Coordination Chemistry Reviews, 69 (1986) 127-258
Elsevier Science Publishers B.¥V., Amsterdam — Printed in The Netherlands

CLUSTER COMPLEXES CONTAINING OPENED TRANSITION
METAL POLYHEDRA

MICHEL O. ALBERS * and DAVID 1. ROBINSON

127

Mational Chemical Research Laboratory, Council for Scientific and Industrial Research, P.O.

Box 395, Pretoria 0001 {Republic of South Africa)

NEIL J. COVILLE *

Department of Chemistry, University of the Witwatersrand, 1 Jan Snuts Avenue, Johannesburg

2001 (Republic of South Africa)
{Received 22 July 1985)

CONTENTS

A, Introduchion . . . ... ... .. e e e
B. Survevaccordingtometal . ... ... ... .. ... e
(i} Titaniom, zirconium and hafnium . . ... ... ... .. ... .. ...
(i) Vanadium, niobium and tantalum . ... ........... ... ... ... .....
(iti)) Chromium, molybdenum and tungsten ... ... ... . ... ............
(iv) Manganeseand thenium. . . ... ... .. ... .. ... L i
{v) Iron, rutheniumand osmium ... ...... ... nneooneanenenn.
(vi) Cobalt, thodivmandindium ... ... ..... .. ... ... ... ... ... ...,
(vil) Nickel, palladiom and platinum . .. ... ... .. ... L. oL oo L.
(viil) Copper, silverandgold ....... .. .. .. ... .. . . .. i .
L 0 11 L1 T
(i) Occurrence of acyclicclustercomplexes . . ..... ... ... . ... ...
(i) SyntheticSLFALEGIES . . . . . . . .. ...t e e
(iti) Structures and structure prediction ... .. .. ... ... .l e ..
(iv) Chemical reactivity . . . . . .. . .. ... e
(v) FutureconsiderBtions . . ... ..ottt i i ittt et e e
ACKNOWIEdBEMEIIIS . . . ... . . . i ettt e e e
References

ABBREVIATIONS

acac acetylacetonate

bipy 2,2'-bipyridine

Bu butyl

CHT cyclohepta-1,3,5-triene
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COD cycloocta-1,5-diene

COoT cyclooctatetraene

dba dibenzylideneacetone

dpmp bis(diphenylphosphinomethyl)phenylphosphine
dppe 1,2-bis(diphenylphosphino)ethane

dppm bis(diphenylphosphino)methane

Et ethyl

f,asp Ph, As— C=C(AsMe,)CF,CF,
f,fars Me, As—C=C(AsMe, )CF,CF,

Me methyl

NBD norbornadiene

n-, i-, t- normal, iso, tertiary

Ph phenyl

phen 1,10-phenanthroline

Pr propyl

pPY pyridine

R alkyl or aryl (unless otherwise indicated)
THF tetrahydrofuran

THT tetrahydrothiophene

tmeda N,N,N’, N'-tetramethylethylenediamine

A. INTRODUCTION

Transition metal complexes have played a significant role in the develop-
ment of inorganic chemistry [1-8]. The last fifteen years in particular have
seen major additions to the fund of knowledge concerning the coordination
chemistry of metal atoms in a cluster, and how the closely interactive
environment in the cluster influences the properties and the reactivity of the
cluster complex [8].

Much of the interest in metal clusters has been motivated by the possible
role of clusters as bridges between molecular chemistry and solid state
chemistry, and the belief that this could lead to a greater understanding of
surface phenomena and ultimately to the development of novel catalysts
[9-12]. While the promise of many early discoveries has, however, remained
largely unfulfilled in this respect, it is clear that an enormous fund of
scientific knowledge has been accumulated which could lay the foundations
for future, more realistic appraisals of potential applications.

One of the most important recent developments in cluster chemistry has
been the recognition of the importance of the reactivity of the metal cluster
core and for which the term “basic metal cluster chemistry” has been coined
{13]. While this viewpoint highlights a hitherto largely neglected aspect of
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the reactivity of metal clusters which relates to the relative stability and
reactivity of metal-ligand and metal-metal bonds, it serves specifically to
emphasise the importance of transformations of the metal atom framework
within the context of cluster synthesis, structure and reactivity. These
considerations are of crucial importance in appreciating the relationships
between transition metal complexes of different metal atom nuclearity, e.g.
the relationships between mono-, di- and trinuclear complexes, and the
application of these relationships to an understanding of the structure and
reactivity patterns of clusters. In this regard, dinuclear transition metal
complexes specifically have been implicated as a possible stepping stone
between the relatively well understood chemistry of mononuclear systems
and the more complex chemistry of clusters [14]. (That this is not necessarily
a trivial expectation though, witness the recent controversy over the substitu-
tion chemistry of the “simple” dimers [M,(CO),, KM = Mn, Re) [15-20].)

For the purposes of this review, a transition metal cluster is considered to
be defined as a compound in which there are three or more transition metal
atoms in a bonding interaction. Also for the purposes of this review, clusters
are considered to fall into two classes. The first and the largest group
contains metal clusters in which at least some of the transition metal atoms
form a closed or cyclic core structure, as found in complexes such as
[Os4(CO),, ] [Ir,(CO),,] and [Os;(CO),] [8] (Fig. 1). Previous reviews [1-38]
have stressed the synthesis, structure and chemical reactivity of such cyclic
clusters. However, to date, little emphasis has been placed on the second
group of cluster complexes which have been variously described in the
literature as open, linear, chain or oligomeric clusters or complexes [7,8,13,14].
In order to remove the ambiguity associated with this terminology, and
consistent with that used for the first grouping of clusters, we will refer to
these complexes collectively as open or acyclic cluster complexes, i.e. cluster
complexes containing opened transition metal polyhedra,

on. [Tricor; ] o3 [Pty tent, (CoH, NO), ]5'

Fig. 2.
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It is the objective of this review to survey the range of acyclic transition
metal cluster complexes currently known with a view to indicating their
relationships to cyclic clusters and also to simpler, e.g. dinuclear, metal
fragments. The review will therefore not be concerned with cyclic cluster
complexes, nor will it be concerned with chain complexes [21] (1.e. with solid
state structures which have been shown by X-ray crystallography to contain
extended arrays of repeat metal atom units e.g. [Ir(CO),Cl] [22}) or oligomeric
complexes [14,23] (i.e. aggregates of metal atom units which form, usually in
solution, such as observed in the “platinum blues” and related systems [24])
(see Fig. 2) other than to indicate their possible relationships to acyclic
cluster complexes.

Some examples of acyclic cluster complexes surveyed are shown in Fig. 3,
viz. a linear arrangement of three metal atoms as illustrated by [Os,(CO),1,]
[25], a zig-zag arrangement of five metal atoms illustrated by [AuW, Pt,(n’-
C;H,),(CO),(PMe,),(145-CR),] [26], and an open triangular arrangement
of metal atoms as found in [Fe,;{CO)¢(15-S),1[27].

With regard to the use of dinuclear complexes as a stepping stone in the
understanding of cluster chemistry, it is interesting to note (Fig. 3) that
acyclic clusters may be viewed as being intermediate between cyclic clusters
and dinuclear complexes. More specifically, linear complexes are closely
related to dinuclear complexes, open triangular complexes are closely related
to cyclic cluster species, while the zig-zag metal arrangement embodies
elements of both the linear and open triangular complexes, and therefore
may be considered to fulfill an intermediate role between these two.

Any survey concerned with complexes containing metal-metal bonds
must address itself to the evidence for metal-metal bonding. In this regard,
we have followed the guidelines proposed by Roberts and Geoffroy (7).
Briefly, the most reliable evidence is based upon X-ray or neutron diffrac-
tion studies, but a requirement for a metal-metal bond to exist based on
spectroscopic data, the effective atom number rule and chemical reactivity
also constitute valid criteria [7]. However, despite these, and other criteria,
borderline cases do arise [7], and in this regard we have adopted a policy of
inclusion, treating such cases on merit and highlighting these problem areas
with as many recent literature citations as possible.

In the absence of bridging ligands the question of metal-metal bonding
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interactions is generally relatively straightforward. The presence of bridging
hydrido ligands, however, poses a unique problem. In this regard we have
adopted the proposals of Churchill et al. [28] and Bau et al. [29], and
therefore consider that the presence of a hydride bridge between the metal
atoms does signify some (albeit variable) amount of metal-metal bonding.
Thus, for instance, the complex {H,0s,{(CO),,] is taken to have a closed
triangle of three osmium atoms [28] (and is therefore not included in this
review), whereas the complex [HRe,Mn(CO),,] containing a Re-H-Re-Mn
bonding sequence is considered to have a significant Re—Re interaction
[28,29] and is therefore included.

This survey has been arranged according to groups within the Periodic
Table, the metals within each group being dealt with individually as far as
possible. Further, for each metal, homo- and heteronuclear complexes have
been dealt with in that order. The classification adopted for heteronuclear
complexes has been in terms of a “structure controlling” atom or group of
atoms, 1.e. the atom or group of atoms assumed to most influence the
structure of the overall cluster when compared to homonuclear analogues. In
practical terms this very often amounts to being the metal atom or group of
atoms bonded to the most other metal atoms, e.g. in an open triangular
arrangement of metal atoms (see Fig. 3) this would be the central metal
atom rather than one of the two outer metal atoms. The classification of
heteronuclear complexes is elaborated upon more fully in the text. However,
a comprehensive listing of all acyclic clusters including heteronuclear com-
plexes is also given in tables in the relevant sections to facilitate cross-refer-
encing. ' _

Finally, it should be stressed that although an attempt has been made to
provide a comprehensive survey of currently known acyclic cluster com-
plexes, the main objective has been to delineate the different types of
complexes known to date. The literature has been surveyed up to and
including 1984.

B. SURVEY ACCORDING TO METAL
(i) Titanium, zirconium and hafnium

There is at present no evidence that the elements of Group IV readily
form complexes containing metal-metal bonds [5-8] and relatively few
clusters of titanium, zirconium or hafnium are known. As far as we are
aware, there have, to date, been no reports on acyclic clusters involving these
elements *.

* It has recently come to our attention that the complex [(#°-CsH,),Zr{{n’-C,H )Ru-
(CO), },] has been synthesized and structurally characterized (C.P. Casey, R.F. Jordan and
A L. Rheingold, Organometallics, 3 (1984) 504).
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(ii} Vanadium, niobium and tantalum

(a) Vanadium

Very few metal clusters containing a vanadium atom are known [5-8],
and to date there have been no reports of acyclic clusters containing
vanadium pertinent to this review.

(b} Niobium

Niobium, in contrast to vanadium, does form metal clusters, but generally
of the type where the metal is in a high oxidation state, e.g. [{NbgCl;, ) Cl 1%,
and usually with either octahedral or triangular metal frameworks [8]. There
are no acyclic clusters of niobium in which the metal could be considered to
be structure controlling, and relatively few complexes, e.g. [M(CO), {(n’-
C;H,),Nb(CO)},(p2-H),1 (M = Mo, W) [30] containing nicbium as part of
an acyclic cluster unit, have been reported. Discussion on such complexes is,
however, deferred to later Sections (B.(iii}(b) and (c), B(vii){(a—c)) as the
structures are best considered in terms of the central molybdenum and
tungsten, and nickel, palladium and platinum atoms.

{c¢) Tantalum

The cluster chemistry of tantalum is closely related to that of niobium;
most complexes reported to date contain the metal in a high oxidation state
with octahedral or triangular metal frameworks being the rule rather than
the exception [8). Only one complex relevant to this review, [{(n°-
C;H;),Ta(CO)} {Mn,(CO), }(p,-H)] [31], containing a tantalum atom as
part of the metal framework has been reported (see Section B.(iv)(a) and
Fig. 23).

(iii) Chromium, molybdenum and tungsten

{a) Chromium

The paucity of data on chromium suggests that this metal has little
propensity for forming clusters [5-8], and correspondingly there are few
acyclic cluster complexes containing a chromium atom relevant to this

TABLE 1

Acyclic cluster complexes of chromium

Formula Complex Fig. Ref, ®
[(#°-CsH,),Cr, Fe(p,-SBu' HCO) 5 (p5-8) ] n 4 32*

5
[{(7°-CsH)Cr(CO), } {Pd(NMe,CsH ,CH, )}, (£,-CD] () - 33

® References marked with an asterisk refer 1o crystal structure determinations.
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review. Two complexes have a chromium atom which may be considered to
play a structure controlling role, while the remaining acyclic complexes
generally have groups such as {(#°-CsH;)Cr(CO);} present as the termini in
a multimetallic complex (Table 1) (see for example Sections B.(vii}(b) and
(ch.

The photochemical reaction between the complex [(7°-CiH;),Cr,(p,-
SBu'),(u,-S)] and iron pentacarbonyl in tetrahydrofuran yields, after purifi-
cation by column chromatography, a complex of stoichiometry [(n’-
C,H,),Cr,Fe(SBu')(CO),(8),], (1), in 72% vield [32]. The structure of this
molecule has been determined [32] (Fig. 4): the trimetal core consists of a
bent Fe-Cr—Cr framework face-bridged by two sulfur atoms with the Cr—Cr
edge bridged by a SBu' group (Fe-Cr(1) = 2,726, Cr(1)-Cr(2) = 2.707, Fe -
--Cr(2) =3.110 A; Fe-Cr(1)-Cr(2) = 71.88°). The structure of this mole-
cule is closely related to those determined for [Fe,(CO)g(n;-X),] type
molecules (see Section B.v)a) and Fig. 27) and can be viewed as a
heterometallic substitution product of [Fe,(CO),(p4-S),] where the unit
{(°-CsH ;) ,Cry( p,-SBu')) replaces a {Fe,(CO),} unit.

The dinuclear palladium(I1) complex [{ Pd(NMe,CiH,CH,)(j,-Ch},] re-
acts with Na|(n*>-C,H;)Cr(CO),] at room temperature to give a complex of
stoichiometry [{(#°-C;H;)Cr(CO), } { PAINMe,CH (CH, )}, (1,-CD), (2) [33].
On the basis of its spectroscopic properties it has been assigned a structure
containing_a bent Pd-M-Pd unit, analogous to that of [{(%’-C;H;)Mo
(CO), )} {PdA(NMe,CH,C,H )} {#,-Cl)] which was characterized by X-ray
crystallography {33,34] (see Section B.(iii}(b), Fig. 7):

(b) Molybdenum

There is only one example of a homonuclear acyclic molybdenum com-
plex published to date. Heating the formally triple metal-metal bonded
complex [{(7°-CsHs)Mo(CO), },] with ethyl diazoacetate in boiling toluene
gives a dark green, air-stable crystalline complex of stoichiometry [{(%°-
CsH ) ;Mo (CO)Y (NXO)], (3), in 5% yield [35]). The X-ray crystal structure
of (3) has been determined [35] (Fig. 5). The most unusual feature of this
molecule is the bridging nitrogen atom which is almost co-planar with the
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Mo, plane and has an essentially T-shaped coordination geometry
(Mo(2)-N-Mo(3) = 171.8°, Mo(1)-N-Mo(3) = 93.8°, Mo(1)-N-Mo(2) =
94.4° (average values, two crystallographically independent molecules)). The
averaged Mo-Mo bond lengths (Mo{1)—Mo{(2) = 2.851 A, Mo(1)-Mo(3) =
2.848 ;\] are at the lower end of the range observed for Mo—Mo single bonds
(generally 2.7-3.2 A). The averaged Mo(2)-Mo(1)-Mo(3) angle is 84.5°.
Another unusual feature of this molecule is the presence of molybdenum
atoms in both the (formal) II and IV oxidation states. This complex is
thought to be formed by a mechanism involving an intermediate that
involves bridging of the Mo=Mo unit in [{(7°-CsH)Mo(CO),},] by
CH(CO,Et)N, coordinating through both the nitrogen and the ketonic
oxygen atoms to molybdenum [35].

Feasey and Knox [36] have also obtained (3) by heating [(7’-
C;H;)Mo(CO),(NO)] together with [{(w’-CsH)Mo(CO),},] at 200°C. Sig-

TABLE 2

Acyclic cluster complexes of molybdenum

Formula Complex Fig. Ref_ *
{(n°-CsH )3 M0y (CO) (NXO)] 3 5 35%.36
[("ls'cs H;)sMo,W(CQO),,(NXO)) - - 36
[(7°-CsHs); MoW,(CO) ,(NYXO)] L)) 6 36
H{(n*-CsH, )Mo(CO), } (PA(NMe,CH,CH )} (12-CD]  (5) 7T 3334
5
[{(7-CsH )Mo(CO); }{PAd(NMe,C H,CH , } 5 (11,-C)) 6 - 33
[(7°-CsH;);W; Mo(CO) ¢ (p-CO) 2 (-CR), KR = )] 8 37*,38%
CyH, Me4)
[MoFe,(CO)s(s2,-SBu') ] (8 9 a0
[M0o,S,1%~ _ C)) 10 a1~
{{PPh,);Cu,MoS,] (10) 11 42*
[(PPh,},Cu, MoOS,] (1) 11 43"
{AsPh,),[(NC),Cu,MoS,] (12) 11 44* 4s*
[Mo(CO) 4{(1°-C5 H;), ND(CO) } 5 ( ps-H), ] (13) 12 30*

* References marked with an asterisk refer to crystal structure determinations.
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nificantly though, isotopic labelling of the nitrosyl ligand (N'30) indicated
that the oxo ligand in (3) is not derived from NO. The reaction was
proposed to proceed via the intermediary of [{(#’-CsH;)Mo(CO),},] ob-
tained by decarbonylation of [{(#°-CsH,)Mo{CO),},] under the conditions
of the reaction [36].

Several heteronuclear acyclic clusters of molybdenum, where the
molybdenum atom occupies a central, structure controlling position, have
been synthesized (Table 2). _

One, the complex [(7°-C,H;),MoW,(CO),(N)O)], (4), has been synthe-
sized by heating either [(7°-C;H,)Mo(CO),(NO)] with [{(%*-C;H)W
(CO);},) or [(7°-CsH)W(CO),(NO)] with [{(n-CsHs)Mo(CO)s5},] at
300°C [36]). The analogue [{7°-C,H,),;Mo,W(CO),(N)(O)] is also obtained
as a product of these reactions. The structure of (4) is proposed to be similar
to that of (3) except that it contains the heterometallic W-Mo-W core (Fig.
6).

The dinuclear palladium(Il} complex [{ Pd(NMe,CH ,C;H ) x,-CD)},] re-
acts readily at room temperature with Na[(%’-C;H)Mo(CO),] to give a red
solution from which black crystals were obtained. Microanalytical and
spectroscopic data are consistent with the formulation [{(#°-C;H;)Mo
(CO),; }{Pd(NMe,CH,C,H,)}.(,-CD)], (5), which has been confirmed by
X-ray crystallography [33,34). The bent Pd—Mo-Pd framework (Pd—Mo-Pd

ch@“-——co
LN,
/N/‘: T ,\/"\
Me Me Me Me
Fig. 7.
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= 70.43°) has both Pd—Mo bonds (average bond length 2.810 13\) bridged by
a single carbonyl group while the third carbonyl ligand triply bridges the
trimetal unit; the chloro ligand bridges the open edge of the cluster [33,34]
(Fig. 7). The closely related complex [{(%°-CsHs)Mo(CO),}{Pd(NMe,
C.H,CH,)},(n,-CD), (6), analogous to the chromium complex (2) has also
been synthesized [33], and on the basis of its spectroscopic properties
assigned a structure similar to that determined for (5).

The reaction of [Mo(CO),(NCMe),] with {(7°-C.H)W(CO),(=CR)] (R
= C4H,Me-4) in boiling hexane gives the purple crystalline material [(n*-
CsH ), W, Mo(CO) ,(p1,-CO),(u,-CR), ], (7), {37,38). X-ray crystallography
[37,38] has shown the molecule to possess a bent W-Mo-W framework
(W-Mo-W = 148.2°) with an average Mo-W bond length of 2.938 A. Each
metal-metal bond is bridged by a {CC,H,Me-4} group, and a semi-bridg-
ing carbonyl ligand (Fig. 8). The structure of (7) is thus closely related to
that of [(#*-C,H,),W,Pt(CO},(n,-CR),] (R = C,H,Me-4) [39] by the iso-
lobal mapping {Mo(CO),} <~ {C**} «=— {P{(0)}. Complex (7) reacts
with carbon monoxide to give initially the heterobimetallic complex [(7°-Cs-
H)YMoW(CO),(1,-CR)}] and ultimately the mononuclear species (Mo(CO) ]
and [(7°-CsH;)W(CO),(=CR)]. These reactions are best regarded as a
stepwise displacement of {(7’-CsH)W(CO),(=CR)} units from (7) by
carbon monoxide [37,38].

The novel molybdenum-iron thiolate complex [MoFe,{CO)g(u,-SBu') ],
(8), has recently been reported to be the major product of the reaction
between [Mo(SBu'),] and [Fe,(CO)y] [40). The molecular structure of (8)
has been determined by X-ray crystallography [40] (Fig. 9). The average
Fe—Mo bond length is 2.757 A and the Fe-Mo-Fe angle is 160.43%. Unlike
many other molecules containing open structures of metal-metal bonds, this

%
dib _,w
@CHhFe T __ c _ Fe {Co); .

Fig,. 9.
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complex shows remarkable thermal stability and a variable temperature 'H
NMR study was performed in toluene-d; up to 110°C. At room tempera-
ture two singlets were observed for the t-butyl protons of the thiolato
lipands which are observed to coalesce at approximately 70°C. The authors
attnnibute this phenomenon to the equilibration of each pair of t-butyl
substituents, but it could equally well be explained by an equilibration of the
iwo semi-bridging carbonyl ligands by an intramolecular site exchange
mechanism.

There have been several reports of molecules with all molybdenum, or
central, structure controlling molybdenum atoms in which the presence of
formal metal-metal bonds is less certain. In almost all examples, the
molecules contain bridging sulfur ligands usually together with terminal
sulfur or oxygen atoms. Brief references to a representative number of these
cases are included below.

The dianion [Mo0,S,]>7, (9), has been synthesized in 77% yield by heating
(NH,),MoS, in N, N-dimethylformamide [41]. A single crystal structure
determination has been carried out (see Fig. 10) but due to disorder of the
central molybdenum atom and its terminal sulfido ligand the structure was
refined over two sites with relative occupancies of 0.88 and 0.12. Thus two
Mo-Mo-Mo bond angles were determined (155.0, 157.0°) and two sets of
Mo-Meo bond lengths (2.982, 2.924 A and 2.802, 3.082 A) were obtained.
Electronic considerations suggest the Mo 4d,, orbital of the central metal
atom lies along the Mo—Mo axis as do the 4d,. orbitals of the terminal
molybdenum atoms. This, and the close proximity of the molybdenum
atoms suggests some measure of bonding interaction between the metal
atoms, although in the words of the authors [41], “lines between molybdenum
atoms do not necessarily imply that metal-metal bonding is present”. It
should further be noted that there are a number of tungsten complexes
closely related to the anion [Mo,;S,]2~ (see Section B.(iii)(c)) where similar
bonding considerations would also apply.

The heteronuclear complexes [(PPh;},Cu,MoS,], (10), {42}, ((PPh,),Cu,
MoS§,0], (11), [43] and (AsPh,),[(NC),Cu,MoS,], (12), [44,45], have been
synthesized and structurally characterized (see Fig. 11). They generally
consist of a Cu—Mo-Cu unit linked by bridging sulfido ligands. Although
the Cu—Mo internuclear distances are typically in the range 2.63-2.79 A,
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there is uncertainty about the degree of interaction between the metal atoms.

Finally, the complex {[Mo(CO),{(#7°-CsH,),Nb(CO)},(p,-H),], (13), [30]
has been synthesized from [(°-C;H),Nb(BH,)] and {Mo(CQ),(THF)] and
structurally characterized by X-ray crystallography [30] (see Fig. 12). The
Mo-Nb internuclear distances of 3.579 and 3.565 A are unusually large
suggesting thalt direct Nb—-Mo bonding may be absent. The presence,
however, of hydride bridges between the molybdenum and niobium atoms
suggests that indirect metal-metal bonding, namely via a Mo—-H-Nb three-
centre two-electron interaction, is a possibility {29]. The reasonable Mo-H
(2.04, 2.06 A) and Nb-H (1.83, 1.75 A) distances and the non-linear
Mo-H-Nb disposition (141.0, 133.1°) would serve to support this conten-
tion [29].

(c) Tungsten

Acyclic cluster complexes are more numerous for tungsten than for either
molybdenum or chromium (see Table 3). This is to be attributed to the great
variety of organometallic complexes of tungsten containing an acyclic

&
—;—Nb@
wS)

“®

\

H
tocyquo-...,__H
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Fig. 12.
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TABLE 3

Acyclic cluster complexes of tungsien

Formula Complex Fig. Ref.®

[(#%-C5 H ) ;W;(C0) 4(14,-C0) ,(#,-CR), ] (R = C,H  Me-4) (14) — 31,38

(% C H)PL,W(CO) (PRI Y 45-CR)] (R = G H Me-4; (15) 13 47"

R’ = alkyl or aryl)

[{(n*-CsH)W(CO) 5 (u5-CRY{(7 'CsMes)CU}z] (R= (16) 14 4849

C.H ;Me4)

[{Pt(PMes,), }{(n*-CsMe,)Cu} ((2°-C;sH5)W(CO), J(u3-CRY  (17) 15 48,49"

(R =CH Me-4)

[P{(n*-CsH,)W(CO), ), {(7°-CsMe)Cu), (-CRY,] (R=  (18) 16 49

CoH Me-4)

[PL{(n*-CsH;)W(CO), },(PHCOD)}(u,-CRYu;-CR)| (R= - (19) -  26*

CsH Me4)

[{(WS'CSHS)W(CO)z }aPt2(p-CR), (4,-CR)] (R = CH Me-4) (20) - 26

[{(#"-C;H;)W(CO), ), PUp-CR); ] (R = C,H Me-4) @n - 26*

[{(n*-C;Hy)W(CO), }, P{PICOD)} (#-CR), ] (R = @2 - 26

C.H Me-4)

[Pt{{n*-CsH;)W(CO), },{Pt(PMe, Ph), }(p-CR)(p;-CR)] (R = - - 26

C,H, ,Me-4)

[W3(CO}yo(1,-SR),] (R = alkyl or aryl) (23) 17 50*

[(7-C,H;)W(p,-ER") ,W(COX £,-ER),W(CO),] (E=S,Se; {24 18 51%52*

R = alkyl or aryl) -

[W,Sg)2~ (25) 19  41,53*
54,55*
56,57

[W,08,]%~ (26) 19 41,54,
56*,57,
58™

[W{Au(PMePh,)},(15-5).] @ - sg*

[W{Ag(PPh,), ) {A2(PPh;)}{ £,-5) ] (28) - 60"

[W{FeCl,},(u,-5)41%" (29 - 61,62

[W(CO)4{(1]5-C5H5)2Nb(CO)}2(u2-H)2] . (30) - 30

* References marked with an asterisk refer to crystal structure determinations.

framework of metal atoms that have recently been reported. Most of these
complexes have been synthesized by Stone and co-workers, and the empha-
sis on tungstcn based complexes is due to the extensive use of the carbyne
complex [(7*-CsHYW(CO),(=CR)] (R = C;H Me-4) as a cluster building-
biock [46].

The labile, tns(acetomtnle) complex [W(CO);(NCMe),], reacts readily
with [(%° -C5 s )W(C0O),(=CR)] (R =C,H,Me-4) to give the tri-tungsten
complex [(7*-CsH;);W,(CO),(1;-CO),(p5-CR), ], (14), [37,38] which prob-
ably has a struclure similar to the heteronuclear analogue [(%°-CsHs),W,-
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Mo(CO) ,{(p,-CO),(1,-CR),] [37,38] (see Fig. 8) and the closely related
complex [(7°-CsH),W,P{(CO),(g,-CR),] (R = CgH,Me-4) [39] both of
“which have been characterized crysta]]ographically {see Section B.(vii)(¢)).

The trinuclear complexes [(7°-CsH,)Pt,W(CO) ,(PR,)(p,-CR)] (15; PR/
= PMe,, PMe,Ph, PMePh,, PPh3, PEt,; R=C,H, ,Me-4) have been ob-
tained by treating toluene solutions of the dinuclear compounds [(%’-

H)PtW(CO),(PR"),{u,-CR)] with carbon monoxide [47]. An X-ray
dlffractlon study has been carried out on one of these compounds (PR’ =
PMePh,) [47] (Py(1)-W =2.785 A, Pt(2)-W =2.785 A, Py(1)- -- Py(2) =
2.989 A, Pi(1)-W-P¢2) = 64.9°). The metal atoms form a Pt,W triangle
with a long Pt - - - P1 distance consistent with littie or no direct mctal metal
bonding (see Fig. 13). The metal triangle is capped by the {CC,H Me-4}
group. The terminal phosphine and carbonyl ligands on each platinum atom
are unsymmetrically transoid with respect to the Pt- - - Pt vector, and the
two carbonyl ligands on the tungsten atom are unsymmeirically, semi-bridg-
ing to the platinum atoms [47].

The highly reactive reagent {(1°-C;Me;)Cu(THF)] has been utilized in
synthesizing the heteronuclear complexes [{(n’-C;HYW(CO), }{(n’-Cs-
Me;)Cu},(r,-CR)|, (16), and [{PPMe,),}{(n’-CsMe,)Cu}((n’-
C,H,)W(CO}, }(1,-CR)], (17), (R = C,;H ,Me-4) [48,49]. Reaction of [(n’-
C;H,YW(CO),(=CR)] (R = C,H ,Me-4) with excess [(%*-C;Me;)Cu(THF)]
gave (16), characterized spectroscopically (Fig. 14). The dinuclear complex
[{(7*-CsMes3Cu} {(7*-CsHYW(CO), }(p,-CR)] is proposed by the authors
to be a possible intermediate in this reaction, although no evidence for its

ocxi /co

o

Fig. 14.
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existence was obtained. The isolobal relationship between the fragments
{(7°-CsMes)Cu} and {PY{PMe,),} is the basis for the synthesis of complex
(17). Thus, treatment of [{P{PMe,),}{(7’-CsH)W(CO), }(g,-CR)] with
excess [(7°-C;Me;s)Cu(THF)] gave [{Pt(PMe,), }{(7°-CsMe;s)Cu} {(n-
CH, )W(CO), }(u5-CR)], (17), [49] in 62% yield. The X-ray crystal structure
of (17) has been determined {49]. The molecule has an open Pt-W-Cu core
(Pt—-W—_Cu = 62.2°). The Pt-W bond (2.779 A) is bridged by a semi-bridg-
ing carbonyl ligand, while the carbyne ligand caps all three metal atoms
(Fig. 15). The Cu-W bond length is 2.648 A,

The reagent [(n*-CsMe;)Cu(THF)] has also been used to synthesize a
pentanuclear complex containing a Pt{WCu}, core {49]. Thus, reaction of
the unsaturated complex [Pt{(#’-C;H;)W(CO),},(r,-CR),] with [(7°-
C;Me, )Cu(THF)] yields, after work-up, red-brown microcrystals of [Pt{(n’-
C,H)YW(CO), },{(7°-C;Me;)Cu}, (n3-CC H, Me-4), ], (18). This complex is
unstable in solution, but solid state IR and the "*C and '"H NMR spectra
{measured at — 30°C) are consistent with the proposed structure (see Fig.
16).

Stone and co-workers [26] have recently published the synthesis of further
tetra- and pentanuclear acyclic clusters containing one or more tungsten
atoms in the metal atom sequence, and utilizing alkylidyne carbon atoms to
link the chain. These complexes are closely related to (18). When [Pt{COD), ]
(COD = cycloocta-1,5-diene) is reacted with [(#°-C;H)W(CO),(=CR)] (R =
CoH,Me-4) (1:1 molar ratio), the major product of the reaction is [Pt{(#’-
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CsH)W(CO), ), {(PUCOD)} (g ,-CR)(15-CR)], (19), together with smaller
amounts of the pentanuclear complex [{(/f~CsH)W(CQ),},Pty(p,-CR) ;-
(#5-CR)], (20), and the trinuclear complex [{{#’-CsH)W(CO),},Pt(p,-
CR),], (21), (Scheme 1). Treatment of (21) with [Pt(COD),] (1:1 molar
ratio) also gives (19) which further reacts with [Pt(COD),] to give the
triplatinum-ditungsten complex [{(7’-CsHYW(CO), },Pt{P{COD)} (p 4
CR),], (22). The cycloocta-1,5-diene ligand in (19) is readily displaced by
PMe,Ph to give [Pt{(#*-C;H;)W(CO},},{Pt(PMe,Ph), }(,-CR),-CR}],
while similar displacement with [(7°-C,H)W(CO),(=CR)] affords (20).

The complexes (20) and (22) have been characterized by X-ray crystallog-
raphy [26] confirming the acyclic metal core structure of these complexes
(20: P(1)-W(1) =2.773 A, Py(1)-W(2) = 2.718 A, Py2)-W(1) =2.723 A,
Pt(2)-W(3) = 2.713 A, Pi(1) - - - Py(2) = 2.949 A, W(1)-Py2)- W(3) = 154.5°,
W(1)-Pt(1)-W(2) = 149.0°, Pt(l) W(l) ~Py2) = 64.9%_22: P(1)-W(1) =
2.751 A, PY2)-W(1) = 2.748 A, Pt(1) - - - P2) = 3.089 A, Py(1)-W(1)~Py(2)
= 68.4°, W(1)-Pt(1)-W(1") = 176.0°). The Pt-W bonds in both complexes
are semi-bnidged by carbonyl ligands. In (20) two of the {CC;H Me-4}
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units are doubly bridging and one is triply bridging while in (22) both
{CC4H Me-4} units are triply bridging.

A series of unusual acyclic trinuclear tungsten complexes [W;(CO),4(15-
SR),] (23; R = Me, Et, Pr', Ph) have been synthesized by the photochemical
reaction of thiols (RSH) or disulfides (RSSR) with [W(CO),] [50]. The
dinuclear complexes [{W({CO),(u,-SR)},] are by-products of these reac-
tions. The X-ray crystal structure of [W,;(CO),(1,-SPh),| has been de-
termined [50), showing the tri-tungsten unit to be bent (W-W-W = 130.6°)
with an average W-W bond length of 3.021 A. The W-W bonds are each
bridged by two thiolato ligands (Fig. 17).

A closely related series of complexes has been obtained from the reaction
of [(n’-C,;H;)W(CO),I] with the thiolates Pb(SR}), (R = Bu”, Bu') or the
selenol C,H.SeH [51)]. The tri-tungsten complexes [(n'-C,H,)W(u,-ER),W
(CO) p,-ER},W(CO),], (24: E=05, R=Bu", Bu'; E=S8e, R =Ph) were
separated from the dinuclear complexes [(#'-C,H,)W(p,-ER) ,W(CO),] by a
combination of column and thin layer chromatography and characterized by
elemental analysis and spectroscopic methods [51,52]. The X-ray crystal
structure of [(1°-C,H,)W(u,-SBu"),W(CO)(p,-SBu"),W(CO),] has con-
firmed the formulation of these products [51,52] (Fig. 18). The bent tri-
tungsten core has a W-W-W bond angle of 141.45°. The W-W bond
lengths (W(1)-W(2) = 3.084 A, W(1)-W(3) = 2.913 A) are normal for W-W
single bond lengths; the shorter bond is bridged by three n-butylthiolato
ligands, and the longer one by two.

Tungsten forms an extensive series of both homo- and heteronuclear
sulfido bridged complexes that are closely related to the molybdenum
sulfide bridged complexes. Certain examples, usually obtained by the inter-
action of low oxidation state transition metal complexes with tungsten sulfur
complexes, unambiguously contain metal-metal bonds (see above) but there

R R
R\s L A SF
i
| \
{0C), W(2) c W{3){n7-CyH,)
0

Fig, 18,
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are a large number of borderline cases where the extent of and indeed the
existence of metal-metal interactions, i1s not at all clear. Several of these
species will be briefly referred to below.

The dianion [W;S,]%7, (25), (Fig. 19(a)), has been obtained as the Ph P+
or Ph,As™ salts from (NH,),WS, by treatment with HF followed by cation
exchange, or alternatively, by heating a stirred mixture of (NH,),WS, and
Ph ,PCl at 250°C under nitrogen [53,54]. These salts have been characterized
by elemental analysis, and by IR and UV-VIS spectroscopy. The X-ray
structure of (PPh,),[W,S,] has been determined [53,55] but refinement was
hampered by a severely disordered” central {W=S} unif. The dianion is
proposed [54] to be stabilized by metal-metal interactions between the
tungsten atoms, and analogous arguments put forward for the molybdenum
analogue [Mo0,S,]2~ [41] could be used to support this suggestion. Improved
methods of synthesis of the dianion [W,S,]* {41] and a mechanism for its
formation by the pyrolysis of (R,N),(WS,) [57] have recently been pub-
lished.

The closely related oxooctathiotritungstate anion [W;08;)%7, (26), (Fig.
19(b)) has been obtained as a product of the acidification of an aqueous
solution of [WS,]%~ [54], probably by the reaction of [W,Sg]2~ with air [41].
Indeed, recrystallization of salts containing the [W,S,]*~ dianion has been
reported to give {[W,08;]%2™ {57]. The X-ray crystal structure determination
of (Bu}N),[W,085,] has been reported [56,58]. In the space group Pc, three
asymmetric molecules per unit cell were refined. Each unit consisted of a
bent W—W-W unit with an average W—W bond length of 2.97 A. The short
W-W intermuclear distance would again, analogous to the [W,S,]*~ case,
suggest some measure of bonding between the tungsten atoms.

A wide variety of heteronuclear complexes have been synthesized using
the (WS~} group as the central, structure-controlling unit. Not surpris-
ingly, these complexes are structurally, formally analogous to the [M,XS,]*~

* It has recently been suggested [56] that the problems of refinement relate to the crystal
used in the analysis not being single.
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(M=Mo, W; X=0, S) complexes, and have the general formulation
IM'(1,-8) ,W(p,-S),M"”] (M’, M"” = transition metal containing fragment).

For example, the complexes [W{Au(PMePh,)},(n,-S),], 27), [59],
[W{Ag(PPh,),} { Ag(PPh;)}(1,-S),], (28), [60] and [W{FeCl, },(p,-S)4]°",
(29), [61,62] have been reported; the X-ray crystal structures of the first two
molecules have been determined, while the molybdenum analogue of the
third [61,62] has also been structurally characterized.

For completeness it should also be noted that the WS~ and WOSZ~
anions can also act as ligands to a central metal ion giving complexes of the
type [SXW(p,-S),M(p,-S),WSX]?*~ (X =0,S; M = Ni, Co) [63,64]. These
compounds will, however, not be further considered.

Finally, the complex [W(CO),{(n°-CsH,),Nb(CO)},(u,-H),], (30), has
been synthesized from [(7°-CsH;),Nb(BH,)] and [W(CO),(THF)] [30]. The
structure of this molecule is proposed to be simtlar to that of the corre-
sponding melybdenum complex (see Section B.(iii)(b), Fig. 12) which has
been characterized by X-ray crystallography [30).

(iv) Manganese and rhenium

{a) Manganese

The homonuclear manganese anion [Mn,(CO),,]”, (31), was first re-
ported in 1972 as the unexpected product of the reaction between triphenyl-
chlorosilane and [Mn(CO),]™ [65] (see Table 4). On the basis of its IR
spectrum this complex was assigned a bent {(CO);Mn-Mn(CQ),—-
Mn(CO);) framework. The same product has subsequently also been ob-
tained by treatment of the triangular cluster [H;Mn,(CO),,] with base in
alcohol solution [66]; crystallization from ethanol gave low vyields of
[Mn,(CO),,]” isolated as the AsPhy salt. The anion [Mn,(CO),,]” has also
been observed, together with [Mn(CQ),]™ as the product of the electrochem-
ical reduction of [Mn,(CO},,] in N, N-dimethylformamide [67]. An X-ray
structure determination [66] has shown the amion to possess a linear
tri-manganese cor¢ (Mn-Mn (mean) = 2.895 ;k) with each manganese atom

TABLE 4

Acyclic cluster complexes of manganese

Formula Complex Fig. Ref. #
[Mn(CO) 41" (31) 20 65,66 67
[Mn(CO),, (N, Me)) (32) 21 68*.69™
[Mn,{CO),(PC,H, )] (33) 22 70,71*
[{(7*-CsH;);Ta(CO)}{ Mn 3 (CO) }( 1-H)] () 23 3

* References marked with an asterisk refer to crystal structure determinations.
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possessing pseudo-octahedral geometry and the carbonyl ligands on the
central manganese atom being staggered with respect to the equatorial
carbonyl ligands on the terminal manganese atoms (Fig. 20). The equatorial
carbonyl ligands on the terminal manganese atoms are significantly bent
inwards towards the central metal atom (C{axial)-Mn-C{equatorial) = 96.4°
(mean value)). The structure of this anion is thus closely analogous to that of
the isolectronic heterometallic trinuclear complex [Mn,Fe(CQ),,] (see Sec-
tion B.(v){(a)).

The reaction between [HMn(CO).] and diazomethane carried out at low
temperature has given a complex possessing the unusual stoichiometry
[Mn ,(CO),,(N,Me)], (32), [68,69]. An X-ray crystal structure determination
has revealed a bent tn-manganese skeleton (Mn—-Mn-Mn = 107.4°) with
manganese— manganese mternuclear distances typical of single bonds
(Mn(1)-Mn(2) = 2.826 A, Mn(2)-Mn(3) = 2.807 A). Surprisingly, the di-
azomethane moiety remains as an intact unit, with the two nitrogen atoms
coordinating across all three manganese atoms; the terminal nitrogen atom
of the ligand coordinates to two metal atoms, while the central nitrogen
atom ligates only one manganese atom (Fig. 21).

Another trinuclear manganese complex containing a bent tri-manganese
core, [Mn,;(CQO),,(PC¢H,)], (33), has been synthesized by the reaction of
[Mn,(CO),,] with 1-phenyl-3.4-dimethylphosphole [70,71]. This product was
onginally erroneously formulated as [Mn,(CO),,(PC,H,)] [70], but a crystal
structure deterrmnation [71] has unambiguously estabhshed 1ts correct com-
position. The Mn, framework (Mn(1)-Mn(2) = 3.053 A, Mn(1)- Mn(3) =
2.917 A, Mn(3)-Mn(1)-Mn(2) = 99.8°) supports the phospholyl ligand sys-
tem which forms bonds (via phosphorus) to Mn(3) and Mn(1), and #-bonds

Mn(2)(COl4

7N

(OC) Mn(1} /N——MH(SHCO)4
N
\CH3

Fig. 21.
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to Mn(2) (Fig. 22). This molecule may best be considered to be derived from
the anion [Mn;(CO),,]” by the substitution of three carbonyl groups and
phosphometallation at the central manganese atom.

The photo-induced reaction between equimolar amounts of [(7°-
C;H;),TaH;] and [Mn,(CO),,] at 0°C gives a red solution which on
prolonged cooling deposits large purple crystals [31]. An X-ray crystal
structure determination [31] has revealed this product to be the complex
[{(n*-CsH;),Ta(CO)}{ Mn,(CO), }(z,-H)], (34), containing an open Mn.,Ta
core with a Ta—Mn(1)-Mn(2) bond angle of 108.09° (Fig. 23). The
Mn(1)-Mn(2) bond length (2.938 A} is a typical single bond value, while the
hydride bridged Ta~Mn(1) bond (3.441 A) is consistent with a Ta-H-Mn(1)
three-centre, two-clectron bonding interaction [29]. The red intermediate
observed as the first product of this reaction has been proposed [31] to be an
isomer of the purple product, possibly containing a linear trinuclear frame-
work. Suitable crystals of this compound have, however, not been obtained
and the resolution of this problem awaits further developments.

(b) Rhenium

The tri-thenium complex [HRe,(CO),,], (35), (Table 5) was first obtained
as one of the products of the acidification of Na[Re(CO),] [72], and has
subsequently also been prepared by a varety of other procedures {73-75].
The structure of this molecule was initially proposed on the basis of 'H
NMR and IR spectroscopic data and its chemical reactivity [76], to have a
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TABLE 5

Acyclic cluster complexes of thenium

Formula Complex Fig. Ref. ?
[HRe,(CO),,] (35) - 72-76,717*
[HMnRe, (CO},,] (36) 24 72,74* 77+
[HMn, Re(CO),] an - 72,78*
[Re, (CO),,(COSiPh, )] (8) 25 80"
{(#*-CsH s )Re; Mo(CO)5( 3-8} p3-SMo(n’-CsH NCO)5 3] (39) 26 81*

* References marked with an asterisk refer to crystal structure determinations.

linear arrangement of rhenium atoms {{CO);Re-Re(CO),-Re(CO);} with
the hydrido ligand bridging two rhenium atoms [72,73]. In a synthesis
analogous to that for [HRe,(CO),,], the mixed metal derivatives
[HMnRe, (CO),,], (36), and [HMn ,Re(CO),,], (37), have also been obtained
[72]. X-ray crystal structure determinations of [HMnRe, (CO),,] [74,77] and
[HRe,{(CO),,] [28,78] have resolved the question of structure for these
complexes. The compound (36) has a non-linear arrangement of metal atoms
(Re—Re-Mn =98.1°) with a Re-Mn bond length of 2.960 A. The
rhenium-rhenium internuclear distance is 3.39 A, a value ca. 10% longer
than that expected for a normal Re-Re single bond (cf. [Re,(CO),,] where
Re—Re = 3.041 A [79]), and it is inferred that the hydride ligand bridges
these two atoms (Fig. 24). A three-centre, two-electron bonding interaction
would best describe the Re-H—Re arrangement [28,29]. A brief mention of
the X-ray structure of {HRe;(CO),,] has confirmed that this molecule also
has a bent trimetallic framework, and that similar bonding considerations
would also apply [28,78]. The observation of bent Re,Mn and Re, frame-
works for these molecules is remarkable, considering that the anionic parent
[MnRe,(CO},,]” would be predicted to have a linear structure analogous to
the related [Mn,(CO),,]”. These complexes may, however, be considered to

¢
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be closely related to the heteronuclear complex [{(n54C5H5)2Ta(CO)}{Mn2—
(CO), }(po-H), (34), (see Section B.(ivia)).

One other homonuclear complex of rhenium is pertinent to this review.
The complex [Re,(CO),,(COSiPh,)], (38), was oblained in low yield, and as
one of several products, from the reaction of [Re, (CO),,] with LiSiPh, and
CH,FSO, [80). The structure of this complex has been determined by X-ray
crystallography [80] showing the molecule to possess a non-linear tri-rhenium
unit (Re(1)-Re(2) = 3.088 A, Re(2)-Re(3) = 3.085 A, Re(1)-Re(2)-Re(3) =
128.98°). The most striking feature of this molecule is, however, the unusual
ligand system {Ph,SiCO} found bridging two of the rhenium atoms, as an
7%-acyl ligand to Re(1), and bonding to Re(2) through the oxygen atom only
(Fig. 25). i

Finally, an acyclic trinuclear MoRe, framework has been observed in the
complex  [(7°-C,H,)Re,Mo{CO)s( p-S){(1t5-S)Mo(7*-CsH)(CO)5 )1, (39),
prepared in high yield from [{Re(CO),(SSnMe;)},] and [(v’-C;H)Mo
(CO),Cl] [81] (Fig. 26). Interesting features of this molecule include the
presence of both six- and seven-coordinate rhenium atoms, and the occur-
rence of both tri-metal and tetra-metal coordinated sulfur atoms. The
metal-metal bond lengths were found to be 2.985 A (Re-Re) and 2.909 A
{Re—Mo) with the Mo—Re—Re bond angle being 83.56° [81].
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(v} Iron, ruthenium and osmium

(a) Iron

The complexes of general formula [Fe,(CO)y_, L, (p:-X)15-Y)] (7 = 0-3;
L =COQ, group V donor ligand etc.; X, Y =S5, Se, Te etc.}) in which the
tri-iron framework defines an open triangle capped by two triply bridging
ligand systems, form the largest class of acyclic iron cluster complexes, and
in fact the largest class of acyclic clusters in general (see Table 6). The
ubiquity of the {Fey(p,-X)(p;-Y)} framework is emphasised by the re-
markable vanation in the capping ligand groups X and Y, and by the
narrow ranges that cover important structural parameters such as the
Fe-Fe, Fe-X and Fe—Y bond lengths and the Fe-Fe—Fe bond angles.

The parent complexes of this structural class, [Fe;(CO)q(p4-X),] (X =8,
Se, Te) were first reported by Hieber and Gruber in 1958 [82], although
earlier (incorrect) formulations almost certainly referred to these complexes
[83]. In their 1958 publication, Hieber and Gruber reacted the anion
[Fe(CO),]1*~ with sulfurous, selenous and tellurous acids and isolated prod-
ucts with the stoichiometry [Fe,(CO),X,] (40-42; X =S, Se, Te respec-
tively). The exact identity and properties of these complexes, and in particu-
lar those of [Fe,(CO),S,], were called into question by King in 1963 [84]. In
this publication the structure of [Fe,(CQ),S,] (and by implication that of
the other members of the series) was proposed to consist of an open triangle
of iron atoms, face bridged by the two S atoms with each iron atom further
ligated by three terminal carbonyl groups (Fig. 27).

The spectral and physical discrepancies between Hieber's and King’s
compounds were later resolved by Harlin and Knox [83] and also by Wei
and Dahl {85]. The X-ray crystal structures of (40)—(42) have been de-
termined {85-87] (complex (40) was a 1:1 mixture with [Fe,(CO),(p,-S),D
confirming King’s proposals [84] for the structure of these complexes (Fig.
27). The average Fe-Fe (bonding) and Fe- -- Fe (non-bonded) distances
increase in the order S < Se < Te ({40) 2.60 and 3.37 A, (41) 2.65 and 3.51 A,
(42) 2.741 and 3.771 A). Also, as might be expected, the average Fe-X bond

[X=S,5a,Te)
Fig. 27.
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Acyclic cluster complexes of iron
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Formula Complex Fig. Ref.?

[Fe3(CO)o(p3-S),] (40) 27 82-84,85*,
88-94.96,
97,115,120

[Fe; (CO)o(13-Se); ) (41) - 82,83,86™,
96,97

[Fey (CO)o(p5-Te),) 42) - 82,83,87*,
95-97

[Fe; (COYo(3-S) p3-Se)j (43) - 97,99

[Fes(CO)y(p3-SX p3-Te)] (44) - 97,99

[Fes(COYgf pp5-SeX n4-Te)) (45) - 97,99

[Fes(COYy(pn;-ER);] (E =P, As, Sb; R = alkyl or (46) 29 90,100,

aryl) 101*,102,
103,104

[Fe,(CO),_,L,(us-PPh),] (r=1-3; L=groupV - - 100,104*

donor ligand)

[Fes(CO)( 5-AsPh), ] 47 - 105*,106*

[Fe,(CO)( p,-N-N=CPh,),] (48) 30  107*,108*

[Fey(COYo(NCH,), ] @9 a1 109,110*

[Fe, (CO)o( 55-SX pt5-SO)] (50) 32 112*,113-115

{Fe (CO)o(p3-SKps-ER)] (E =P, As; R = alkyl (51),(52) 33 90,114™,

or aryl) 116-118

[Fe,(CO)y(#+ER) p1-SM(CO), }]{E =P, As; R=  (53) 34 118*

alkyl or aryl; M = Cr, W)

[Fe; Mn(CO}o(#5-8){ p15-SMn(CO)5 }] >4 35 119*

[Fe;(COY o pt5-SH pt4-NC H ,Me-4)] (55) 36 92,93*

——

[Fes(COYo( p5-S){ p3-CS(CH), S} (56) 37 120 *

[Fe; (COYo( pu3-CMe) p,-OMe)] (57) 38 121,122*

[Fe,(CO)q( =X} 15-SR)] (X = Cl, PR’,, AsR%, (S8)-(61) 39 123*124%

SbRY, SR’ SeR’; R, R’ = alkyl or aryl)

[Fe,(CO)o(SBu'),] (62) 40 88,89

[Fes(CO)y_, L, (ps-XXpyY)] (n=1-3; X, Y=S5, Se, — - 96-99,125

Te; L = group V donor ligand)

[Fe;(CO)¢(C3Ph, X 43-5), ] (63) 4 127

[Fe,(CO)g(C . H,8, X 15-8),1] (64) 45 128™

[(f,fars)Fe;(CO),] (f,fars = (65) 47 129,130",

Me, AsC=C(AsMe; )CF,CF,) 131*
[{As,(CH;),CH, }Fe;{CO)4] (66) 48 129
[(f,2sp)Fe,(CO),] (fiasp = 6N 49 132*
Ph, PC=C(AsMe, )CF,CF,)
[Fe,(CO)y(FhC,Ph),] (68) 50  133*
[Fe,(CO),{Ph,PC,(CF,), }PPh,] (69) - 134,135%,

136"
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TABLE 6 {continued)

Formula Complex Fig. Ref.?

[Fe,(CO);(5,~SRS)] (R =(CH,),; n =2, 3) (70) 51 137"

[Fe;(CO)g(#51*-CeH,CH,NCH-2)] (1) 52 138*

[Fes{ py1t-Co H,CH,N(N=CHC, H, )-2}(CO);] (12) 54 139

[Fe{Fe(CO); ), I(SbF,), - - 140

[Fe(CO) ,(AuPPh,), | (T3) - 142

[Fe(CO) {(triars)M},] (triars =1,1,1-(Me, AsCH,}5- (T4)(75) - 143

CCH;, (Me, AsCH -2),AsCH,; M = Cu, Ag)

[{Fe(CO), }{AuPh,PCH,-C4H PPh, Au}] (76) 55 144

[{Fe(CO), }{P(py)Cl},] N - 145

[MM’Fe(CO),,] (M, M’ = Mn, Re) (78)-(80) 56  146-149,150",
151%,152-154

[(7°-CsH ;)MFe,(CO)4(p,-Te),] (M = Co, Rh) (81) - 155,156

[(°-CsH)RhFe,(CO) 5 (PPh, X - Te), ) - ~ 155

[(7*-CsH )MnFe,{CO);L{p,-PR)] (L=CO, group V  (82)—(84) 57  157*,158-160,

donor ligand; R = alkyl or aryl) 161*.162*

[Fe,Co(CO)o(u,-PRHY £ ,-PR)] (R = alkyl or aryl) (85) 59  103*

[FeRu ,{CO)gL ,{g,-CD] (L = group V donor ligand)  (87) 60  163%,164*,165

[FeRu,(CO);L,{p,-OH)) (L = group V donor ligand) (B8) 61 165*

[FeRu,(CO),(dppe)(p-Cl),) (89) - 166

[Fe,(C0),(NO);(pt,-PMe, ), ] (90) 62 167*,168*

[Fe,Co(CO)5(NO),{p,-PMe, }5] _ (91) 62  167*,168*

[{PA(NMe,CH,CoH )}, {Fe(CO);(NO)}(n,-CD) (92) 63 3334

2 References marked with an asterisk refer to crystal structure determinations.

lengths and Fe- Fe-Fe angles increase in the same order ((40) 2.23 A and
81.0°, (41) 2.35 A and 82.9°, (42) 2.532 A and 86.9°).

A range of synthetic methods for obtaining the complexes (Fe,(CO)q( ;-
X);} (X =S8, Te) have been published. For instance, [Fe;(CO)y(p+-S),] has
been isolated from the reaction of [Fe,(CO),,] with Bu'SH [88,89] or
RP(S)Cl, (R = Ph, C;H ,Me-4) and metallic magnesium in THF [90], from
the reaction of [Fe,(CO),] with thiobenzophenones [91] or Bu'N=S=NBu'
[92,93], and from the reaction of [Fe(CO),] with bis(fluorocarbonyl)dis-
ulfane [94]. While no new routes have apparently been reported for the
seleno analogue, the complex [Fe,(CO)g(p,-Te),] has been synthesized by
the treatment of [Fe(CO),I,] with Na,Te [87]. Lesch and Rauchfuss [95]
have recently reported a more detailed investigation of the Hieber synthesis
of [Fe,(CO)y(p5-Te), . Using the synthetic method reported by Hieber and
Gruber [82], treatment of a basic solution of [Fe(CO);] with K ;TeO, gave a
mixture containing primarily [Fe,(CO),(p;-Te),}. Separation of the reaction
products by non-aqueous gel permeation chromatography gave [Fe,(CO)q
(r42-Te),]), (42), and [Fe,(CO)¢(n,-Te;)]. Reaction of the latter dinuclear
complex with [Fe(CO).] and Me,NO gave (42) and a complex of stoichiom-



Fig. 28.

etry [Fe,(CO),,(Te),], which was shown by loss of a carbonyl ligand to be
an intermediate in the Hieber synthesis of [Fe,(CO)4(pu,-Te),] [95].

Carbonyl ligand mobility in the complexes [Fe;(CO)4(p4-X),] (X =5, Se,
Te) has been investigated kinetically by means of both isotopic exchange
studies [96] and by *C NMR spectroscopy [97]. Exchange reactions with
labelled CO [96] provided clear evidence of a first-order rate of exchange for
the complexes [Fe;(CO),(i5-X),] (X =35, Se), whereas for [Fe,(CO)q(u;-
Te},], an associative component was also detected, viz.

[Fc3 (CO)g(p3—Te)2] + CO = [Fe,(CO),(Te),]

These results have been corroborated by the investigation of the reactions
with other donor ligands, e.g. phosphines [98] (see below). Variable tempera-
ture 1>C NMR studies [97] of [Fe,(CO)y(14-X),]1 (X =S, Se, Te, NMe) have
shown that there are two distinguishable pathways for ¢carbonyl exchange in
these molecules. In the first, the carbonyls of the apical iron atom Fe(1)
become equivalent, and in the second, those of the basal iron atoms (Fe(2)
and Fe(3)) are also equilibrated (Fig. 28).

The mixed ligand complexes [Fe,(CO)o(p3-X) 5-Y)] (X, Y =8, Se, Te)
have been synthesized by a modification of the Hieber syntheses of
[Fe,(CO)y(s5-X),]. Iron pentacarbonyl was reacted at 0°C in alkaline
methano! solution with an equimolar mixture of sodium sulfite and selenite,
sodium sulfite and tellurite, and sodium selenite and tellurite [99]. The
structures of the complexes [Fe,(CO)o(u3-S} p4-Se)], (43), [Fe,(CO)o{ ps-
SXp,-Te)), (44), and [Fe,(CO)o(p,-Se)ps-Te)], (45), are presumed to be
analogous to those of the parent derivatives. The mechanisms of CO
exchange [99], and dynamic properties and solution structures of these
complexes have also been reported [97)].

The first example of a complex [Fe,(CQ),(p;-ER),;] (E=P, As, Sb;
R = alkyl, aryl) was reported by Treichel et al. [100]. Iron pentacarbonyl and
phenylphosphine (PhPH, ) were reacted in decalin for 16 h at high tempera-
ture, Chromatography followed by crystallization gave red crystals (43%
yield) of [Fe,(CO),(p4-PPh),], (46), characterized on the basis of elemental



analysis and spectroscopic properties [100]. The substituted. derivatives
[Fe,(CO)y_ {P(OMe), )}, (p4-PPh),] (n=1-3) were obtained by the reac-
tion of the parent carbonyl complex with P(OMe); in boiling xylene [100].
The preparation of [Fe,(CO)4(;-PPh);] by the reaction of [Fe,(CO},;] with
PPhH, has been reported by Evans and co-workers [101], who have also
determined the X-ray crystal structure of this complex [101]. The Fe,
backbone consists of an open triangle of iron atoms (Fe—Fe-Fe = 81.4°,
Fe—Fe =2.717 A (mean values for two independent molecules)) essentially
symmetrically capped by the two { u,-PPh} groups (Fe—P(mean) = 2.218 A)
(Fig. 29). Reaction of the dinuclear complex [Fe,(CO)4(u,-PHPh),] with
[Fe,(CO),,} has also given [Fe;(CO),(n,-PPh),][102,103]; similar reactions
of [Fe,(CO)4(p,-PHR),] (R = Me, Bu', C;H Me-4) with [Fe,(CO),,] have
given the analogous trinuclear complexes [Fe;(CO)g(u;-PR),][102,103]. The
complex [Fe,(CO)q4(1,-PPh),] has also been isolated in low yield (< 1%)
from the reaction of [Fe,(CO}),,] with PhP(S)Cl, in the presence of metallic
magnesium [90].

An extensive series of substituted derivatives of [Fe,(CO)4(u;-PPh),1 has
recently been reported [104]. The thermal and photochemical activation of
[Fe,(CO)o(p5-PPh);] in acetonitrile or propionitrile has provided the reac-
tive species [Fey(CO)z(NCR)(5-PPh),] and [Fey(CO),(NCR),(p,-PPh),].
The X-ray crystal structure of [Fe;{CO),(NCMe),(u,-PPh);] has been
determined [104]. The molecule contains a bent tri-iron framework
(Fe(1)-Fe{2) = 2.772 A, Fe(2)-Fe(3) = 2.683 A, Fe(l)- - - Fe(3) = 3.552 A,
Fe(1)-Fe(2)-Fe(3) = 81.24° (mean values for two crystallographically in-
dependent molecules)). An interesting feature of this molecule is the un-
expected observation that both nitrile ligands are coordinated on the same
(basal) iron atom. The complexes [Fe;(CO)(NCR}pu,-PPh),] and
[Fe;{CQ),(NCR),(p,-PPh),] react readily with a range of donor ligands to
give the complexes [Fe,(CO)g{L} u,-PPh),] (L = PPh,, AsPh,, PE,
P(OMe),) and [Fe,(CO),(L),(1,-PPh),] (L = P(OMe},)}. A varnable temper-
ature *C NMR study of the complex [Fe,(CQ),(p;-PPh),] [104] has shown
that the carbonyl ligands scramble rapidly on the apical iron atom even at
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203 K, whereas the scrambling process on the basal iron atoms is frozen out
at this temperature. The difference in the activation energies for scrambling
at the different iron sites was explained by the authors in terms of the
“nominal seven-coordinate character” of the apical iron site (as compared to
the six-coordinate basal sites). Similar variable temperature NMR studies
have been performed on several substituted derivatives [104] confirming
these observations. It is interesting to note though, that even at elevated
temperatures exchange between apical and basal sites was not discernable by
NMR spectroscopy.

The corresponding phenylarsenido complex [Fe,{CO)y(u5-AsPh),], (47),
was first obtained as an unexpected product of the reaction between
[Fe,(CO),] and [(n°-CsH)Mn(CO),(AsPhCl,)} [105], and then also by the
controlled reaction between Na,[Fe(CO),] and AsPhCl, (yield 4%) [106].The
X-ray crystal structure of this molecule has been reported [105, 106] The
three iron atoms form an open triangle (Fe-Fe = 2.752, 2.796 A, Fe- - - Fe
=3.705 A, Fe—Fe— Fe = 83.82°) face bndged by two {p,-AsPh} groups
(Fe-As (mean) = 2.331 A) [106], and 1is thus entirely analogous to
[Fe,(CO)g(p5-PPh),] [101] and other [Fe,(CO)4( n5-X), Jderivatives.

The first examples of complexes of the type [Fe;(CO)q(4-X),] contain-
ing nitrogen donors as capping ligands were reported almost simultaneously
by Mills and co-workers [107,108), and by Dekker and Knox [109]. The
former workers reacted diaryldiazomethanes either with [Fe(CO),] under
photochemical conditions, or with [Fe,(CO),,] under thermal conditions
[107,108], obtaining two products, one orange and one black. The orange
product was characterized as a dinuclear species [108], while the black
product has been characterized crystallographically [107] as the complex
[Fey,(CO)g(p5-N--N=CPh,),), (48). The structure shows the familiar
{Fe,(CO)4} open triangular framework (Fe—Fe (mean) = 2.445 A, Fe-
= 306 A, Fe-Fe-Fe = 77.47°) symmetrically capped by two unchanged
diphenyldiazomethane molecules (Fe—N (mean) = 1.95 A) (Fig. 30).
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Dekker and Knox [109] have investigated the inorganic products of the
iron carbonyl catalyzed decomposition of azides. Nitrenes are assumed to be
the immediate decomposition product of azides, and indeed these were
found as ligands in the iron carbonyl products of the reaction [109]. For
instance, methyl azide reacts with [Fe,(CO),] to give an extensive range of
products, including one of stoichiometry [Fe,(CO)o(NMe),], (49). The same
product was also obtained in good yield from the reaction of [Fe,(CO),]
with nitromethane [109]. The X-ray crystal structure of this molecule has
been determined: [110]. The three iron atoms form an open triangle (Fe—Fe
(mean) = 2.462 A, Fe- - - Fe =3.044 A, Fe-Fe—Fe = 76.4°), essentially sym-
metrically capped by the iriply bridging NMe groups (Fig. 31). Surprisingly,
few new complexes of this kind have been reported, and lLittle interest has
apparently been shown in their undoubtedly extensive chemistry [111].

In addition to the complexes [Fe;(CO)o{ pt-X)(15-Y)] (X, Y =S, Se, Te;
43-45) containing different capping groups, a range of other acyclic clusters
of iron have been reported. For example, the controlled oxidation of
[Fe(CO),]*~ with H,0, and Na,SO, has given the unusual hetero-capped
complex [Fe;(CO)4( p5-SH 2,-S0)], (50), in 10% yield as dark brown, air-sta-
ble crystals [112). The X-ray crystal structure of (50) has been determined
[112], and the molecule found to contain the familiar bent arrangement of
three iron atoms, in this case, however, capped by a S atom and an SO
group (Fe(1)-Fe(2) = 2,623 A, Fe(2)-Fe(3) = 2.647 A) (Fig. 32). The triply
bridging SO ligand group is significantly closer to Fe(1) and Fe(3) than to
Fe(2), while for the capping sulfido ligand the opposite effect is observed. A



157
Bu' _T_

|
S 5\
W Fe (col), FelCO) s
/ ERCI,. \\
(OC}, Fe Fe (CO), {0C) ,Fe Fa (COY,

"
|
f

Scheme 2.

further interesting feature of this structure is that the S- - - S internuclear
distance is only 2.72 A, significantly shorter than the sum of the van der
Waals radii of sulfur (3.70 A), suggesting some measure of S—S interaction,
similar to that observed in [Fe,(CO),(u,-X),] type complexes [113]. The
complex (50) has subsequently also been synthesized by the reaction of the
cluster anion [Fe;(CO)q(pu;5-SBu')]™ with SOCI, [114] and by the oxidation
of one of the sulfide capping ligands in {Fe,(CO)g4(p,-S),] with m-chloro-
perbenzoic acid [115].

Complexes of the type [Fe,(CO)g(p5-S)(pp5-ER)] (E=P, As; R = alkyl,
aryl) form the largest class of compounds contaiming the {Fe,(CO),}
framework and two different capping ligand systems. Rational syntheses of
the acyclic clusters [Fe,(CO),( is5-S)( 1,-ER)] have been reported by Huttner
and co-workers [114]. The clusters anion [Fe,(CO)g(u4-SBu')]™ reacts read-
ily with ERCl,, eliminating Bu'Cl and Cl7, to give the complexes
[Fes(CO)o(p5-S)(15-ER)] (51, E=P, R = Me, Bu', C(H,,, Ph, C;H Br-4,
CsH,OMe-4, NEt,; 52, E= As, R =Bu', Ph, C(H,,) in good yield [114]
(Scheme 2). In a similar manner, reaction of [Fe;(CO)o(u,-PR)]*~ (obtained
by the double deprotonation of [Fe,(CO)y{u,-H),(u,-PR)]) with SC1, has
given the same products. The X-ray crystal structures of [Fe,(CO)y( ;-
S} p4-EPh)] (E =P, As) have been determined [114). In all respects thesc
structures are essentially identical.

Seyferth and Withers [90] have also published a synthesis of
[Fe;(CO)Yo(14-S)(p5-PRY)] (51; R = Bu', Ph, C,H,Me-4). Reaction of
[Fe,(CO),, ] with RP(5)Cl, in the presence of metallic magnesium in THF
has piven a mixture of the complexes [Fe,(CO)4(pu;-S)(u,-PR)],
[Fe;(CO)o(125-5),] and [Fe,(CO)o{ n,-PR),], all in low yield. In the absence
of magnesium, improved yields of [Fe,(CO),(1;-S)(is5-PR)} were obtained.
A further synthetic route to [Fe;(CO)g(ps-SH ,-PR)] complexes involves
treatment of RP(S)Cl, with Na,[Fe(CO),] in ether [116,117]. The complexes
[Fe;(CO)o(p5-S)(p5-PR)] (51; R = Me, Ph, C,H,OMe-4) were prepared in
low (6-10%) yield, and two of them (R = Ph, C,H,OMe-4) structurally
characterized [117]; the X-ray structure of the former had, however, already
been reported [114]. In all regards the structure of [Fe (CO) (p;-S)(pt5-
PC,H,OMe-4)] is, however, equivalent to that of the other derivatives
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(Fe-~Fe (mean) = 2.660 A, Fe---Fe=13.499 A, Fe-Fe—Fe=82.23%) (see
Fig. 33).

The complexes [Fe,(CO)4( p14-S)(p4-ER)] (E = P, As; R = alkyl, aryl) react
with [M(CO),(THF)] (M = Cr, W) under mld conditions to give the ad-
ducts [Fe;(CO),{ u,-SM(CO);}(p5-ER)] in good yield [118]. The X-ray
crystal structures of [Fe,(CO)¢{ u#,-SM(CO), } p5-PBu')] (53; M = Cr, W)
have been determined [118], and as might have been expected, have proved
to be entirely analogous to that of [Fe,(CO)4{u,-S) u,-PPh)], except for
adduct formation via the triply bridging sulfur atom (Fig. 34).

A bimetallic complex of similar overall structure has also been reported
[119). The photoinduced reaction of [Fe,(CO)(12,-S),] with [Mn,(CO),,] in
THF solution has given a complex of stoichiometry [Fe,Mn,(CO0),,S,]
[119]. On the basis of X-ray crystallography, Modssbauer and mass spectral
data, the structure [Fe,Mn(CO)y{g,-SMn(CO)s}{(n,-S)], (54), has been
established [119] (Fig. 35). The molecule contains an Fe,Mn core with one
Fe-Fe bond (2.580 A) and one Fe-Mn bond (2.714 A); the Fe—-Fe-Mn
bond angle is 82.90°,

The complex [Fe,(CO)o(p1-S)H puy-NCH  Me-4)], (55), was isolated from
the reaction of [Fe,(CO)] with R-N=S=N-R (R = C;H ,Me-4) [92,93]. The
X-ray crystal structure of the complex has been determined [93]; it is
analogous to that of {Fe,(CO)g(p13-5),] and [Fey,(CO)g(puy-NR), ] and con-
tains an open triangle of iron atoms (Fe-Fe = 2.51 A, Fe-Fe-Fe = 78.5°
(average values for two independent molecules)) triply bridged by a nitrene
(RN) moiety and a sulfur atom (Fig. 36).
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Iron pentacarbonyl has been found to react with ethylenetrithiocarbonate
under photochemical conditions in a number of ways which lead to
[Fey(CO)y(15-5),], and the major product [Fe,(CO)o(p;-S){ 43-CS(CH,) -
§}], (56), [120]. Complex (56) has been completely characterized by X-ray
crystallography [120] which has revealed a novel dithiocarbene ligand cap-
ping an open triangle of iron atoms by forming a methylene bridge between
two iron atoms and linking up with the third iron atom._via a sulfur atom
(Fig. 37). The feature which most clearly manifests the diatomic nature of
the p,-bridge is the widening of the Fe(2)-Fe(1)-Fe(3) angle to a relatively
large 91.4°. Noteworthy too 1s the inequivalence of the bond lengths
between the iron atoms (Fe(1)-Fe(2) = 2.681 A, Fe(1)-Fe(3) = 2.572 A).

Finally, an unusual example of an [Fe,(CO),(,-X)(pt;-Y)] type complex
has been reported by Wilkinson and co-workers [121,122]. The (p;-
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acetyl)nonacarbonylferrate (1 —) ion, [Fe;(CO)o(p,-MeCO)]™, reacts with
methyl fluorosulfate at room temperature (reaction time 7 days) to give
[Fe,(CO)o(1,-CMe) u4,-OMe)], (37), 1solated as dark red crystals. The X-ray
structure has been determined [122]. The complex has an open tri-iron
structure (50 electrons, p;-OMe classed as a five-electron ligand) with
Fe-Fe (bonded) interactions of 2.459 and 2.472 A, and an Fe- --Fe
(non-bonded) interaction of 3.059 A (Fig. 38).

Closely related to the complexes of general formula [Fe,(CO)g(p4-X) pt54-
Y)] is a class of compounds only recently synthesized, [Fe,(CO)o(1t,-X) it 5-
SR)] [123,124]. The cluster anion [Fe,(CO)4(u,-SBu')] ™ reacts with halogens
(X,) and halogenating agents (e.g. N-halosuccinimides) to give the neutral,
,-halo bridged complexes [Fe,(CO)g( 1 ,-X)(p,-SBu*)} (58; X =Cl, Br, I) in
good yield (Scheme 3). The X-ray crystal structure of [Fey(CO)o(p,-ClY( g2 5-
SBu')] has been determined [123]. The tri-iron core of the molecule forms an
open tnangle of iron atoms (Fe—Fe (mean) = 2.681 A, Fe- --Fe=3.338 A,
Fe-Fe-Fe =77.0°) with a symmetrical (Fe—Cl (mean) = 2,341 ;\) edge-
bridging chloro Ligand, and a face-bridging SBu’ group. It is interesting to
note that the bridging halogeno ligand can be removed from (58) by reaction
with nucleophiles [123] (Bu'O™ for X = Cl; I or H™ for X =) leading back
to the closed cluster anion [Fe,(CO)y(u,-SBu*)]”. Reaction of the cyclic
cluster [Fe,(CO)y(15-SR)]™ (R = Bu', C,H,;) with the monochalides XCl
(X = PR, AsR’, SbR’,, SR’, SeR’; R’ = alkyl, aryl) gives an extensive range
of neutral complexes [Fe;(CO)qo(p,-X)(5-SR)] [124] (Fig. 39) analogous to
the p,-halogeno complexes discussed above. The X-ray crystal structures of
[Fes(COYg( n-X)(15-SR)] (59, X = AsMe,, R=Bu'; 60, X =5Ph, R=
C.H,,; 61, X = SePh, R = C,H,,) have been determined [124]. As expected,
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all three molecules have very similar structural characteristics. The three'iron
atoms in each complex are in the form of an open triangle
(Fe(1)-Fe(2)-Fe(3) = 81.59° (59), 79.1° (60), 80.5° (61)); the Fe-Fe bond
lengths are very similar both within each molecule and also belween
molecules (Fe(1)-Fe(3) =2.713 A (59), 2.692 A (60), 2.703 A (61);
Fe(2)-Fe(3) = 2.699 A (59), 2.675 A (60), 2.677 A (61); Fe(1)- - Fe(3) =
3.526 A (59), 3.419 A (60), 3.475 A (61)). In all three molecules the
p-bridging ligand symmetrically spans the open edge of the triangle (Fe-As
(mean) = 2.377 A Fe-S (mean) = 2.331 A; Fe-Se (mean) = 2.443 A) while
the p;-SR group is symmetrically bonded to Fe(1) and Fe(2) (Fe-S (mean)
=2242 A (59), 2.227 A (60), 2,221 A (61}), but is consistently closer to
Fe(3) (Fe(3)-S=2.145 A (59), 2.142 A (60), 2.141 A (61)). There are
analogous structural similarities within the molecule (38; X = CI) [123].

Related to these complexes is a product of stoichiometry [Fe,(CO)q(S-
Bu'),], (62), isolated from the reaction of Bu'SH and [Fe,(CO),,} in boiling
benzene solution [88,89]. On the basis of IR and NMR spectroscopic data
and mass spectrometric analysis, the authors propose the structure shown in
Fig. 40.

A wide range of ligand substituted derivatives of [Fe;(CO)g(p5-X){( p5-Y)]
have been synthesized (see Table 6) of which the mono- and disubstituted
complexes [Fe;(CO)gL(p3-X)(p53-Y)] and [Fe;(CO),L,(p;-X)(p;-Y)] form
the two largest classes. Relatively few trisubstituted complexes
[Fe;(CO) L,(p;-X) p45-Y)] have been prepared. '

The simple substitution products [Fe,(CO)zL{p,-X) jt5-Y)] [98] (see Table
6) have generally been obtained by the thermal substitution of a carbonyl
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ligand in the parent complex by a suitable donor ligand, e.g. trialkyl or
triaryl phosphine or arsine. The substitution reactions produce product
mixtures, and chromatography or crystallization has generally to be em-
ployed to purify the required product.

A variable temperature *C NMR study [97] has established that the
likely site of substitution by nucleophiles is in the axial position at a basal
iron. atom (Fe(2) or Fe(3)), although previously substitution had been
suggested to occur at an apical iron atom (Fig. 41) [125].

Kinetic studies of the carbonyl exchange and hgand substitution processes
in [Fe,(CO)4{14-X),] complexes have been reported [96]. For the complex
[Fey(CO)4(p5-S),] a purely dissociative mechanism for the substitution of a
carbonyl ligand by L (L = PBufj, P(OPh},, AsPh,) was found

[Fea(CO)s(p5-X),] + L = [Fey (CO)L(p5-X),] + CO

Similar results were obtained for the complex [Fe,(CO)4{ n,-Se), ] (except
for L = P(OPh), where a two-term rate law was observed). In contrast,
however, substitution of [Fe,(CO)y(u,-Te),] was found to conform to an
Sn2 process. In accordance with this, reaction of [Fe,(CO)4(p;-Te),] with
donor ligands has been found to give the unusual adducts {Fe;(CO),L(Te),]
as the first products of the reaction. These adducts may then dissociate
either the nucleophile to regenerate the starting material, or a carbonyl
group to give the substitution product, depending upon the nature of the
substituting ligand L. The nature of the intermediate adduct
[Fe,(CO)4L(Te),] could not be deduced unequivocally but the authors
favoured attack at a tellurium atom rather than at iron [96]. In this regard, a
variable temperature ’C NMR study of the adduct [Fe,(CO)4(PBu%)(Te),]
has also been reported [97]; the authors considered the structural alterna-
tives (a)—(c) shown in Fig. 42 but favoured (¢} [97]. An elegant study by
Lesch and Rauchfuss has, however, shown that contrary to these sugges-
tions, the nucleophile is to be found coordinated at an iron centre and not at
a tellurium atom [126]. An X-ray structure determination of the PPh;,
adduct [Fey(CO)(PPh;)(p,-Te),] [126], has shown that the molecule con-
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sists of an isosceles triangle of iron atoms capped by tellurium atoms. The
basal iron atoms only are linked by an iron—iron bond while the apical
{Fe(CO),(PPh,)} group has an octahedral geometry with two coordination
sites occupied by bonds to the capping tellurium atoms (Fig. 43).

A kinetic investigation of ligand substitution in the mixed ligand com-
plexes [Fe;(CO)o(p-X)(ps-Y)] (X, Y =8, Se, Te) has also been reported
[99]. The substitution reactions were found to conform to a two-term rate
law, rate = k,[complex] + k,[complex){ligand], in which the relative values
of k, and k, depend on the nature of X, Y and L. Complexes contaiming
tellurium atoms, in parallel with the complex [Fe,{CO)q(u;-Te), ], showed a
tendency towards an associative step when compared to sulfur, with selenium
having an iniermediate influence between these two extremes.

The formally monosubstituted product [Fe,(CO)(C,Ph, ) n;-5),]. (63),
has been obtained from the reaction of diphenylcyclopropenethione with
[Fe,{CO),] in tetrahydrofuran over several days [127]. Complex (63} was
separated from the other products of the reaction and characterized by
X-ray crystallography (Fig. 44) [127). In a similar fashion, reaction of
[Fe,(CO)4] with 1,3-dithiole-2-thione has given a complex of stoichiometry
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[Fe;(COY(C3HL5,)(S),), (64), in 43% yield [128]. X-ray crystallography
{128) has been used to confirm the presence of the carbenic ligand {C,H,S, }
and to estabhsh a structure not unlike that reported for (63) (Fig. 45).
Replacement of one carbonyl ligand in [Fe,(CQO)4{p4-S),] by the carbene
ligands in (63) and (64) results in significant perturbations in the Fe—Fe and
Fe-S bond lengths. For instance Fe(1)-Fe{2) is lengthened {(63), 2.607 A;
(64), 2.620 A) relative to [Fey(COYo(u3-S),] (2.598 A), and Fe(2)-Fe(3) is
shortened ((63), 2.535 A; (64), 2.577 A) relative to the parent complex (2.590
A). These variations are in agreement with the electronic character of
carbene ligands, which are stronger o-donors and weaker w-acceptors than
the carbonyl ligand. It has been suggested [128] that the mechanism of
formation of (64) involves desulfurization of the thione by [Fe,(CO),] giving
[Fe,{CO)o(p;-S),1 which reacts with the intermediate carbene giving (64).
Similar considerations would also apply to the reaction leading to (63).

In a manner similar to the monosubstituted products, a range of disubsti-
tuted complexes [Fe,(CO),L,(1,-X) £5-Y)] have been synthesized [98] (sece
Table 6). One crystal structure determination has been carried out, that of
[Fe,(CO)Y(NCMe),(p,-PPh), | {104] (see above). Also variable lemperatire
BC NMR studies have been reported which throw light on the possible
solution structures of these species [97]. Monosubstitution is proposed to
occur at a basal iron atom with the nucleophile entenng into an axial
position (see above). In the case of the disubstituted product
(Fe,(CO),L,(x4-X),1, two positional 1isomers are obtained (Fig. 46 (a) and
{b)}. In the most abundant isomer, (a), {(determined for L = PBuj, X = Se),
the second molecule of phosphine replaces a carbonyl ligand in an equa-
torial position at the {Fe(3)(CQ),;} unit, whereas in the least abundant
isomer, (b), the second substitution occurs at the {Fe(1)}CO),} unit. On
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raising the temperature, a concerted exchange process in the most abundant
isomer (a), (L = P(OPh),) has also been identified (Scheme 4).

The trisubstituted complexes [Fe,(CO)(L;(p;-S),;] (L = pyridine, piperi-
dine) have been synthesized by the direct thermal reaction between
[Fe;(CO)y(15-5),] and the amine in a suitable solvent mixture [125]. Trisub-
stitution with less basic ligands such as triphenylphosphine could not be
achieved under similar conditions, while the use of carbonyl substitution
catalysts or the decarbonylating agent trimethylamine-~N-oxide has, to date,
not been reported. As far as we are aware, no crystal structure determina-
tions on the complexes [Fe;(CO)(L.(g.-X),] have been reported.

The ditertiary arsine Me, As—-C=C(AsMe, )CF,CF, (f,fars) can act as
both a bidentate and a tridentate ligand (the double bond acting as the third
electron donor higand in the latter case). Reaction of f,fars with [Fe,(CO),]
gives the substitution product [(f,fars)Fe,(CO),,] [129] containing the closed
tnangle of metal atoms still intact. However, [further heating in cyclohexane
for 1 h gives a second product, of stoichiometry [(f,fars)Fe,(CO),], (65),
while extended heating (6 h) gives a product of stoichiometry
[{As,(CH,),CH, }Fe,(CO),], (66), [129]. The complex (65) has been char-
acterized by X-ray crystallography [130,131] revealing both a ligand and
metal cluster framework rearrangement. The molecu!e consists formally of
an open triangle of iron atoms (Fe(1)-Fe(2) = 2.917 A, Fe(2)-Fe(3) = 2.667
A, Fe(1)-Fe(2)-Fe(3) = 88.4°); the novel arrangement of the ligand is
shown in Fig. 47. The structure of (66) has not been established crystallo-
graphically, but it is proposed, on the basis of spectroscopic data, to be as
shown in Fig. 48 [129].

oC, Se cOo oC Se
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In a similar manner, reaction of [Fe;(CQO),,] with Ph,P-C=C{As-
Me,)CE,CF, (f,asp) gives the substitution product [(f,asp)Fe;(CO),},
which on subsequent heating converts to [(f,asp)Fe;(CO),], (67), a product
also characterized by X-ray crystallography [132]. This molecule has a
structure analogous to (65) (Fe(1)~Fe(2) = 2.676 A, Fe(2)—Fe(3) = 2.866 A,
Fe(1)-Fe(2)-Fe(3) = 92.4° (mean values for two crystallographically inde-
pendent molecules)) (Fig. 49).

The reaction of [Fe,(CO},,] with diphenylacetylene in methanol yields a
violet material of stoichiometry [Fe,(CO)4(PhC,Ph),]} which in boiling ben-
zene or petroleum ether undergoes rearrangement to a more stable black
1somer (68). The X-ray structures of both complexes have been determined
[133], the former consisting of a closed triangle of iron atoms and corre-
sponds to disubstitution of [Fe,(CQ),,) by diphenylacetylene. On the other
hand, however, (68) is best regarded as containing a ferracyclopentadiene
moiely, the Fe; framework consisting of an open triangular array with mean
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Fe-Fe bonding distances of 2.432 A, and an Fe—Fe-Fe angle subtended at
the central iron atom of 87.6° (Fig. 50) [133].

The complex [Fe;(CO) {Ph,PC{CFE,)}, }PPh,], one of the products ob-
tained from the reaction of [Fe;(CO),,] with Ph,PC=CCF, [134] converts
under thermal conditions to a complex of stoichiometry [Fe,(CO),(Ph,-
PC,(CF,), }PPh,], (69), (Scheme 5) [135,136]. The solid state structure of
(69) has been determuned by X-ray crystallography [135,136] and the mole-
cule has been found to possess an open triangle of iron atoms (Fe(1)-Fe(2)
=2662 A, Fe(2)-Fe(3) = 2.531 A, Fe(1)-Fe(2)—Fe(3) = 124.2°) supporting
a formally dimerized phosphinoacetylene in the form of a frars-butadiene
moiety, and a bridging diphenylphosphide group.

The reaction of 1,2- and 1,3-dithiols, HSRSH, with [Fe,(CO),,] gives low
yields of a red material of stoichiometry [Fe,(CQO),(SRS),], (70, R=C,H,,
C,H,) together with the major product, the dinuclear complex
[Fe,(CO)(SRS)] [137]. An open tnangular framework of iron atoms would
be expected for (70), and this has been confirmed by X-ray crystallography
for the complex [Fe,(CO),(p,-SCH,CH,8),] (Fig. 51). The mean Fe-Fe
distance is 2.551 A, with an Fe(2)-Fe(1)-Fe(3) angle of 151.8° [137].

N-(Benzylidene)aniline (Ph—CH=N-Ph) reacts with [Fe,(CO),,] to give
together with the dinuclear complex (Fig. 52(a)), the closely related tri-
nuclear species (71) [138] shown in Fig. 52(b). The X-ray crystal structure of
(71) has been determined [138] (Fe(1)~Fe(2) = 2.452 A, Fe(2)-Fe(3) = 2.822
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A, Fe(1). - Fe(3) = 3.967 A, Fe(1)-Fe(2)-Fe(3) = 97.32°). The most un-
usual feature of this molecule is the bridging aromatic moiety, and in this
regard the authors also postulate a second bonding form involving a carbene
interaction to Fe(1) and a #-hexadieny! interaction between the ring and
Fe(3) (see Fig. 533).

The reaction of benzalazine with [Fe,(CO),,] has given the complex
[Fe,(CO)q{ p,-1°-C,H ,CH,N(N=CHCH;)-2}], (72) [139], characterized by
mass spectrometry, IR and 'H and ¥*C NMR as having a structure closely
related to (71) (see Fig. 54). -

Finally, an unusual oligomeric complex of iron has been proposed for the
product obtained from the interaction of iron pentacarbonyl with the strong
acid salt Fe(SbF;), [140]. The product of stoichiometry [Fe{Fe(CO);}.,]
(SbF),, is proposed, on the basis of IR and Mossbauer data, to contain two
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intact {Fe(CO))} units acting as weak electron donor ligands to the metal
cation, with the iron atoms as the only poimt of attachment. It is interesting
to note in this regard that a range of complexes have recently been
synthesized containing 18-electron complexes acting as electron donors to
coordinatively unsaturated complexes, e.g. [(PMe;)(CO),0Os - W(CO);]
[141]. '

The first examples of complexes of iron containing other metals as part of
the structural framework were reported by Nyholm and co-workers in 1964
[142]. The [Fe(CO),]*>~ anion was reaclted with [PPh,AuCl} to give a
complex of stoichiometry [Fe{CO) ,(AuPPh;)},], (73), which on the basis of
the similarity of its IR spectrum to that of c¢is-[Fe(CO),I,] was assigned a
cis configuration of {AuPPh,} groups. In a similar manner the complexes
[Fe(CO),{M(triars)},] (triars = 1,1,1-tris(dimethylarsinomethyl)ethane, bis
( o-dimethylarsinophenyl)methyl arsine; 74, M = Cu; 75, M = Ag) have also
been synthesized [143} and again assigned a cis, di-equatorial disposition of
{M(triars)} groups. Further in this regard, Chiswell and Venanzi reacted
[H,Fe(CO),] with the novel complex shown in Fig. 55 and obtained a
product of stoichiometry [{ Fe(CO),}{AuPh,PC,H, - C;H ,PPh, Au}], (76),
where the bidentate gold ligand can only occupy two cis coordination sites
[144). The infrared carbonyl stretching frequencies of this complex and
[{Fe(CO), }(AuPPh,),] [142} are similar, confirming the cis arrangement of
the gold atoms in this latter complex. In contrast, however, treatment of
[Fe(CO),)>~ with two equivalents of trans-[Pt(py),Cl,] in methanol gives
the complex [{Fe(CO),}{Pt(py).Cl},], (77), as an orange crystalline solid
[145]. On the basis of IR spectroscopy the two {Pt{py),Cl} groups are
assigned a trans configuration, the metal framework thus consisting of a
linear Pt—Fe—Pt umt.

CIAUPh, P

Fig. 55.
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The linear trimetallic complexes [M, Fe(CO),,], (78, M = Mn; 79, M = Re)
[146,147} and [MnReFe(CO),,], (80) [148], have been obtained by pho-
tochemical irradiation of iron pentacarbonyl with [Mn,{CO),,}, {Re;(CO),,]
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and [MnRe(CO),,] respectively. Also, the treatment of {Fe(CO),I,] with
excess NaJM(CO).] (M = Mn, Re) has recently been used to prepare com-
plexes (78) and (79) [149]. The X-ray crystal structures of both
[Mn ,Fe(C0O),,] [150] and [Re,Fe(CO),,J [151] have been determined. In
both cases a linear M-Fe-M framework has been observed (Fig. 56)
(Mn-Fe =2.80, 2.83 A, Re-Fe=2.8758, 2.8493 A (two molecules per
asymmetric unit)]. The environment of each Mn or Re atom is nearly
octahedral, although the equatorial groups lean appreciably in towards the
centre of the molecule, e.g. Fe—Mn—-C(eq) = 86.6°. The conformation of
both molecules about the Fe—-M bond axis is staggered. The far-infrared
spectra [152] and the electronic structures and spectra {153,154} of these
molecules have been reported.

The cluster [Fe;(CO)g4(p5-Te),] reacts with [(’-C,H)Rh(CO),] (Scheme
6) 1o give a good yield of the complex [(#°-CsH,)RhFe,(CO},(p,-Te),] (a),
{155]. This compound undergoes Me;NO induced decarbonylation to give
two isomers of [(7°-CsH)RhFe,(CO),(p,-Te), 1, (8B1), (b) and (c). Reaction
of both isomers with CO gave (a) in pure form, whereas reaction with PPh,
gave two isomers of [(#°-CsH;)RhFe,(CO)((PPh,)(g,-Te),] (d) and (e)
which differ in the metal atom arrangement and which do not interconvert.
A remarkable aspect of the complexes (b) and (¢) is the ease with which
metal-metal bonds are cleaved by the nucleophiles CO and PPh,. Upon
treatment of (d) and (e) with Me,;NO, only (¢) underwent decarbonylation to
give the nido cluster [( n°-C;H)RhFe,Te,{ CO)(PPh,)] (f) [155].

As just described for [(7°-C;H;)Rh(CO),], [(7°-CsH;)Co(CO),] reacts
with [Fe;(CO)y(ps-Te),] to give the product [(n°-CsH;)CoFe,(CO),(p -
Te),] (Scheme 7) via a similar transmetallation process [156]. Decarbonyla-
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tion of [(n°-CsH;)CoFe,(CO),(u,-Te),] with trimethylamine-N-oxide gives
two isomers of [(1°-C H;)CoFe,(CO)4(p,-Te),], isoelectronic with
[Fe;(CO)y(p4-Te),] and containing a similar acyclic {M,(u;-Te),} type
framework.

An extensive series of heteronuclear, manganese-iron complexes [(%’-
C.H,)MnFe,(CO);L(u,-PR)] (L = CO, ER,, R = alkyl or aryl) (see Table
6) have recently been reported by Hutiner and co-workers [157-161].
Reaction of {(7>-CsH)Mn(CO),(PPh,Cl)] with [Fe,(CO)q] [157] gave a
green material of stoichiometry [(%°-C,H,)MnFe,(CO) (PPh)], (82), and a
red material [(1°-C;H;)MnFe,(CO)q(n,-PPh)] (Fig. 57, (a) and (b) respec-
tively). The X-ray crystal structure of (82) has been determined [157] and
has shown the molecule to consist of an open Mn-Fe-Fe triangle, face
bridged by the PPh group. The Fe—Fe bond length was found to be 2.74 A
and the Mn—Fe bond length to be 2.94 A. The angle of the Mn-Fe-Fe
framework subtended at the central iron atom was found to be 88.2° [157].
The crystal structures of the closely related complexes [(7n°-
C,H,)MnFe,(CO),(PPh,;)(p,-PPh)], (83), and [(7°-
CsH )MnFe, (CO)4(SbPh,)( 1 ,-PPh)], (84), have also been reported, [160,162]
and not surprisingly found to be very similar to that of (82), (83, Fe-Fe =
2.801 A, Mn-Fe=2908 A, Mn-Fe-Fe=287.4° 84, Fe-Fe=2.786 A,
Mn-Fe = 2928 A, Mn-Fe-Fe = 87.3°]. Huttner and co-workers have also
explored the relationship between the complexes (a) and (b) (Fig. 57) and
shown them to be intimately related [158,159,161]. Reaction of (b) with
donor ligands (L = CO, ER,) results in opening of an Mn-Fe bond giving
(a) in good yield. These reactions may also be reversed under thermal or
photochemical conditions with reformation of the metal-metal bond, or
taken further with additional amounts of nucleophile to give cleavage of the
remaining Mn-Fe bond and products of the type [(7n°-
CsH)MnFe, (CO) (L)L) 1£,-PR)] containing only a single metal-metal
bond (see Fig. 58).

The dinuclear complexes [Fe,(CO),(PR,H),] react with [Co,(CO),] to
form the complexes [Fe,Co(CO),(p,-PRH) g,-PR)] (85, R = Me, Ph) and
[Fe,Co,(CO),,(p,PR),;] (86; R = Me, Ph) [103] separable by column chro-
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matography. The X-ray crystal structure of (85; R =Ph) has been de-
termined (Fe-Co (mean)=2.719 A, Fe---Fe=3470 A, Fe-Co-Fe=
79.3°) (Fig. 59). The complexes (85) have been found not to be intermediates
in the formation of the tetranuclear species.

The reaction of [RuCl,(PR,)(arene)} complexes with Fe,(CO), in ben-
zene or dichloromethane at room temperature (24 h) gives a mixture of
trinuclear complexes separable by silica gel chromatography [163,164]. To-
gether with the clusters [Ru,{CO),,(PR;),). [FeRu,CO),,(PR,),] and
{Fe,Ru(CO),,(PR,)], the acyclic heterotrimetallic complex [FeRu,(CO),
(PR,),(1,-Cl), ], (87), was obtained as the major product. The X-ray crystal
structure of [FeRu,(CO)y{PPh,(C=CBu')},(p,-Cl),] has been determined
[163,164], and the molecule shown to consist of a bent Ru~-Fe—Ru backbone
with the two chloro brldges spanning the open edge of the triangle. The
mean Fe—Ru distance is 2.809 A, Ru---Ru=3.185 A and the Ru-Fe-Ru
angle 1s 69.07° (Flg 60). Reacuon of the trinuclear complexes
{FeRu,(CO)gL, {1 ,-Ch),] (L = PPh,, PMe,, AsPh;} with aquecus NaCQ,
leads to the substitution of the chioro bridges giving the novel hydroxo
bridged complexes [FeRu,(CO);L,(n,-OH),}, (88), {165] (Fig. 61). The
X-ray structure of the complex [FeRu,(CO})(PPh,),(u,~OH),] shows a
similar Ru—Fe—Ru core to[FeRu (CO)3{ PPh,(C=CBu')},(1,-Cl),} (Ru-Fe
(mean) = 2.806 A, Ru- - - Ru = 3.032 A, Ru-Fe-Ru = 65.41 A). Treatment
of [FeRu,(CO),(PPh,), ( p,-Cl), ] with NaCO, in i-propanol gives the same
bis(hydroxo) bridged compiex as obtained in aqueous solution, together,
however, with the mixed hydrido, hydroxo bridged complex [FeRu,(COj,

o—a

?
ook P
o o oo,

Fel2}

°°/i. <o F{Q\) (oc,ﬁ.\ v o(COl,
P
I



Fig. 60.

(PPh;)5(p- ) (p,-OH)] [165]. The reactions of the binuclear complex
[{RuCl,( p-cymene)},(dppe)] with [Fe,(CO),] have given the complexes
[Ru,(CO)4(dppe)(s,-Cl),] and [FeRu, (CO)g(dppe) s,-C1). ], (89), [166]. The
structure of the latter complex (89) is proposed to be analogous to that of
[FeRu,(CO){PPh,{(C=CBu")},(u,-Cl),] [163,164]. The complex
[FeRu,(CO)4(dppe)(p,-Cl),] was found to disproportionate under mild
thermal conditions to give [Ru,(CO)q(dppe)(p,-Cl),] as the ruthenium
containing product.

Recently, Keller and Vahrenkamp [167,168], in attempting to synthesize
phosphido bridged mixed metal dimers by the reaction of [Fe{CO)}NO),
(PMe, H)] with [(%°-C;H;)Co(CO),), obtained the complexes shown in Fig.
62 together with several mononuclear producis. The X-ray crystal structures
of both trinuclear species have been determined, and found to be almost
identical (90, Fe-Fe = 2.668 A, Fe~Co = 2.659 A, Fe-Fe-Co = 160.1°; 91,
Fe(1)-Fe(2) = 2.658 A, Fe(2)-Fe(3) =2.711 A, Fe{1)-Fe(2)-Fe(3) = 161.1°).

The reaction of [{(PANMe,CH,C.,H,)(1,-Cl}},] with metal carbonyl
anions has been found to lead to a range of open triangular complexes
containing the Pd-M-Pd core [33,34] (see Sections B.(iii}{a) and (b)).
Reaction with K{Fe(CO)z(NO!] gives red crystals of a complex with the
stoichiometry [{PdNMe,CH,C,;H,},{Fe(CO);(NO)}(#,-Ch], (92), (yield
95%). Although (92) has not been characterized by X-ray crystallography,
and is relatively unstable even at —20°C, there is good evidence for the
formulation [33,34], and the proposed structure shown in Fig. 63.

Fig. 61.
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(b) Ruthenium

Of the three elements in the iron triad, ruthenium forms the smallest
group of complexes relevant to this review (see Table 7). As there are
numerous structural similarities between both iron and osmium complexes it
would appear that ruthenium has, to date, simply not attracted the same
interest as either iron or osmium. For example, although numerous deriva-
tives of the complexes [Fe,(CO)q(p4-X),] are known, only the parent
complexes [Ru,(CO)y(4-5),], (93), and [Ru,;(CO)¢(p,-Se),], (94), have
been synthesized for ruthenium [169]. These products have been obtained by
the direct reaction of [Ru,(CO),,] with sulfur and selenium, and are
presumed to have similar structures to the iron analogues (Fig. 64) (see
Section B.(v)(a)).

The structurally related acyclic tri-ruthenium complexes [Ru;(CO),o(it5-
X),} (95-97, X =Br, I, NO respectively} have been synthesized by the
reaction of [Ru,(C0O),,] with LiBr or Nal assisted by decarbonylation with
trimethylamine-N-oxide/ [170], and by the direct reaction of [Ru;(CO),,]
with nitric oxide [171,172] respectively. The structure of [Ru,(CO) ,(u,-1),]
has been determined by X-ray diffraction methods [170] (Fig. 65). The three
ruthenium atoms define an open triangle (Ru(2)-Ru(1)-Ru(3) = 70. 36°)
with Ru-Ru bond lengths of 2.858 A (Ru(1)-Ru(2)) and 2.870 A
(Ru(1)-Ru(3)). The Ru(2)- - - Ru(3) internuclear distance is 3.301 A and
corresponds to little or no net bonding interaction.

The nitrosyl bridged complex [Ru,{(CO),,(p,-NO),] has also been the
subject of an X-ray structure determination [172]. A similar open triangle of
ruthenium atoms was found (Ru-Ru (mean) = 2.866 A Ru- - Ru=3150
A, Ru-Ru—Ru = 66.69°) with the two nitrosyl ligands bndgmg the open
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TABLE 7

Acyclic cluster complexes of ruthenium

Formula Complex Fig. Ref.®
[Ru3{CO)4(p3-8),] (93) 64 169
[Ru4(CO),{ py-Se),) (M) 64 169
[Ru3(CO) p(po-Br),] (95) - 170
{Ru3(CO) (D)) (96) 63 170*
{Ru;(CO)y5(p2-NO), ) on 66  171,172*
[Ru3{CO)5(p,-NCOY p,-NCH, )] (98) 67 173"
[Ru,{CO) o # XX p5-O=CR)] (X = halide; R = alkyl - 68 174
group)

[RU(COYo (- C(p 50’ 07, *-C=CPh)] (99) 69 175"
[Ru ,(CO) 5 ,-HX po-PPh, X p ;-0*-PhC=CPh}) (100} 70 179
[Ru;{CO)4(C sH3,)l (101) 71 182
[Ru,(CO),(HC, Bu*);] (102) 72 183
[RuFe,{CO}g(PhC,Ph),] (103) - 184
[Ru(CO)g(SnCly ) js5-H) 5 (152 CIX p£3-S)] {104) 73 185*
[Ru,(CO),(dppm) p ;-PPh)(,-CHPPh,)] (105) 74 186"
[Ru,(COY{C,HNO), ] {106) 75 187"
[(Me,P) ,Ru(u,-CH, )}, Ru(n,-CH, ), Ru(PMe, ) J(BE,}, (107 76 188*
[Ru(CO)  ({7°-CsHIRU(CO), },] {108) 77 189*
(RW(CO}4{Mn(CO)s },} (109) = 190
{("Ts'csHs)zR“a{co)s(l-‘s'csH4)1] (110) - 191
[(7°~CsHy ), Ru ((CO) 5 {P(OMe), }(p3-Cs H ), ) (111 78 191"
[Rit 4(CO),5(p£5-EPh),] (E =P, As) (N3 79 192*

* References marked with an asterisk refer to crystal structure determinations.
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edge (Fig. 66). Spectroscopic data for the complexes [Ru;(CO)4(p-X)5]
(X = Br, I, NO) suggest that the solution and sohd state structures are the
same [170-172]. It should be pointed out that these complexes are structur-
ally, closely related to the complexes [Ru(CO),o( g,-H)(,-X)] (X = Cl, Br,
I) and [Ru,(CO)4(p,-H) 5-I)] each containing a three-centre, two-electron
M-H-M interaction [170].

The complex [Ru;(CO),,( p,-NCO){(1,-NC;H, )], (98), has been prepared
by reacting [Ru;(CO),,] with pentamethylene diazirene in toluene at 90°C
(173]. The structure of this complex has been established by X-ray crys-
tallography [173]. The tri-ruthenium backbone forms an open triangle of
ruthenium atoms (Ru—-Ru (mean) =2841 A, Ru:--Ru=3038 A,
Ru-Ru-Ru = 64.6°) with the open edge bridged by a linear isocyanate
group and by the { C.H,,=N} moiety (Fig. 67).

Reaction of the edge bridged complexes [Ru;(CO)4(t,-H)(p,-X)] (X =
Cl, Br, I) with ethylene and carbon monoxide has been found to give the
haloacyl complexes [Ru,;(CO)o(p,-X)( p,-O=CC,H;)] in good yield [174].
Reaction of [Ru;(CO),,(p,-H)( 2 ,-Br)] with propene and carbon monoxide
has given the propionyl halide complex [Ru,(CO),(p,-Br)(pu,-O=CR)] (R
=n- or i-C,H,, ratio 10:1). These products have been characterized by a
combination of 'H and *C NMR spectroscopy and elemental analysis (Fig.
68) [174].

Fig. 67.
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The reaction of [Ru;(CO),,] with PhC=CX (X = Cl, Br) results in C-X
bond cleavage and has been found to give the complex [Ru,{CO)y(p,-
X)( p 50, 92, 9*-C=CPh)], (99), probably the first example of simple oxidative
addition of a halocarbon at a tri-metallic centre [175]. The X-ray structure
determination of (99) (X = Cl) has shown the molecule to possess an open
triangle of ruthenium atoms with an Ru-Ru-Ru angle of 71.3° (Fig. 69).
The Ru-Ru bond lengths are 2.815 and 2.805 A. The chioro ligand bridges
the open side of the triangle; the Ru- -- Ru internuclear distance of this
edge is 3.277 A and is in accord with a zero Ru—Ru bond order. It should be
noted that the {Ru,;{CO),(C,R)} structural unit is well known, being
present 1n a diversity of cyclic cluster complexes [Ru;(CO)g(p,-X)p1,-
7',7%,1*-C,R)] (X = H, PR, HgBr, AuPPh,) [176-178].

The tri-ruthenium cluster complex [Ru,(CO)y(pn,-H)(u,-PPh,)] reacts
with diphenylacetylene (via 4-electron addition with Ru—Ru bond cleavage
and no loss of carbon monoxide) to give the compiex [Ru,(CO)¢(p,-H)(p,-
PPh,)(p4-7*-PhC=CPh)}, (100), [179]. The X-ray structure of this complex
has been determined {179] (Fig. 70). The phosphido ligand bridges the open
edge of the Ru, triangle (Ru(1)-Ru(2) = 2.813 A, Ru(1)-Ru(3) = 2.908 A,
Ru(2) - -+ Ru(3) = 3.838 A, Ru(2)~Ru(1)-Ru(3) = 84.2°). The hydride ligand
was located along the Ru(1)~Ru(3) vector (Ru(1)-H = 1.54 A, Ru(3)-H =
1.89 A), the longer of the two Ru—Ru bonds [180,181}).
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The reaction of ruthenium cluster species with acetylenes follows simular
patterns to the corresponding reactions of iron clusters, namely via
oligomerization of the acetylenic moiety together with metal-metal bond
cleavage in the cluster. These open structures are then stabilized by the
transformed organic moiety (see Section B.(v)(a)). An example is the reac-
tion of [HRu,(CO),(C=CBu')] with excess i-propenylacetylene in hydro-
carbon solvents. Several products are obtained from this reaction of which
one, of stoichiometry [Ru,(CO),(C,(H,;)], (101}, has been isolated by
preparative TLC and characterized by X-ray analysis [182]. The bent
Ru(1)-Ru(2)-Ru(3} chain (bond angle 118.1°) has two metal-metal bonds
of different magnitude (Ru{1)-Ru(2)= 2.731 A, Ru(2)-Ru(3) = 2.838 A)
The C, H,, organic fragment apparently produced by isopropenylacetylene
condensation with the t-butylacetylide ligand, interacts with the metal atoms
through a chain of seven carbon atoms (Fig. 71).

Reaction of [Ru,(CO),,] or [HRu ;(CO)(C=CBu')] with excess Bu'C=CH,
or of [(%’-CsH;),Ni,(HC,Bu')] with [Ru,(CO),,] gives a product of
stoichiometry [Ru{CO)4(HC,Bu');], (102), [183]. This complex has been
completely characterized by X-ray diffraction [183). The three ruthenium
atoms form an open triangle (Ru(1)-Ru(2) = 2.669 A, Ru(2)-Ru(3) = 2.661
A, Ru(l)- --Ru(3) =373 A, Ru(1)-Ru(2)-Ru(3) = 88.8°). Of particular

~—
?Ha flle g ce
H G \
;CHC/ \C /
v, R s Rul3] CHj
l A f.RulZ)’><K\“t/x‘
HC ;,\\CD $ —en
i/ %
Filqu
¢\ %
M

Fig. 71.



180

interest though is the organic fragment formed from the trimenization of
Bu'C=CH. This fragment froms two o-bonds to the central ruthenium atom
giving rise to a metallocyclopentadiene ring; the terminal metal atoms lie on
each side of this nng with bonding interactions between these metal atoms
and the unsaturation of the ring (Fig. 72). A closely related heterometallic
complex [RuFe,(CO)y(PhC,Ph),}, (103), has been obtained from the reac-
tion of the cyclic cluster complex [RuFe,(CO),(PhC,Ph)] with phenyl-
acetylene [184]. A structure analogous to the iron complex
[Fe;(CO)4(PhC,Ph),] [133] (see Section B.(v){(a), Fig. 50) has been proposed,
except with a ruthenium atom replacing the central iron atom.

The oxidative cleavage of metal-metal bonds in c¢yclic ¢luster species as a
synthetic route to acyclic cluster complexes is well illustrated by the reaction
of SnCl, with [Ru,;(CO)y(p,-H),(u4-8)] [185]. Reaction occurs at room
temperature within 45 min yielding, after product workup, a yellow crystal-
line material of stoichiometry [Ru,(CO)¢(SnCl, )} H),(8)], (104), in excellent
yield. This complex has been structurally characterized [185] and found to
consist of an open triangle of ruthenium atoms (Ru(l) Ru(2) = 2.959, 2,942
A, Ru(2)-Ru(3) =2.931, 2924 A, Ru(l)---Ru(3) = 3.458, 3481 A,
Ru(1)-Ru(2)-Ru(3) = 71.91, 72.80° (two crystallographically independent
molecules)). Each metal-metal bond is bridged by one hydrido ligand, while
a sulfido ligand bridges all three metal atoms. The bridging chlorine atom
and the trichlorostannate ligands essentially replace one carbonyl ligand and
one metal-metal bond (see Fig. 73).

Another example of oxidative addition to a cyclic tri-ruthenium cluster
has recently been reported. Reaction of dppm with [Ru,(CO},,] under mild
conditions leads to the substituted species [Ru ;(CO),(dppm},] [186]. Under
more vigorous thermal conditions this product has been found to undergo a
facile transformation via intramolecular oxidative cleavage of a coordinated
dppm Ligand giving the complex [Ru,{CO),(dppm) p,-PPh){ u,-CHPPh,)],
(105), [186]. This product has been completely characterized by X-ray
crystallography [186]. The bent tri-ruthenium framework (Ru(1)-Ru(2) =
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2.843 A, Ru(2)-Ru(3) = 2.884 A, Ru(1) - - - Ru(3) = 4.081 A, Ru(1)- Ru(2)—
Ru(3) = 90.91°) has one ruthenium-ruthenium bond still bridged by dppm.
It 15 further supported by two face bridging organic moieties, a phenylphos-
phinidene unit, and the {CHPPh, } fragment which functions as a tridentate
ligand through the bridging carbon atom and the phosphorus atom (Fig. 74).

Reaction of [Ru,(CO),,] with 8-quininol in tetrahydrofuran has given, in
good yield, a complex of stoichiometry [Ru,(CO),(C,;H,NO),], (106), shown
by X-ray crystallography to contain an open triangle of ruthenium atoms
(Ru(1)-Ru(3) =2.774 A, Ru{2)-Ru{3)=2.773 A, Ru(l)- -- Ru(2) = 3.039
A, Ru(1)-Ru(3)-Ru(2) = 66.4°) [187]. The two quinolinolate ligands bridge
the open ruthenium-ruthenium edge (Fig. 75). A series of closely related
complexes containing other hydroxy hydrocarbylpyridine ligands have also
been synthesized and characterized spectroscopically [187].

Two essentially linear tri-ruthenium complexes have been reported to
date. The most remarkable is the di-cationic complex [(Me;P),Ru(p,-
CH,),Ru(p,-CH,),Ru(PMe,) ,I(BE,),, (107), [188] isolated from the reac-
tion of aqueous HBF, with a red oil obtained during the synthesis of
[Ru,(p,-CH,),(PMe,)]. The di-cation consists of an almost linear arrange-
ment of three ruthenium atoms {Ru-Ru = 2.637 A, Ru—Ru-Ru = 179.3°).
Each pair of ruthenium atoms is bridged by two methylene units; the central
metal atom is formally coordinated only by the four bridging CH, units and
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Fig. 75.

has a tetrahedral geometry. The two cuter ruthenium atoms are octahedrally
coordinated with bonds to two methylene units and to four trimethylphos-
phine ligands (Fig. 76). The authors propose bonding interactions between
the ruthenium atoms, which assuming the molecule to consist of a
Ru(III)~Ru(IV)—Ru(III) unit, gives a ruthenium—ruthenium bond order of
1.5 [188]). The second linear tri-rutheniuom complex [Ru(CO)4[(1]5—
CsH)Ru(CQ), },], (108), has been obtained as a by-product in the synthesis
of [{(w-CsH)Ru(CO),},] from [Ru,(CO),;] and cyclopentadiene [189].
The same product has also been isolated, albeit in low yield, from the
reaction of [(7°-CsH)Ru(CO), 1] with [Ru(CO),]?~ [189]. Crystallographic
analysis [189) has determined that the tri-ruthenium unit is linear with a
ruthenium-ruthenium bond length of 2.889 A. All the carbonyl ligands
adopt an eclipsed conformation, and the cyclopentadienyl rings have a trans
disposition with respect to each other (Fig. 77). Closely related to these
complexes is the linear, heterometallic complex {Ru(CO),{Mn(CO),},],
(109), obtained by pyrolysis of [Ru,(CO);,] and [Mn,(CO),,] in an
evacuated sealed tube (205°C, 50 h) [190]. The complex has been char-
acterized by physical measurements and by mass spectrometry. It is pre-
sumed to possess a linear Mn—Ru-Mn framework analogous to that observed
in [Fe(CO) .{ Mn(CO)5 ,] {150},

Only three acyclic complexes of ruthenium with nuclearity > 3 have been
reported to date. Recently, ultraviolet irradiation of the dimer [{(n’-
Cs;H,)Ru(CO}), },] in toluene for 3 days has been reported to give a mixture
of products including the novel tetranuclear complex [(7°-C;H;),Ru ,(CO),
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(p;-CHY)LY (110), [191). Although suitable crystallographic crystals of this
material could not be obtained, the substituted derivative [(#°-CsH,),Ru ,-
(CO){P(OMe); }{(p5-CsHy) ol (111), (obtained from the photochemically
initiated reaction between the parent complex and P(OMe),) has been
structurally characterized by X-ray crystallography [191]. The molecule
consists of a Z-shaped Ru, backbone (Fig. 78) (Ru(1)-Ru(2)-Ru(3) =
101.7°, Ru(2)-Ru(3)-Ru(4) = 99.6°). The central Ru(2)-Ru(3) bond length
(2.887 A) was found to be significantly longer than the outer ones
(Ru(1}—-Ru(2) = 2.755 A, Ru(3)-Ru(4) = 2.767 A) and thus the molecule
may best considered to be an oligomer, made up of two, linked, Ru, units.
An unusual feature of this molecule is that two {C;H,} units each bridge
three ruthenium atoms, %°- to one and 7'- o each of the other two.

The complexes [Ru (CO),,(p,-COXp,EPh),] (E=P, As) readily and
reversibly, add carbon monoxide to give the acyclic clusters [Ru ,(CO},;5( 2 -
EPh},] [192]. Crystal structure determinations [192] on these compounds
show that the molecules contain a puckered Ru, unit (112, E=P,
Ru(1)-Ru({4) = 2.903 A, Ru(2)-Ru(3) = 2.885 A, Ru(3)-Ru(4) = 2.926 A;
113, E = As, Ru{1)-Ru(4) = 2.928 A, Ru(2)-Ru{3) = 2.927 A, Ru{3)-Ru(4)
= 2.969 A), p,-capped by the {E-Ph} units (see Fig. 79). Structurally these
molecules are thus related to [Ru,{CO),{1;-ER),] (E= P, As) type com-
plexes, and can be considered to be formally derived from them by insertion
of a {Ru(CO),} moiety into one of the six Ru—P or Ru—As bonds [192].
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Iron complexes containing the {M,(CO),} open triangular unit capped
by two triply bridging ligand systems, form an extensive series of com-
pounds (see section B.v)(a)). Surprisingly, relatively few ruthenium or
osmium compounds of this type have been synthesized, and for osmium
these are essentially restricted to the parent derivatives, e.g. [Os;(CO)(p5-
S),] (see Table 8). Lewis and co-workers were the first to report the
synthesis of the complexes {Os,(CO),(p;-X),] (X =35, Se, Te) [169]. Treat-
ment of [Os,(CO),,] with elemental sulfur, selenium or tellurium in boiling
n-octane for 15 h generally gave a mixture of three products identified by
analytical and spectroscopic data as [Os,{CO)¢H,X], [0s;(C0O)yX,] and
[05(CO},H,X,] {169]. Improved yields of these products could be ob-
tained by carrying out the reactions under a pressure of CO/H, (35 atm.,
1:1), while under CO pressure alone, reduced yields of the hydrido com-
plexes were obtained. The complex [O5,(CO),(p,-H),(t4-X)] contains a
closed tnangle of osmium atoms, while the complexes [Os,(CO),(g,-
H),(u,-X),] have been structurally characterized [169] (X = Se) as contain-
ing a chain of four osmium atoms (see below). The X-ray crystal structures
of [Os3(CO)e(p;-S),), (114), and [Os;(CO)4(p;-Se),), (115), have been
determined (Fig. 80} [193,194]. The molecules are analogous to the iron
derivatives, and contain an open ftriangle of three osmium atoms triply
bridged by two sulfur or selenium atoms. The average Os-Os (bonding) and
Os - - - Os (non bonded) distances increase in the order S < Se (114, 2.813
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and 3.662 A; 115, 2.842 and 3.791 A) In both molecules the Os-X distances
to the central metal atom Os(1) (114, Os(1)-S(1) = 2.454 A 0s(1)-S(2) =
2.434 A; 115, Os(1)-Se(1) = 2.551 A, Os(1)-Se(2) = 2.539 A) are larger than
those to the terminal metal atoms 0Os(2) and Os(3) (114, Os(2)-8(1) = 2.415
A, 0s(2)-8(2) = 2.392 A Os(3)-S(1) = 2.402 A, _Os(3)-5(2) = 2.390 A, 115,
Os(2)-Se(1) = 2.513 A Os(2)-Se(2) = 2.497 A, Os(3)-Se(1) = 2.509 A,
0s(3)-Se(2) =2.493 A)

A range of substituted derivatives of the complex [Os,(CO)4(r4-S),] have
been reported. Reaction with PMe,Ph or PPh,H at room temperature has
given [Os,(CO)L(x4-S),;} (116, L = PMe,Ph [193], PPh,H [195]) in good
yield. Reaction of [Os,{CO},,] with CS, in hexane at 130°C under 10 atm.
pressure of CO/Ar (1:1) has given [Os,(CO)4(CS)(g,-S),1, (117), [196]. The
complex [Os5{(CO);(CS)(p,-S),] has also been synthesized by the irradiation
of [HOs;(CO),4(p5-SPh)] in the presence of CS, {197}. The X-ray crystal
structures of [Os,(CO);L(p5-S),] (L = PMe,Ph, (116); CS, (117)) have been
determined [193,196] (see Fig. 81). Both molecules have the expected open
triangular framework of three osmium atoms, capped by two triply bridging
sulfur atoms (116, Os(1)-0s(2) = 2.770 A, Os(1)-Os(3) = 2.856 A, Os(2) -
Os(3) = 3.713 A, Os(1)-S(1) = 2.452 A, Os(1)-S5(2) = 2.446 A, Os(2)-8(1) =
2.426 A, Os(2)-S(2) = 2.405 A, Os(3)-S(1) = 2.413 A, Os(3)—5(2) = 2.389 A,
Os(2)-0s(1) 05(3) = 82.57°; 117, Os(1)-Os(2) = 2.830 A, O0s(2)-0s(3) =
2.780 A Os(1) - - - Os(3) = 3 642 A, Os(2)-S(1) = .2.440 A, Os(2)-8(2) =
2.408 A, Os(1)- S(l) = 2.380 A, Os(1)-S(2) = 2.365 A, Os(3)-S(1) = 2.400 A,
Os(3)-8(2) = 2.381 A, 0s(1)-0s(2)-Os(3) = 81.0°). The bridging sulfur
atoms are, as in the parent complex [Os,(CO)g(p4-S),], unsymmetrically
bridging the three osmium atoms. In both complexes the substituent ligand
is coordinated at a basal osmium atom.

While many acyclic cluster complexes of osmium have their analogues in
iron and ruthenium chemistry, the linear tri-osmium complexes of general
formula [Os,(C0O),,X,] (X = halide, H, alkyl, etc.) have, to date, no iron or
ruthenium analogues.

The first examples of these complexes, [Os,(CO),,X,] (118, X = Cl, Br,
I), were obtained by reaction of the trinuclear cluster [Os,(CO),;] with the
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TABLE 8

Acyclic cluster complexes of osmium

Formula Complex Fig. Ref.*®
[Os3(CO)g(1£5-S),1 (114)y 80  169,193*
[O54(CO) g p3-Se), ] (115) 80  169,194*
[055(CO}o(k5-Te)) - - 169
[05,(CO)gL(5-S),] (L = PMe, Ph, PPh,H) (116) 81  193,194*,195
[053(CO)5(CS)5-5),] arm 81 196*
[05,(CO), X,] (X =C], Br, I) (118) 82  198,199,202*,
203,223
{O84(COY,0 (PEL,),Cl, ] (119 - 204
[O84(COY,, (AuPPh )Cl] azw - 205
[O5,(C0O),,(SnCl,)CI] (121y - 206
[Os4(C0),5(SiXCl,),] (X = Me, Cl) 122y 83 207
[0s4(CO),-H, ] azny - 208-210,
[0s;(CO);,R,] (R =alkyl) ~ - 211,212,213* 214
[05(CO) o (1y-OMe), ] (124) 84  199,201,215,216*
[Os,(CO) p(Ho-X),] (X=Cl, Br, 1) (125 - 204,217
[055(CO)4(PPh) 5 (1,-C), ) (126) - 204217
[05,(CO) o r-NO), ] zn - 218,219
[O5,(CO)o L p,-NO), 1 {L = py, (OMe),, PPh,, NMe,) (128) - 218,219,220",221*
[08,(CO)yq(po-ER},] (E =S, Se; R = alkyl or aryl) (129) 8586 222
{O8,(CO) (2 ,-O=CMe) pt,-O=CEt)] 30 - 223
[05,(CO) o (po-XH#,-O=CR)| (X =CI, Br,I; R = - - 223,224
alkyl)
[08,(COY,5( p ,-OHY pa,-O=CMe)] - - 224
[0s,(CO) o (CH,OCON=NCO,CH )] (131) 87  225226*
[0s,(CO),,(CH,O0CON=NCO,CH )] 132y - 225,226
[0s,{C0O),;(CH,O0CON=NCO,CH,)] 133 - 226
[05,(CO),o(CON,;Ph)L] (L = MeCN, C;H N) (134) 88  227%228*
[05,(COYe{ po-C(CNBu' YCPh}(pt,-PPh )] (135 89 229
[0s3,(CO)(C{C(NHRYNHBu')}CPhXu,-PPh,)] (R= (136) 90  229*
alkyl)
[08;(CO)( p ;-SX 11,-NSiMe;, )] - 91  230*
[Os3(COYg(15-PRY(p5-CeH )] (R = alkyl or aryl) am s 231"
[Os;(COY (4 5-CaH X p2-AsMe, ) (138) 93  232*
[HOs3{CO)s(p3-CsH X 1,-SR}] (R = alkyl) (139) 94 233"
[Os3(CO)5(PMe, Ph) p5-S) p49*-SCH , )] (140) - 234* 236™
[05,(CO),(PMe, Ph){P(OMe); H u5-SKp-n-5CH,)] (1) 95 237"
[HOs,(CO),(PMe, Ph)(p,-S)1,-n"-SCH, )(SnMe,)] (142} 96 239*
[H,0s,(CO),(PMe, Ph)( p2;-S)(p;-9°-SCH, )] (143) 97 239"
[HOs,(CO)g(p+-SH1,-HC=NR)] (R = alkyl oraryl)  (144) 98 240,241,
254-256
[HOS 3(COYo{ 3-SX p,-C=NCH ,CH,S)] (145) - 242
[Os5(CO) g po-H)2(p5-8)5] (146) 99 197,243%
[Os3(CO) 5 (CS)(pr-H) 2 (15-5) ;] - 100 244*
[HOs ;(CO) {2 ,-H)X 2,-OHY - C=C=CPh,)] (147) - 245™
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TABLE 8 (continued)

Formula Complex Fig, Ref. ®

[05,(C0),; {C(CH,), )] (148) 101 246*

[HOs ;{CQ),({PEt; X CF,CCHCEF;)] (149) 102 247* 248

{05 ,(CO) 3 £3-S):] {150) 104 250*

[Os W({CO},,(PMe, Ph}, (g,-5)4] {151) 106 252"

[Os ,(COYa(p-HY; (p4-X),] (X =85, Se) (152) 107 169*,253

[H,05,(COYy4(p4-S) p,-HC=NR)] (R=Ph, (153) - 254* 256*
C.H, F-4)

[H,084(CO) ;5 (pr4-8X 3-SH p3-8H pa-HC=NPh), ] (154) - 255

[HgOs o (CO)Y 4 (pr4-SK r4-SX p~-HC=NPh}, ] (155) - 255"

[Os5(CO) 14 (14~ SN 3-S) p,-PPh, ), ] (156) - 195

[Os(CO) 4(AuPPh,),] (157) - 257

[Os(CO) ,{M(CO)s},] (M =Mn, Re) - 108 190

[OsP1,{CO);(PPh,),( p,-MeC, Me)] (158) 109 258*

[OsPt,(CO) ((PPhy X pt4-MeC, Me)) - - 258

8 References marked with an asterisk refer 1o crystal structure determinations.

halogens in benzene [198,199]. These results contrast with the corresponding
reactions of the iron and ruthenium carbonyls [M,(CO},,] (M = Fe, Ru), the
products of which include the mononuclear complexes of the type
[M(CO),X,] and in the case of ruthenium, the complex [Ru,(CO),,X,]
[200]. This difference in behaviour most probably reflects the increase in
stability of the metal-metal bond towards oxidation on descending the triad
or 1s due to a kinetic effect in which case a complex [Ru;(CO),,X,,} could be
visualized as an intermediate en route to [Ru{CO),X,] [198].

On the basis of the effective atomic number rule a linear arrangement of
metal atoms was proposed for the complexes [Os;(CO),, X,] (X = Cl, Br, I)
while the IR spectra [199,201] were interpreted as being consistent with Dy,
symmetry i.e. the halogen atoms being axial (trans) to the metal-metal
bonds. Molecular ions [0s,(C0),,X,]", together with ions of the type
[055(CO)yy. . X2]" (= 1-12), [0s,{CO)g_,X,]" (n=1-8) and
[Os(CO),_,X,]" (n=1-4) were observed in the mass spectra of these
complexes. This pattern contrasts sharply with that observed for the cyclic
tri-osmium cluster systems, and strongly supports the linear formulation
[199).

The question of the structure of these complexes has been unequivocally
resolved for [Os,(CO),,1,] {202]). The molecule comprises a linear unit of
three osmium atoms with the iodine atoms occupying equatorial sites frans
to one another on the terminal osmium atoms (see Fig. 82). Each osmium
atom has an octahedral configuration, with the equatorial ligands on the
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terminal osmium atoms staggered with respect to the four carbonyl groups
on the central osmium atom, The Os—Os bond length 15 2.935 A,

The kinetics of the reaction of [Os,;(CO),,] with halogens have been
investigated [203]. The reaction with chlorine was found to he consistent
with the mechanism

[033(C0)12] +Cl, = [Oss(CO)u . Cl:] - [033(C0)12C12]

where the intermediate [Os;(CO),, - Cl,] could be either a charge-transfer,
or a Lewis acid—base complex formed between [Os,;(CO);,] and chlorine. In
the case of bromine, direct evidence for a similar intermediate was not
obtained, while the reaction with iodine was complicated and was not
studied in great detail [203].

The substituted derivative [Os;(CO),,(PEt;),Cl,], (119), has been ob-
tained by the reaction of the disubstituted cluster complex [Os,(CO),,
(PEt,),] with chlorine in carbon tetrachloride [204). The structure of this
product is not known, although it might be anticipated that due to the steric
bulk of the phosphine ligand, a diaxial disposition of the phosphine ligands
would prevail.

Closely related complexes containing the linear tri-osmium skeleton have
been synthesized by the oxidative addition of gold, tin and silicon halides to
[0s,(CO),,])- Reaction of [(PPh,)AuCl] with [Os;(CO),,] has given the
complex [Os,(CO),,(AuPPh,)}(CD], (120), proposed to contain an unusual
0Os5—0s—-0s-Au core [205]. The complex is monomeric in chloroform and its
IR spectrum is consistent with the linear arrangement of metal atoms. The
corresponding bromide [Os,;(CO),,{AuPPh,)(Br)] has been prepared in a
similar manner although reactions of [Os,(CO),,] with [(PPh,)Aul],
[(AsPh;)AuCl], [(PPh;);CuCl} and {(PPh,),AgBr] were not successful [205].
Tin tetrachloride also reacts with [Os,(CO),,] giving a product of stoichiom-
etry [0s,(CO),,-SnCl,], (121), and which presumably also contains a
similar linear tri-osmium core [206].

The complexes [Os,(CO),,(S8iXCl,),] (122, X = Me, Cl) have been ob-
tained by the reaction of [Os,(CO),,] with the appropriate silane SiXCl,H
at 140°C under carbon monoxide pressure (80 atm.) [207]. The X-ray crystal
structure of [0s,(C0O),,(SiCl;),] has been determined [207]. The molecule
has a linear 8i—Os;-31 core (Os-0s=2.912 A, Os-Si=2377 A) The
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carbonyl groups on the terminal osmium atoms are staggered with respect to
those on the central osmium atom (see Fig. 83). A notable feature of this
molecule is that the silyl groups are disposed #rans to the Os—-Os bonds in
contrast to the cis disposition of the iodide ligands in [Os;(CO),,1,] [202].
This can be rationalized in terms of unfavourable steric interactions between
the chlorine atoms of the SiCl, ligand and the carbonyl ligands on the
central osmium atom, if the silyl moieties were placed cis to the Os-Os
bond. This suggests that other related molecules, e.g. {Os;(CO),,{AuPPh;)-
Cl], [0s4(C0)4,(SnCl,)(CD)], might contain a linear metal or metal-metal-
loid chain, but that the single halogeno ligand might still adopt a cis
configuration relative to the linear core.

Molecules containing the linear {Os,(CO),,} core structure have also
been synthesized with hydride and alkyl substituents. The complex
[0s,(CO),,H,}, (123}, was first reported by Moss and Graham [208] in 1970.
It was synthesized by the high pressure carbonylation of osmium tetroxide
in the presence of hydrogen and in good yields by the reduction of
[Os,(CO),,Br,] with the reducing system zinc dust/acetic acid/methanol
[208]. Low product yields were obtained using NaBH, as the reducing agent
[208]. By a modification of this procedure, [Os;(CO),,D,;} could also be
synthesized. On the basis of their spectroscopic properties {208,209] and
chemical reactivity [210] (e.g. reaction with CX, (X =Cl, Br) gives the
complexes [Os,(CO),,X,]) the most probable structure for these complexes
is similar to that of [0s,(CO),,1,], i.e. a linear arrangement of osmium
atoms with terminal hydrides occupying equatorial positions on the end
osmium atoms [209].

Complexes of composition [Os,;(CO},,R,] have been obtained as decom-
position products of [Os(CO),(H)R] [211,212]. Their stoichiometry has been
established by mass spectrometry, and on the basis of their spectroscopic
properties (which are similar to those of [Os;(CO);,H,]), a linear tri-osmium
structure, equatorially disubstituted with alkyl groups was proposed [211].
This has been confirmed by a single crystal X-ray analysis of {Os,(CO),
(CH,;),] [213]. A related product of the decomposition of [Os(CO) (H)XEt)}
is one tentatively assigned the stoichiometry [Os,(CO),,(H)Et)] [212] which
presumably has a structure closely related to those of [Os(CO),;H;] and
[Os,(CO),,(CH;) ).
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The complex [Os,(CO),,(CH;),] decomposes rapidly at 90°C to give
[0s,{CO),,]} and methane [214). The reaction probably proceeds via homo-
lytic Os—C bond cleavage to give methyl radicals that subsequently abstract
a hydrogen atom from the solvent giving methane. Reaction with excess HBr
in CCl, gives [Os,(CO),,Br,], while reaction with one equivalent of HBr
gives the mixed ligand complex [Os,(CO),,(CH,)Br)], the latter presuma-
bly similar in structure to the former. In contrast, reaction with iodine leads
to metal-metal bond cleavage, giving cis-[Os(CO),(CH;)I} and [Os,(CO),-
(CH,)(1)} as the products.

Carbonylation of osmium tetroxide in methanol has given a range of
triosmium complexes including the unusual product [Os,(CO),,(p,-OMe),],
(124), [215]. On the basis of the Effective Atomic Number (EAN) rule, two
structures, shown in Fig. 84, were proposed for this molecule [199,201,215].
The X-ray crystal structure determination [216] has shown the molecule to
have the structure (b), namely an open triangle of osmium atoms, with the
open edge bridged by the two methoxy ligands (Os(1)-Os(3) = 2.823 A,
Os(1)-0s(2) = 2.815 A, Os(3)- --0s(2) = 3.078 A; Os(3)-Os(1)-Os(2) =
66.17°). The relatively short “non-bonded”™ Os(3) - - - Os(2) distance does,
however, suggest that metal-metal interaction cannot be ruled out com-
pletely; it 1s interesting to note in this regard that a study of the vibrational
spectra of this molecule [201] revealed three intense Raman lines attributa-
ble to »(QOs—0s), although only two bands attributable to metal-metal
vibrations were observed in the far-infrared spectrum.

Prolonged heating of the linear Os; complexes [Os,(C0O),,X,] (X =,
Br, I) in benzene results in loss of two molar equivalents of carbon
monoxide and formation of the products {Os,{CO){2,-X),] (125, X = Cl,
Br, I} in good yield [204, 217]. These complexes are believed to have the
same structure as the complex [Os,(CO),,(p,-OMe),]. namely an open
triangle of osmium atoms, with the open edge bridged by two halogeno
ligands [204]. Carbonylation of [Os,(CO)o(p,-X),] (140 atm.) regenerates
the linear complexes, although, somewhat surprisingly, reaction with PPh,
(X = Cl) does not result in brndge-splitting but rather substitution, giving the
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complex [Os,(CO)(PPh,),(p,-Cl}),], (126) (see Scheme 8). Presumably sub-
stitution occurs at the two bridge-head osmium atoms,

Osmium, like ruthenium, forms trinuclear complexes containing an open
triangle of atoms where the open edge is bridged by two, three-electron
donor nitrosyl ligands (see Fig. 66), Tn-osmium dodecacarbonyl reacts
directly with nitrous oxide in n-octane at 126°C to give mainly the trinuclear
cyclic cluster species [Os,(CO)4(NO),], together with small amounts of the
acyclic cluster complex [0s,(CO),,(1,-NO}, ], (127), [218,219]. The former
contains a closed triangle of osmium atoms, with terminal, three-electron
donor nitrosyl ligands, while (127) has an acyclic structure, with the open
edge bridged by the two nitrosyl ligands. Despite these differences, both
complexes are closely related chemically [218,219]; this is particularly clear
when the reactions of [Os,(CO)4(INO),] with donor ligands are considered
[218,219]. [Os5(CQO)4(NO),] reacts with carbon monoxide at 80°C to form
(127), and also reacts directly with pyridine to form the complex
[Os5(CO) o(py)(,-NO), 1, (128), the latter containing an open, bridged trian-
gle of osmium atoms similar to (127). Further, [Os,(CO)(NO),] reacts
readily with P(OMe), or PPh, to give the complexes [Os,(CO);L(NO),]
(L = P(OMe),, PPh,), the latter complexes reacting readily with carbon
monoxide in boiling heptane to give complexes of the type [Os,(CO) L(p,
NO),].

The X-ray crystal structure of two complexes [Os,(CO),L{(u,-NO),]
(L =NMe, [220], P(OMe), [221]) have been determined. (The complex
[Os;(CO){NMe, X 1 ,-NO),] has been synthesized by the reaction of
[05,(CO),o(p4-NO),] with Me,NO [192].) Both molecules have the same
open, edge-bridged {Os,(u,-NO),} unit (Os(1)-Os(3) = 2.885 A,
Os(2)-0s(3) =2.875 A, Os(1)---Os(2) =3.197 A, Os(1)-Os(3)-0s(2) =
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67.4° and Os(1)-Os(2) = 2.888 A, 0s(3)-0s(2) = 2.894 A, Ox(3) - - - Os(1) =
3217 A, Os(1)-0s(2)-0s(3) = 67.6° respectively). In both cases the ligands
NMe, and P(OMe), occupy a coordination site on the bridge-head osmium
atom; as expected, the metal-metal bond trans to the donor ligand is
slightly longer than the other osmium-osmium bond.

The cluster [Os,(CO),;(NCMe)] reacts with the compounds RE-ER
(E=S, R=Me, Ph, CH,Ph; E=5¢, R=Ph) to give the complexes
[05,(CO),6(1,-ER), 1, (129), in ca. 50% yield [222]. The IR spectra of these
complexes are closely related to those of [Os(CO),o(u,-X),] (X =Cl, Br, I)
[204], indicating a similar molecular geometry, i.e. a triangular of three
osmium atoms with the long (non-bonded) edge spanned by two { z,-ER}
bridging groups (Fig. 85). The authors propose that the molecule R,E,
initially displaces the labile acetonitrile ligand, which, followed by an
intramolecular oxidative addition of the RE-ER moiety to an Os-0s bond
with CO loss gives the final product. Three 1somers could be envisaged for
these products; these are shown below (Fig. 86(a)—(c)). Only one of the three
isomers 1s produced for each product, although [Os,(CO),,(x,-SMe),] does
undergo irreversible thermal isomerization to give, finally, an isomer iso-
structural with [Os;(CO),(x,-OMe),] [216]). The compound [Os;(CO) (-
SCH,Ph),] on heating produced small amounts of [Os,(CO)4(g4-S),], while
[0s;(CO),o{ i,-SPh),] gave a small amount of [Os,(CO)4( i,-SPh)( u4-SPh)],
believed to have a similar structure to the related iron complex
[Fe,(CO)4(SBu'),] [88,89]. The compound [Os,(CO},,(p,-SePh),] under-

&
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goes thermal decomposition in hot n-octane to give low yields of
[Os,(CO)4(p5-Se),] and a second isomeric form of [Os;(CO),o(u,-SePh),]
with an IR spectrum related to that of [Os,(CO)q(p,-OMe), ].

The complexes vic- and gem-[0s,(CO),( p,-O=CMe)( 1 ,-O=CEt)], (130),
have been synthesized by the action of ethylene (136 atm., 140°C, 48 h) on
[Os;(CO) (1 -H)} 1 ,-O=CMe)] (Scheme 9) [223]. A similar reaction In
ruthenium chemistry takes place under milder reaction conditions (3 atm.,
25°C), and does not lead to a trimetallic bis(acyl) complex, but via extrusion
of “Ru(CO),” (recovered as [Ru;{CO),5]) gives the dinuclear complex
gem-[Ru , (CO) (¢ ,-O=CMe) 1 ,-O=CEt)] [174].

The complexes [Os4{CO),,(1,-O=CR),] (R = Me, Ph) have been synthe-
sized in a two step sequence from [Os;(CO),;] (Scheme 10). Treatment of
[Os,(C0O),,] with two equivalents of methyl- or phenyllithium (0°C, THF)
gives instantaneously the dianions [Os;(CO),,{ C(O)R},]?". Oxidation with
either Me,OSbCl, or CuBr, (2 equivalents, THF, —10°C) gives pure
ic-[0s,(CO),,(p,-O=CR),]. In CHCl; solution, vic-[Os,(CO), (s,
O=CMe),] tsomerizes within 1 h at 25°C to a solution containing 2.4:1

Os (CO) : Liz [0s5tcano{ci0Ir
2 == { }e
2Me;0SBCl,
or 2CuBr,
R
/ col, / (o),
o'/ //w S — /o/_ <T,
(OC1, Oo(CO) {0C2,0% QOs(CO),
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Scheme 10.
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gem : vic; pure gem-[Qs;(CQO),o{#,~-O=CMe),] can be selectively crystallized
out of this mixture by slow evaporation of the solvent [223]. These results
are notable for they provide the first example of acyl group migration. The
most likely mechanism for this process involves bridging o-, #-bonded acyl
intermediates (Scheme 11) [223].

It is interesting to note that the column chromatographic purification of
vic-[0s,(CO),,(1,-0=CR);] (R = Me, Ph) [223], synthesized using
Me,OSbCl, as oxidant, also yielded small quantities (~ 2%) of
[05,(COY,0(1,-CY),] and [Os,(CO), o 1 ,-Cl){ p,-O=CR)], both compounds
containing the acyclic, di-bridged Os, triangle.

Similarly, attempts to purify the bis(acyl) complex [Os,(CO){ C(O)R)
(1 ,-O=CMe)] (obtained by alkylation of [Os,(CO),y(p,-O=CCH;)]~ with
ROSO,CF,;; R = CH;, CD,) resulted in disproportionation to
[05,(CO)s{ COOR)R}(,-O=CMe)(p,-H)] and [Os5(CO) gl p-OH) p -
O=CMe)) [224]. Due to the presence of chloride ion in the mixture, the
complex [Os,(CO), o (1,-CIY n,-0=CMe)] was also isolated (Scheme 12). The
halogen impurity isolated for the case R = CD; was [Os,(CQO),o{ p,-D{(1t5-
O=CCD,)]. The bromo complex [Os,(CO),,(p,~Br){( g,-O=CMe)] has been
isolated as a minor product present after the alkylation of [Os,(CO) (-
H)(p,-O=CMe){ C(O)R}] [224].

[osytcmg {c@r}{u,-0=cme} ]

{R=CHy , COy)

H,C
,’R R /n
0=C,___.0slCO) o\c o:«:o: 0=C,_~0scO)
/ N 2 / 4 / 4
OC, o<')<cL(ooi, (Con o.ac!:n3 ©cC 1,0:/:‘(0'-' {CO)y
X H/ 0 '

R=CHy X=401 H

RaCDy X=1I

Scheme 12.
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[0s,(C0O),,(NCMe)] or [05,(CO),,(NCMe),] react with excess dimethyl-
azodicarboxylate to yield the complex [Os,(CO),,(CH,0,CN=NCO,CH,)],
(131), [225,226] (Fig. 87(a)). In the case of [Os;(CO),,(NCMe)], a precursor
of (131), [Os,(CO),,{CH ;0,CN=NCO,CH,)], (132), (Fig. 87(b}), is isolated
when the reaction is carried out under mild conditions [226]. Complex (131)
reacts quantitatively with carbon monoxide (102 atm.) to give [Os4(CO),,
(CH,0,CN=NCO,CH,)], (133), [226] (Fig. 87(c)). The X-ray crystal struc-
tures of (131) and (133) have been determined [226]. Complex (131) has an
open triangle of three osmium atoms (Os(1)-0Os(2) = 2.9638 A, Os(2)-0s(3)
= 29704 A, Os(1)---0s(3) =4.1615 A, Os(1)-0s(2)-O0s(3) = 89.06°) with
the azo ligand spannming one edge. The ligand forms two five-membered
chelate rings and acts as a six-electron donor. In this regard it should be
viewed as being strictly analogous to the complexes [Os,(CO)o(15-X),]
already discussed. Complex (133) is essentially related to (131) by having
two carbonyl ligands occupying the coordination sites previously filled by
the coordinated methoxycarbonyls. The molecule has a similar open triangle
of three osmium atoms (Os(l) Os(2) = 2.9672 A 0s(2)-0s(3) = 3.0078 A
Os(1) - - - Os(3) = 4.1979 A, Os(1)-Os(2)—Os(3) = 89.27°). It is best viewed
as bemg derived from [Os,(C0),,] by the replacement of one Os—Os bond
by a bridging two electron donor hyrdazide ligand. It is interesting to note
that, formally, (133) is related to the complexes [Os,(CO),;X,] which
possess linear tri-osmium skeletons, but that because of the constraints
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imposed by the chelating hydrazide ligand, the triangular disposition of the
osmium atoms is maintained. The structure of (132), deduced by IR and
NMR spectroscopy, 1s intermediate between those of (131) and (133), and is
derived from (131) by replacement of one coordinated methoxycarbonyl by
a CO ligand. Complex (133) could not be synthesized directly from
[0Os4(CQO),,] and dimethylazodicarboxylate. Heating of (133) in benzene
(70°C, 5 h) gave (132) in quantitative yield, as did treatment of (133) with
Me,NO. Complex (131) was not found to be a product of these decarbonyla-
tion reactions [226].

The clusters [Os,(CO),,{NCMe)] and [0s,(CO);;(NC;H,)] have been
treated with phenyl azide to give the complexes [Os,;(CO),,(CON,Ph)(L}]
(134, L = MeCN, C;H N) [227,228} both of which have been characterized
by a combination of spectroscopic techniques and X-ray crystallography
[227,228]. In both complexes the tri-osmium unit defines an open triangle
(134, L = MeCN, Os(1)-0s(2) = 2.943 A, Gs(2)-0s(3) =2.937 A, Os(1) - -~
Os(3) = 3.612 A, Os(1)-0s(2)-0s(3) = 75.8°; 134, L = C;HN, Os(1)-0s(2)
= 2936 A, Os(2)-0s(3) = 2.929 A, Os(1)- -- Os(3) = 3.615 A,
Os(1)-0s(2)-0s(3) = 76.1°) with the azide ligand bridging the open edge
(see Fig. 88). The acetonitrile and pyridine ligands occupy an axial coordina-
tion site on Os(3). The mechanism of formation of the complexes (134) is
proposed to occur via ligand (acetonitrile or pyndine) dissociation from
[Os,(CO},,L] giving the reactive intermediate [Os,{CO),,} which then reacts
with phenyl azide followed by recombination with the ligand [228].

t-Butyl isonitrile has been found to undergo regiospecific addition to the
a-carbon atom of the cluster bound p,%',n*-acetylide in [Os,(CO)g(p4-
7',p?-C=CPh){(p,-PPh,)] generating [Os;(CO)y{ p,-C(CNBu')CPh}(p,-
PPh,)], (135). Complex (135) is aminated by RNH, (R = Me, Et, Bu”) to
give [Os,;(CO),(C{C(NHR)(NHBu")}CPh)(u,-PPh,)], (136), [229]. The
structure of (135) is proposed to be that shown in Fig. 89 on the basis of an
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X-ray structure determination carried out on the related complex
[HRu,;(CO)4{ C(CNBu')CPh}] [229]. On the other hand, complex (136) has
been the subject of an X-ray crystallographic study (Fig. 90); the molecule
contains an open triangle of osmium atoms (Os(1)-Os(2)=2.831 A,
Os(2)-0s(3) =2.844 A, Os{1):::0s(3) =3.850 A, Os(1)-0s(2)-0s(3) =
105.0°). In both (135) and (136) the high field **P NMR chemical shift for
the bridging phosphido ligand suggests little or no osmium—osmiurn interac-
tion between these particular osmium atoms [229].

The thermal reaction of [Os,(CO),,] with S(NSiMe,) yields the complex
[Os5;,(CO)g(15-S)(p,-NSiMe, )] [230]. In the solid state, the osmium atom
framework defines an open isosceles triangle which is bridged by both an
inorganic sulfur ligand and a trimethylsilyl nitrene ligand (Fig. 1) [230].
The osmivm-osmium bonding distances are 2.774 and 2.777 A compared
with 3.498 A for the open edge. A variable temperature *C NMR study of
the structure of this molecule in solution has shown the presence, at elevated
temperatures, of two different structures. The authors have interpreted this
observation in terms of a reversible opening and closing of the tri-osmium
triangle in solution; the bridging sulfur and nitrene ligands are envisaged as
playing a key role in accommodating these changes [230].

Thermolysis of [Os4(CO),,(PPh,R)] (R = Me, Et, Ph) in boiling n-nonane
for 1 h gives as the products, complexes of the stoichiometry
[Os,(CO) o (PRCH ), (137), (yield 70-80%) [231]. The X-ray crystal struc-
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Fig. 90.
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ture of (137, R = Et) has been determined [231]. The molecule has an open
triangle of three osmium atoms, one side face-bridged by the {PEt} ligand
system, and the other by a benzyne ligand {CH,} (Os(1)-Os(2) = 2.789 A,
Os(2)-0s(3) = 2.929 A, Os(1)- -- Os(3) = 4.008 A, Os(1)-0s(2)-0s(3) =
89.0°) (Fig. 92). The authors consider that the formulation shown in Fig. 92
is not necessarily the best description of the bonding of the benzyne ligand,
but that a contribution from a form with a measure of carbenoid bonding to
Os(3) 1s also relevant [231]. The spectroscopic properties of the complexes
[Os,(CO) o n4-CH  )(12,-PR)] (R = Me, Ph) indicate them to be structurally,
entirely analogous to [Os;(CO),(pu;-CH ) p5-PEt)] [231].

The complex [HOs,(CO)o(p;-CoH ) po-AsMe,)], (138), is one of the
products of the reaction between [Os,(CO),;] and AsMe,Ph [232]. The
structure of (138) has been determined by X-ray crystallography [232] (see
Fig. 93). The molecule has an open triangular framework of osmium atoms
(Os(1)-0s(2) = 2.946 A, Os(1)-0s(3) =2.839 A, Os5(2)- --Os(3) =3.929 A,
Os(2)—0s(1)-0s(3) = 85.5°). The {AsMe,} unit bridges the open edge of
this triangle, while the {C,H,} unit (acting as a four electron donor ligand)
is coordinated via o bonds to Os(2) and Os(3), and a # bond to Os(1). The
longer Os--Os bond (0s(1)-0s(2)) is presumed to be bridged by the hydrido
ligand although it was not located crystallographically. The related complex
[HOs,{CO)( p5-CeH;Pr')( p,-AsMe,)] has also been synthesized, and on the
basis of its spectroscopic properties is expected to have a structure entirely
analogous to (138).
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Fig. 93.

The reaction of the alkylphenylsulfides RSPh (R =Me, Pr!) with
[O5,(CO},;,] in boiling n-nonane has given low yields (< 5%) of
[HOs,(CO) o (14,-CH (1 ,-SR)], (139), [233], complexes entirely analogous
to the p,-dimethylarsino complexes [HOs;(CO)g(p-CoH,R) p,-AsMe, )]
(R = H, Pr’) reported by Deeming et al. [232]. The sulfido complexes have
been characterized by IR and NMR spectroscopy, and by an X-ray analysis
of (139, R =Me) [233]. The open trlangle of three osmium atoms
(Os(1)-0s(2) = 2.833 A, Os(2)-0s(3) = 2.939 A, Os(1) - + - Os(3) = 3.791 A,
0Os(1)—0s(2)-0s(3) = 82.09°) is bridged by the pz-methanelhiolate group
and the triply bridging benzyne ligand (Fig. 94).

The complex [Os;(CO)z(PMe, Ph)(u-S) 15-7°-SCH, )], (140), has recently
been obtained as the decarbonylation product of both the dithioformato
complex [HOs,(CO),(PMe,Ph)(u,-SCH)] and the thioformaldehyde com-
plex [Os;(CO)g(PMe, Ph) p,-S){ 11,-SCH, )] (Scheme 13) [234-236]. Complex
(140) has been characterized by X-ray crystallography [234-236], showing
the molecule to contain an open triangle of three osmium atoms
(Os(1)-Os(2) = 2.849 A, Os(1)-Os(3) = 2.838 A, Os(2) - - - Os(3) = 4.061 A,
05(2)-0s(1)-0s(3) = 91.11°), a triply bridging sulfido 11gand, and a triply
bndging thioformaldehyde group. Reaction of (140) with trimethylphosphite
yields the substitution product [Os,(CO),(PMe,Ph){ P(OMe), }(£,-S) p5-1*-
SCH,)], (141), characterized by a combination of spectroscopic methods
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and by X-ray crystaﬂography [237). Surprisingly, it was found that the
trimethylphosphite ligand is coordinated at the phosphine substituted
osmium atom (Os(1)-Os(2) = 2.894 A, Os(1)-0s(3) = 2.837 A, Os(2)-
0s(3) =4.079 A, 0s(2)-0s(1)-0s(3) = 90.73°) (see Fig. 95). In contrast,
reaction of (140) with HCl in dichloromethane results in metal-metal bond
cleavage giving the complex [HOs,(CO)g(PMe,Ph)(p5-SX p;3-1°-SCH,)CI]
which contains only a single osminm—osmium bond [237,238].

Reaction of (140) with Me,SnH in boiling heptane has given a mixture of
products, from which two, identified as [HOs,(CO),(PMe, Ph)( ;-S)(p5-m*-
SCH,)SnMe,], (142), and (H,0s,(CO);(PMe;Ph)(p3-S)(py7'-SCH,)),
(143), have been separated [239]. Both (142) and (143) have been
characterized by X-ray crystallography [239]. The open triangle of osmium
atoms in (142) (Os(1)-0s(2) = 2.957 A, Os(1)-0s(3) = 2.942 A, Os(2)-
0s(3) = 4.003 A, Os(2)-0s(1)-0s(3) = 87.06°) is triply bridged by a sulf1d0

{MeO),P  PMa, Ph

oC—Os(2)
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Fig. 95.
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ligand, and by a triply bridging %*-thioformaldehyde ligand in which the
sulfur atom bridges the Os(1)-0Os(3) bond and the carbon atom is coordi-
nated solely to Os(2). The hydrido ligand (not located crystallographically)
is inferred to bé bridging the Os(1)-0Os(2) bond, while the trimethylstanno
ligand is coordinated solely to Os(3) (Fig. 96). Complex (143) (Fig. 97) is
structurally very similar to both (140) and (142) (Os(1)-Os(2) = 2.903 A,
Os(1)-Os(3) = 2.818 A, Os(2)- - Os(3)=4.115 A, Os(2)-Os(1)-0s(3) =
92.00°). As for (142), the hydnde hgands were not observed crystallographi-
cally, but are presumed to be bridging the metal-metal bonds [239].

A sequence of products has been isolated and structurally characterized
from the reactions of [H,0s;(CO),,] with the organoisothiocyanates
RN=C=S (R =Ph, Me, C,H,F-4, C,H,Me-4) including the complexes
[HOs,(CO)4(p5-S)(,-HC=NR)], (144), which contain an open triangle of
osmium atoms (Fig. 98) [240,241]. The complex [HOs ,(CO)y( p5-S)(pe,-
HC=NC.H,F-4)] has been completely characterized by X-ray crystallogra-
phy [240,241]. The three osmium atoms are triply bridged by a sulfur atom,
and a formimidoyl ligand bridges the open edge of the tnangle (0s(1)-0s(2)
— 2.836 A, Os(2)-0s(3) = 2.988 A, Os(1) - - - Os(3) = 3.779 A,
0s(1)-0s(2)—-0s(3) = 88.88°). The hydrido ligand was not located, but 1s
presumed to bridge the longer Os—Os bond [241].

Closely related to the complexes [HOs,(CO)y(p,-S)H p,-HC=NR})] (R =
Ph, Me, C;HMe-4, C,H,F-4) is the complex [HOs,(CO)q(p,-S){p,-
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C=NCH,CH,S)], (145), obtained by thermolysis of the cluster complex
[HOs,(CO)4( p,-S—C=NCH,CH,S)] in acetone [242]. Complex (145) exists
in two isomeric forms which interconvert rapidly on the NMR timescale
(Scheme 14).

Irradiation of [HOs,(CO),,(t,-SPh)] under an atmosphere of H,S gives,
via loss of both benzene and a single carbonyl ligand, the complex
[0s4(CO)4(p,-H),(£4-S),], (146), [197]. Complex (146) has also been ob-
tained by the reaction of dihydrogen (1 atm., 110°C) with the complex
[{Os1{CO)g(125-S),},] [243], a product of the ultraviolet irradiation of
{Os,;(CO)4(45-S),] (see below). The X-ray crystal structure of (146) has been
determined [243]. The molecule contains an open triangle of three osmium
atoms (Os—Os (mean) = 2,802 A, Os- - Os =3.707 A, Os-0s-Os = 82, 84°)
and two triply bnodging sulfur atoms. The hydrido ligands bridge the two
metal-metal bonds (Fig. 99). The complex (146) can thus be viewed as being
formally derived from [Os;(CO)4(p,-S),] by replacement of one carbonyl
ligand (on the apical osmium atom) by two edge-bridging hydrido ligands,
or derived from [Os;(CO)4(p,-H),(#5-S)] by carbonyl displacement and
metal-metal bond cleavage with a further capping sulfur atom filling the
available coordination sites. '

Refluxing of [Os;(CO)(NCMe)(p,-H),(114-S)] with CS, in cyclohexane
leads, after purification by thin layer chromatography, to the isolation of a

T/ ——-/Z’\

"@ Re

Scheme 14.
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product with the stoichiometry [Os;(CO),(CS)(p,-H),(p3-S),] [244]. The
three osmium atoms define an open triangle (Os(l) Os(2) =2.813 A,
Os(1)-0s(3) = 2.808 A, Os(2)---0s(3)=3.70 A, 0Os(2)-0s(1)-0s(3) =
82.8°) capped by the two sulfur hgands (Fig. 100). The thiocarbonyl ligand
is coordinated to a basal osmium atom. In all respects then, this complex is
formally a substitution product of the complex [Os,(CO)y(pt,-H),(4-5),]
{see above).

The complex {HOs,(CO),(u,~-C=CCPh,OH)], has been prepared by the
reaction of [Os,(CO),,] with HOPh,CC=CCPh,OH [245]. When treated
with trifluoroacetic acid in chloroform, isomerization occurs with migration
of the hydroxyl group from carbon to the metal framework of the complex
(Scheme 15) giving [Os;(CO)s( - H)(pt,-OH)(j: ;-C=C=CPh,)], (147), [245].
This compound has been characterized by X-ray crystallography [243]
(Os(1)-0s(2) = 2.905 A, Os(2)-0s(3)=2.861 A, Os(1)-Os(3) = 3374 A,
05(3)-0s(2)-0s(1) = 71.6°). The hydroxo ligand bridges the open edge of
the triangle while the hydrido ligand was deduced to bridge the longer
Os-0s bond. The unusual 3,3-diphenylallene-1,1-diyl ligand is o-bonded to
0s(2) and Os(3), and #-bonded to Os(1).

The reaction of [Os,(CO);,(NCMe)] with allene has given the product
[Os4(CO),{C(CH,), }], (148), characterized by X-ray crystallography [246].
The “ally]” group {C(CH,),} acts as a four-electron donor (#-bonding to
Os(3) and o-bonding to Os(l)) to the Os, framework (Fig. 101)
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(Os(1)-0s(2) = 2.917, 2.925 A; Os(1)-Os(3) = 2.947, 2.935 A; Os(2): --
Os(3) (average) = 3.860 A; Os(2)-0s(1)-0s(3) = 81.7, 83.0°).

A suspension of [HOs,(C0O),,(CF,CCHCE,)] in hexane reacts with an
equimolar quantity of triethylphosphine to give a number of products, of
which the major component (ca. 30% yield) is a complex with the stoichiom-
etry [HOs,(CO),(PEt,)(CF,CCHCF,)], (149), [247,248]. The X-ray struc-
ture of this molecule has heen determined [247], showin& it t0 possess an
unusual, bent tri-osmium backbone (Os(1)-0s(2) = 2.907 A, Os(2)-0s(3) =
2.848 A, Os(1)-0s(2)-0s(3) = 162.3°) supporting the vinylic { CF,CCHCE;}
ligand (%'-bonded to Os(3) and n-bonded to Os(2)) (see Fig. 102). The
reaction of [HOs,;(CO},,(CF,CCHCEF,)] with PEt; to give a product arising
from metal-metal bond cleavage is very unusual when compared to other
reactions of trinuclear osmium complexes with two-electron donor ligands
which have previously been observed. This unusual reaction may perhaps be
rationalized by the suggestion that the metal-metal bonds in
[HOs,(CO)4(CF,CCHCE,)] are best viewed as dative metal-metal bonds
which could be expected to cleave readily with donor ligands [248].

The cluster complex [Os,(CO),,(p,-S),] consists of a butterfly arrange-
ment of four osmium atoms with sulfido ligands bridging the two open
triangular faces (see Fig. 103) [249]. The internuclear distances in the cluster
core suggest the existence of five metal-metal bonds, but two of these are

2 o
oc\\/c '
C;u“l 8
Q¢ / c\ co
N [e) / el
OC——Cal3) Os(2)
o) >C/ \Co\ﬂco
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relatively long when compared to the other three which are consistent with
Os-0Os single bonds. In this regard, electron counting assigns 64 electrons to
the core, whereas an ‘“electron precise” tetranuclear cluster with five
metal-metal bonds would require a total of only 62 electrons. Thus the
complex would be expected to react readily, with metal-metal bond clea-
vage, to generate an electron precise 66-electron acyclic cluster [249]. This
has indeed been found to be the case. Thus reaction of [Os,(CO),,(145-S),]
with carbon monoxide readily gives [0s,(CO),,( 1#5-S), ], (150), charactenzed
by mass spectrometry and structurally investigated by X-ray crystallography
[250]. The complex contains a planar arrangement of four osmium atoms
linked by three metal-metal bonds (Os(1)-0s(2) = 2.910 A, Os(2)-0s(3) =
2.897 A, Os(3)-Os(4) = 2.800 A, Os(l)- -- Os(4) = 3.659 A;
Os(1)-0s5(2)-0s(3) = 70.70°, Os(2)-0s(3)-0s(4) = 127.01°). Two triply
bridging sulfido ligands bridge three of the metal atoms, but on opposite
sides of the Os, plane (Fig. 104).

Closely related to the complex [Os,(CO),,(p5-S),] is the heterometallic
complex [Os,W(CO),,(PMe,Ph)}(n,-S),] (see Fig. 105), obtained in 27%
yield from the photochemical reaction between [Os;(CO)g(p4-S),] and
[W(CO),(PMe,Ph)] [251,252]. Formally, electron counting again assigns 64
electrons to the cluster core, two too many for an electron precise tetra-
nuclear cluster with five metal-metal bonds. Thus it is not unexpected that
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[Os ,W(CO}),,(PMe, Ph)(11,-S),] reacts readily with the two-electron donor
ligand PMe,Ph to give [Os,W(CO),,(PMe,Ph),(5;-5),]), (151), an electron
precise 66-electron acyclic cluster. The molecular structure of (151) has been
determined by X-ray crystaliography [252], showing this molecule to be
closely related to (150) (see Fig. 106) (Os(l) 0s(2) = 2.895 A, 0s(2)-0s(3)
= 2887 A, Os(3)~W =3.044 A, Os(1)- - W = 3.612 A; Os(1)-Os(2)-0s(3)
= 70.90°, Os(2)-0s(3)-W = 123.20°) [251,252].
~ One of the products of the reaction between [0s,(CO),,] and elemental
sulfur or selenium (see above) is the tetranucliear osmium complex
[Os,(COYy, (- HY, (24-X),1 (152, X = §, Se) [169]. The X-ray crystal struc-
ture of [Os,(CO},,{p,-H),(¢,-Se),] has been determined [169]. The four
osmium atoms and two selenium atoms form a distorted trigonal prism with
a puckered chain of osmium atoms (Fig. 107) (Os(1)-0(2) = 2.884 A,
Os(1)-0s(4) = 2.965 A, Os(2)-0s(3) = 2.966 A, Os(2)—0s(1)—-0s(4) = 86.1°,
Os(1}-0s(2)-0s(3) = 85.7°). Each selenium atom caps a triangular arrange-
ment of osmium atoms while the two hydrido ligands probably edge-bridge
the two long Os-Os bonds (Os(1)-Os(4), Os(2)-Os(3)}. The complex
[08,(COY . (p-H),(p5-8), ], also synthesized by the reaction of [Os (CO),,
(15-8)] with H,S (98°C, 4 h), is presumed to have an analogous structure
[253].

Recently, Adams et al. have shown that sulfur and phosphorus containing
clusters of osmium can be induced to condense to form higher nuclearity
complexes [195,254-256]. The molecules [HOs,(CO)g( p5-SH p,~HC=NR)}]

PMe, Fh

%bfﬁ\\i/co
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(144, R = Ph, C;H,F-4) lose carbon monoxide when heated in octane and
condense to form, amongst other products, the higher nuclearity carbonyl
complex [H,0s,(CO),+( 1 ,-SH u3-S} 1,-HC=NR),] (153, R = Ph, C;H,F-4)
(Scheme 16) [254,256]. The complex (153, R = C,H,F-4) has been com-
pletely charactenzed by X-ray crystallography [254, 256]. The molecule
contains two open triangles of three osmium atoms each linked by a
tetracoordinate, bridging sulfur atom (Os(1)-Os(2) =2.914 A, Os(1)-Os(3)
=2.918 A, Os(4)-Os(5) =2.951 A, Os(4)-0s(6) = 2.803 A; Os(2)-Os(1)-
Os(3) = 75.28°, Os(5)-0s(4)-0s(6) = 80.93°). A xn -formimidoyl ligand
bridges the open edge of each triangle of osmium atoms. The hydndo
ligands are probably located bridging Os(4)-0Os(5) and Os(4)-0s(6). The
formation of (153) from (144) is probably initiated via a dissociative loss of
CO from (144). The emptly coordination site may then be filled by the
donation of a lone pair of electrons of the triply bridging sulfur atom from a
second molecule of (144). An intercluster carbonyl shift could follow the
cleavage of an osmium-sulfur bond in the added cluster, completing the
formation of (153) {254, 256].

Thermal decarbonylation of [HOs {CO)g(us~-SH pu,-HC=CR)] (144, R =
Ph) under an atmosphere of dihydrogen has given products different to
those isolated when heated under an inert atmosphere (Scheme 17) [255].
The principle product (formed in 47% yield) is [H,Os,(CO),s{pt4SH pt5-
S)(p ,-HC=NPh},|, (154), characterized by a combination of spectroscopic
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techniques and X-ray crystallography [255]. The molecule is best viewed as a
combination of two open triangular complexes of (144}, Os(1)-0s(2)-0s(3)
and Os(5)-0s(4)-0s(6), joined by the Os(1)-8(1) and Os(2)-Os(6) bonds.
There are five metal-metal bonds (Os(1)-0s(2) = 3.011 A 0s(2)-0s(3) =

2.957 A Os(2)-0s(6) = 3.166 A, Os(4)-Os(5) = 2.837 A, Os(4)-Os(6) =

3.019 A), four of which are sigmficantly longer than the Os-Os separation
found in [Os4(CO),,] and are thus presumed to be bridged by the hydndo
ligands. The minor product of the decarbonylation (Scheme 17), isolated in
12% vyield, has been identified as [H,Os(CO), o 1t -S) 45-S)( p,-HC=NPh), ],
(155), by X-ray crystallography [255). The molecule is structurally closely
related to (154) and is also best described as a combination of two open
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trinuclear complexes linked by a metal—sulfur donor bond Os(1)-S(1) and a
metal—metal bond Os(2)-0s(6). The 'H NMR spectrum of (155) shows six
hydride resonances, five of which are possibly bridging ligands while the
sixth is probably terminally coordinated. In support of this, the five
metal-metal bonds in (155) (Os(1)-0s(2) = 2.996 A, 0s(2)-0s(3) = 2. 969 A,
Os(2)-0s(6) = 3.159 A, 0s(4)-0s(5) = 3.033 A, Os(4)-0Os(6) = 3.039 A) are
all significantly longer than the Os—Os separation in [Os,(CO),,]), and are
thus probably each bridged by a hydrido ligand. Further, the coordination
of Os(5) in (155) is different from that of Os(5) in (154) by the absence of
one carbonyl ligand. It is presumed that the terminal hydndo ligand
occupies this site.

Thermal degradation of the complex [Os,(CO)z(PPh,H) i4-5),], (116},
[195] at 125°C in octane under a nitrogen atmosphere leads to decarbonyla-
tion and formation of the complex [Os,(CO), (1 -S)Hp5-S)p,-PPh,),],
(156), in 11% yield (Scheme 18) [193]. This product has been characterized
by X-ray crystallography [195]. The molecule consists of two open tri-osmium
units linked by a bridging dipenylphosphido ligand and a quadruply bridg-
ing sulfido ligand. Each Os, umit is structurally similar to the parent
molecule [Os,(CO)o(p;-S),] although the metal-metal bonds are signifi-
cantly inequivalent (Os(1)-Os(2) = 2.907 A Os(2)-0s(3) = 2,773 A,
Os(4)-0s(5) = 2.960 A, Os(5)-0s(6) = 3.020 A) suggesting therefore that
they are more closely related to the substituted complexes [Os{(CO)yL{ ;-
S),1 (L = PMe, Ph, C8S) [193,196].

Surprisingly, there are relatively few mixed metal acyclic clusters contain-
ing an osmium atom in a structure controlling role. Reduction of [Os,(CO),,}
with sodium in liquid ammonia followed by reaction with [Ph,PAuCl] gives
the complex [Os(CO),{AuPPh;},], (157), in good yield [257]). The geometry
of the {AuPPh,} groups about the osmium atom is, on the basis of IR
spectroscopy, consistent with a cis-disposition, analogous to the correspond-
ing iron complexes (see Section B.(v)(a)).
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Thermolysis of [M,(CO),,] (M = Mn, Re) with [Os,(CO},,] (200-250°C,
50 h) has given the linear mixed metal complexes [Os(CO),{M(CO);},1
[190). The structure is presumed to be similar to that of [Fe(CO),
{Mn(CO),},]{150], i.e. as shown in Fig. 108.

Reaction of the acyclic cluster complex [Os; Pt{CO),o(2,-H),(PPh,)] with
but-2-yne gives a mixiure of products of which [OsPt,{CO)(PPh,},{(p,-
MeC,Me)], (158), has been characterized and its structure established by
X-ray diffraction [258] (Fig. 109). The metal atoms form an open triangle
(Pt(1)-0s = 2.664 A, Pt(2)-Os = 2.669 A, Pyl)- .- Py2) = 3033 A,
Pt(1)-Os—Pt(2) = 69.33°) with little or no direct bonding interaction be-
tween Pt(1) and Pt(2). The three metal atom unit is face-bridged by the
but-2-yne molecule. Another product of this reaction, [OsPt,{(CO)(PPh,)
(ps-MeC,Me)], is proposed to have a structure very similar to that of (158)
except with a carbonyl group replacing a PPh, hgand [258].

fvi) Cobalt, rhodium and iridium

(a) Cobalt

Of the acyclic homonuclear cobalt cluster complexes reported to date
examples of both linear tri-cobalt, and open tniangular structures are known
(see Table 9). Complexes of the formula {Co,Yb,{#*-CsMe;) ,(n°-CsH,R) -
(CO),] (159, R = H, Me, SiMe,) contain an almost linear Co-Co~-Co care
with the {(n>-C;Me;),Yb) groups attached via Co—C-O-Yb bridges (Fig.
110) [259). These complexes are obtained in high yield {60-65%) from
[ 7°-CsMe5) ,Yb(OEt,)] and [{n*-C;H,R)Co{CO),]. Blue/purple crystals of
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TABLE 9

Acyclic cluster complexes of cobalt

Formula Complex  Fig. Ref.?
[CosYb, (7°-CsMey) 4 (1°-CsH 4 R),(COY,] (R=H, Me,  (159) 110 259*
SiMe, )
(¢ ns-C5H5)3C03(#3-11]-CBu")2(;12-SMC)}+ (160} - 260™

L
[CHCO) { PAINMe,CH,C H )} (p5-Cl)] (161) 111 33*,34

* References marked with an asterisk refer to crystal structure determinations.

all three compounds were obtained from toluene sclution, and a crystal
structure determination on one of them (R = SiMe,) gave an average Co—-Co
bond length of 2.363(1) A and a Co-Co~Co angle of 176.5° [259].

An open triangular tri-cobalt complex, [{ 7°-CsH,);Co;(1t5-1'-CBu™),{ po-
SMe¢)]*, (160), was obtained in high yield from the reaction of the cyclic
cluster [(n°-C53H;);Cos(p;-n'-CBu™),] and dimethyl(methylthio)sulfonium
tetrafluoroborate (Scheme 19) [260]. A crystal structure determination
established an average Co-Co bond length of 2.388 A and a non-bonded
Co- - - Co distance of 2,738 A: the Co-Co-Co bond angle was found to be
70° [260].

The majority of acyclic heterometallic complexes containing cobalt in-
volve {Co(CO),} or {Co(CO),L} groups metal-metal bonded to a central
metal atom such as platinum or palladium (see Section B.(vii}(b) and (c)).
Few such complexes have a cobalt atom as the central (structure controlling)
atom. One example, the complex [Co{CO),{Pd(NMe,CH,C.H)},(p,-Cl)},
(161), has been obtained by the reaction of [{ PA(NMe,CH,C,H X x,-C1)},]

Fig. 110.
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with [Co(CO),]™ [33,34]. The X-ray crystal structure of (161) has been
determined (Fig. 111) [33,34]. The Pd-Co-Pd framework forms an open
trlangle (Pd(1)-Co = 2.594 A, Pd(2)-Co = 2.595 A, Pd(1) - - - Pd(2) = 3.442
A, Pd(1)-Co-Pd(2) = 83.13°) bridged by a single chloro ligand. The Co-Pd
bonds support semi-brnidging carbonyl ligands. Two complexes analogous to
(161) containing the 2-dimethylamino toluene and 8-methylquinoline ligands
chelating the palladium atoms have also been synthesized. On the basis of
their spectroscopic properties, a similar structure to (161) is proposed [33].

(b) Rhodium

Rhodium has a propensity for catenation which is almost unique in the
Periodic Table. This is evidenced, for instance, by the formation of oligomeric
species in solutions of cationic rhodium(l) isocyanide complexes [261-265].
Thus, the oligomers [Ri{(CNR),]7* (R =Pr', Bu', Cy, vinyl, Ph; n=2-4)
have been characterized from characteristic transitions in the electronic
absorption spectra. They were interpreted in terms of interactions between
the occupied a,, (d.:) and unoccupied a,, {p,, »*(CNR)) monomer
orbitals [262,263]. This work has been extended by Gray and co-workers
[262] by the use of oligomeric rhodium(l) complexes containing bridging
diisocyanide ligands, e.g. [Rh,(L,),]X, (L,=CN(CH,);NC, X =],
BPh,). A study of the effects of concentration on the electronic spectra of
methanol solutions of such species have suggested the existence of the
oligomers [Rh,(L,),]?"* (n =2-4) [264]. Oxidation reactions are an im-
portant manifestation of the reactivity of cationic rhodium(I) isocyanide
species [261,264-267], and a range of oligomeric rhodium isocyanide com-
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TABLE 10

Acyclic cluster complexes of rhodinm

Formuia Complex  Fig. Ref. ?

[RR(CNR),|"* {R = alkyl or aryl; n =3, 4) - - 261-265

[Rh,(L,},]12" (L, = CN(CH,),NC; n=2-4) (162) 112 261,264-267,
268*

[Rh;(p,-dpmp),(CO}, X,] (X =Cl, Br) (164} 114,116 270* 271

[Rh(p5-dpmp), (g 3- I e ,-COXCO),1* - = 271*

(R 5 pr-dpmp) - DX s TK p,-COXCO), ) — 115 271

[Rh (g ;-dpmp), (CO) 1" - 117 272>

iRh { p;-2,6-(PPh, ), C;H N}, (n,-CO)

{p~CD(CO),CL, ] (168) 118 273"
[Rh;(L;)4Mn,{CO), ((PFy), (166) 119 274*
[{RhFe(u,-PPh,},(p,-CONCO); }.] {167) 120 277™,278*
[Rh{(n*-C; H ,Me)Fe(CO},(11,-PPh,)},] (168) 121 279*,280%,

281,282
[Rh{('qs-CSHS)Fe(CO)z(pz-PRZ}}z]‘I’ (169) - 283,284

(R = C,H /Me-4)

[Rh{(%>-C;H;Fe(CO},{SR}},1* (R =Et, Bu') (170) - 279,281,
282

* References marked with an asterisk refer to crystal siructure determinations.

plexes has been identified on the basis of elecironic spectroscopy including
tetra-, hexa-, octa- and decanuclear complexes. Of particular note is the
tetranuclear rhodium cation [Rh,(L,),Cl]**, (162; L, = CN(CH,),NC) re-
cently obtained by the addition of CoCl, - 6H,O to a 12 M HCI solution of
[Rh,(L,},KBF,),, and characterized by X-ray crystallography [268] (see
Table 10). The tetranuclear complex is made up of two binuclear
{Rh,(L,);}*" units linked by an Rh~Rh bond (see Fig. 112). The chloride
ion bridges the {Rh,(bridge)y}®* units to form a rigorously linear, infinite
chain of repeat {Rh,Cl} units. The Rh—Rh bond length in the dinuclear
units (Rh(1)-Rh(2) =2.932 A, Rh(3)-Rh{4) =2.923 A) is considerably
longer than the central Rh—Rh bond length (Rh(2)-Rh(3)} of 2.775 A.
Within each dinuclear unit the ligand systems are approximately eclipsed,
although the two dinuclear units in each tetrameric unit are staggered with
respect to each other.

Further, a most remarkable homometallic tri-rhodium compiex [Rh,-
(CNCH,CH;),;,1.1X; (163, X =1, Br) [269] has been obtained by
three-centre oxidative addition of iodine to {Rh(CNCH,C,H,),I1X (1:3
molar ratio) in dichloromethane. Similar products, e.g. [Rh,(CNBu”),,1,]I;
have been obtained by air oxidation of methanol solutions of [Rh{(CNR), ]I’
1n the presence of excess iodide. The structure of [Rh,(CNCH,C,H,),,1,]Br,
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has been determuned by X-ray crystallography [269]. The molecule contains
an almost linear I-Rh-Rh-Rh-I unit (Rh-Rh-Rh =180°, Rh-Rh-1=
175.5°) with a mean Rh-Rh bond length of 2.796 A. The coordination
about each rhodium atom is pseudo-octahedral with the four isocyanide
ligands each at the corners of a square; these squares are staggered 38° from
one rhodium atom to the next (see Fig. 113). The solution behaviour of these
cations is complex and is dominated by dissociation into smaller fragments

[Rh;(CNR),,X,]’* = [Rh,{(CNR)sX,]*" + [Rh(CNR),]*
[Rh,(CNR)gX,]*" = [Rh(CNR),X,]* + [Rn(CNR),] *

Remarkably, these changes due to dissociation are reversible, and evapora-
tion of dissociated solutions prepared from [Rh;(CNR),,I,]I, yields the
starting complex [269].

The tendency for rhodium to form metal-metal interactions is also
indicated by the range of homo- and heterometallic acyclic clusters which
have been synthesized and characterized (Table 10). Numerous linear and
bent trimetallic complexes (where the central rhodium atom is best con-
sidered to be structure controlling) and also linear and bent tetrametallic
complexes (where dirhodium units are structure controlling) are known,
paralleling the formation of the oligomeric rhodium isocyanide cations.
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Thus, perhaps for no other metal can the relationships between monomers,
dimers, acyclic clusters and oligomers be seen as clearly as for rhodium.

The novel tndentate phosphine ligand bis{diphenylphosphinomethyl)
phenylphosphine (dpmp) has been used to synthesize a senies of tninuclear
rhodinm cations of general formula [Rh,(p-dpmp),(CO), X, ", (164), (see
Table 10). Reaction of dpmp with [{Rh(C0O),(l},] in dichloromethane-
methanol yields a rose coloured solution from which the cation [Rh;{p,-
dpmp),(p,-CI}CO),Cl]* was isolated in 40% yield with a variety of coun-
ter-anions {270]). The X-ray crystal structure [270] of this compound (chlor-
ide salt) shows the trimetal framework to consist of a shghtly bent metal
array (Rh(1)- .- Rh(2)- -- Rh(3) = 157.4°), bridged by two triphosphine
ligands (see Flg 114) The Rh-Rh internuclear distances (Rh(1) - - - Rh(2) =
3.164 A, Rh(2) - - - Rh(3) = 3.180 A) are longer than that expected for
Rh-Rh single bonds (2.7-2.9 A), but that significant bonding interactions
do occur 1s demonstrated by the position of the proximity shifted absorption
band which occurs at 560 nm [270].

A variety of complexes related to (164) have been synthesized by the same
authors from the chloride salt by metathesis with sodium halide in dichloro-
methane-methanol [271]. An X-ray structure determination [271] on
[Rh,( p5-dpmp), (po-D( p5-IN p,-CONCO) , ]BPh,, however, showed a signifi-
canily different structure (Fig. 115). The basic Rh,(dpmp), unit remains




intact but is bent (Rh(1)~Rh(2) - - - Rh(3) = 127.6°) to accommodate bridg-
ing iodo and carbonyl ligands. The Rh-Rh separations are also considerably
shortened relative to the chloro denivative (Rh(1)-Rh(2) = 2.760 A, Rh(2) -

- Rh(3) = 3.03 A). Metathesis of [Rh,(u,-dpmp),( s,-CI)(CO),C1|BPh , with
NaBr [271] yields brown [Rh,(u,-dpmp), Br,(CO),]BPh, which on the basis
of its IR and ¥P {'H} NMR spectra is assigned the structure shown in Fig.
116.

The complex {Rh;(p-dpmp),{p,-I{ p,-D(p,-COXCO),]BPh, has been
shown to undergo a variety of transformations including carbonylation,
decarbonylation and oxidative addition [272]. These reactions and the
stoichiometry of the reaction products are summarized in Scheme 20. These
reactions apparently involve the opening and closing of sites of reactivity
such as metal--metal bonds and metal-halide bridges. The X-ray characteri-
zation of only one of these products, [Rh4( pt,-dpmp),(CO)1,iBPh,, has thus
far been  reported [272]. The molecule contains a bent Rh, core
(Rh(1)- Rh(2) Rh(3) = 113.19°) with the Rh-Rh_internuclear scparatlons
(Rh(1)-Rh(2) = 2.839 A, Rh(2)-Rh(3) = 2.920 A) consistent for single
Rh~Rh bonds (see Fig. 117).

A tetra-rhodium complex has been reported by Balch and co-workers
[273]. The complex [Rh  { p;-2,6-(PPh,; )C;H, N}, (p,-CO) p,-Cl),(CO),Cl,],

+ 4CO_
— == [Rhy (z2~dpmp), (CO), z] [Rha p-dpmp )p (€03, 1,]*

lrz

[Rhy (- domp1, (GO, I.J*=<2 [Rhy(u-dpmp), (COI *

+c01 l—co

[Ny (p-dpma), (COY T ] it [Rn,tp-dpmp),(cou.]*

[ Rhg (-domp)p (COY, 1,]* 5

Scheme 20.
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(165), was obtained from [{Rh(CO0),Cl},] and 2,6-bis(diphenylphosphino}
pyridine {2,6-(PPh,),C;H,N} in 75% yield. An X-ray structure determina-
tion [273] has shown that each phosphine ligand bridges three rhodium
atoms (Fig. 118). The central dinuclear portion of the molecule is closely
related to that of the dinuclear complex [Rh;,.{p2 -2,6-(PPh,),C;H N} (g -
CO)C1,]. Thus, the Rh(2)-Rh(2’) distance in the tetra-rhodium complex,
2.594 A is similar to that in the dimer (2.612 A) and although the
Rh(1)}-Rh(2) separation is significantly longer (2.921 A), a metal-metal
interaction is still postulated [273).

Two mixed metal tetranuclear complexes have been reported. Both con-
tain a di-rhodium core supported by bridging ligands, The complex
[Rh,(L,),Mn,(CO),,PF),, (166), has been obtained by the sunlight
initiated reaction between [Rh,(L,),NPF), (L, = 2,5-dimethy}-2,5-
diisocyanohexane) and [Mn,(CO),,] in acetone [274]. An X-ray structure
determination [274] has shown the molecule to possess an approximately
linear Mn—-Rh-Rh-Mn core (Fig. 119) (mean Mn-Rh—Rh angle of 178.2°)
with Rh(1}—Rh(2), Mn(1)-Rh(1) and Mn(2)-Rh(2) distances of 2.922, 2.905
and 2.883 A respectively. The two {Rh(CN),} units are twisted away from
an eclipsed conformation with respect to ¢ach other by a 25° angle. This is

Ph__ | = _Ph
Ph— P N P~—pn Ci
cO

P | |-
L Rh{l "Rhiz, -c——-ﬂh{ —7Rhu)

I .
R e
=

Fig. 118.
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similar 10 the conformation observed in the dinuclear complex [Rh,(2,5-
dimethyl-2,5-diisocyanohexane) , ) PF;), - CH,CN, in which the {Rh(CN),}
units are twisted away from an eclipsed conformation by an angle of 31°
[275,276]. The mechanism of formation of (166) is proposed to proceed via
the intermediacy of {Mn(CO); } radicals which are then efficiently scavenged
by the [Rh,(bridge) ]2 ions in solution [274].

The iron-rhodium tetranuclear complex [{RhFe(u,-PPh,),(u,-CO)
(CO),),), (167), has been synthesized from [Fe(CO),PPh,H] and [{Rh(7%’-
C;H;),Cl},;] in a CO saturated ethanol solution at room temperature
[277,278]. An X-ray structure determination [277,278] has shown the mole-
cule to contain a Fe-Rh—Rh—Fe chain with the two iron atoms in a trans
disposition with respect to the central Rh—Rh bond (Fe-Rh—Rh’ = 154.3°)
(Fig. 120). The mean Rh—-Rh’ and Rh—Fe bond lengths are 2.723 and 2.623
A respectively. NMR evidence has also been obtained for the existence of an
isomer of this complex, where the two iron atoms are proposed to be in a cis
disposition about the Rh—~Rh bond [277,278].

Several heteronuclear tri-metallic complexes containing the Fe—Rh-Fe
core have been synthesized (see Table 10). The reaction of [{ Rh(C4H,;)Cl},],
[{ Rk(CO),C1},] or RhCl, - 3H,0 in methanol, or [Rh(C4H,, XTHF),]" in
tetrahydrofuran, with an excess of [(7°-C,H,Me)Fe(CO),(PPh;)] in the
presence of large counter-anions, gave a product characterized as [Rh{(%’-

Fig. 120.
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C,H Me)Fe(CO),(p,-PPh,)},1X (168; X = BPh,, PF,, SbF,) [279]. The
X-ray crystal structure of (168) (X = PF;} has been determined [279,280],
and has shown the molecule to possess an open triang;ular arrangement of
metal atoms (Rh-Fe(1) =2.674 A, Rh-Fe(2) = 2.659 A, Fe(1)-Rh-Fe(2) =
145.03°) (Fig. 121).

The structure, of the cation (168) is retained in non-coordinating solvents,
but in solvents such as acetone and tetrahydrofuran, IR data are consistent
with solvent coordination leading to derivatives containing terminal
carbonyls only and no metal-metal interactions (see Scheme 21). These
solvolysis reactions are reversible. The controlled reaction of (168) with
either chloride ion or donor ligands L (L = P(OMe),, PPh,) in a non-coordi-
nating solvent gives the metal-metal bonded trimers which still contain a
bridged structure, as shown in Scheme 21 [279,281,282]. Carbonylation of
{168) in chloroform results in breakdown of the bridged structure; heating of
the tricarbonyl adduct regenerates (168) (Scheme 21) [282]. A range of other

+ + +
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TABLE 11

Acyclic cluster complexes of iridium

Formula Complex  Fig. Ref. *

[Ir{(#*-CsH ,R)Fe{CO),{2-PR%)}, 1" (171) 122 279,282,283
(R = H, Me; R’ = C4H;, C,H Me-4)

[Ir{( nS-C_., H,R)Ru(CO),(px,-PR%)},17" (172) 122 279,282,283
(R = H, Me; R’ = C,H;, C,H, Me-4)

[{(n*-CsH,RM(CO), (#,-PR3)}, ICOXC]) - - 282,283

(M = Fe, Ru; R = H, Me; R’ = C,H,, C;H Me4)

* References marked with an asterisk refer to crystal structure determinations,

complexes related to (168) have also been synthesized, including [Rh{(%’-
C.H)F(CO),(p,-PR,)},]" (169; R = C,H, Me-4) [283,284] and [Rh{(7’-
C;H,)Fe(CO),(SR)},]17, (170; R = Et, Bu') [279,281,282] (the latter complex
is formed by reaction of [(%°-CsH)Fe(CO),(SR)] with [Rh(C.H,,)eth-
anol) 17).

{c) Iridium

Few acyclic cluster complexes of iridium have been reported (Table 11),
and these all form a group of cations of general formula [Ir{(x’-
C,;H, RM(CO),(p,-PR%)},]" (171, M =Fe; 172, M=Ru; R=H, Me;
R'=CH;, C,H,Me-4) [279,282,283] closely related to the analogous
rhodium complexes (see above). The iridium cations are synthesized in
moderate yields by treatment of the intermediate [{{%’-CsH,R)M(CO), (1,
PR’)},I(CO)CI] (obtained from the reaction of [(n’-C;H,R)M(CO),
(PR’, H)]BF, with [Ir{CO}),( p-toluidine)Cl]) with AgBF, in THF [283]. The
complexes [Ir{(%*-C;H,R)Fe(CO),(nu,-PR%)},] have also been prepared
from the reaction of [(#°-C;H,R)Fe(CO),(PPh,)] with
[r(CgH,;,)(solvent) 1" {279,282]. An infrared study suggests that these com-
plexes have a structure similar to the rhodium analogues, namely a bent
tnimetal framework M-Ir-M (M = Fe, Ru) with both metal-metal bonds
bridged by one carbonyl ligand and either a dialkyl or diaryl phosphido
ligand (see Fig. 122) [282].

©
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Fig. 122.
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The complexes [Ir{(1°-CsHs)M(CO}),(p,-PPh,)},]* have been found to
react readily with small molecules, including CO and H, [282,283]. In the
case of dihydrogen, reaction is essentially complete in minutes at one
atmosphere H, and gives the adduct with the proposed structure shown in
Fig. 123. This reaction is reversible, althongh side reactions do prevent
quantitative recovery of the starting material.

Reaction with carbon monoxide leads to a complex of stoichiometry
[I(CO),{(n’-CsH)Fe{CO) ,(p,-FPh,)},]* proposed to be analogous to the
known [IrL,(CO),]™ cations, and hence containing no metal-metal bonds
as observed for the corresponding rhodium complexes [279,280]. Carbon
monoxide also reacts readily with the dihydrogen adduct to give the complex
[{IrH ,(CO), } {(7*-CsH)Fe(CO), (1 ,-PPh,)},]. Both these reactions are
irreversible,

(vii) Nickel, palladium and platinum

{a} Nickel

There are, surprisingly, very few complexes pertinent to this review in
which a nickel atom can be described as exercising a structure controlling
role in the complex (see Table 12).

To date, only one homonuclear acyclic cluster of nickel has been reported.
The complex [Ni{(C ,H;)NiLi},(THF)},], (173), is a minor product of the

TABLE 12

Acyclic cluster complexes of nickel

Formula Complex Fig. Ref.*
[Ni{(C,,H,,)NiLi},(THF),] (173) 124 285*
[Ni(PPh;),{CKCOQ),L},] (L = CO, PPh,) (174) - 286
[Ni{Fe{CO) ,(CONR,}},] (R = Me; R, = (CH,),, (CH,);) {175) 125 287288*
[Ni{(#°-CsH5)W{CO), },(11,-CCH Me-4), ] (176) 126 39*
[Ni{(#*-CsH;),Nb(SMe), },1** (177 127 289*,290,291*

* References marked with an asterisk refer to crystal structure determinations.
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reaction of [(C,,Hz)Nil (C,,Hyg = trans, trans, trans-1,59-cyciodode-
catriene) with metallic lithium, but it has also been obtained in moderate
yield from the reaction of [(C,,H,s)NiLi,(tmeda),] (tmeda = NN, N’ N'-
tetramethylethylenediamine) with [(C,;H5)Ni] in tetrahydrofuran. A char-
acteristic of this complex is the linear arrangement of the Ni; skeleton with
an average Ni-Ni bond 1ength of 2.618 A (see Fig. 124{a)) [285). A
hetero-metal multicentre bond is observed for the five-coordinated carbon
atom C(1) of the twelve membered ring which is bonded to Ni(2) through
three w-bonds. This results in an acute Ni{1)-C(1)-Li angle of 78° and is
accompanied by a distortion of the #-bonded interaction Ni(2) to (1) and
C(12) (see Fig. 124(b)) [285].

The hetero-trimetallic complexes [Ni(PPh,),{Co(CO),L},] (174; L = CO,
PPh,), surprisingly, represent the only nickel examples of the large family of
acyclic cluster complexes [ML,{M’'L’ },] containing structure controlling
nickel, palladium and platinum atoms (see Section B.(vii}b) and (c)). The
synthesis of [Ni(PPh,),{Co(CO),},] has been achieved by the reaction of
(NiC1,(PPh;),] with NafCo{CO),], whereas the substituted derivative
[Ni(PPh;),{Co(CO),(PPh,)},] can be synthesized both by carbonyl sub-
stitution on [Ni(PPh,),{Co(CO),},] with PPh,, or by the reaction of
[NiCl,(PPh;),] with Na[Co{CO),(PPh,)] [286]. It is presumed that these
complexes contain a linear {Co-Ni-Co} unit, i.e. a rrans disposition of
{Co(CO),;L} groups.
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The carbamoyl complexes [Fe(CQO),(CONR,)[C(NMe,},] (R =Me; R,
=(CH,),, (CH,),) react with anhydrous nickel bromide to give the com-
plexes [Ni{ Fe(CO),(CONR,)},1, (175), in good yield [287,288). The X-ray
crystal structure of (175; R = Me) has been determined [288], showing the
molecule to possess a linear Fe-Ni-Fe backbone with an average Fe-Ni
bond length of 2.460 A. Each Fe-Ni bond is bridged by a - carbamoyl
moiety, and a semi-bridging carbonyl group (Ni-Fe-C (semi-bndging)
62.5°) (Fig. 125). On the basis of spectroscopic properties the other members
of this series are assigned a similar structure.

The closely related complex [Ni{(7’-CsHs)W(CO), },(p,-CCH Me-4),],
(176), has been synthesized by the reaction of [Ni(CyH;,),] (CzH,,=cyclo-
octa-1,5-diene) with the alkylidyne complex [(%°-C;H)W(CO) (=CC,H,
Me-4)] [39]. The X-ray crystal structure of this complex [39] has shown the
molecule to contain an almost linear W-Ni-~W core (174.5°) with the Ni-W
bonds (2.584 A mean length) each bridged by an alkylidyne ligand, and a
semi-bridging carbonyl group (Ni-W-C (semi-bridging) = 54.05 A (average

Me

o©o

\/\ ,@

=

o

Fig. 126.



value)) (Fig. 126). The metal-metal bonds in this complex are ca. 0.2 A
shorter than that expected for a single bond, and this effect may reflect some
multiple bond character associated with delocalization in the dimetallacyclo-
propene ring system [39]. Platinum and palladium complexes similar to (176)
have also been synthesized (see Section B.(vii)(b) and (c)).

The d' niobium complex [(7°-CsHs),Nb(SMe),]| readily adds to NiCl,
giving a complex whose elemental analysis shows it to have the stoichiome-
try [Ni{(7°-CsH;),Nb(SMe), },1**, (177), [289,290]. The crystal structure of
the tetrafluoroborate salt of this complex has been determined. The mole-
cule contains a linear Nb—Ni—-Nb core, the Nb-Ni bonds each bridged by
two methylthiolato ligands (see Fig. 127). The relatively short Nb-Ni
internuclear distance (2.77 A) and the geometry of the {INb(u,-SMe), Ni( -
SMe),NDb} core is consistent with substantial niobium-nickel bonding [291].
Formally, the Ni-Nb bond may be represented as a donor bond from the
d'® nickel to the 16 electron, d% niobium atoms [289,290]. Support for this
contention comes from the observation that the chemical shift of the
cyclopentadienyl hydrogen atoms of the complex is at a lower field (ca. 1.0
ppm) than the corresponding resonance for the cation [(9*-C,H;),Nb(SR),]*
[290]. A similar argument has been used to invoke metal-metal bonding in
the complexes [(7°-CsH),Ti(SR),Mo(CO),] [292]. Complexes similar to
(177) have also been synthesized with platinum and palladium as the central
metal atom (see Section B.(vii)(b) and (c)).

(b) Palladium

Palladium, in a similar manner to platinum (see Section B.(vii){¢)) forms a
range of closely related acyclic cluster species, these being synthesized with
relative ease even from mononuclear precursors. The limited number of such
complexes known at present, however, suggests that this is still a largely
unexplored field (Table 13).

Reaction of the dibenzylideneacetone (dba)-palladium(0) complexes
[Pd,(dba),(CHCI,)] with triarylcyclopropenium bromides ([C,R'R%]Br)
gave the unusual, ring opened trinuclear complexes {Pd,(C,R'R%),Br,]
(178, R' = R* =Ph, C;H,OMe-4; R' = Ph, R? = C,;H,OMe-4) in good to
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TABLE 13

Acyclic cluster complexes of palladium

Formula Complex Fig. Ref ®
{Pd4(C,R'R%},Br,] (R'= R? = Ph, C,H,OMe¢-4; a7s) - 293,294
R' = Ph; R? = C(H,OMe-4)
[Pd,(C,R'R%),(acac),] (R!, R? as above) (179) 128 293,294,295*
[Pd,(CNMe) 1%+ (180} 130 296*
[Pd,(0,CCH,),(#*-C;HR,),] (R = C(O)R"; R’ = alkyl (181) 131 298*

or aryl)
[Pd,Cl,(n*-C,H, Me-2),] (182) - 299+
[PAL,{ML} },] (L = py, 3-Mepy, 4-Mepy; (183) - 300-307

ML, = (7°-C,H)Mo(CO) 5, Mn(CO)s,

Co(CO),, Co(CO);{PBu}))
[PA{{#-CsH;),Nb},(n,-SMe),) (184) - 289*.290
[PA{(%*-CsH)W(CO), },(p-CCoH s Me-4)] (185) - 39

? References marked with an asterisk refer to crystal structure determinations.

excellent yield [293,294]. These products may be derivatized by reaction with
Tl{acac) (acac = acetylacetonate) in toluene to give the closely related com-
plexes [Pd;(C;R'R%) (acac),], (179), [293,294] (see Scheme 22). Analogous
platinum complexes have also been synthesized [293,294] (see Section
B.(vii)}(c)). The X-ray crystal structure of [Pd,{C,;(Ph}(C,H,OMe-
4), },(acac),] has been determined [293-295] (see Fig. 128). The molecule
has a bent Pd(1)-Pd(2)-Pd{1") framework (127.2°) with a Pd—Pd bond
length of 2.662 A. The Pd(1)- - - Pd(1’) internuclear distance (4.769 f&)
clearly precludes a bonding interaction between the outer palladium atoms.
The bridging C,R'R? ligands have C(«) and C(v) closer to Pd(1) (2.037 and

RI
R!Am B7 + [Pd, (dba), (CHety )] —am [Pdyic,R' B2 3, Bry |
Tilacac)
[Pda (CsR' RE), (acac), |

(R'= "% =Ph; R': Ph, R? = CgH OMe - 4;
R'= R%= CgHyaOMa— 4 )

Scheme 22.
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Fig. 128.

1.981 f\) than to Pd(2) (2.164 and 2.106 A) and C( ) closer to Pd(2) (2.321
A) than to Pd(1) (2.579 A).

From a careful examination of the crystallographic data [295], the authors
have inferred the existence of isomers in the solid state which arise from a
positional variation of the substituents on the C,R'R% ligands (Fig.
129(a)-(c)). The distribution 67% (a), 30% (b) and 3% (c) was determined.
The existence of other isomers, in solution, has been inferred by '"H NMR
spectroscopy [294]. The NMR spectra of the other members of the series
[Pd,(C;R'R%),X,] (X = Br, acac) showed that the unusual structure de-
termined for [Pd,{C,(Ph}{C;H,OMe-4), },(acac),] was present in all the
other complexes [294].

The linear tri-palladium cation [Pd,{(CNMe)g]**, (180), has been isolated
as the hexafluorophosphate salt from the reaction of the zerovalent pal-
ladium isocyanide complex [Pd(CNMe)_ ] with either [Pd(CNMe),]%* or
[Pd,(CNMe),]** in acetone solution [296]. [Pd,(CNMe),(PF,), reacts
readily with PPh; to give the disubstituted product [Pd,(CNMe)(PPh,),]
(PF;),. The IR spectra of these products show only terminal »(NC) vibra-
tions, while the '"H NMR spectra show single, singlet resonances for the
methylisocyanide ligands. The X-ray crystal structure of
{Pd;(CNMe) (PPh,),(PF;), has been determined [296). The three pal-
Jadium atoms form a strictly linear Pd, unit (Fig. 130) with a short Pd—Pd

gt Pdi2 g2 P 2 Pdi
2 2 T R RZAH'
R /I\’/"“é«R R“-/yl\é’ - / =
Pd1) a1} Pdmn
Q) {b} {c)

(R'= Ph, R® = CgHqOMo—4)
Fig. 129.
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bond (2.5921 A). Each palladium atom, coordinated to two methyliso-
cyanide ligands, exhibits approximate square planar geometry with the
square planes twisted away from each other such that the angle between the
two five-atom least-squares planes is 74.5°. The equatorial isocyanide ligands
are bent towards the centre of the molecule (average Pd—Pd-C = 80.0°),
similar to that observed in [Pd,(CNCH,)]?>"* (average Pd-Pd-C = 85.0°)
[297]). The authors discount steric interactions between the isocyanide ligands
and the axial uriphenylphosphine group, and suggest that the ligand bending
arises from an electronic effect resulting from the interaction between filled
d orbitals on palladium with empty #* orbitals on the isocyanide ligands of
the adjacent metal [296}. This effect would thus be related to the phenome-
non of “semi-bridging” observed for carbonyl ligands.

Two further examples of tri-palladium acyclic clusters are known. The
question of the level of metal-metal interaction in these particular com-
plexes has, however, not been fully addressed. The reaction of trimeric
palladium acetate [{Pd(O,CCH,),},] with 2,6-disubstituted pyrylium salts
in boiling acetic acid /water /sodium acetate mixtures gives ring opening and
formation of the trinuclear bis(acylallyl}palladium acetates [Pd;(O,CCH;),
(7°-C,H,R,),] (181; R = C(O)Bu', C(O)Ph, C(O)C H,Me,-2.4,5) [268]. The
complex (181; R = C(O)Bu') has been characterized by a single crystal
structure determination [298]. The molecule contains a linear arrangement of
three palladium atoms with an average Pd - - - Pd distance of 2.864 A (Fig.
131). While this is longer than would be expected for a palladium—palladium
single bond (2.57-2.699 .Su) it 1s shorter than the doubled covalent radius of
palladium (2.98 ;ﬁ), and the authors argue in favour of at least limited
metal-metal interaction in these complexes. The acetato ligands in
[Pd,(O,CCH,),(n>-C,H,R,),] may be replaced by other carboxylate
groups; for instance treatment of [Pd,(0,CCH;),{#*-C;H(C(O)Bu'),},]
with benzoic acid gives the corresponding benzoate derivative [298].

A similar linear tripalladium bis(allyl) complex [Pd,Cl,(7*-C,H Me-2),],
(182), has been synthesized by the reaction of [PACI,(NCC,H),] with
[{PACI(n*-C,H Me-2)},] [299]. An X-ray crystal structure determination
shows the molecule to be centrosymmetric, and to be analogous to the
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carboxylato analogues, but with chloro rather than carboxylato bridges. The
palladivm—palladium internuclear distance at 3.386 A is much longer than
that observed for the acetate complex [Pd,(0,CCH;),{C,H,;(C(O)Bu'), },]
(2.864 A), and although the authors do not discuss the possibility of
metal-metal bonding, there may be at least a partial bonding interaction.

While, to date, the range of homonuclear palladium acyclic cluster com-
plexes known is limited, a large series of heteronuclear complexes containing
palladium in a structure controlling role have been synthesized. In this case
though, the range of structural types is much less varied, and with only a few
exceptions, all are complexes of the general formulation [PdL,{ML’ },],
(183) (see Table 13) and are thus expected to contain a linear {M-Pd-M}
framework.

Reaction of trans-{PdCl,(py),] with Na[(»’-CsH;)Mo(CO),] has given
[PA(py),{(%’-CsH,)Mo(CO),},] [300-303]) in 57% yield. In a similar manner
the complexes {PdL,{ML,}, (L = py, 3-Mepy, 4-Mepy, ML/ = Mn(CO),
[301,303-305}, Co(CO), [301-304]; L = py, ML/, = Co(CO),(PBuj) [306])
have also been synthesized by the metathetical reaction between [PdCl,L,]
and Na [ML’]. None of these palladium complexes have themselves been
the subject of a crystal structure determination, but spectroscopic studies
strongly suggest that they have structures similar to the platinum analogues
which are both more numerous and better characterized (see Section
B.(vi1)(c)) and which have been shown to contain a linear trimetal core. A
wide range of complexes of the type [PdL,{ML/ },] have been proposed as
intermediates in the formation of the clusters [Pd,L,{ML’} ] [307] al-
though they have not been isolated.

The heteronuclear complex [PA{(7’-CH;),Nb},(p,-SMe), 17", (184), has
been synthesized by the reaction of [(n°-C Hj),Nb(SMe),] with
[PACI,(NCC H ), ] [289,290] and is believed to have a structure related to
that of the nickel analogue characterized by X-ray crystallography [289] (see
Fig. 127). Similarly, the complex [PA{(%#*-CsH;)W(CO),},(p,-CC H  Me-
4),], (185), synthesized by Stone and co-workers [39] from [Pd(C,H,,),]
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TABLE 14

Acyclic cluster complexes of platinum

Formula Com- Fig. Ref.*
plex

[Pt,(C;R'R% ), Br,} (R = R? = G H ,OMe-4; (186) — 294

R! = Ph; R? = C(H,OMe-4)
[Pt,(C,R*R%),(acac),] (R, R? = as above) (187) - 294*
[P1,{C,(C4H ,OMe-4), },(7°-CsHy) ) (188) - 294
[P13{C5(CeH,OMe-4); },(§,CNPr'), | (189) - 294
[Pt,{C;(CoH,OMe-43, }, L I(PF; ), (L = PPhy; (1% - 254

L, = COD, bipy, phen)
[Pt3(PPh3)2(#2'Pph2)3(ﬂ1‘Ph)] - 132 308"
[PL3(COD), { p,-(CE)C=C(CE,)}, (4,-{(CE)C=C(CE;)},)] - 133 309*
[Pl {ML’},;] (L =CO, Bu"NC, C,H,,NC, py; (191) 134 310-312,313*,

ML’ = Co(CO),, Fe{CO),NO, Mn{CQ);, Re(CO);, 314* 315

(7°-CsH;)Mo(CO),, (7*-CsHs)W(CO) ;)
[PUCOYMn(CO}, }>(p,-PPhs);] (192) 135 315*
[P{CNCH, ){CN(OEYC H,, H{(P-CsH )Mo(CO); 1,1 — 136 3167
[Pt{(5°-CsH;s);Nb},(p;-SMe),] (193) - 289,290
[Pt{(%’-CsH5)W(CO), } {1 :-CCsH ;Me-4), ] (1) - 39
[{Pt,(NH;),(C;H,ON), |5 )(NO, ), - 137  325%,326"
[{Pt,(NH3)(CsH,ON), }, [(NO,), - - 327"
[{Pt(NH;3)(CsH N, 04 ), 1, KNGy ), - - 328*
[{ Pty (NH;) (C,H,ONY, ), (INO; ) - - 329* 330*
[{Ft;(en)>(C;H,NO), }, KNOs), - - KX
[P, (NH;)(C,HNO)Y  KINOS )5 48 - - 2>

2 References marked with an asterisk refer to crystal structure determinations.

(C,H,; = bicyclof2.2.1]heptene) and [( 7°-CsH)W(CO),(=CC,H ,Me-4)], has
on the basis of its spectroscopic properties, an overall structure related to
that of the nickel and platinum analogues [39] (see Fig. 126).

(c) Platinum

Of the metals in the nickel triad, platinum forms the largest group of
acyclic cluster complexes (see Table 14).

The tri-platinum complexes [Pt,(C,R'R3%),Br,], (186), and [Pt,(C,R'
R%),(acac),] (187, R! = R? = C;H,OMe-4; R! = Ph, R? = C(H,OMe-4) have
been synthesized by the reaction of the platinum(0) complex
[Pt,(dba),(CHC1,)] (dba = dibenzylideneacetone) with the triarylcyclopro-
penium bromides, [C,R'R%[Br [294]. On the basis of their NMR spectra
these complexes are all assigned structures analogous to the crystallographi-
cally characterized palladium complex [Pd,{C;(Ph}(C,H Me-4), },(acac),]
namely a bent trimetallic framework with bridging C;R'R? ligands (see Fig.



230

A + (P12 (dba b5 (CHC1y]]

[Pty (CoR' RE), Bry] —ocoe)

[Piy(CyR' RE ), (acae)y)

A.;fy wszcnprgj
A R R g NaCgHs R B Ropg
JrPs == AP
g U ey 5Pt Nptes
/ \ g/ TRRT Oy 7
L L o L= 8=,
Pr'—n My pr!
¥ |
Pr erd
R (o "[_a
e N
) ~p
o "@
Scheme 23.

128). The platinum complex [Pt,{C,;{C,H,OMe-4),},Br,] has also been
converted into the complexes [Pt,{C,(CsH,OMe-4),},(%-CsHy),), (188),
and [Pt,{C,(C4H,OMe-4),},(S,CNPr),}, (189), by reaction with cyclo-
pentadienylthallium and Na[S,CNPr'] respectively [294] (Scheme 23). Simi-
larly the salts [Pt;{C,(C,H,OMe-4),},L,(PF,), (190; L=PPh,; L,=
cycloocta-1,5-diene, 2,2’-bipyridyl, 1,10-phenantholine) [294] have been
synthesized by the reaction of [Pt;{C,(C,H,OMe-4),},Br,] with AgPF; in
acetonitrile, followed by treatment with ligand L or L,. None of these
complexes have been structurally characterized, although on the basis of
NMR spectroscopy, they are assigned a similar overall structure to
[Pd,{C;(Ph)(C¢H ,,OMe-4}, } ;(acac), ] [294].

The trinuclear complex [Pt (PPh,),(p,-PPh,);(Ph)] is one of the prod-
ucts obtained by heating [Pt(PPh,),] in benzene for extended periods |308].
The X-ray crystal structure has been deterrmined [308] and the structure is
found to be based upon an open Pt, triangle (Pt—Pt =2.785 A (average),
Pi-Pt-Pt = 81.34°). Each Pt-Pt bond is bridged by a diphenylphosphido
ligand, as is the open edge of the triangle (Pt - - - Pt = 3.630 :3&) (Fag. 132).

Reaction of [Pt{COD),] {COD = cycloocta-1,5-diene) with hexafluorobut-
2-yne affords the complex [Pf{ C(CF3)=_C{CF3)}(COD)] which reacts further
with hexafluorobut-2-yne to give the tri-platinum complex shown in Fig. 133
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[309]. The X-ray crystal structure has been determined showing the three
platinum atoms to be in a non-linear arrangement (Pt(1)-Pt(2)- Pi(3) =
160.98°). The Pi(1)-P1(2) internuclear distance of 2.630 A is consistent w1th
a direct Pt—Pt bond, whereas the distance between Pt(2) and Pt(3) (2.841 A)
although within the limits for Pt-Pt bonding may not necessarily represent a
substantial bonding interaction between these atoms {309].

Similarly to palladium, complexes of the general type [PtL,{ML])},],
(191), form the largest, although simplest class of platinum containing
heteronuclear acyclic cluster complexes. The synthetic procedures are essen-
tially identical to those detailed above for palladium and nickel complexes,
namely reaction of a platinum(II) complex [PtX,L.] (X =halide, L=
suitable donor ligand) with two molar equivalents of an anionic metal
complex [ML’,}". In the case of platinum, however, the vaniety of different
ligands, L and L’ is much greater, and also several X-ray structure de-
terminations have been carried out. It is beyond the scope of this review to
detail the synthesis of all the complexes [PtL,{ML/},], and the reader is
referred to Table 14 [310-312], where comprehensive literature citations on
such complexes are listed. A number of pertinent crystal structure de-
terminations have, however, been reported and these are discussed below.

The X-ray structures of the complexes [Pt(py),{Co(CO),},} [313] and
[Pi(py).{Mn(CO),},} [313] were reported in 1968. In both cases a linear
arrangement of metal atoms was observed with average Pt—Co and Pt-Mn
bond lengths of 2.613 and 2.743 A respectively. A notable feature of both

Fig. 132.
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structures is the tendency for four carbonyl groups (two on each outer metal
atom) to bend inwards towards the central {Pt(py), } moiety (e.g. Pt—Co-C
= 68.4° (mean), Pt—-Mn-C = 69.5° (mean)) (Fig. 134(a) and (b)).

The heterometallic complexes [Pt(CO),{ M(CO)s},] (M = Mn, Re) have
been synthesized in high yield from the reaction of [(COD)PtMe,] with
excess [HM(CO),] in the presence of carbon monoxide [314]. The dinuclear
species [M,(CO),,] is also formed in this reaction and this is cited as
evidence of a radical pathway for this reaction. The X-ray crystal structure
of [Pt(CO),{Re(CO);},] has been determined [314} and found to consist of
the expected linear Re—Pt—Re arrangement (Pt-Re = 2.8309 A)

Treatment of c¢is[PtCl,(PPh,Cl),] with two molar equivalents of
[Mn(CO) ]~ gives two products, [P{CO),{Mn(CO),},] and [Pt{CO){Mn
(CO) 4 }2(12-PPhy),], (192), [315]. The X-ray crystal structure of (192) has
shown it to possess a bent Mn-Pt-Mn backbone (Mn(1)-Pt=2.741 A,.
Mn(2)-Pt = 2.747 A, Mn(1)-Pt—-Mn(2) = 159.56°), with the Mn-Pt bonds
each bridged by a diphenylphosphido ligand (see Fig. 135). It should be
noted that the molecule has no element of symmetry and is thus chiral [315].
In this regard (192) is closely related to the cationic heterobimetallic
complexes [Rh{{7’-CsH,Me)Fe(CO),},(p,-PPh,),] discussed in Section
B.(vi}(b).

The X-ray structure of [Pt(CNC H,,XCN{OEt)C,H,, {(»’-C;Hs)Mo
(CO);},] has been reported [316]. The molecule contains an almost linear
Mo-Pt-Mo unit (176.93°) with a Pt—Mo bond length of 2.89 A. The
isocyanide and carbene ligands have a trans disposition on the central
platinum atom, and there is a marked tendency for iwo carbonyl ligands on

% Ph._ /F'h Ph\ Ph
OC-..___\/ P'\\ o
OC-"""/Mm” 0 Mnm__‘

& Lo

)

Fig. 135.
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Fig. 136.

each molybdenum atom to bend inwards towards the platinum atom
{(Pt—Mo-C = 62.7, 65.2, 67.1, 53.4°) and approach the semi-bridging state
(Fig. 136).

The mixed metal trinuclear complex [Pt{(»*-CsH),Nb},(p,-SMe),],
(193), has been synthesized by the reaction of [PtCl,(NCC,H;),] with
[(7*-CsH,);Nb(SMe),] [289,290] and is assigned a structure related to that
of the nickel analogue characterized by X-ray crystallography [289] (see Fig.
127). Further, the complex [Pt{{(n*-C;HYW(CO),},(u,-CC,H, Me-4),],
(194), has been synthesized from [Pt(C,H,);] and ((#°-C;H;)W(CO),
(=CC H  Me-4)] [39] and characterized by X-ray crystallography. The mole-
cule has a bent W-Pt-W core (165.6°) compared to the nearly linear
W-Ni1-W core (174.5°) found for the analogous nickel complex [39] (see
Fig. 126). The average Pt—W bond length is 2.713 A. A remarkable dif-
ference between the platinum and the nickel complexes though, is that
whereas in the nickel complex the terminal carbonyl groups on the tungsten
atoms each lie trans to the tolyl group of the second metallo-cyclopropene
ring, in the platinum compound the corresponding carbonyl groups lie one
cis and one trans.

The blue compounds formed from aqueous solutions of platinum(II) and
amides have long been known [317-320]. Interest has, however, been revived
by the recent discovery that blue complexes are formed from aqueous
solutions of the antitumour drug cis-[PtCl,(NH,),] and pyrimidines such as
uracil and thymine [321,322] and that these “platinum pyrimidine blues”
themselves show high antitumour activity [321-324]. It has been proposed
that the “platinum blues” contain complex mixtures of compounds in
various stages of oligomerization arrived at via stacking of square planar
platinum complexes, and it is probably this tendency to catenation which
has prevented the isolation of crystalline products suitable for structural
analysis.
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Recently, however, Lippard and co-workers have isolated crystalline
products of the reaction between cis-diammineplatinum(II) compounds and
a-pyridene which have been instrumental in elucidating the chemistry of the
platinum blues. The complex [{Pt,(NH,),(C;H,ON),},(INO,); has been
obtained by treatment of a mixture of cis-diammineplatinum(1I) hydrolysis
products with a-pyridone and characterized by X-ray crystallography
[325,326]. The molecular structure (Fig. 137) shows that the [{ Pt (INH,) (C,
H,ON),},]°" cation consists of an oligomeric unit of four platinum atoms
linked through amidate bridges, and involving hydrogen bonding and prob-
ably, partial metal-metal bonding [326]. Within each dimer, two cis-diam-
mineplatinum units are bridged by a-pyridonato ligands. The
platinum- platinum internuclear distance within the dimer units is 2.7745 A,
while the linkage of these two dinuclear units across the centre of symmetry
is achieved by a Pt—Pt bond 2.8770 A in length. The Pt, chain is not quite
linear (Pt(1)-Pt(2)-Pt(2") = 164.60°).

Subsequent to this work, a range of closely related complexes have been
structurally characterized including [{Pt,(NH,),(C;H,ON),},I(NO,),
[327], [{Pt,(NH,),(C,H;0,N,);},((NO;), [328], [{Pty(NH,)(CH,-
ON); }2I(NO,)¢ [329,330], [{Pty(en)(C;H,ON);},KNO;), [331], and [Pt,-
(NH,)4(C,H;ON) J(NO,;), 4 [332]. It is beyond the scope of this review to
comprehensively describe this intriguing area of chemistry; suffice it to point
out that these complexes fulfill an important role in bridging the under-
standing of molecular (i.e. discrete} acyclic clusters, and polymers or chains
of metal atoms, and are best considered as transition metal oligomers.
Recent findings on the nature of metal-metal bonding in [{Pt, (NH,) (C;
H,ON), },NO,), suggest that Pt—Pt bonding is due mainly to o-overlap
between Pt 4,.,s hybrid orbitals, and significantly, that the net o-bonding
interaction between the end pairs of platinum atoms in the chain is stronger
than between the middle pair, i.e. Pt-Pt . - - Pt—Pt [333).
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fviii) Copper, silver and gold

{a) Copper

To date, as far as we are aware, no homonuclear copper complexes that
fall within the scope of this review have been reported. Heterometallic
complexes, structurally controlled by copper include, however, several dif-
ferent structural classes some closely related to classes obtained with silver
and gold (Table 15).

The trinuclear anion [Cu{Co(C0O),},] ", (195), was obtained as an unex-
pected product in the attempted synthesis of [Co,(CO)] from Col, using
metallic copper as a reducing agent {334]. An improved synthesis (yield ca.
75%) from NajCo(CO),] and Cul was also developed and the pure complex
was obtained in the form of the tetrasthylammonium salt as white crystals
from ethanol-hexane solution [334]. A similar method had ecarlier been used
to synthesize the anions [Cu{(#’-CsHIM(CO);},]1™ (196; M = Cr, Mo, W)
in high yield, i.e. by reaction of Na[(#’-C;H;)M(CO),] with CuCl [335,336].
The analogous product {Cu{(7°>-CsH;)Mo{CO), } {{(n’-C;H)W(CO),} ]~ was
obtained by the reaction of the polymeric [{(#’-C;H;)Mo(CO),Cu},] with
Naj(n’-C,H)W(CO),] [336]. None of these complexes has been structurally
characterized but spectroscopic studies and methods of synthesis would
suggest linear M—Cu-M structures essentially analogous to the more numer-
ous silver [335] and gold [303,337-340] derivatives. (It should, however, be
noted that differences between the IR spectra of the copper and silver
derivatives, that could be interpreted in terms of different conformers, could
also be indicative of gross structural differences, for instance a bent
M-Cu-M framework [336].) Little in terms of chemistry is known of these
complex anions. The complex [Cu{Co(CQO),},]” dissociates on dissolving in

TABLE 15

Acyclic cluster complexes of copper

Formula Complex Fig. Rel.®
[Cu{CACO).),]™ (19%) - 34
[Cu{(9*-CsH)M(CO);),]17 (M = Cr, Mo, W) (196) - 335,336
[Cu{(#*-CsH,)Mo(CO), }{(n’-CsH, W (CO), 1™ - - 33
[Cu{ReH {PMePh,),},]PF; asn 138 341*
[Cu{ReH  (PMe,; Ph), ), JPF, - - 341
[Cuf mer-IrH4(PMe, Ph}, },]PF, (198) 139 342
[Cu{ fac-IrH;(PMe, Ph), }, ]PF; (199) 140  342*
[Cu{P{(NH,),(p,-1-Me-uracilato) p,-1-Me-cytosine)},|**  (200) 41 343

* References marked with an asterisk refer to crystal structure determinations.



acetonitrile to give [Co(CO),]” and [Cu(NCMe) )", a reaction which, re-
markably, is reversed on evaporating the solvent [334)]. The anions [Cu{(%’-
C,HOM(CO), )1 (M = Cr, Mo, W) give 1:1 adducts when reacted with
1,10-phenanthroline, and when reacted with triphenylphosphine, the prod-
ucts include [(#’-CsH IM(CO),]” and [Cu(PPh,),J[Cu{(7%’-CsH;)M
(CO)5),] [336).

Addition of [Cu{NCMe),]PF; to a THF solution of [ReH (PMePh,},] at
—70°C, followed by warming to room temperature gives colourless crystals
of a complex which, on the basis of the absence of dihydrogen eveolution
during the reaction, and its 'H NMR spectrum, was formulated as
[Cu{ReH (PMePh,},},]PF;, (197), {341]. An X-ray structure determination
[341] has confirmed this, and shown the molecule to consist of an almost
linear arrangement of metal atoms (Re-Cu-Re=169.2°) with a mean
Re—Cu internuclear distance of 2.607 A. There are a number of points of
interest which relate to this most remarkable molecule (Fig. 138). The Cu(l)
centre 1s coordinated to six hydrido ligands in an unprecedented octahedral
configuration, 1.e. each {ReH,(PMePh,)} unit functions as a tridentate
ligand to the copper centre. This is the first isolated molecule in which a
Cu(I) centre 1s ligated exclusively by hydrides although a metal-metal
interaction probably occuring via a Re — Cu electron donor mechanism
cannot be excluded [341]. A variable temperature 'H NMR study on the
related complex [Cu{ReH (PMe, Ph},;},]" [341] has shown the presence of a
bridge-terminal hydride scrambling process which maintains Re-H bonds;
the hydride apparently never migrates past the copper atom (via a terminal
Cu-H) to the other rhenium atom.

The closely related complexes [Cu{ mer-ItH,(PMe, Ph), },]PF;, (198), and
[Cu{ fac-IrH,(PMe,Ph),},]PF,, (199), have been synthesized from
[Cu(NCMe),]PF;, and mer- and fac-[IrtH,(PMe,Ph),] respectively [342].
Complex (198) has been characterized by IR and NMR spectroscopy, the
data being consistent with a structure containing four bridging hydrides
Ligating copper (Fig. 139). Complex (199) has been characterized by spectro-
scopic means as well as by X-ray diffraction [342]. On the basis of two types
of P-Ir-Cu angles (two small (105° mean) and four large (124° mean)), and
the IR data, it is inferred that the copper atom in (199) binds to only four of
the available six hydrido ligands and that the stereochemistry is not planar
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but as shown in Fig. 140, This is in direct contrast to the complex
[Cu{ReH (PMePh,),},]PF, which contains an octahedrally coordinated
copper atom. The relatively short Ir-Cu internuclear distances of 2.529 and
2,502 A (Ir—Cu-Ir = 176.0°) suggest a significant bonding interaction.

Recently the complex cation [Cu{Pt(NH,),(x,-1-Me-uracilato)(p,-1-
methylcytosine)},1**, (200), has been obtained by the co-crystallization of
cis-[Pt{NH ), (1-methyluracilato)(1-methylcytosine)] ¥ and Cu(NO,), - 3H,0,
and structurally characterized (Fig. 141) [343]. Although the Cu-Pt inter-
nuclear distances are relatively short (2.681 A), the authors suggest on the
basis of EPR results that this is to be attributed to the geometric require-
ments of the bridging ligands rather than to significant interaction between
the metal atoms {343].

(b) Silver

The complexes [Ag{(7’-CsH;)M(CO);};]” (201; M =Cr, Mo, W)
[335,336] and [Ag{Co(CO),},]7, (202) [334], are analogues of the corre-
sponding copper complexes, and were prepared by reacting the anions
[(%*-CsH)M(CO),] and [Co(CO),]~ with Agl or AgNO; respectively. On
the basis of their IR spectra these complexes are proposed to contain a
linear M-Ag—M framework, isostructural with the neutral M-Hg-M sys-
temns [344]. The silver complex anions were generally found to be more inert
than the copper analogues discussed above [334,336] (Table 16).

There have also been several reports of cationic heteronuclear complexes
containing silver that are formally relaled to the anionic complexes detailed
above. Thus, the complex [Ag{(7’-CsH;)Rh(CO)PPh,)},]PF, - toluene,
(203), was obtained from the reaction of AgPF, and [(n’-C;H;)Rh(CO)

+
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Fig. 140.
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(PPh,)] (ratio 1:2) in toluene [345,346]. The stoichiometry was suggested by
microanalytical data; the full molecular structure has, however, been estab-
lished by X-ray crystallography [345,346). The molecule contains a nearly
linear arrangement of metal atoms (Rh—-Ag-Rh = 171.0°) with an average
Rh-Ag bond length of 2.644 A (Fig. 142). On the hasis of its reactions with
radicals, [Ag{(7n’-C;H)Rh(CO)PPh,)},1" may be regarded in terms of the
formal equivalence

[ Ag{(#*-CsH;)Rh(CO)(PPh, )} },|  =Ag + [(#*-CsH; )Rh(CO)(PPh, )]
+{(#*-CsHs)Rh(CO)(PPh,)|

namely as a silver(0)-stabilized source of the highly reactive radical cation
[(*-CsH5)Rh(COYPPh,)]*. Thus for instance, mixing CH,Cl, solutions of
[Ag{(7*-CsH)Rh(CO)PPh,)};] and NO at room temperature instantly
yields equimolar quantities of silver metal, [(%°-C;H)Rh{CO)(PPh,)] and
[(n’-CsH;)RW(NO)PPh,)|PF, [345,346]. The stable adducts [Ag{(n’-

TABLE 16

Acyclic cluster complexes of silver

Formula Complex Fig. Ref.*
[Ag{{n*-CsH)M(CO),},]~ (M = Cr, Mo, W) (201) - 335,336
(Ag{CoACOY, )1 (202) - 334
[Ag{(%*-CsH{)Rh(COXPPh,)},]PF, {203) 142 345% 346*
[Ag{(n’-CsH;)Mn(CNXNOXPPh ,)), |BF, @) - 345
{Ag{M(CO),(diphos)}},;]PF, (M = Mo, W; diphos = (205) - 345
dppm, dppe)

[Ag{ReH,(PPr;Ph)},]PF, (206) - qr
[ABW, (7°-CsH),(C0) 4 (p-CC¢H  Me-4) ;] (207) - 38
[(NH,),Pt,(C;H N,0,), Af(C;HoN,0,), Pty (NH,), 15 (208) 143 348*
{Ag{ cis-Pt{NH,)>(C,H,N,0,), }, INO, - 144  349*

® References marked with an asterisk refer to crystal structure determinations.
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CsH;)Mn(CN)(NO)(PPh,)},IBF,, (204), and [Ag{M(CO),(diphos)},]PF,
(205, M =Moo, W; diphos = dppm, dppe), complexes closely related to
[Ag{(%°-CsH)Rh(CO)(PPh,)},]|PF, have also been reported [345].

The salt AgPF, has also been reacted with [ReH,(PPriPh),] giving a
complex of stoichiometry [Ag{ReH,(PPr;Ph),},]PF,, (206), [347]. This
complex was characterized by extensive 'H and **P NMR spectroscopic
studies, and also by X-ray crystallography. In many respects the structure is
similar to that of [Cu{ReH (PMe,Ph),},]PF,. The Re-Ag-Re core is
nearly linear (Re{1)-Ag-Re(2) =172.4°, Re(1)-Ag-Re(2) =165.7° (dis-
ordered sites Re(2) and Re(2%))) with a mean Re—Ag internuclear distance of
2.873 A [347). The structure solution was refined to R = 0.048 (R’ = 0.047)
but none of the fourteen hydrido ligands could be located [347]. By analogy,
however, with [Cu{ReH (PMePh, ), }.]|PF,, several of these hydride ligands
might be expected to bridge the Re—Ag bond, with the remainder occupying
terminal positions on rhenium. If suitable crystals could be obtained, this
molecule would thus be an excellent candidate for a neutron diffraction
study.

Only one other trinuclear complex of silver, [Ag{(7’-CsHs)W(CO),},
(n,-CCH,Me-4),], (207), is relevant to this review. The nearly linear
complex was synthesized from [Ag(NCMe),]* and [(%°-
CsH)W(CO),(=CC,H Me-4)] and isclated in 35% yield [38]. The analo-
gous gold complex was also synthesized and characterized by X-ray crys-
tallography (see Section B.(viii)(¢)) and the complex [Ag{(n’-
C,HHYW(CO), },(p,-CC H Me-4) ,] is probably iso-structurat.

The intriguing chemistry associated with the platinum blues and related
systems has been found also to embrace heterometallic complexes (see also
Section B.(viii)(a) above). Some examples involving silver are discussed
below.

The unusual heteronuclear cation [(NH,),Pt,(C;H;N,O,),Ag(C;H,N,
0,),Pt,(NH,),]*", (208), containing an essentially linear Pt,AgPt, chain,
was 1solated as one of the products of the treatment of an aqueous solution
of cis-{Pt (NH,) (C;HN,0,),(NO,), - H,O with aqueous AgNQO; [348].
The crystal structure determination [348] shows the molecular cation to have
crystallographic centrosymmetry with Ag being at the inversion centre. The
silver atom has a square planar coordination geometry of four 1-methyl-
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uracilato oxygen atoms, two supplied from each platinum dimer., Within
each dimer two {cis-Pt(NH,),}?* units are bridged by 1-methyluracilato
ligands in a head-to-head arrangement. Adjacent cations are further related
by another inversion centre which stacks Pt, units interrupted by Ag atoms.
The molecular geometry is shown in Fig. 143, illustrating the tridentate
bonding mode (spanning Pt,Ag) of the methyluracilato ligands. The
Pt—Pt-Ag-Pt-Pt core has bond angles of 180.0° (Pt-Ag-Pt} and 177.7°
(P1—Pt—Ag). The Pt--Pt distance within the unit is 2.949 A (Pt-Ag = 2.787
A) while the Pt - - - Pt distance between adjacent units is 3.246 A. It is not at
all clear what constitutes metal-metal bonding in such a system, but this
complex has been included in order to elaborate upon the diverse chemistry
of the platinum blues discussed briefly in Section B.(vii)(c), and also to
delineate a highly pertinent, but as yet unresolved, question of bonding.

The closely related complex [Ag{cis-Pt(NH;),(C,H,N,0,),},INO,-
5H,0 has been prepared from cis{Pt(NH,),Cl,], AgNO, and 1-methyl-
thymine [349]. The X-ray crystal structure has been determined [349]; the
molecular structure is shown in Fig. 144. The cation is based on two
{bis(1-methylthyminato) cis-diamminePt(II)} units linked head-to-head via a
silver atom (Pt(1)-Ag = 2.849 A, Py(2)-Ag = 2.884 A, Py1)- - - PY(2) = 5.469
A, Pt(1)-Ag-Pt(2) =145.11°). Once again, the distances between the
platinum and silver atoms are a little long to implicate strong metal-metal
bonding, but nevertheless, some metal-metal interaction does appear to be
feasible on the basis of the sum of the Pt and Ag covalent radii [349].

(c) Gold

Only one tri-gold complex falls within the scope of this review. The
unusual cationic complex [{CsPh)Au,(PPh,);]", (209), was obtained by the
reaction of [(C;Ph  H)Au(PPh,)] or [(C,Ph,)Au,(PPh;),] with [Au(PPh,)]*
[350]. Complex (209) has been characterized by X-ray crystallography [350]
(Fig. 145(a)). The overall molecular geometry is related to that of the
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heteronuclear cation [(%°-CsH;)Fe(7°-CsH,)Au,(PPh,),]*, (210), [351,352]
(Fig. 145(b)). Complex (209) has a bent Au—-Au-Au core (Au(l)-Au(2) =
3.021 A, Au(2)-Au(3) = 2.820 A, Au(1)-Au(2)-Au(3) = 103.93°), whereas
(210) has an Fe-Au-Au core with metal-metal bond lengths of 2.818 A
(Fe-Au) and 2.768 A (Au—Au) and a central bond angle of 98.1° (Table 17).
The amionic complexes [Au{ML,_},]” (211; ML, = Co(CO),, Mn{CO),,
(7°-CsH,)Fe(CO),, (7°-C;H)CHCO),, (17-CsH)Mo(CO),, (m-CsH )W
(CO),) [303,337-340] were synthesized from [AuCl,]™ or [Au(CF);(THT)]
(THT = tetrahydrothiophene) and the anions [ML,]”. Spectroscopic studies
[303] suggest a linear M-Au-M arrangement for all these complexes, a
feature confirmed crystallographically for [N(PPh,),][Au{Co(CO), },] [340]
(see Fig. 146). The gold atom occupies a crystallographic centre of symme-
try, and thus the Co-Au-Co unit is exactly linear with a Co—Au inter-
nuclear distance of 2.509 A. This bond length is not significantly different
from that in [(PPh,)AuCo(CQ),] (2.50 A) [353]. The “equatorial” carbonyl

PPhy

tal {b)
Fig. 145.
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TABLE 17

Acyclic cluster complexes of gold

Formula Complex Fig. Ref. #
{(CyPh )Au,(PPh, )47 (209) 145 350"
[(7°~CsH)Fe{ n°-CsH  )Au,(PPh,), " (210) 145 351*,352*
[Au{ML_},)” (ML, = Co(CO),, Mn(CO),, (211} 146,147 303,337,
(7-CsH)Fe(CO),, (1°-CsH,)CRCO),, 338,339* 340"
(°-CsH)MA(CO),, (7°-CsH)W(CO},)
[AUW, (1°-CsH ), (CO)Y  (3,-CCgH  Me-4),]PE,  (212) 148 26™,38™
[AuW, P1,(n*-CsH; ), (CO) 4 (213) 149 26
(PMe; )} (14~ CGH Me-4), |PF
[AuX,{Au{py), },AuX,] (X=C, ) (214) 150 355~

? References marked with an asterisk refer to crystal structure determinations.

groups are staggered (imposed by the centre of symmetry), while the
idealized trigonal bipyramidal geometry at cobalt is distorted by the bending
of the carbonyl groups towards the gold atom (mean Au-Co-C angle is
78.1°). The same effect has been noted in the iscelectronic complex
[Hg{Co(CO),},] [354). The X-ray crystal structure of [Bu"N][Au{(%’-
C,H)Cr(CO),},] has also been determined (Fig. 147) [339] and in this case
the molecule was found to have a bent trimetal framework (Cr-Au-Cr=
162.2°); the average Au—Cr bond length is 2.638 A.

Little of the chemical properties of the trinuclear anions [Au{ML, },]  is
known. A study has shown that they undergo irreversible reduction (one
electron per electroactive molecule) with metallic gold being one of the
products. The process

[L,M-Au-ML,| " +e— Au’+2[ML ]~

has been proposed [337,338], and is in agreement with previously reported
reduction mechanisms for related systems.

Treatment of [AuClITHT)] (THT = tetrahydrothiophene) with [(%’-
C,H)W(CO),(=CCH ,Me-4)} 1n tetrahydrofuran in the presence of TIPF
affords the salt [Au{(n’-C;H;)W(CO),},(p,-CC,H Me-4),]|PF,, (212),

0 00
C cCC
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[26,38). This complex and the silver analogue (see Section B.(viii)(b)) were
proposed, on the basis of spectroscopic data, to be isostructural. An X-ray
diffraction study of the gold complex showed the cation to possess a bent
W-Au-W core (W-Au-W = 162.8°) with a mean Au-W bond length of
2.752 A (Fig. 148).

A complex of stoichiometry [AuW,Pt,(#*-C;H),(CO),(PMe,) (-
CC¢H ,Me-4),]PF,, (213), was obtained as green crystals from the reaction
of [AuCl{S(CH,),CH,}] and a mixture of [{PH{PMe,),}{(n*-C;H)W
(CO), H(p-CCH Me-4)] and TIPF; [26]. The proposed structure has an
open pentanuclear chain of metal atoms (Fig. 149) analogous to the platinum
complex [Pt,;W,(1°-CsH;),(CyH,,),(CO) 4 (15-CC H  Me-4),] [26].

Two homonuclear tetra-gold complexes of general formula [AuX,{Au-
(PY); },AuX,] (214; X = (], I) were recently reported [355]. These products
have been obtained from the reaction of pyridine with [AuCl{S(CH,
CsH,),}] or Aul respectively. Both complexes are light and heat sensitive,
but nevertheless both have been structurally characterized [355]. The two
molecules consist of {AuX,} and {Au(py),} units linked by weak Au—Au
bonds, but there are surprising geometrical differences. In the centrosym-
metrical chloride denvative, a ng-zag Au, chain 1s observed (Au(l)-Au(2)
=3249 A, Au(2)-Au(2’) = 3.416 A, Au(l)-Au(2)-Au(2) = 88.1°), while
the iodide complex possesses a linear Au, structure (Au(l)-Au(2) = 2.990
A, Au(2)-Au(2") = 3.291 A, Au(1)-Au(2)—Au(2") = 180.0°) (Fig. 150) [355].
These results are also interesting in that they suggest that gold does possess
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the ability to readily form oligomeric units such as observed for platinum in
the platinum blues, and this could lead to an equally extensive chemistry.

C. CONCLUSIONS

From the survey presented above several general conclusions may be
drawn. These are outlined below.

(i) Occurrence of acyclic cluster complexes

Acyclic cluster complexes have to date been synthesized containing al-
most every transition element. However, it is striking that more than half of
all acyclic clusters contain either iron or osmium, and that more than three
quarters contain Group VIII metals. This imbalance may, at least partly,
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represent the well known tendency of the Group VIII metals to form
metal-metal bonds and hence cluster complexes [8], but it probably also
reflects the continuing overriding interest in the chemistry of these elements
in low oxidation states.

The early transition metal elements are also well known for metal-metal
bond formation [356], but to a far lesser extent for cluster formation {8].
However, 1t 1s still surprising that almost no acyclic clusters containing
metals of Groups IV and V are known, and it is notable that those that have
been synthesized, also contain other transition metals. These considerations
lead to the expectation that a potentially rich acyclic cluster chemistry of the
early transition metals awaits exploitation. In this regard, ligands which
might be expected to be prominent in such systems include hydrocarbon
moieties, hydrido, alkyl, halo, and oxygen and nitrogen donor ligands, and
therefore differ significantly from the ligands (most commonly carbonyl)
found in acyclic cluster complexes of the Groups VI to VIII metals. It is,
however, also conceivable that a judicious mixture of ligands, including
m-acceptor ligand systems, might be important particularly with regard to
heteronuclear complexes involving metals from opposite ends of the transi-
tion series.

(ii) Synrhetic strategies

From the survey presented above, it 1s apparent that a wide range of
structurally diverse acyclic cluster complexes have been synthesized. It is
equally apparent that while several rational synthetic strategies have been
applied to the synthesis of acyclic clusters, the vast majority of complexes
have been obtained using a multitude of ad hoc synthetic methods.

Vahrenkamp [13], but particularly Roberts and Geoffroy [7], have pub-
Lished analyses of the many reactions prevalent in cluster chemistry and
which have as products cluster complexes. Specifically the categories, ligand
substitution reactions, addition reactions, condensation reactions and bridge
assisted reactions, have been identified by Roberts and Geoffroy [7] for
heterometallic clusters, but synthetic reactions leading to acyclic clusters can
be classified in a similar manner. It will suffice here then to briefly consider
the synthesis of acyclic clusters only in very general terms highlighting the
more versatile and successful methods of synthesis.

Brniefly, acyclic cluster complexes can be viewed as being obtained by two
major synthetic approaches, the first involving a pre-formed cyclic or acyclic
cluster, and the second involving the assembly of an acyclic cluster from
smaller (e.g. mononuclear, dinuclear) fragments,

Commencing with a pre-formed cyclic or acyclic cluster is generally the
simplest approach and is represented, for instance, by ligand
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substitution /modification reactions, metal exchange reactions and redox
processes, and in the case of a cyclic cluster precursor, specifically the
scission of one or more metal-metal bonds (usually accompanied by reac-
tion with a ligand system capable of taking up multidentate bridging
coordination modes).

The assembly of an acyclic cluster from smaller transition metal frag-
ments provides the greatest hope for the planned synthesis of novel acyclic
cluster complexes. Only two general approaches have been utilized to any
great extent for the preparation of acyclic clusters. In the first, the use of the
1solobal model has been elegantly demonstrated by Stone [46] using prim-
arilv metal alkylidene and metal alkvlidyne complexes as cluster building
blocks. Characteristic of these reactions is the displacement of a labile ligand
system and the formation of ligand bridges as the cluster is formed. In the
second, the replacement of one or more aniomic ligands at a metal centre by
anionic metal complexes has proven to be a useful and predictable means of
obtaining acyclic cluster complexes. To date, though, this technique has only
been applied extensively in nickel, palladium and platinum chemistry, but
relatively infrequently elsewhere. Future development of this approach can
thus be expected to lead to a far greater variety of structural types when
applied more generally in the transition series.

(iii) Structures and structure prediction

Roberts and Geoffroy [7] recently outlined the techniques currently
available for establishing the identity of heterometallic cluster complexes
and indeed cluster complexes in general, and provided an excellent summary
of the uses and limitations of these techniques.

One of the most striking features of the survey presented above is the
dominance of X-ray crystallography in the process of product characteriza-
tion. The various spectroscopies, particularly NMR, have been used to
obtain detailed information of the ligand environment of a cluster, but have
generally been under-utilized with respect to the characterization of the
metal core. Nevertheless, it is clear that given the enormously complex
chemistry of cluster complexes, and the increasing availability of X-ray
crystallographic facilities, crystallography can be expected to play an in-
creasing role in cluster chemistry in the foreseeable future.

With regard to the structures of acyclic clusters in general, it is apparent
from the survey that a number of relatively simple structural types dominate,
Of particular note are the ubiquitous {M,(z#4-X),} and {M,(g,-X),} struc-
tures prevalent in iron, ruthenium and osmium chemistry, and linear tn-
nuclear systems with or without bridging ligands which occur widely in the
transition series. Other structural types include bent trinuclear systems
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without bridging ligands, and higher nuclearity complexes appearing in
either linear or bent (zig-zag) forms. The dominance of certain structural
types may at least partially be explained in terms of a simple numerical
superiority of acyclic cluster complexes of certain elements (specifically iron
and osmium), and a preponderance of trinuclear complexes in general.
However, the factors which relate to the adoption of a particular structure,
an understanding of which would enable some measure of structure predict-
ion, cannot at this stage be discerned. Clearly the steric and electronic
properties of the hgands, and the identity of the metal atoms are important
considerations, while for instance the possibility of ligand bridging could
also be expected to play a decisive role. However, to be able to assign
relative contributions to each of these factors in any one example is not a
trivial expectation. For the purposes of classification in this survey, hetero-
nuclear acyclic clusters have been categorized in terms of a “structure
controlling” atom or groups of atoms. In other words it has been assumed
that, broadly speaking, a particular atom or group of atoms can be consid-
ered 1o most influence the structure of the overall cluster when compared to
homonuclear analogues and to the coordination chemistry of that metal in
general. With only a few exceptions, such a approach does produce signifi-
cant correlations, and can be used to a certain extent in a predictive capacity
with regards the chemistry of the acyclic cluster.

(iv) Chemical reactivity

Without doubt, the main emphasis in acyclic cluster chemistry has, to
date, rested on synthesis. The reactivity of acyclic cluster complexes has, in
contrast, received little attention, while more fundamental questions regard-
ing the kinetics and thermodynamics of these systems have scarcely been
considered. Information relating to these questions would lead to a greater
understanding of the occurrence and reactivity of acyclic clusters, and also
to an understanding of the relationships between acyclic and cyclic cluster
species.

For instance, comparing the substitution chemistry of the cyclic cluster
[Fe;(CO),,] with that of the acyclic cluster complexes [Fe;(CO)y(p;-X),]
(X =8, Se, Te) reveals some intriguing differences, and in essence, three
completely different types of behaviour. The cyclic cluster [Fe,(CO),,]
readily undergoes carbonyl ligand substitution with Group V donor ligands
to give kinetic substitution products of the type [Fey(CO),,_,L,] which
rapidly undergo cluster fragmentation to give thermodynamic mononuclear
substitution products [Fe(CO),L] and [Fe(CO),L,] {357]. In contrast, the
acyclic clusters [Fe,(CO),(p5-X),] (X =S, Se) react, via a CO dissociative
pathway, with Group V donor ligands to give the thermodynamically stable
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substitution products [Fe,(CO),_,L, {(1;-X),] (n < 3), still containing the
intact cluster core [96]. The closely related complex [Fe,(CO)y(u4-Te),],
however, goes to unusual lengths to achieve ligand substitution {96,97,126].
Initial adduct formation involving metal-metal bond cleavage gencrates a
kinetic product [Fe;(CO),L(p;-Te),]. Carbonyl ligand dissociation, and
reforming of the metal-metal bond, regenerates the intact {Fe;(p,-Te),}
core and produces the thermodynamic substitution product [Fe;(CO)gL(pt,-
Te), ], analogous to the products obtained for the S and Se complexes.

Questions which arise concerning these processes thus relate to the
relative thermodynamic stabilities of [Fe,(CO),,] and [Fe,(CO)y(p4-X)5]
and their substitution products, and to the differences in the reaction
pathways for these complexes. Such questions, and their answers, are
fundamental to solving the problems of rational acyclic cluster synthesis and
to the understanding of the chemistry of acyclic clusters, including such
aspects as the role of clusters in catalysis. It is difficult to see, however, how
much progress can be made in these areas with the paucity of kinetic and
thermodynamic data currently available.

(v) Future considerations

This survey has revealed that acyclic cluster complexes form an important
and an integral part of cluster and coordination chemistry in general. It has
also revealed that there are links between cyclic and acyclic clusters, and
between acyclic clusters and oligomeric and chain complexes. It can thus be
expected that in the future these links will become more evident, and that,
together with an increase in data on the kinetics and thermodynamics of
cluster complexes, will lead to realistic expectations and successes in such
arcas as cluster catalysis.With specific regard to extensions in synthetic
endeavours, the early transition metals, heteronuclear clusters, multiple
metal-metal bonded systems, higher nucleanty acyclic clusters and com-
plexes containing unusual ligand systems could be expected to provide
growth points in the future.
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