and
Ru3(CO) 1 (PPh3), although with CO under pressure (200 psi), FeRuj(CO)])(PPhj)
was the major trinuclear product [22]. The reasons for the two isomers giving
different breakdown products are not clear at present.

The substituted complexes are fluxional, and !H, 13¢ and 3lp NMR
spectroscopy show that the processes are basically the same as those found with
the parent hydrido-carbonyls. The phosphorus-donor ligands undergo a rapid
site exchange via the facile Cg# C) isomerisation. However, this exchange
proceeds by cluster rearrangement around the ligand, the Ru-PR3 bond remaining
intact (Scheme 3) [15].

This work has enabled a description of the reactivity of HpFeRu3(CO) )3
to be assembled [8]. The intramolecular rearrangements have rate constants
of ca 10-50 sec”! at 50°C; thermal COdissociation is 103-10* times as slow,
(rate constant 6.96 x 10 “sec ! at 50°C). The slowest reaction is that of
fragmentation with CO, an associative process which is concerted with cleavage

of a metal-metal bond.

SCHEME 3  Isomerisation of HaFeRu3(CO) |2 (PMeyPh)

~ \
Fe -~
- /_ \ Fe
~ /\\ — R, \Rung/ \\.:
_ RU,”' ! \ -— / \ - ::E 1V
‘ \é SH P N H /Rluz\
/ ;J N _Ruy
(a) MePhp = I\ (b)
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An 80% yield of [ppn] [FeRu3z(C0)}z(NO)] (12) was cbtained from
[ppn] [Fe(CO) 3(NO)]1 and Rujz(C0)»: Protonation (CF3COzH in CH,Cly) affords
the nitrido cluster HFeRugz{uy=-N) (CO)‘iz {13) in 75% yield by loss of oxygen

as COp [286].

o]

T

Fe .

/ \ (oC) y¥e N Ru(CO) 3
T / 1 /
ot ~
{OC) 3 Ru - Ru{CO} 3 //
/ {0C) 3Ru Ru{C0)3

ps \\ /

(CO} 3 H

(12} (3

Addition of a variety of metal carbonyl species to Hy0s3{C0};45 occurs
readily as a result of both Lewis-~acid and Lewis-base nature of this cluster.
These properties have been exploited in the syntheses of several mixed-metal
derivatives (27]; some have been made by different routes, by addition of

appropriate lLewis-base and lewis-acid reagents:

[Fe(CO}, 12~

Bt (30%) \
Fe2{C0)g /

(82%)

H;083(C0} ;0 HoFeOs3(C0} 13 (14)

The upper reaction also gives a low yield of the pentanuclear cluster

HyFe,083{CO) 15+
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(CO) 2

\ / Fe

°t/ Ru\\\/ of— 07/

:'/H_ —/C;o/ \ (oC) 308 0s(CO) 3
::Os"”,”‘ 1 \\ //
/ 1 /o \ /
Ols/ \ Os /
/,l \\ (CO) 3
(15) (14)

Photolysis of metal carbonyls affords unsaturated intermediates
which can add to reactive substrates such as Hy083(C0))g. Thus, HyFeOsj3-
(CO) ;3 is formed in >90% isolated yield by irradiating mixtures of Fe(CO)g
and H0s3(CO) g, and HpRuOs3(CO) ;3 (15) was obtained in 23% yield by photo-
lysis of a mixture of Ru3(CO);; and H;0s3(C0);o [28). However, similar
treatment of mixture of Hp0s3(C0) g or 0s3(C0) ), with several vanadium and
Group VI metal carbonyl complexes failed to give the corresponding MOs3

clusters.

Fe, Ru, O0s-Co The variable temperature 170 NMR spectra of HFeCo3(CO);,
have been reported [27]. 1In contrast with the 13¢c nMr spectrum (which showed
only two signals in the ratio 1/2 at -89°), the 170 nMr spectrum at -11°
confirmed the C3, symmetry assumed for the parent compound on the basis of
X-ray studies of substituted derivatives [29]. Above this temperature, the
following fluxional processes were ocbserved: (i) the in-plane or merry-go-
round exchange of CO ligands in the basal atoms; (ii) exchange of in-plane
with the remaining CO ligands on Co; (iii) total CO scrambling, at 107°C.
The electronic absorption spectra of HFeCo3(CO);, and HFeCoj3(CO) o~
(PPh3), contain broad maxima at 528 and 592 nm, respectively, with shoulders
at 380 and between 280-324 nm. Photolysis of these complexes is complex and
the reactions are inefficient. Irradiation of the former at 350 nm affords
Co, (CO) 12 over several days, while under CO, a slow quantitative formation

of Cop(C0)g is observed (30). Cluster fragmentation also occurs with the
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tertiary phosphine-substituted complex, to give Co,(CO)g(PPhj3), as the major
product. In neither case were any iron-containing products identified.

The synthesis of HFeCo3{CO)gq(PMezPh)3 (16) in low yield from FeClj
and Na[Co(CO)4]}, followed by addition of the tertiary phosphine, has been
described, together with its X-ray structure [31]. The three PMepPh ligands
are disposed two to two Co atoms, and the third to Fe; three u-CO ligands
bridge the Co-Co vectors. Coordination of suitably designed ligands, such as

HC(PPhy) 3, also occurs on an FeCop face of HFeCo3(CO);2 [32].

0
0 C
c PR
| 3
E‘e/

QO

o
Occo/—\co/c
N

AN
rp” \
.C

o/\_Co/CO

/N
R3P o

Co

(16)

The methanol homologation reaction is catalysed by salts of
[FeCo3(CO) ;2] promoted by iodomethane, although the cluster is not preserved
during the reaction. A detailed study of the effects of temperature, pres-
sure and concentration was reported; the nature of the cation does not
affect the conversion significantly [33]. fThe primary product is MeCHO (and
its dimethyl acetal), accompanied by some MeCO;Me; under more vigorous
conditions, the main product is EtOH. High conversions were obtained with

the following conditions:

MeCHO + MeCH(OMe)z 10%
6h/220°C/27MPa

-+ E
[NBuy ] [FeCo3(C0O) 2] o 73v
(758 conversion) MeCO,Me 4

MeOH + (3/2 H2-CO)

With HFeCo3(CO);, as catalyst under the same conditions, only 16% conversion

to a mixture of MeCHO (43%) and EtOH (47%s) was achieved.
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Treatment of cis-W(Nj);(PMe,Ph), with HFeCoj3(CO);, in MeOH (20°C/20h)
followed by addition of 40% aqueous KOH, affords NH3 and NoH, in best yields
of 0.32 mol NH3/W atom and 0.05 mol NoHy/W atom [34]. Black crystals of
[W(OR) (NNHj) (dppe) 2] [FeCo3(CO) 12] (R = Me, Et, Pr) were obtained from the
reactions of W(Nj3),(dppe) with HFeCo3(CO);; in the appropriate alcohols, and
similar complexes are presumably intermediates in the reduction [35].

The new heterometal cluster carbonyls RuCoj{(CO);; (17) and RuyCoj(CO);3
(18) have been reported [36]; black (17) is formed from [RuCl,(CO)3l; and
K[{Co(CO)4] in 76% yield, and is analogous to the osmium analogue described

earlier {37]. In solution, (17) disproportionates to (18‘), also black, and

Coy (CO) 12
(cor, |
Ru Co
/ \ .
O 7
oC
{oC) 3Co Co(COo) 3 v —Ra —Rui
\ / / \ /I AN
c
Cs
" Coe—" "0
) 7\
(17) (18)

Addition of [Co(CO),)  to several cluster carbonyls containing metals
from the Fe-Ru-Os triad is a route to tetranuclear mixed-metal clusters
containing cobalt (38). Thus, the ppn salts of the anions [Fej3Co(C0),3]1 ,
[FepRuCo(CO) 1317, [FeRujCo(CO)13)” and [Ru3Co(CO) ;3]  were prepared from
[ppn] [Co(CO) 4] and the corresponding M3(C0);;. Alternatively, reactions
with K[Co(CO}y), followed by protonation, afforded HRu3Co(C0))j3, HRuy0sCo(CO) 3
and HRuOsCo(CO) ;3, the latter two being obtained from the mixture of carbonyls
obtained by heating together Ruz(CO) )2 and 0s3(C0O);,. Only a small amount
of HOs3Co(CO) 13 (identified by mass spectrometry) was cbtained in this way,
neither were the analogous FejCo, FejRuCo and FPeRuyCo hydrides formed on

protonation of the respective anions. Initial attack of the [Co(00),]” is
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probably on a carbonyl carbon, with concomitant M-Co bond formation and
elimination of CO. Formation of the closo cluster then follows successive

M—-Co bond formation with loss of CO. The Ru3Co aniocn (19) has three CO ligands
bridging the three Co-Ru vectors, in a staggered arrangement to give a chiral
cluster; both enantiomers are present in the crystal. The HRu3-nOspCo (n. =
0-3) clusters probably have the hydride ligand triply-bridging the Ru3.nOsp

face, which is capped on the other side by Co.

R

Ru

/
\\\\\Cgso

/
[0}
VY%

o]

NEANRNY/

Ru —

/Ru\ \ |

(19)

The anion (19) is also formed directly in 68% yield from the reac-
tion of excess of Na[Co(CO),) with hydrated RuClj; [NEtL,]+ and cst salts
were obtained by metathetical reactions [39]. These salts were also active
catalysts for methanol homologation, giving MepO and EtOH (15-20% each) as
major products with ca 40-45% conversion. In comparison, [NEty] [Ru3Co(CO) 3l
gave 27% Me,0 and 9% EtOH, and RhCo3(C0)), afforded MeCHO + MeCH(OMe); (33%),
MeCO,Me (8.5%), and Me,0 (16%), with 52% conversion.

The synthesis of mixed-metal complexes containing osmium often fails
when the syntheses of analogous iron and ruthenium complexes is successful.
One cause of this may be the strength of the 0s-CO bond. Dissociation of CO
is assisted by photoexcitation, and Geoffroy and coworkers have shown that
photolysis of a mixture of [Co(CO)y4])” and Os3(CO) )2 provides a route to

[C0053(CO)13]', which could be isolated in 33% yield as the ppn salt [28].
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The reaction between HRugCo(CO))3 and Hy affords H3jRu3Co(CO);, (75%),
which exists as two isomers, one of which has been characterised by an X-ray
study as having C3v symmetry (20a) (40]. IR and NMR studies suggest the
second isomer has C; symmetry (20b). These two isomers are analogous to the
C3v and C; isomers of [H3Ruq(co)12]-. Interconversion of the isomers occurs

in solution by a route which also results in exchange of all hydrogen atoms.

N/ \/
o o
1
i
i : \
:>RJ// :::::=Ru{L ::Rb -————-Ru::—
7 N 7 /] \
kRuA \H\ Ruéﬂ
/1\ /1N
(20a) (20D)

In contrast with the Os3Co analogue, (20) is indefinitely stable. As found
with the tetranuclear clusters of the iron triad, HRu3Co(CO);3 and [RuzCo-
(CO)13]” fragment in CO under mild conditions:

-]
HRu3C0(00) 13 + 00 —22-CeIl, 2 (cO) ;5 + Ru(CO) 5 + "Co products™ + H,

- ° -
[Ru3Co(CO) 31~ + co —22°Ce3OM, o (cO) 2 + [ColCO)y]

It is reported that the complex HyRuyCo,(CO) )2 was also formed (non-

reproducibly) in the first reaction (22].

Ru-Ir Reductive carbonylation of mixtures of RuClz.xH;0 and Ir,(CO)i;
afford the orange dianion [RuIru(CO)lslz- (21) , characterised by an X-ray
study of the ppn salt [41]. The Ru atom caps one of the faces of the Ir,
tetrahedron, and two of the Ru-Ir vectors are bridged by CO. A second, black,
complex is formed under nitrogen, which reacts with CO to give (21); this

complex has not yet been characterised.
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Os-Rh Black (p-H),0s3Rh(CO))g(acac) (22) was obtained from the reaction
between Hp0s3(CO) ;o and Rh(n-CyH,);(acac) [42]. The X-ray structure revealed
an unusual bridging mode for the acac ligand, where one oxygen links the Os
and Rh wing-tips of the Os3Rh butterfly core. The hydrido ligands bridge
Os~Os bonds as shown, and the short Os(l)~Os(2} bond suggests a degree of
multiple bonding ('unsaturation') as expected for this 60e cluster. Chemi-~
cally, this unsaturation is shown by the reaction between (22) and PPhj to
give unstable (u-H),0s3zRh(acac) (CO);q(PPh3), probably having structure (23);

in contrast, CO degrades (22) instantly to give H;083(CO);; and Rh(CO);(acac).

\/ os J/
—=0s \\nh (0C) 308 ~——une 0s(CO) 3

" Os —-—‘H

(CO) 3
(22) (23)
Fe-Pd,Pt Mixed Fe-Pt complexes were obtained from reactions between the

anion [HFej(CO)g)~ and Pt(n-CyHy)2 (PPh3); dark red-brown salts containing the
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tetranuclear [(u-H)FeyPt;,(CO)g(PPh3)s)” anion (24) were obtained [43]. The

H and CO ligands undergo concomitant site exchange, a process facilitated by
the presence of the negative charge. Complex (24) is isoelectronic (58e) with
CoyPt; (CO) g(PPh3), (38, see below), and the ligand arrangements around the
MpPt; (M = Fe or Co) cores are similar. There are differences in detail, and
the CopPt; cluster has been described as a butterfly. The Pt-Pt separations
are 2.966(1)& (Fe) and 2.987(4) (Co). The single hydride ligand in (24)

was not located in the X-ray study, but geometric considerations suggest that
it bridges the Fe(l)-Pt(l) vector; potential energy minima calculations
reveal a second low-energy terminal site on Pt(l) trans to the Pt(1l)-Pt(2)
bond. Protonation of the anion (24) gives dark-red (u-H)aFesPts(CO)g(PPhj);
(25), which differs from (24) in having all CO ligands in terminal sites; the
hydrido ligands bridge the Fe(l)-Pt(2) and Fe(2)-Pt(l) bonds. The black
FeyPt cluster (26) was formed from Pt(n-CzHy),(PPh3) and [(u-H)Fej3(C0);;] ;
extensive decomposition occurs in the related reaction with [Pt(cod)(C8H13)]+;
but the trinuclear derivative Fe,Pt(CO)g(cod) (27) was isolated in 23% yield.
This complex is related to Fe,Pt(CO)q(PPhj3), and the intermetallic distances

are similar {[44].

\ 7 \ A
ptl pt2

iu
N2 ix'
NN AR A e

(24) (25) (27)




P, Cco
N 7
Pt
H/
(o]
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‘ ’/////C \\\\\\
(oC) pFe Fe (CO) 3
\Fe /
(CO) 4
(26)

The only product obtained from reactions between [Fe(CO)3(NO)]™ and
PtCl, (PR3) 2 [R3 = Ph3z, MePhy, Pho(OMe), Ph(OMe),] is the pentanuclear homo-

metallic cluster Pt5(CO0)g(PR3}y (10-75%) [45].

Several new anionic cluster carbonyls containing iron and
palladium or platinum (M) have been synthesised from [Fe3(CO);;] ~ and MII
compounds such as MClp, K;[MCly], MCl,(NCPh), or MCl,(SEt;),. Using a
molar ratio 1/0.7, the [FeqM(CO)IS]Z' anions are formed in 70-80% yield, and
isolated as (NMe3(CHpPh)]* (tmba) salts [46]. The pentanuciear anions have
the "bow-tie" structure (28), in which M links two Fe, (00} g moieties; one
CO from each iron semi bridges each M-Fe bond. The five metal atoms are
almost coplanar for M = P4, but the two Fe,Pt triangles have a dihedral of

ca 7°.

/co
N0
\&f . ‘c \’
IS pe\—e
|/4M% F{/ ~
\c"‘ O¢ |
o

(28)

The slow reaction between equimolar amounts of [tmbal,(Fe,(C0);3i

and Ky [PACl,]) in thf gives a suspension, the solid part of which contains
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small amounts (5-10%) of [tmba]y [FegPdg(CO)z4] and [tmbalj[HFegPdg (CO) 2y ]
(29) [46]. 1In the latter, six lateral faces of the Pdg octahedron are
capped by iron atoms; an alternative view is an assembly of two nearly
planar Fe3Pdj units, staggered about the C3 axis. These are fragments
of two adjacent (11l1) layers of the f.c.c. superstructure of the FePdj
alloy. The reluctance of Pd to bond to CO is shown by the Pd atoms in
(29) bonding only to bridging CO ligands; the Pd-C bonds are shorter than
in (28). The location of the hydride is uncertain, but an interstitial site
within the Pdg cluster is favoured.

Green [Fe3Pt3(CO)5]2” is obtained by the redox condensation of
Fe(CO)s and [Pt3(CO)gl2~, as well as from [Fe3(C0);;12” and Kp[PtCl,] (mole
ratio 1/1.5) [47]). If excess of ptIl is present, the brown paramagnetic
monoanion is formed. The two anions readily interconvert in the presence
of suitable oxidising (I in CH,Cl, or thf, acids, Cu*, Ag*) or reducing
{(alkali hydroxide in MeOH) agents. They are isostructural (30), and are
derived from [Pt3(CO)5]2— by replacing each p-CO ligand with a p-Fe(CO),
group. The major structural difference is a shortening of thc Pt-Pt bonds
in the mono anion (compared with the dianion), suggesting that the HOMO
involves mainly Pt AO's, and is antibonding with respect to the Ptj; moiety.

Decomposition of [Fe3zPt3(C0))s5]” occurs within a few hours at
80-90° to give [FeuPtG(Co)zzlz' (31). This anion is formally the result
of loss of an Fe(CO)y, group from the Fe3Pt3 moncanion, followed by conden-
sation to give a tetrahedral core. Scheme 4 represents the different
condensation pathways of the [Fe3M3(C0);s5]” clusters to the FesPdé and
Fe Pty species described above. The difference is ascribed to the reluctance
of Pd to bind to CO, and the condensation of two units following removal of
sterically hindering groups (terminal CO from the hypothetical Fe3Pdy anion,

or a u-Fe(CO), group from the Fe3Ptj3 complex).
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An ESR study of [FejPt3(CO);5] , both in solution and as a solid,
has been interpreted as indicating that the unpaired electron is located in
the HOMO of the Pty system, probably the a;* combination of the three dy,
orbitals [48]. The observed hyperfine splitting is caused by !95pt; there
is no detectable interaction with 13CO in an enriched sample. The stability
of this paramagnetic cluster is attributed to both the high degree of locali-
sation of the unpaired electron, and to the steric hindrance of the bridging
Fe(CO), units.

A qualitative MO description for the clusters can be derived by
formulating them as {Pt3(CO)3[n-Fe(C0),]13}"”, isoelectronic with {Ptj3(CO) 3~
(u-co) 3177, with the u-Fe(CO), groups behaving as 2e donor ligands. The
dianion is formally a 44e cluster, 18 of which can be allocated to bonding
combinations of the 3 CO and 3 Fe(CO)y 0 donor orbitals with the Pt 6sg, 6py
and 6p, AOs. Under D3y symmetry, the Pt 5d orbitals combine to give seven
bonding and eight antibonding MOs; the remaining 26 electrons are accommo-
dated in the bonding and six of the antibonding orbitals. As indicated above,
this is supported by the expansion of the Pt-Pt separations on going from

monoanion [2.6568] to the dianion [2.750%].

Os-Ni, Pt Orange (u-H);0s3Ni(CO);p(PPhj3); (32) is formed quantitatively
by reaction of H30s3(CO)1p with Ni(n-CH,) (PPh3);, and contains a tetrahedral
Os3Ni core; two of the Ni-Os bonds are asymmetrically bridged by CO ligands
(42]. Attempts to obtain "unsaturated" 58e clusters, e.g. by reaction of
H083(C0) )¢ with Ni(cdt) (PPhj3), were unsuccessful.

The dark green tetranuclear complexes (u-H),0s3Pt(CO))g(PR3) (33;
R3 = Cy3, Phj, MeBu,%) have been obtained from reactions between Hy083(C0) 19
and Pt(n-CzHy) 2 (PR3) [49]. These complexes exhibit dynamic behaviour
interpreted as a two-site exchange process involving the two p-H ligands, with
activation energy for the PCyj3 derivative of AGY = 5812 kJ mo1”l. & possible
mechanism for the formation of (33) is shown in Scheme 5.

The 58e clusters (33) react with CO, PPhj or AsPhjy to give the bright

yellow 60e clusters (M—H)2033Pt(co)10(PR3) (L) (PR3 = PCy3, L = CO; PR3 =
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PPh3, L = PPhj or AsPh3), which contain an Os3Pt butterfly core [50}. In
the PPhj adduct (34), which is not isostructural with the NiOs3 complex (32),
one PPhj is attached to Pt and the other to 0Os. 1In solution (34) exists as
two isomers, which interconvert rapidly at room temperature. Comparison of
the skeletal structures of (33) and (34) shows major differences in the Pt-Os(2)
bond [which is cleaved in the formation of (34)), the Os(1)-0s(2) bond [trans
to PPhy in (34)], and the Os(1l)-0s(3) bond [perhaps the site of "unsaturation”
in (33)1].

A chemically-reversible but slow 2e reduction of (33) occurs at Ep =
~0.9v vs SCE, but while Na/Hg reduction gave a dark red-purple solution, no

salts of the supposed dianion [(u-H)2053Pt(C0)lo(PPh3)]2- were isolable.

_FCy3 PPh3 co
P—

. P\l / \ l 2

'053 —05 N
Ny /1\ '1\,/|\ /;s\ 6

(\ \

Phj3P
(33) (34) (35)

Bond distances (i)

(33) (34)
Pt-0s(l) 2.863(1) 2.848(1)
Pt-0s(2) 2.791(1) 3.530(1)
Pt-0s (3) 2.832(1) 2.717(1)
0s(1)-0s(2) 2.777(1) 2.914(1)
0s(1)-0s(3) 2.741(1) 2.773Q1)

0s(2)-0s(3) 2.789(1) 3.043(1)




The polymer-supported cluster obtained by phosphine exchange
between H0s3Pt(CO)o(PPh3)z and a PPhy-functionalised styrene-divinyl-
benzene copolfmer is not active for ethylene hydrogenation [51].

The reaction between H,0s8(CO), and Pt(n-CzH,)s(PR3) affords orange
(u-H) ;08,Pt, (CO) g (PR3)» (35; R = Ph, Cy, Me), in which rapid site-exchange
of the H ligands occurs between the two Pt atoms; the PMe; complex was the
most dynamic [52). The molecular structure closely resembles that of the
analogous FeyPt; complex (25), although in this case the Os;Pt; core is a
butterfly, with the wing~tip Pt-Pt separation 3.206(1);\, compared with

2.998(2)A in (25).

Co-Rh The complexes CozRhjp(00))z-n([P(OMe)3]n and Co3Rh(CO) j2.n (P(OMe) 3]y
(n = 1-3 in each case) have been prepared from the parent Co-Rh carbonyls
and P(OMe); [53). 1In reactions with larger ratios of added ligand, some
cluster fragmentation (to give Coy(CO)g[P(OMe)3];) and metal redistribution
occurs. Interaction of Cog(CO)g[P(OMe) 3], and [RhC1(C0) 2}, afforded
CozRh2(CO) 1o [P (OMe) 313 as the major product. Several complexes exist in
solution as a mixture of isomers (IR), and NMR studies indicated that all
complexes except Co3zRh(CO)jz-n(P(OMe)3ln (n=2,3) are fluxicnal. Only the
CoRhy; face of the CozRh; cluster is capped by HC(PPhy)3; in the 1:1 complex

[32].

Co-Pd, Pt Reactions between Na[Co(CO)y) and MCl;(dppe) (M = Pd or Pt)
afford the clusters (dppe)MCo;(CO)7 in 89% (Pd) and 78% (Pt) yields; the
latter was also obtained from PA(CZCPh)j(dppe) ([39]. The heterometallic
complexes have been used as methanol homologation catalysts, giving 50-60%
conversions to mixtures rich in MeCHO + MeCH(OMe), and Me,0. High yields of
CoaPt (CO) g(PPh3) (36), similar to the dppe complex described above, were

obtained from reactions between Co; (CO)g and Pt5(C0)g(PR3), ([45].

Electrochemical reduction of the CosPt clusters (36) and (37)
occurs at E} = -0.75V [LL' = (CO) (PPh3)] and ~1.20V (LL' = ‘dppe), respec-

tively [54). The reduction is irreversible, and is followed in both cases
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by a reaction which affords [Co(CO)4]~ . Exhaustive reduction of (36)
affords CopPtj(CO)g(PPh3)s (38) (68% isolated yield), presumably by fast

dimerisation of a radical intermediate:

CoyPt (u-CO) (CO) 7(PPh3) + €= -———— [CopPt(u-CO) (CO)7(PPh3)]~

|

Co,Pt, (u-C0) 3(CO) 5(PPhg); <————— [CoPt(CO)y (PPh3)] + [Co(CO)4]l™

OC

/ & X ///7/

(0C) 3C0 Co(00) 3 (CO)z /

II
o)

(36) LL' = (CO)(PPhj)
(38)

(37) LL' = dppe
Phosphine exchange between CoyPtj;(CO)g(PPhj), and PPhy-functionalised
poly (styrene-divinylbenzene) gives a heterometallic catalyst for ethylene

hydrogenation (1 atm, <100°C) on a polymeric support ([51].

Rh-Ni Almost quantitative formation of [RhgNi(C0);g]2~ (39) occurs on
mixing solutions of [Rhg(C0)15}2" and [Nig(C0) 212~ salts; the co-product
[Rh7(C0)15]3_ precipitates out, and well-formed crystalline salts of the mixed-

metal anion can be obtained in high yield:

19 [Rhg(CO) 512" + 2 [Nig{(CO);p1%~ —
[RhNi(CO) 16127 + [Rh7(cO) 1612 4+ 21 co

In the NBuL,+ salt, the anion contains an Rhg octahedron (distorted towards

a trigonal antiprism) capped on one face by the nickel atom [55].
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Other anionic Ni-Rh cluster carbonyls have been observed, but not

oc

fully characterised [55]. The reaction between Rhy{CO)), and [Nig{(CO0}j;2]12~
affords brown [RhgNi(CO)315]”, which reacts immediately with CO to give

[Rhs (CO) 5]~ and Ni(CO)y,. Similarly, [Rhy(C0)11]%” reacts with excess Ni(CO)y
to give yellow-orange [RhyNi(CO);,}2”, which loses CO to give red-brown

[Rthi(CO)12]Z_.

2. HETERONUCLEAR METAL CLUSTER CARBONYLS CONTAINING n-CYCLOPENTADIENYL LIGANDS
Cr, Mn, Fe-Co One method of synthesising mixed-metal clusters is the
addition of coordinatively-unsaturated species across metal-metal multiple
bonds. The utility of this route has been extended by generating the
unsaturated species photochemically in the presence of the multiply-bondead
substrate. Thus, irradiation of mixtures of [Co(u-CO) (n-CsMes)], with

Cr(00) 3(né-CgHgMe), Mn(CO) 3(n3-CsH,Me), or Fe(CO)}3(n-CyH,) afforded the
complexes MCoj (H3-CO) (u=CO) 3{N-CsMes), (40) [M = Cr(nS-CgHsMe), Mn(n5-CsHyMe)
or Fe(n-CyH,), respectively] in 33-45% yields; the compound FeCoj(u3-CO)~-
(u~C0) 5 (CO) 3(n~CgMeg), (41) was obtained (27%) when Fe,(CO)g was used as

precursor [56].
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(40) M = cCr(nb-cghsMe) (41)
Mn (n°-CsHyMe)

Fe (n-CyHy)

W-Ir Convenient syntheses of WIrj(CO);j;(n-CsHs) (42) and W,Ir;(CO) ;-
(n~CsHs) 2 (43), from IrCl(CO),[NHp(tol)] and HW(CO) 3(n-CsHs) [60°C, €h, 40
psig CO; 70-80% (42)] or [W(CO)3(n-CgHs)]™ (25°C, 2h) [85% (43)] have been
reported [57]. Conversion of (43) to (42) occurs on treatment with CO
(110°c, 2h, 40 psig, 53%). Although X-ray structures show the expected M,
cores based on that of Ir,(CO);;, the detailed ligand arrangements suggest
that (42) is an adduct of the triply-bonded species (n-CgHg) (OC) aWEW(CO) o~
(n-CsHg) and (OC) 3Ir=Ir(CO)3, and that (43) is the formal dimer of
(n-Cg5Hg) (OC) pWSIr(CO) 3. The WaIr; complex is an analogue of a similar MozCop
intermediate proposed as the first product in reactions between ([Mo({(CO)2-
(n-CsHs) 1, and Coj (CO)g; other related compounds include the WCosC cluster
obtained from W[C(tol)](CO)2(n-CsHs) and Coz(CO)g (see below).

These complexes have been used to prepare catalysts by adsorption
onto alumina and decomposition in hydrogen. 1In the latter reaction, most of
the coordinated CO is hydrogenated to methane; temperature profiles for
evolved CO and CH, differ for (42) and (43). The decomposed materials
were used as catalysts for n-butane hydrogenation; the WIrz-derived
catalyst showed 75% selectivity for cleavage of the central C-C bond to
give 2CjHg; the WpIrz-derived catalyst gave <508 ethane, evidence for a

W-Ir interaction modifying the catalytic site. Particle sizes were <10R.
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(42) (43)

Fe-Ir The FeyIr cluster (44) has been obtained from the reaction between
Fe3(C0O) 12 and [IrClp(n-CsMes)]z or Ir(CO);(n-CsMes); the latter is an
intermediate, but is also formed on heating (44) to 80°. The X-ray struc-
ture shows the Fe-Ir bond to be bridged by two CO groups; (44) is thus
similar to the FeyCo analogue, but differs from the FepRh complex, in which

the CO ligands bridge the Fe~Fe vector [59].

0s-Co The reaction between Hy083(C0) o and Co(CO),(n-CsHg) affords

H2083C0(C0) 10 (n~-CsHs) (45) (27].
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©

s, 7 Co

(0C) 30s

W

(CO) 3

Os(C0)3

(45)

Fe, Ru, Os-Ni The dark green Fe-Ni cluster (46) can be obtained by
heating mixtures of either Fe(CO)s or Fe3(CO))2 with [Ni(CO) (n~CsHg)l2, or
of Fe3(CO) )2 and Ni(n-CsHs)z in refluxing heptane [60]. The Fe,Ni face-

capping CO ligand gives rise to v(CO) at 1722 cm~!.

(CO) 3
/Fe
o / \\
(OC)3Fé<:—- -_ -———-—'Ni-—[:::>
\Ni/
(C°)3
(46) (47)

The related compex Ruj3Ni(CO)q(n-CsHs) (47) has been obtained from
several reactions between ruthenium carbonyls and Ni(n-CsHg) compounds;
however, as proposed, the structure is threeelectrons-deficient {61].

The reaction between 0s3(C0O)); and an excess of [Ni(CO) (n-CsHg)],
(refluxing octane, 40 min) affords dark-brown Os3Nij3(CO)gq(n-CsHg)3 (48) in

40% yield. The metal core is a face-capped trigonal bipyramid; in solution,
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only one CgHg resonance is cbserved, suggesting that the cluster is fluxional

in solution [62].

\ Ni
/ \—Os (co)s
"\

00).0s
. (oc) 3Co Co{C0) 3
e N"~\\N‘£ \ co /
(co) s

(48) (49)

Co-Ni Direct exchange between Coy(CO}js and [Ni(CO)(n-CgHs)}), afforded

the NiCoj cluster (49} in up to 90% yield [63].

Reactions between equimolar amounts of [Ni(CO) (n~CsHg)], and:
Co(CO) 2 (n-CsHs-pMep) (n = 0,1 and 5) afforded the mixed metal clusters
CoNij (CO) 2(n~CsHg) 2 (N~CgHg.pnMep) (50) [64]. Structural studies of these
complexes [which are considered to be directly related to the monocation of
Ni3j(CO)2{n~CsH5) 3] were expected to resolve the problem of th-: location of
the unpaired electron in the paramagnetic neutral Nij cluster, i.e. between

the Longuet-Higging-Stone and the Strouse-Dahl models. The parent CoNi,

cluster and the CgHyMe analogue have a three-fold disorder; the CsMeg complex

has an Ni~Ni bond [2.326(2)}.\] shorter than the Co-Ni distances {av. 2.371;\).
although the mean M-M bond length (2.356R) is almost identical with that
found for CoNij(CO)j(n-CsHs)s [2.358(2)R). This is taken to support the
Strouse-Dahl model, in which the unpaired electron is placed in an MO (ap)
which is stmngly‘antibonding with respect to the Nij system. Spectral and
electrochemical studies quantified the increasing electron release from the
CsRs groups on substitution of Me for H; cyclic voltammetry gave E; values

for the three complexes (n = 0,1,5) of ~1.525, ~1.558 and -1.693V (vs
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Ag/hgt reference electrode), respectively, consistent with the CsMeg deri-

vative being hardest to reduce.

|
[o]
R
R
i
c
i
[¢]
(50}
Rh-Pt The complex Rhj(u=CO),(n-CsMes), reacts rapidly vith Pt(cod),,

Pt(n-CyHy) (PPh3) 3 or [Pt(QO) (n-CsHs) ]2 to give the trinuclear RhyPt

clusters (51), (52) and (53), respectively (65). In these reactions, l4e
fragments [Pt(cod), Pt(C0) (PPhj3} or Pt(CO),] are captured by the unsaturated
Rhy precursor, which is isolobal with ethylene. The threé heteronuclear
clusters contain semi~triply-bridging CO ligands (v(CO) 1708, 1711, and 1724

and 1730 cm !, respectivelyl.

DC FPhj
\““‘” R
AY
\ H

@ "\ (51) LL' = cod m1\(:/1%

(52) L = cO, L' = PPhy

‘—'

(53) L= L' = CO (54)
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Protonation of (52) affords the fluxional cation [(u-H)RhyPt(u-CO),-
(PPhg)(n-CsMes)Z]+ (54), in which the u-H ligand bridges the Rh-Pt vector [66].
The dynamic process involves rotation of the Rh, moiety about an axis through
Pt and the midpoint of the Rh~Rh bond; this is consistent with averaging of
the J(HRh) and J(PRh) couplings, but the constancy of the J(HPt) and J(HP)
couplings implies that the HPt(CO) (PPhj) unit retains its integrity during

this process:

Rh®- - H, pphy| ¥ Rh---H, PPhyi Y

" ../ —_— ” ./
+ Pt L e Pt

R Neo ' N

(55)

Following the isolobal analogy, the Rh; complex was also reacted
with Pt(n-CzH,) 3 to give the red-black pentanuclear Rh,Pt cluster Rh,Pt-
(U-CO) , (n-CsMeg)y (55). Two crystalline modifications of this complex differ
in the angles between the two PtRhy planes, which are 90° (the molecule
also has a mirror plane) and 100° (where the Pt atom lies in a crystallo-

graphic two-fold axis) ([66].
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3. HETERONUCLEAR METAL CARBIDE CLUSTERS

The syntheses of several mixed metal carbide clusters have been
described [67,68]. The reactions are based on polyhedral expansion and
contraction reactions. The former utilise the anionic iron carbide
clusters [Feh(ug-c)(co)lzlz_ and [Fes(us-C)(CO)lulz-, in both of which
the carbide atom is exposed. Syntheses involving polyhedral contraction-
were based on tne heteronuclear [FesM(us-c)(co)x]y_ clusters.

The iron carbide clﬁsters are open polyhedra (butterfly or square
pyramidal metal cores) with relatively high electron density. The wide
range of heteronuclear products obtained is summarised in Schemes 6 and 7,
and the paper describes several limitations, e.g. non~reactivity of several
monoanionic clusters, and reduction if the charge relationships were
reversed. Cluster degradation by oxidation (usually Fe3*) leads to poly-
hedral contraction, specifically of FegMC clusters to square pyramidal
feqMC clusters by removal of one iron atom:

_ Fe 3+
(MFe s (ug-C) (COY 17)2” ——— MFey (us-C) (C0) 1¢
M=Cr, Mo, W

- redt

(FesRh(ug-C) (CO) 6] —— [Pe,Rh{uz~C) (CO) 4]

An exception is the [FesNi(ug-C) (CO)15]% ion, which is oxidised to the
neutral FegNi(ug-C) (00) g cluster. The MoFe,C complex was also prepared by
oxidation of [HMoFes(ug-C) (CO) )3, itself prepared from Mo, (OAc), and
[Fe(C0),12".

The structures of the anions in [NEty]; [MoFeg(ug-C) (CO) 7] (56)
and [NEty] [FeyRh(ug-C) (CO) 14] (57) show the carbide atom enclosed within
the Mg octahedron in the former, but exposed and projecting from an M,

square face in the latter [67].

The heteronuclear clusters all exhibit facile CO exchange, although

activation energies for this process were higher for square pyramidal



clusters than for the octahedral systems.

between apical and basal metal atoms was slow; ligands such as cod resulted

{CO) 3
Fe
(o) Fe— — / G\(CO)z
(0C) 3Fe/
(CO) 2
(57)

in higher activation energies for basal intermetal CO site exchange.

Addition of [Cu(NCMe)y]' to the trigonal prismatic ion [Rhg(ug-C)-

(€0) 151%™ affords RhgCuj (1g-C) (CO) 15(NCMe) ; (58), in which the additional

copper ions have capped the triangular faces of the prism [69].

Me
c

Ch\\\\

//

zra—s0

(58)

All Rh-Rh edges
bridged by u-CO

ligands

4. HETERONUCLEAR METAL CLUSTERS CONTAINING GROUP IB ﬁETALS

In the former, CO site exchange

453

Although mixed-metal clusters containing gold atoms had been reported

previously, attention was drawn to these species by a communication from

Lauvher and Wald [70], who pointed out that the Au(PR3) group is isolobal
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with the H atom. While the gold atoms are large, the bonds to other
metal atoms are longer, and hence there is no steric hindrance expected;
electronically, the similarity has between H ls orbital and the Au 6s

orbital, although others prefer the bond to involve the corresponding sp

SCHEME 6 Syntheses of heteronuclear metal carbide clusters from
[Fey, (uy~C) (C0) ;5127

Cricods(py)y (CrFe, (us~-C) (€O) 35127
Mo(CO)(hE)3 | (yo,Fe, (s=C) (CO) 1012
W(CO) 3 (NCMe) 3

» [WFey, (H5~C) (€0) 1512~

{RhC1(CO)2)2

{[Fe,Rh (15=C) (CO) ;)"

(Fey, (uy=C) (€0) 12127 ——

IMC}, ‘“‘,‘ﬁz (Fey,M{ug-C) (COY 1 (cod) ]
Nifcod)p/C0 [FeyNiz (Hg=C) {00} 14)%”
Ni(cod) o > [FeyNiz (pg—C) (CO) 12 (cod) 1%
[PACLIN"CoM) 12, treuPalus-C) (CO) 12 (N-C3Hg) 1™
(Cu(Nche) o 1”*

— [FeyCu(lig~C) (CO) 12 (NCMe) 1™
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SCHEME 7 Syntheses of heteronuclear metal carbide clusters from
[Fes (us=C) (CO) 14,127

M(CO) 3(L) 3

» MF -C) (0017127
W= o [MFes (ug~C) (C0) 17]

[RhCL(CO) 2]

s [FegRh(ug~C) (CO) 15

[MCl{cod) ], - co
» [FegM =-C) (CO) 14 (cod)
M = Rh,Ir shve o =

(PesIrc(co) 1g]”

Ni (cod) 5/CO

[Fes (15-C) (COY 1412 > [FegNi(ug-C) (CO) 512~

Ni(cod),

»  [FegNi(ug=C) (CO) ;5 (cod)12™

—M"%c:ﬂﬂl, FesPd (pg=C) (CO) 15

Fe

fou(ncMe) )t

[Fe5Cu(ug~C) (CO) 14 (NCMe) 1™

hydrid. ‘ﬂnally, gold~metal bonds are polar, and the electron density distri-
bution on the transition metal seems to be intermediate between that in the
hydride, and in the derived anion. It will be interesting to see how far

this analogy can be pressed, and how reliable a guide toc the location of

a hydride ligand is provided by the structure of the corresponding Au(PRj)

derivative.
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The deep red VAuj cluster (59) has been obtained from [V(C0)5]3_
and AuCl(PPhj) in thf; the metal core is a distorted tetrahedron, and the
complex has been rélated to the hypothetical [Au(PPhj3)]y [71]. The compound

is the first mixed-metal cluster containing vanadium. -

(CO) 3

(CO) 5 Fe

(oc)acn —— C°(C°)3

(PhaP) \ // (CO} 3
(PPh3)

(PPh3) (PPh3)

(59) (60)

Direct reaction of [FeCo3(C0);3]  with Au(NO3) (PFh3) afforded (60),
in which the Au(PPhj3) group caps the Coj face, as found with the corresponding
hydride [70]}.

A decade ago, the reaction between O0s3(CO))}, and AuX(PPhj) (X = C1,
Br, I, SCN) was reported to give Os3AuXx(CO)jg(PPh3), and preliminary X-ray
studies showed that one edge of the Osj triangle was bridged by Au(PPhj)
and X groups {72]. More recently, a second route to complexes of this type
was found in the reaction between [HOsj3(CO);;]” and AuCl(PR3) (R = Ph or Et),
in the presence of TlPFg (to remove Cl) which affords green HOs3Au(CO) -
(PR3) [61; R = Et (62%), Ph (64%)). In these complexes, both the H and
Au(PR3) ligands are one-electron donors, making (61) 5B8-electron clusters;
the short bridged 0s(1)~0s(2) bond [2.699(1)3] is in accord with the idea
of the cluster unsaturation being localised on this bond [cf also Hy0sj3-
(CO} 19, where the "unsaturated" H-bridged Os-Os separation is 2.683(1)3].
Comparison with OsgjAu(p-SCN) (CO) jo(PPhy) (62), also studied structurally,
shows that the bridged 0s(1)-0s(2) bond in this instance is 0.23 longer,

at 2.899(1)3. A further interesting structural feature in (62) is the



(COYy
Os Au(PR3)

N

—— 0s

(oc) 3°° \\
X

(61) X = H (62) X = SCN

(CO) 3

weak interaction [3.227&.] between an axial CO on Os(3) and the Au atom.
Complex (62) reacts with [ppn]Cl (refluxing CHzClz, 30 min) to give
dark green [ppn]} [Hp0sgAu(CO)29] (63); an Au-P bond is cleaved in the reac-
tion [74). The hydride ligands are probably bridging the Os-Os bonds which
interact with the Au atom; as with (62), the cluster is unsaturated, this

being reflected in the short bridged 0Os-Os bonds [2.698(1)4].

(CO) y
Os
(C0) 3
/Os \
(0C) 308 Au 0s(CO) 3
Os /
(CO) 3
Os
(CO)

(63)

Exchange reactions between OszAu(u-Cl) (CO),g(PPh3) or HAuOs3(CO)gp-
(PPh3) and PPhy-functionalised poly(styrene-divinylbenzene) gave the corres-
ponding polymer-supported clusters. Only the former catalysed ethylene
hydrogenation (1 atm, <100°) [51]).

The reaction between Li[Co(CO)4]) and [Aug(PPh3) 7] (NO3), affords
red-brown CojAug(CO) g(PPh3), (64). The Aug skeleton consists of two edge-
sharing tetrahedra, and the [Co(CO),] groups are attached to one apical Au

in each tetrahedron (75].
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Co (C0) 4

The yellow mixed Cu-Au cluster CupAup(CgH,CHaNMej), (65) has been
prepared from LijAup (CgH,CHoNMez), and Cul {76]. In solution, the tetra-
nuclear structure is retained, and the mass spectrum contains the parent and
fragment ions [CuzAuj(CgH,CHaNMe;)nl* (n = 4,3). NMR studies show that the
complex is fluxional, probably as a result of aryl group rotation with only
weak M-N coordination; interaggregate exchange may occur in pyridine. In
the presence of PPhj, cluster fragmentation and reassembly afford CuylAr,

and AulAr (PPh3) (Ar = CgH,CH,NMes).

(65) X = CHyNMej

Mixed Ag-Au complexes are cbtained from the reaction between AgClOy
and [NBuy) [Au(CgFs)2], followed by addition of ligands L (L = py, PMePh,,
pyridine-N-oxide, tetrahydrothiophen) (77]. The yellow intermediate formed
initially is supposed to be Ag(CgFs)2Au, while in donor solvents, the com-

plexes afford [Aglj) [Au(CgFs)z] with a second mole of L. The structure of
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the mono-tetrahydrothiophen complex (66) shows an infinite chain structure
with repeating AgjAuj; (CgFs), (L), units linked by short Au---2Au interactions

[2.889(2)A].

SCyHg TC:,H 8
Tst lq Tst Tsﬁj/”'Aq Tst
—————— A '//// \\\\‘Au—-—-——Au \\\\‘Au----——
l \\\\‘Ag /’// | l \\\\‘Ag”///l
CgFs | CeFs CeFs | CeFs
SCyHg SCuHg
(66)

5. HETEROMETALLIC CLUSTER COMPLEXES CONTAINING BRIDGING CARBENE, ALKYLIDYNE,
ALKYNE OR RELATED LIGANDS

The extensive studies by Stone and coworkers of the reactions of
carbene an@ carbyne complexes with low-valent metal complexes have afforded
a variety of heterobinuclear complexes (described in Part A), and also
several heteronuclear cluster complexes containing the carbene or carbyne
unit holding the cluster together. In the latter instance, the many homo-
nuclear alkylidyne complexes, particularly of the type Co3(u3-CR) (C0)g, are
structurally prototypical, but the rational stepwise agglomeration of up
to three different metal atoms in the cluster represents a significant

advance.

Complexes with u-carbene ligands The reactions between M[C(OMe)Ph](CO)s
(M = Cr, Mo, W) and Pt(n-CpHy) (PR3)2 (R3 = Mej or Me,Ph) afford "dimetalla-
cyclopropane" complexes; use of Pt(n-CyH,);(PR3) in these reactions results
in further metal-metal bond formation, with ligaﬁd migration ([78]. Thus

the Group VI carbene complexes react with Pt(n-CH,); (PR3) (PR3 = PHeBuzt,
PCy3) to give MPt,([u-C(OMe)Ph] (CO)g(PR3)o (67; M = Cr, W); in the chromium
case, the product is accompanied by homonuclear Pt; and Ptz complexes.
Similar reactions with Mn[C(OMe)Ph] (CO); (n-CgHs) gave trinuclear platinum
carbene cluster complexes. The carbene ligand bridges the Pt-Pt vector,

while the M-Pt bonds are semi-bridged by CO groups. A possible route to com-
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SCHEME 8 Formation of MPty~u-carbene clusters
Ph OMe
- & s N S
{0C) gM~———C(OMe} Ph - c“"zn""“*“ c
5"/ \ &+
{OC) 5™ Pt~——FR
Ph OMe Ph /OMe
\ / ~CHy \C
s
\ /PR3 R \ /P'Ra
{oC) ;.M'-—-—--'———--—Pt' {OC} M s DL
Ny
i '“Czﬂu
/ PR3 TR;
\ Ft Ph (o] PL
~ C/ \C Pl o oM
Nowe :
~CaHy :
———————a M
+CO '
1
(oC) M Pt (oC) gM Pt
PR3y ~ / \PR3
h C
Vs
K

(67) M PR,
cr PMeBupt

Cr PCya
W PMeBut
w PCy3

Reagents: i, Pt{n~CyHy)g{PR3)
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plexes of type (67) is shown in Scheme 8; the hetercbinuclear complexes
have the carbene ligand lies closer tc the platinum atom than to the Group
VI metal, and the suggested insertion of the Pt(n-CpH,) {PR3) fragment into
this bond would thus be facilitate@.

Similar complexes can be obtained from Pt(PMeBuzt)z: for example,

at ~60°, the reaction with W[C{OMe)Ph] (CO)s5 affords (68).

Ph OMe

NG . //’

t t
MeBu, P PMeBuy
~N ‘\\\\\
Pt ../..___.._-—-—-—-npt/
9
W
(CO) 4 (PMeBu, )
(68}

The trimetallic complexes M{W{u~C(tol)}(CO},(n-CsHsl}, (M = Ni,

Pd, Pt) are obtained from W[C(tol)](CO);(n-CgHs) and Ni(cod),, Pd(n2-CyH;g)s
or Pt(n-CyH,) 3, respectively (79]. They contain bent W-M-W sequences
bridged by the u-alkylidyne ligands, and have been discussed in detail in
Part A.

‘Diazomethane reacts with fu-H)zosgPt(CO)lg(Pcya) (33: Ry = Cy3) under
kinetic control to give orange (u-H)2053Pt(u—CHZ)(CO)]O(PCya) (69a), which
after several days in solution isomerises to the red unsymmetrical isomer
(69b) ; both isomers were characterised by X-ray studies [80). Complex (69a)
is also formed directly from HyOs3(u-CHp) (CO) 19 and Pt(n-CyHy) 2 (PCy3).
Labelling studies showed that ca 30-40% of deuterium is transferred from the

initial u-D or p~-CD; sites (Scheme 9).
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SCHEME 9 Formation of a u-methylene-Os3Pt complex
Pt\ Pt
H
—D
=
(|)s——— Os (l)s——- —_—
|
H \ / H\ /H
~ N o}
. J
Y
Pt Pt
\\ /
o
— Os 0s—— | =—— Os
\ os’ 3 3 ~N
| W— e -’
Pt _ Pt Pt ~_
H
/H\ ~ /H- ~
0g = > 0og —— \Os S Os



Cy3P. PCys
N, o v oc \Pt/\
\H
L ’
{OC) 305 —— 0s (CO0) 3 (ocC) 305 7/05 (CO) 3
1, —— gg Z—H 1,0 g Z—H
(CO) 3 (co) 3
(69a) (69b)
u3-Alkylidyne complexes The isolobal relationship between W(CO);(n-CsHs)

and CH prompted the investigation of reactions between W[C(tol)] (CO}; (n-CsHs)
(as an alkyne analogue) and several metal carbonyls; among the products were
several mixed-metal M3-alkylidyne complexes.

The initial product from the reaction between the carbyne complex
and Fe,(CO)g is WFe[u-C(tol)](CO)g(n-CsHg); with excess of Fe,(CO)g, further
addition of Fe(CO)j3 occurs rapidly to give (70) ([8l]. This complex reacts
with alkynes to give WFe [u-C(tol)CRCR] (CO)5(n-CsHs) (R = Me, Ph, tol, CFj3)
in which the alkyne has linked up with the alkylidyne group to form a u-Cjy
unit, with concomitant loss of an Fe(CO)3 group [82]. 1In contrast, cluster
degradation did not occur in reactions with C,(SiMej), or ButczsiMe3,.which
gave complex (71; R = SiMej) and an isomeric mixture of (71; R = But, R' =
SiMe; and R = SiMe;, R' = Bu%), respectively.

Complex (72) was isolated from the reaction between W[C(tol) } (CO) o~

(n~CsHs) and 0s3(CO)g(n?-CgHy,); (CgHyy = cyclooctene) [81].

(tol) oC) 3F
pe (OC) 3Fe “-~______CS\ R
//’//’/,,1:’i::;;;
(02 ______\_Fe(CO)z
W Fe(CO) 3 C/ Cae
(0C) 2 {tol)
Fe =—C,
(C0) 3 %
(70) (71)
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Reactions between W{C(tol)] (CO)j(n-CgHg) and Cop(CO)g or
Rhj (CO) 2 (n-CgMes); afford the purple trinuclear complexes (73) and (74),
respectively, in 70-90% yield {83]. The complexes are isolobally related

to complexes containing tetrahedral CzM; cores, obtained from alkynes and

the dimetal precursors.

(tol)
(tol}

(0C) 308 —— | ——W(CO)

N oh 7 (00— ‘_‘7"“
(co)3 d \M ‘/x
/-~ Iy
Os

(CO) 3

{73) MIp = Co{CO)3, X not present

(72)

(74) MI, = Rh(n-CgMes), X = OO

Complexes related to (73) had alsc been obtained from Coz{u3~CR) (CO)g and
[W(CO) 3(n-CsgHg) 12 by direct exchange of metals [B4]. This reaction has been
extended to the syntheses of several mixed metal complexes (75-78) from

Co3(u3-CMe) (C0) 9 and binuclear carbonyls:

Me
Coj(u-CMe) {CO) g

+ —_—

[MICO) 41 (N-CHs) 12 (OC) 3Co ——M(CO},, (n-C3sHg)
c

{CO) 3

M(C0), (n-CsHs)

(75) Mo{C0) 7 {n-CsHs)
{76) W(CO) 7 (N-CgHs)
(77) Fel{CO) (n-CsHsg)

(78) Ni(n-CsHs)

The reactions proceeded in low yield with the iron complex, and most

readily with an excess of [Ni(CO)(n-CgHs)]z; in the latter case, complexes

with ¥3-C{CF3) and u3~CPh groups were also prepared [63].

The dark brown chiral cluster (79), which crystallises as optically

active crystals, was obtained similarly from (75) and [Ni{CO) (n~CsHg)lz-
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oF

Me
C

o]

c
» \
(oc) Z/Mo —_— Ni @ (oc) 3Mn—/— Fe
@ g7

CO NA

(CO) 3
(79) (80)

Formal addition of an H-Mn bond to the u-vinylidene ligand in

A

Fej (u~C=CH,) (H-CO) (CO) 2 (n-CsHs5) 2 occurs on reaction with H3Mn3(CO)1,, to give
the black MnFej(u3-CMe) complex (80). In refluxing toluene, (59) is con-
verted to Fej3(u3z-CMe) (u-CO)3(n-CsHs) 3 [85].

The general synthesis of cluster complexes containing an alkylidyne
group capping an MM'M" triangle consists of reaction between a mononuclear
metal-alkylidyne (carbyne) complex and either two different low-valent
metal derivatives in sequence, or with reactive dimetal compounds.

Black (81), containing a CWFePt cluster, was obtained from Pt (n-CyHy)-

(PEt3), (prepared in situ) and W[C(tol)](CO),(n~CsHs) [which gives

WPt [u-C(tol) ] (CO) 2 (PEt3) 2 (n-CsHs)], followed by addition of Fez (CO)g. A
structural study showed that the alkylidyne ligand asymmetrically bridges

the WFePt triangle. A similar reaction sequence commencing with Pt (n-C,H,)-
(PMe,Ph); gave (82), together with a small amount of (83), while purple (84)
was formed from WPt [u-C(tol)](CO), (PMe,Ph);(n-CgHg) and Fe(C0)g or

Fe,(CO)g [83]). The 1y, 13¢c and 31p NMR spectra showed the chiral nature

of (84), and also that it was fluxional (CO site exchange). An n-CgH,SiMej

analogue was also prepared.

(tol) (tol)
[ C
(81) L=CO, L' =PEt;
@ (82) L=CO, L' =PMeyPh @
/L
(0C) oW —— | ——pt (83) L=L' =PMa,Ph W Pt (PMe,Ph) o
\ / \L' (0C) 2 \ /|
* Fe Fe —C0O
(CO) 3 (c0) 3
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Similarly, treatment of WRh[u~C(tol)](CO)3(n-CsHs) (n~CgH7) [from
W[C(tol)1(CO)2(n-CsHs) and Rh(CO);(n-CgH7)] with Fez(CO}g affords purple

(85), in which the Rh-Fe bond is bridged asymmetrically by CO [83].

(tol)
BN '
(C0)3
(85)
u3-Alkyne complexes If an excess of W([C(tol)}(CO)z(n-CsHs) is present

in the reaction with Fe,(CO)g (see above), a second tungsten-containing
moiety adds to the WFe intermediate to give (86). In this, two alkylidyne
units have coupled to form the Cz(tol); ligand, which lies with the C-C
bond parallel to the W-Fe vector. Slow oxidation of (86) in the solid state
affords (87) [8l1]. The Ru analogue, cbtained from the tungsten-carbyne
complex and Ru3(CO),, has the alkyne symmetrically bonded to the W2Ru

triangle. In the crystal of the corresponding W;0s complex (88), obtained

C-—-'-C C*C
\\(7/1——-H(C0)3 -
(OC)z ’//"(Co)z
- (CD)3
L
R = tol
(g8a)
M L
(886) Fe co
(87) Fe (o]

{88D) Os o
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similarly from Hp0s3(CO) )9 [86] or HpOs3(u-CHy) (CO) ;o (81}, both
isomers are present, and evidently are two of the three minimum energy
states for alkyne rotation about the metal triangle; in solution, (88)
is fluxional. Formation of (88) is accompanied by that of H0s;(CO)g
[detected by addition of CCl, and subsequent isolation of 0s,;Cl;(CO)gl:
Hy083(C0)19 + 2W[C(tol)}(CO)2(n-CsHs5) + €O ———

W,0s [13~C3 (to1)2(CO) 7(N-CsHs) + Hp0s,(CO)g
The source of the extra CO is presently unknown. A second heterometallic
complex is also formed in this reaction, the dark red WOsj3{w3-COCHj(tol)])-
(C0) 11(n-CsHs) (89), containing an almost planar WOs3 core. The formation
of (89) must involve H transfer to the carbyne carbon, and migration of the
alkyl group to CO.

CHz(tOl)

@/”

— W -f—/——_0s(CO) 3
(0C) 4Os

Os
(COY3  (g9)

The first examples of mixed-metal clusters containing MyCz cores
were obtained from the reactions of HpFeRujz(CO) ;3 with alkynes: the black
comple*es FeRuj (uy~RCCR') (00) ;2 (R,R' = Me or Ph; R = Ph, R' = Me) are
formed in 40-65% yield [87). The symmetrical alkynes form two isomers of
these complexes, while three isomers of the cluster from MeC,Ph were obtained.
The two isomers of FeRuj(uy~CaPhj) (C0);; (902 and b) were characterised by
X-ray studies; they differ only in the arrangement of the metal atoms.
Isomer & is converted to isomer b at elevated temperatures; for (90), the
equilibrium mixture contains a 9/1 ratio of a and b.  The former is thus
the thermodynamically more stable compound, but isomer b is formed first in

the reactions.
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R! R
/ é
R AT N7
7| ¢ \\
(oc), Feéc ~\u; Ru(co), (oc) /< \\'/ Ru(c0),
) - 3 3 \\\\ //f:///
R/%% o2 )
(coh (co),
R = R' = Ph
(90a) {90b)

Reactions between alkynes, iron carbonyls and cyclopentadienyl-~
nickel complexes (Ni(n-CsHg), or [Ni(cCO)(n-CsHs)la), or between iron carbonyls
and Nij (p-C,Rp) (n-CsHs), have been a prolific source of mixed-metal complexes
containing iron and nickel. Some idea of the complexity of these reactions
can be obtained from the fact that 19 products were formed by heating
equimolar amounts of Fe3(CO);, and Niz(u—HCZBut)(n-CSHS)Z in refluxing

hydrocarbon solvents. Table 1 summarises the mixed-metal derivatives so

But R

SIS /C\
A
©C) Fe—x Ni. (0C) M| — i-.
’ \Fe/ 3,\ / @
(C0)3 OC ”"(Co)a
(91)

(92) M = Fe or Ru

\ / (CO)
c——C Fe °

(93) M=Fe or Ru



Ph Ph
\
C—C

/
@/ Ni<\;/;Fe (C 0)3
e
(CO),

(95)

obtained. The structures of several complexes obtained from these and
related reactions have been determined.

One of the products from the cited reaction is black FejNi(u3-C,Bu
(CO)g(n-CsHs) (91) (6%), which contains a distorted trigonal bipyramidal
FepNiC; core, with Fe and C at the apices; also formed are trace amounts
of FeyNi[u3-C(CH,But)1(CO)7(n-CsBs) (92; R = CHyBub) [88]. The long-
known FeNij(u3~-CaPhj) (CO) 3(n-CsHs)2 (93) and its ruthenium analogue have
been structurally characterised; in4these complexes a distorted square-
planar MNi;C; (M = Fe or Ru) core is present [61]. The tetranuclear
FepNij (Hy~C2Rz) (CO) g (N~CsHg) ; complexes have also been known for nearly
twenty years, and the structure of the ethyl derivative (94) has now been
determined [60]. It is unusual in containing an open FejNij; cluster,
with the alkyne interacting with all four metal atoms.

Addition of P(OMe)3 or PMe3 to the long-known FepNij(p,~CaPhy)-—
(CO) g (n-CgHg) results in an unusual extrusion of an Ni(n-CgsHg) group from
the cluster: the product is the [Ni(PR3)z(n-CsHs))¥ (R = OMe, Me) salt
of the [FeNi(uz-CPhy) (CO)g(n-CsHs)) anion (95). In this, the alkyne
is attached to the FeyNi cluster in the (20,7) mode, with the C-C bond
parallel to one of the Fe~Ni vectors (89].

Extension of these reactions to ruthenium carbonyls has also given
complex mixtures (Table 1). Thus, the reaction between Ruj(CO),;; and
Nij (u-C2Phjy) (n-CgHg) 2 in refluxing octane (20 min) affords two isomers of
kuzNi(u3—C2Ph2)(CO)q(n-C5H5) (96) in about 10% yield [90]. Grey-green
(96a) was characterised by an X-ray study, and contains an asymmetric
triply-bridging CO group, rendering the complex chiral; IR studies of dark

violet (96b) suggest that it differs in containing a uwp-CO ligand.
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Mixed-metal complexes (yields)" isolated from reactions of iran or ruthenium carbonyls and nickel-containing complexes

1

TABLE

(96) % (SHSO-u) "(0D) (TuaZo-tr) TNZny

(€6) 2 (SHSD-u) € (00) (EuaZo-E1) TyNoy

(£6) (SH5D-u)8(00) (Pua®d-"n) TNEny

(ToT) (SHS2-u)8 (00) (6H92-En) TNEDY

(T0oT) (SHSD-u)®(CO) (LHSD-S1)INEny

(z6) (SHSD-U)4(00) [ (ynaZmD)0-FM) TNny

(T6) (SHSD-U)? (D) (4nEZ0-En) FRZT

(00T) (SHSD~U) 6 (00) {ynaHD=0~"] TNEnY

(¢p) (SHSO-U)6 (00) THEMY

Reactants®
(Ru carbonyls)

26) (SHSD-U)L (00) [ (yna?HD)D-En) THZea

(T6) (SHSD-U)9(0D) (4ng?o-En) INZeg

(£6) Z(SHSD-u)E (0D) (2820-En)ZTNaa

(#6) T (5HSD-u)9(0D) (PuZp-"n) ZTNZea

(9p) % (SHSO-U)L (00) ZTNZag

neactantsb
{Fe carbonyls)

Ni(n-CsHs)y

+ Rug(CO)

10

+ Pe(00) s

10

+ Fe3(00) )2

20

+ Pe3(u3-CoEt3) (00) g

{Ni(CO) (n-CsH5) 2

+ Rujz (00} 12

tr

+ Pe (C0) 5

+ H, Ry, (C0) |,

+ Fe(C0)5 + CyPh,

0.5

15

+ HRujz(u3-CyBut) ((0) ¢

tr

+ Pe3(c0) ),

25

+ HRugz(n3-CsHyp) (C0) g

20

+ Fe3(u3-CEty) (CO) g

10

+ HRuj (13-CgHg) (Q0) g

10

30

tr

+ Pe3(u3-CoPhy) (COjg

+ Ruy (uy~CPhj) (0O} ),

+ Ruz(CO) 5 + HCpBu®

+ Ru3(C0)12 + C2Et;

+ Ru3z(CO) ;o + CoPhy
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Fifteen other products are formed: in addition to the ruthenium analogue
of (93), the cluster complexes include the tetranuclear Ru3Ni(u-C=CHBut)-
(CO) g (n-CsHg) and Ru3Ni(CgHg) (CO)g(n-CsHs) (see below) which have been
characterised by X-ray studies, and RugNi(u,-CzPhj) (00)g(n-CsHs), proposed
to be (97) on the basis of its spectroscopic properties.

Five complexes were cbtained from the reaction between CyMe; and
(u-H)Os 3Pt (CO) 1 o (PPh3) , of which bright yellow (98; L = PPhy) was isolated
directly, and characterised by an X-ray study. In this compound, the
Pt-Pt bond is long [3.033(2)5], and the weakened interaction resulting
therefrom may also be reflected in the low J(PtPt) of 57Hz. Chromato-
graphic separation of the mother liquor afforded small amounts of the

related complex (98; L = CO), together with the homonuclear derivatives

03, (CO) g (CyMey), Hp0s3(u3—CaMej) (C0)g(L) (L = CO and PPhjy) ‘[50].

Ph Ph Ph Ph

\ /
K¢ Y%
MCO)S //cox
- RU \ — Ru \N i

,Ru\c:\/‘“__Ni\ @,Ru\ﬁ// -
o o

(a) (b)
(96)
Ph
\C \/ph Me\ Me
N S
/ C RU(CO
|’,/" u( )3
(Cg)z L L
~Niz=R ~ s
.ut L /Pt—-7pf\
{50 o Doy o
& 2 (CO),
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6. HETERONUCLEAR CLUSTERS CONTAINING OTHER BRIDGING HYDROCARBON LIGANDS
The vinylidene complex Fej(u-C=CHy) (L1-CO) (CO)2(n-CsHg) reacts with

Co,(C0) g to give the FeCoz derivative (99), in which the C=CH; ligand now

Bu"-cH\ @

bridges all four metal atoms [85].

CHZ C\ Ni
. Co(w)a \
Fe"' / (0C) 3Ru — | -/~ Ru(CO0);
\ N N2
(CO) 2 : Ru
co
(c0)2 (co) 3
(99) (100)

Conversion of the p3-acetylide group in HR\Jg(ug-CzBut) (CO)g to a
uy-vinylidene ligand occurs on reaction with [Ni(00) (n-CsHg) ]2. The
product, black RuzNi{u,-C=CHBu%) (CO)gq(n-CsHs) (100) has the Ni(n-CsHs)
group capping a Ru3zC face. As found with (99), one carbon atom of the
vinylidene ligand interacts with all four metal atoms [Ni-C, 1.834(8);
Ru-C, 2.156, 2.159, 2.176(9)10\] [91].

Tetranuclear Ru-Ni clusters have been prepared from HRuj(y3-MeCCHR)-
(CO)g (R = Me, Et) and ([Ni(CO) (n-CgHg)lz; for R = Et, two isomeric pro-
ducts are formed [92]. A X-ray study of one isomer of RujNi(u,~MeCCHCEt)-
(C0) g(n-CsHg) (101) -shows- that the C3 ligand bridges the Ru-Ni hinge of
the Ruj3Ni butterfly core; the isomerism arises from the different substi-

tuents on the carbons attached to Ru and Ni.

o =
(lo1)
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o}
C

(0C) sMn——Pt——Mn (CO) 5

c
(o] (202)
Ph,P PFh2
\\\\\\‘ Pt/////
o I
(00) 4 o (C0)
(103)
Ph,P, ph2
\
Pt/ Mn (CO)
o TN
(204)

Alternatively, (106) is a 64-electron cluster ([95].

2 2

Hg//\ S \\cﬂz

Pl
o]
o)

(103a)

AN
R4

Hy

(o}
H Hp
(104a)
. Hp
H; c
c ’,/’/ \\\\
l —Pt Pt
3 \\\\ ////
Hy C
Hp
(105a)

Previous examples

of planar triangulated rhombi are the 62-electron species [RBH(CD)IGIZ-

and HReOs3(00) )5, and it suggested that the two "extra" electrons are

accommodated in an Ruj antibonding orbital.

This interpretation accoxds

with the relatively long Ru-Ru vectors [3.098, 3.147, 3.171(1)4).

each with a formal bond order of %@.

Hy
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(03) s

(CO) 3
\\ /FG\
PhyP PPhj
(OC) yFe /Ru(CO) 3

(CO) 2Co

N

(106) (107)

Co(Q0) 2

The reaction between Fe(C0),(P,Fh,) and Co,(CO)g affords
FeCoj (p=PPhy) 3 (u~C0) (CO) 7 (107) in high yield; a minor by-product is
FeCo(u~PPhy) (CQ)7 [96]. The Fe-Co bond lengths are unequal [2.530(2),
2.615(2)A), and one of the CO ligands on the further Co is considered to
be "incipiently semi-bridging" the Co-Co bond. The CO groups are fluxional
by (i) two turnstile rotations, one on each Co; (ii) bridge-terminal
exchange on Co; (iii) exchange of all CO's over all sites (at -15°C}. 1In
MeCN, three le reduction waves were observed; sodium amalgam afforded a
reduced species which regenerated (115) on protonation.

The isomeric mixture of syn-/anti-[Fe (u-SMe) (C0) 3]» reacts with
PHMe,, and subsequently Co(CO)3(n-C3Hs), to give brown-black Pe;Co-
(u~PMey) (u~SMe) 2 (CO) g (108) (50%), which has an open FepCo triangle {97].
Formation of (108) results from the usual propene-elimination reaction,
which is followed by insertion of the Co(CO) 3 moiety into the Fe-Fe bond,

transfer of CO from Co to Fe, and rearrangement of all bridging groups.
(CO)z

O

(OC) 3Fe Fe(CO) 3

(108)
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One of the products obtained by reaction between Fe(CO), (PHPhj)
and [RhCl(CO)2]2 in the presence of base is black FeRhj(u-PPhj)3(CO)g
(109a) [98). The FeRhj core adopts a butterfly arrangement; one Rh atom
has a formal l6-electron éonfiguration. Complex (109a) rearranges in
solution to a second isomer, probably (109b) . Treatment of the latter

with CO gives [Rh{u-PPhj) (CO)3];.

(OC)Rh

%  Ph
A //

(oc) \c/ (co) P (co)

0 Phy

Fe (Co) 3

(1093) (1091,)

Clusters containing uz-E (E = S, Se, PR, AsR, SiR,, GeR,) bridging units
Construction of clusters containing homo- or hetero-metallic units can
be facilitated if S or PR moieties are present as bridging ligands, and
this may be accomplished using suitable precursors containing S-S or H-P
bonds, which can react with .other metal carbonyls, for example.

Reaction of Fej(p-S3) (C0)g with [Cr(CO)3(n-CsHs)], affords the
greenish-black tetranuclear derivative CrjyFe;(u3-S), (u3-CO) 3 (Q0)g(n-CsHs) o
(110) (99]. Two CrpFe rings of the butterfly core are capped by sulphur,
while CO ligands attached to each Cr each bend towards the two Fe atoms
in a semi-triply bridging mode.

With Mn,(C0) ;o in thf, the iron-sulphur complex afforded the black
complex MnyFe;Ss (CO) )y (111; 97%). The X-ray structure, while not
unambiguously distinguishing between Mn and Fe, and MSssbauer data strongly
indicate the structure shown; one of the OO groups semi-bridges the two

iron atoms [l00]. The Se analogue has also been prepared.



=fe T Mn(CO)g
o o 1
AN .
Cr— =CR // I = Fe(CO)4
RS/ @ (Oc)zFe</
S \s 7 SMn(co),
(110) (111)

Interaction of Co,(CO)g with Fej (u-S3) (CO)g or with Fej(u-PHPh) -
(Co)¢ afforded the black FepCop clusters (112) and (113), respectively
f101]. Structurally, these complexes are very similar, and are analogous

to the homometallic Coy(uy~E),(C0) ;g (E = S, PPh).

(c0)z ,
(OC)3 (0C)3 Fe - /E
Coz (CO) g ‘\
Fe\\
(CO)Z 0C) a E (OC) 3€0 — | —— Fe (CO) 3
Co
(CO) 3
(112) E=Ss E'-E' = §-§ (114) E = S
(113) E = PPh E' = HPPh (115) E = Se

Previously, the reaction of Fej;{(u-S,) (co)s with Coz(C0)g at room
temperature had been reported to give (114) in 56% yield [102]; an almost
quantitative yield of this complex was obtained when the mixture was UV
irradiated [103]. Electrochemical (Ef = -0.24V vs Ag/AgCl) or alkali
metal reduction of (114) affords the radical anion [FeCoyS(C0)gl~, which
has a half-life of ca 1 min; further reduction is irreversible and results
in cluster fragmentation [104). Electrode reactions of the cluster are
characterised by strong absorption phenomena, probably associated with
electron transfer via the § atom; the phenomena were absent in FeCo,-
[u3~SCx(CO) 5] (CO)g. Substitution of CO by P(OPh) 3 reduces the reduction
potential (E} -0.86V vs Ag/AgCl). The ESR spectrum of the parent radical

anion was interpreted in terms of mixing of about 19% Co 3dgz into the

References p. 500
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LUMO antibonding orbital which is mainly 3dyy in the CoaS clusters;
approximately 60% of the spin density resides on the Co atoms.

The reaction between Fej(M~Sez) (CO)g and Coz(CO)g afforded on
irradiation black (115) in 95% yield [103].

An FeNi,S cluster is cbtained from Fep{(u-Sp) (CO)g and [Ni(CO)-
(n-CsHs) ], in 15% yield; dark brown FeNij(u3~5)(CO}3({n-CsHs) has struc-

ture {(116) [105].

(CO) 3 Ln
Fe ///M\\\
G © N
O Ni Ni {OC) sFe Fe (CO) 3
\ s /
(116) (117}

In contrast, quantitative yields of Fe,(CO)g{u3-E),M(PPhg), [117;

E = §, Se, Te; Mig = Pd(PPh3),, Pt(PPh3),]} are obtained from Fe,(u-Ej;) (CO)¢
and M(n-CpHy) (PPhy), {106]; similar reactions with Co{CO);(n-CgHs), Ni (CO) 5~
(dppe) or Pt(PPh3), afford [117; E = Se, Mlg = Co(n-CsHs), Ni(dppe),
Pt(PPh3)] [103]. These reactions proceed by insertion of the MIn moiety
into the E-E bond, but metal-metal bond formation does not occur.

Cluster complexes with related structures have béen prepared using
other routes. Thus, low yields {ca 10%) of (l118) were obtained from.
Fe,(CO)g and Mn(CO}{PCl,Ph) {n-CsHs) ; an improved synthesis, giving (118)
in 48% yield, is from the reaction between Fe3z(00) 3 and m(CO)z(PHQPh)—‘
{n-CgHs) [107].

Acidification of a mixture of scdium sulphide, [HFe(CO),) and
[Co(cO) 4]  affords HFe;Co(u3-S) (CO)g (119) in low yield; an improved syn-
thesis is by the redox condensation of Cop(CO)g and [Fej(u3-S) (COYg12~

in CH2Cl,, followed by acidification (15-30%). However, treatment of



mixtures of Fe(CO)g and Coj(CO)g with NayS or NaSEt in ethanol under CO

(100 atm, 150°C) gives violet (119) in 50-75% yield. The complex readily

ionises in polar solvents, e.g. pyridine, and the anion can be isolated

with suitable cations, such as [NEtH]+. If the anion is acidified in the

presence of nitrite, red-brown chiral Fe;Co(u3-S) (CO)g(NO) (120) is formed

in 70% yield [108].

N/

(0oC}) 3E‘e— Fe (co)3 (OC) 3Fe _ - CO(CO) 3 (0OC) gFe——|——Co(CO) 3
l
(:: MA — éo H\ E‘ Fe
(CO) 3 (C0) 2 (NO)
(118 (119) (120

479

One of the more interesting developments was the synthesis of the first

optically active metal clusters. Chiral clusters containing an MoFeCoS$S
core (121) had first been reported in 1978 [109]. Preparation of a
derivative containing (R)-PMePrPh allowed separation of the diastereomers
(122a andb) by crystallisation, which were separately converted back to

the enantiomers (12l1a) and (121») under CO in the presence of MeI.

Mo (CO) 2 (OC) 2M0
(oC) 300/ C0) 3 (0C) 3 Fe Co (Co) 3
(a) (b)
(121)
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MO(CO)Z (oC) 2n0
s \
Pr----P Fe (CO) 3 (0Q) 3Fe
(CO)Z (co)z
h Me
F (a) (b)
[@lp -14700400° +100501+300°
m.p. ]% C; less soluble m.p. 133°C; more soluble
(122)

The absolute configurations of the enantiomers of (121) were established
by an X~ray study of (122b) [110].

The black arsinidene cluster FeCoj (p3~AsMe) (CO)q (123) has been
obtained from Fe(CO),(AsHyMe) and either Co;(C0)g or Co(CO)3(n-C3Hs)

(l0s) [111].

Me
As

(aC) 3Fe Co(C0) 5

(C0) 3

(123)

Related compounds (124; R = Me or Ph) containing uz-germylidyne
groups have been obtained by the metal exchange route starting with
Co3(Hu3-GeR) (CO)g and [Mo(CO) 3(n-CsHs)1;. The silicon analogues (126;

M = Mo or W) were prepared in low yield (ca 14%) by a cluster assembly
sequence of reactions from Coz(CO)g and M{SiHzMe) (CO)3(n-CgsHs); the first
formed MSiCo; complexes (125) condense to the heterometal clusters on

heating in benzene (24 h, reflux) {112].
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Me (C0)3 He
si
//
@ (o) C
Co(m)a CO(CO)3
oc oC)
( )2 (CD)g ( 2
Co Co
(CO) 3 M= Mo, W (CO) 3
(124) (125) (126)
Heterometallic clusters from Crp{u-S){u-SBut),(n-CsHs), The chemistry

of Cry(u-S) (u-SBub) 5 (n-CsHs) 2 (Scheme 10, 127) has attracted the attention
of Russian workers [113]. This complex is the first binuclear organo-
metallic complex to be described wherein the presence of the Cr-Cr bond
(2.6893) does not result in diamagnetism. Instéad, (127) is antiferro-
magnetic, as is the methylated derivative [Crz(u-SMe)(u-SBut)z(n—CSHS)]+
[114]. Complex (127) has been used as a source of heterometallic deri-
vatives by utilising the reactivity of the bridging sulphur atom. The
nature of the products depends on the coordination number of the hetero-
metal atom. Reactions with Group VI metal carbonyls in thf under UV
irradiation rapidly result in the formation of the simple adducts (128)
which are also antiferromagnetic (115]. With Mn,(C0);,, a O cis to the
Mn-Mn bond is substituted in the product (129) [116]; the Mn(CO),(n-CsHs)
derivative (130) is similarly S-bonded [117].

Heterometallic clusters were obtained from the reactions between
(127) and M(CO)4(n-CsHs) (M = V, Nb) [117]. Complete loss of €O and Bu®
ligands occurs with formation of the black tetrahedral clusters MCr3(u3-S),-
(n-CsHsg)y (131); the Cr, analogue was formed by heating (127) in xylene,
or Cr(n-CsHs)y and sulphur in toluene. With Fe(CO)s in a photochemical
reaction, one But and two CO groups are eliminated to give black
CryFe (u3-S) 2 (u-SBut) (CO) 3(n-CsHs) (132). The Fe atom is bonded to only

one Cr, the other non-bonding vector [3.1103] being bridged by the uj3-s

References p. 5600
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ligands [118]. Complex (127) reacts with Co,(CO)gin thf to give dark-brown
CryCo(u3~S), (u-SBut) (CO) 5 (n-CsHs) (133) in which all the metal-metal
interactions are bonding [116]. On heating (133) with diphenylacetylene,
it is transformed into the tetranuclear complex (134), in which each face
of the tetrahedral Cr3Co core is capped by S [119].

- A major interest of this work has been in the use of (127) as an
antiferromagnetic ligand in complexes (128)-(130), and as a source of the
antiferromagnetic metal sequence complex (132) and cluster (133), the
latter being the first such example described. 1In all of these, the
exchange parameters have been determined for each direct metal-metal inter-
action, and differences can be correlated with changes in geometry.

Cluster (131) is paramagnetic, while (134) is diamagnetic.

Complexes with u-C1 or u-OH ligands Dehalogenation of several metal
halides with iron carbonyls has often been used as a route to mixed-metal
derivatives containing iron. The reaction between Fe,(C0)g and RuCl,(PRj3)-
(n®-arene) is another example of this type of reaction, and affords the
FeRu; complexes (135) as major products (20-40%), in which the u-Cl ligands
bridge the two ruthenium atoms [120). Their separation [3.185(2)53 in the
P(CECBut)PhZ complex]is too long for a formal Ru-Ru bond, and indeed one is
not required for the usual electron counting. Yields of (135; L = PPhj)
decrease in the order arene = CgHg > p-cymene > CgMeg, but those of (135;

L = P(OMe)3] are similar when RuXj{P(OMe)3](n-CgHg) (X = Cl or I) are used

as precursors. As is commonly observed, the reactions are not simple,

483

RU ————
_
oc// o %
§ Co
PR3 = PMej, PMe,Ph,
PPhj3, P(OMe) 3,

(CO) 4 PhoPC=CBut
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and by-products include FeRujp(CO);g(PR3)2, FepRu(CO)))(PR3) and Ru3(CO),p~

(PR3) 2 )
The u~Cl complexes (135) react with bases in acetone to give

orange (136; L = PMej or PPh3), containing u-OH ligands; in isopropanol,
similar reactions with bases afford red (137), in which p~H groups are
present [121). The Fe(CO)y group in (135; L = PPFhy} is removed on

reaction with KI in (CH,OMe), to give (Ru(u-I)(CO)2(PPh3)]l;.

L(oc)zku-\—\—oa—-ku(co) 2L (Ph3P) (OC) R 2 _ _ . - Ru (CO) 2 (PPh3)
Fe
(CO)-.. {(CO) 4,
(136) (137)

The first examples of complexes containing anionic metal carbonyl
units as bridges between palladium were obtained from reactions between
[Mo (CO) 3(n~CsHs) 1™, [FE(CO)a(NO))- or [Co(CO}y) " and (pd(p-Cl) (CgHy ™
C—;z_‘uuez)]z {122}. In these compounds, one of the u-Cl ligands in the latter
complex as replaced by Mo(C0)3(n-CsHs), Fe(CO)3(NO) or Co{C0), groups,
respectively (138). The metal atoms form open MPd, triangles, which
for M = Mo is triply-bridged by a CO ligand (138a); the Pd-M
bonds are also bridged by CO. The Co complex is formed as two iscmers,
differing in the orientation ('cis' and ’'trans') of the cyclometallated
ligand. In solution, the compounds are fluxional by some process which

generates a plane of symmetry (not found in the solid) containing the

cyclometallated ligands and the metal atoms.
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MLy, = Mo(00) 3(n-CgHg), Fe(CO) 3(NO), c l ///// I \\\\\\ c
\ < \
CO(CO)L. < Pd/O\Pd<

8. SULPHUR-BRIDGED CLUSTERS OF BIOLOGICAL INTEREST AND RELATED THIO-
METALLATE COMPLEXES
MFe3S,, c]usters' The immense amount of interest in, and generated by, the
cubane-like MoFe3S, clusters, their dimers and tungsten analogues, as a result
of these compounds representing the closest synthetic analogues for the
molybdenum centre of nitrogenase, is reflected in the large number of publi-
cations dealing with this subject which have appeared during the two years
under review. In addition to the biological implications, this work has
resulted in the development of new synthetic techniques, and the structural
characterisation of so many of these complexes has allowed a clearer under-
standing of the metal-metal and metal-sulphur interactions therein. However,
the relevance of these studies to organometallic chemistry in the context of
this article lies only in the heterometallic interactions, so that a
comprehensive survey will not be given. 1Instead, the major synthetic and

structural achievements are considered only within these limitations.

Reviews The proceedings of an international symposium on Molybdenum
Chemistry of Biological Significance, held in Kyoto in 1979 include several
articles on the functions and active sites of the Fe/Mo protein in nitro-

genase, with a review of XAFS studies on model systems [123]. A complete
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section of the proceedings is devoted to the Fe/Mo cofactor and MoFeS
cubane clusters. Similarly, the proceeding of the Fourth International
Conference on Nitrogen Fixation, held in Canberra in 1980, also contain
several review articles on subjects germane to this area {124]. The rele~-
vant citations are listed in Table 2.

Coucouvanis has described his work on Fe-M-S complexes (M = Mo or W)
derived from thiometallate anions, and their possible relevance as analogues
for structural features of the molybdenum site of nitrogenase. This article

also contains references to earlier studies [125].

Papers Most publications have described the syntheses and/or structures
of new complexes containing either monomeric or dimeric MoFe;S, cores, and
differing in the terminal ligands; included in these are slectrochemical,
magnetic, Mdssbauer and NMR studies, together with reports describing subs-
titution reactiocns, and the preparation of reduced species; systems containing
the latter can reduce acetylene to ethylene catalytically, and evolve hydro-

gen. Detailed citations are summarised in Table 3.

Transition metal thiometallates and related complexes Several examples
of mixed-metal thiometallate complexes have been prepared, including iso~
meric (n~CgHg) Mo (u~S) WS, and (n-CgHs) 2W(p-5) o2M0S5; the dimeric oxo analogue
[{n-CgHgMe) pMo (u~0) 2W02 ), was also described [126].

In [Szwschszwszlz', spectroscopic and electrochemical data support
an Extended Huckel MO study which indicates the MO's are delocalised, with
strong metal-ligand interactions. Two le reductions result in a formally
Co® tetranion, stabilised by electron delocalisation Co + WS, [127]).

Multinuclear complexes containing MoS,2” and Mo0S32” ligands have
been obtained with Group IB metals, including those with cubane-type

structures (139) and (140) and the extended trinuclear system {141) (see

also Part A) (128].
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P P
(Cu3MoS3Cl) (PPh3) 30 (CuyMzSg) (PPh3) 4,0p
(139) M= Mo, W
(140)

\/\/\
/\/\/

(141)

P = PPh3

Red (Cu3M053C1)(PPh3)3S (139) can be obtained from (NHkleoSk, CuCl2 and
PPhy in a water-CH,Cl, system [129]. The complex has the pseudo-cubane
structure and may be related to Cu-Mo-S interactions in biological systems.
The reaction between Cs,[WOS3], CuCl, and PPh; over 5-6 days in a two phase
water-CH,Cl,~acetone-pentane system affords a 4:6 mixture of yellow-orange
[Cu3W$3Cl](PPh3)3O and red [CuyW,Sg] (PPh3) ,0 (140), which can be separated
mechanically [130]. The latter contains a cage formed by fusion of two
SCuyS,W rings, and the analogaus compounds of Ag* with Mo0S32” and WoS32~

are probably similar [131].

9. OTHER COMPLEXES CONTAINING HETERONUCLEAR CLUSTERS

Metallacarboranes with heterometal bonds Two examples of cluster
compounds containing boron, carbon and two different metal atoms have

been discussed in the period under review. Dark green 1,2,4,5-(n-CsHsg)z=
CoFe (H)MeC2B3H3 (142) was isolated as one product from a reaction between
CoCly, CsHs and (2,3-MepCpByHy) oFeH, in ethanolic KOH [132]. The iron
and cobalt atoms occupy apical and equatorial positions in a pentagonal

bipyramidal skelton; the H atom probably caps the Fe-Co-B(3) face. The
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metal-metal separation [2.557(1)3] compares well with Co-Co distance in

the related complex (n-CsHg);CosMesCyB3Hg.

~ Co
e "BB241 N
Mes 7/ /[ W\H
C‘— N - |- BH\
Y MU SE b,
m’cw% M"/ \,Bfl
B ’ ’ E\\B
(142) Me (143)

The unusual compound (n-CsHg)CoFeMe,CyBgHg (143) consists of two
pentagonal bipyramids sharing an apical Fe atom, with a wedge B-H group.
Several attempts to rationalise the bonding in this compound have been
Jade; King and coworkers [133] have concluded that while the original
proposal [134] contains several inconsistencies, the crystallographic
data do not allow an unambiguous distinction between two alternative bonding

models which they advance.

Hetero-metal atom clusters The Faraday Symposium on Diatomic Metals
and Metallic Clusters, already referred to in Part A, contained a review
of experimental results includes values for the atomisation energies,

Doo, of AujEu, AujHo, AupLu and RhTi;, and a comparison with values calcu-

lated using the Pauling model (polar single bond).

Structural studies Table 4 summarises X-ray studies of nearly 100 com-
plexes containing heteronuclear metallic clusters which were published during
1980-81, together with values of the hetero-metal separations. The shape of
the hetero-transition metal core is also indicated, but readers are referred
to the structural diagrams in the main text for details of bridging groups

and other ligands present.
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